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Abstract

:

Electroconvulsive therapy (ECT) is based on conducting an electrical current through the brain to stimulate it and trigger generalized convulsion activity with therapeutic ends. Due to the efficient use of ECT during the last years, interest in the molecular bases involved in its mechanism of action has increased. Therefore, different hypotheses have emerged. In this context, the goal of this review is to describe the neurobiological, endocrine, and immune mechanisms involved in ECT and to detail its clinical efficacy in different psychiatric pathologies. This is a narrative review in which an extensive literature search was performed on the Scopus, Embase, PubMed, ISI Web of Science, and Google Scholar databases from inception to February 2022. The terms “electroconvulsive therapy”, “neurobiological effects of electroconvulsive therapy”, “molecular mechanisms in electroconvulsive therapy”, and “psychiatric disorders” were among the keywords used in the search. The mechanisms of action of ECT include neurobiological function modifications and endocrine and immune changes that take place after ECT. Among these, the decrease in neural network hyperconnectivity, neuroinflammation reduction, neurogenesis promotion, modulation of different monoaminergic systems, and hypothalamus–hypophysis–adrenal and hypothalamus–hypophysis–thyroid axes normalization have been described. The majority of these elements are physiopathological components and therapeutic targets in different mental illnesses. Likewise, the use of ECT has recently expanded, with evidence of its use for other pathologies, such as Parkinson’s disease psychosis, malignant neuroleptic syndrome, post-traumatic stress disorder, and obsessive–compulsive disorder. In conclusion, there is sufficient evidence to support the efficacy of ECT in the treatment of different psychiatric disorders, potentially through immune, endocrine, and neurobiological systems.
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1. Introduction


Electroconvulsive therapy (ECT) first appeared in 1934 when Hungarian neuropsychiatrist Ladislas Meduna used camphor in intramuscular oil to induce an epileptic episode in a patient who was suffering from catatonia [1]. In 1938, in Rome, Italy, Ugo Cerletti and Lucio Bini introduced electrical convulsions, decreasing the adverse effects of this therapy [2]. Thanks to these findings, modern ECT is based on conducting an electrical current through the brain to stimulate it and trigger a generalized convulsive activity with therapeutic effects [3].



The principles of this technique are the induction of a series of tonic–clonic seizures through an electric discharge in patients who have been previously examined and sedated with anesthetics and muscle relaxants. The relative contraindications and the number of sessions are determined by the specific pathology and the individual needs of each patient [4,5]. Likewise, there are different variants of this therapy, including modifications of the position of the electrodes and the amplitude of the electric pulse. In consequence, ECT can be classified as bilateral (bitemporal or bifrontal) and unilateral. Furthermore, it can be classified as brief or ultra-brief [6]. To date, multiple studies have demonstrated the efficacy of ECT in the treatment of different psychiatric and neurologic disorders [7]. Therefore, in 2018, the Spanish Society of Psychiatry established a consensus to determine in which cases this technique should be used [8]. Among the primary indications, major depressive disorder, manic episodes, schizophrenia, and catatonic states stand out. There are also possible secondary indications, such as obsessive–compulsive disorder (OCD) and post-traumatic stress disorder (PTSD), Parkinson’s disease (PD) psychosis, and malignant neuroleptic syndrome (MNS) [4,9,10,11,12].



However, despite its demonstrated efficacy and long-term effects, ECT continues to be considered one of the most debated and controversial treatments. A great part of the negative opinions emerged when it was first used in the medical setting, causing concern in the scientific community based on the multiple adverse effects observed. However, these effects have decreased considerably, thanks to the anesthetics and muscle relaxant inclusions [13]. Regardless, multiple negative opinions and stigma continue to exist, limiting its use [14]. This is mainly due to the erroneous understanding of ECT by the general population, where it is perceived as an antique or barbarian practice. Therefore, a great number of patients reject the therapy as they fear the stigma associated with it [15].



Despite this, there is robust clinical evidence that shows that ECT has a crucial role in the treatment of serious affective disorders, such as refractory major depressive disorder [16], refractory bipolar disorder [17,18], and refractory schizophrenia [19]. However, the molecular mechanisms of ECT are not particularly well known. Molecular psychiatry research has shown that its therapeutic effects take place through multiple neuroendocrine–immune mechanisms. These involve the deacceleration in the activities of neural networks, hyperconnectivity, neuroinflammation reduction, neurogenesis promotion, different monoaminergic systems modulation, and the normalization of the activity of the hypothalamus–pituitary–adrenal (HPA) and hypothalamus–pituitary–thyroid (HPT) axes. These are disruptions that are widely described in the pathophysiology of psychiatric disorders [20].



In this context, the goal of this review is to describe the neurobiological, endocrine, and immune mechanisms involved in ECT in mental illnesses, and to detail its clinical efficacy in different psychiatric pathologies.




2. Materials and Methods


This is a narrative review in which an extensive literature search was performed on the Scopus, Embase, PubMed, ISI Web of Science, and Google Scholar databases from inception to March 2022. The terms “electroconvulsive therapy”, “neurobiological effects of electroconvulsive therapy”, “electroconvulsive therapy and immune system”, “electroconvulsive therapy and the endocrine system”, “molecular mechanisms in electroconvulsive therapy”, and “electroconvulsive therapy and psychiatric disorders” were among the keywords used in the search. Afterward, the search was filtered using terms such as “humans” and “animals” as well as “clinical” and “preclinical”. Among the selection criteria for the studies, only those published within the past 35 years were included.




3. Results and Discussion


3.1. Molecular Mechanisms Involved in Electroconvulsive Therapy


Efficient ECT use during the last years has led to the emergence of different questions regarding the molecular basis involved in its action mechanism. Different hypotheses have been proposed, which are based on the neurologic function modifications and endocrine and immune changes that take place after ECT use in psychiatric disorders [21].



3.1.1. Neurobiological Effects of Electroconvulsive Therapy


The ECT effects on the blood flow and metabolism of the cerebral cortex have been of great interest in current molecular psychiatry studies. Similarly, its impact on the neurogenesis and the neurotransmitter systems associated with the different mental illnesses’ physiopathology has been researched [20,22].



It has been proposed that part of the ECT neurobiological effects is based on its actions on the activity of the cerebral cortex, mainly in the frontal and temporal lobes [23]. The use of different imaging techniques has recently allowed for the identification of three stages seen during ECT [24]. The first one is the ictal period, in which there is a blood flow increase, glucose metabolism, and oxygen consumption in the cortex. The second one and the third one are the postictal period and the interictal period, respectively. The postictal period is the most important one as there is blood flow decrease as well as brain glucose metabolism, which is associated with ECT efficacy in the depression treatment (Figure 1A) [23,24,25].



This effect was demonstrated by Berggren et al., who evaluated the regional cerebral blood flow (rCBF) and depression scores of 49 patients before and after ECT and reported that 41 patients were classified as “with improvement” and 8 were classified as “no improvement.” This was based on a reduction of ≥50% in depression scores compared with pretreatment scores. Importantly, rCBF was significantly higher in the left temporal lobe in patients who did not improve after ECT and who also presented with more sustained depression and anxiety features [25].



In this sense, depression has also been associated with hyperconnectivity of the brain network and the delta and alpha waves present in the electroencephalogram (EEG). Particularly, hyperconnectivity between the anterior temporal cortex and the subgenual cortex has been observed. Studies such as the one performed by Deng et al., have shown that ECT would be able to produce low-frequency wave increase and hyperconnectivity decrease among the brain networks described in the depression cases [26,27]. Similarly, Leave et al., showed that connectivity between the lobes before ECT could predict its antidepressant effect. They evaluated basal brain activity, connectivity, and depression symptoms before and after ECT use in 46 patients, supporting the importance of frontotemporal effects to achieve clinical changes [28].



It has also been reported that ECT acts on the neuronal structure volume. According to Joshi et al., part of its therapeutic action is achieved, thanks to its capacity to promote neurogenesis in the hippocampus and the amygdala. This group evaluated these structures in 32 control patients and 43 patients with major depression before ECT after the first session and after a week of completing the ECT treatment series. They observed that before the beginning of the treatment, the patients with major depression had smaller hippocampal volumes than the control patients. After ECT, the hippocampus and the amygdala sizes increased, and this was associated with symptom improvement. Similarly, the hippocampus volume before ECT predicted the clinical response to it. In consequence, it has been hypothesized that patients with a lower hippocampus volume before ECT tend to present with a higher volume increase and a better clinical response [29].



Likewise, different authors, such as Oltedal et al., and Cao et al., have proposed that ECT acts by increasing neurogenesis in subfields such as the dentate gyrus at the granular and molecular cell layers, the subiculum, and the cornus ammonis. This increase is dose dependent, meaning that the greater the ECT dose, the larger the volume increase (Figure 1B) [30,31]. Therefore, the current understanding is that there is a causal relationship between the neurogenesis decrease in these areas and psychiatric diseases such as major depression, schizophrenia, and bipolar disorder [29,32,33].



However, in recent studies, it has been observed that the hippocampal volume increase is not a perfect biomarker to determine the ECT clinical results. Such is the case in Cao et al., who reported that patients with a greater increase in hippocampal volume presented with a poorer response to the treatment. This was seen more frequently in patients with few positive clinical results in which a greater number of the ECT sessions were used. Similarly, it was found that lower volumes in the hippocampus-specific subfields, such as the cornu ammonis 3 and 4, the granular layer, the molecular layer, and the subiculum, are associated with a better response to ECT [31]. In a meta-analysis performed by Wilkinson et al., in which nine studies were included for a total of 174 patients, researchers proposed that the neurogenesis and volume increase could be an epiphenomenon in ECT and would not entirely represent the entirety of its neurobiological mechanism of action [30,34].



Therefore, during the last decade, the hypothesis that part of the therapeutic effects of ECT could be caused by a metabolism modification and the function normalization of multiple neurotransmitters has emerged. This would include noradrenaline (NA), glutamate, γ-aminobutyric acid (GABA), dopamine (DA), serotonin, and brain-derived neurotrophic factor (BDNF) [22].



In this context, it has been proposed that the noradrenergic activity modification in major depression is caused by alterations in the adrenergic receptors, especially in the α2-adrenergic receptors [35,36]. It has been hypothesized that an affinity increase could be part of the disease pathophysiology [37]. Based on this, Lillethorup et al., studied the adrenergic α2 receptors’ affinity in mice with a depression animal model. The said affinity was measured after the ECT application, and it was compared with the affinity of the same receptors in a control group. It was found that after the ECT application, adrenergic α2 cortical receptors showed a decreased affinity, suggesting that this could be a mechanism through which ECT achieves its therapeutic effects (Figure 2A) [38].



Alternatively, it has been proposed that glutamatergic system dysfunction could be involved in the neuropsychiatric disease physiopathology, including affective disorders, schizophrenia, and even Alzheimer’s disease (AD) [39,40]. Studies based on this hypothesis are controversial. On the one hand, some researchers, such as Niau et al., have reported a glutamate concentration decrease after ECT, which has been associated with a neurogenesis increase and a consequent clinical improvement in neuropsychiatric diseases in which neurogenesis is impaired, such as AD (Figure 2B) [41]. On the other hand, Cano et al., reported a glutamate concentration increase after ECT, an increase that the authors associated with neuroinflammation, which is an adverse effect of the therapy. In addition, it is proposed that glutamate increase could promote angiogenesis, which is considered part of the neurogenesis process (Figure 2C) [42].



In consequence, the effect of ECT on the glutamatergic system is unclear; however, Abbott et al., reviewed 26 studies performed between 2002 and 2013, observing the consistency in the results supporting the ECT effect on the glutamatergic system through a concentration increase or normalization. This was also associated with the clinical improvement, finding increased glutamate levels only in patients who responded to the treatment. Therefore, it is presumed that glutamate and the remaining neurotransmitters play an important role in the ECT action mechanism [21,43].



In the case of GABA, it has been proposed that ECT can increase its concentration, leading to a potentiation of its effects. To examine this hypothesis, Xia et al., performed a study in which there was a control group, a group of patients with schizophrenia who received only antipsychotic treatment, and a group formed by patients with schizophrenia who received ECT. The GABA concentration was determined for all groups, and these levels were also measured in groups 2 and 3 after receiving the treatment. They found that GABA levels were lower in schizophrenic patients compared with nonschizophrenic patients. They also reported that after a 4-week treatment with ECT, the GABA levels increased in this group, which did not happen in the patients who only received treatment with antipsychotic drugs (Figure 2D) [44].



Knudsen et al., performed similar research on patients diagnosed with depression or bipolar disorder; however, they did not report significant differences between the GABA levels in patients with the diagnosis compared with healthy patients. Similarly, no difference was observed in the GABA concentrations after ECT. This highlights the difficulty of determining the ECT effect on the GABAergic system due to the inconsistencies observed in the study results [45]. In their review of 26 studies performed between 2002 and 2013, Abbott et al., found that their results coincided, showing an increase in GABA levels in the occipital cortex, in the blood, or in the cerebrospinal fluid after ECT. However, these studies do not coincide in the correlation between these changes and clinical response, supporting the ECT effect on the GABAergic system without determining whether this effect mediates its therapeutic action [43].



The dopaminergic system has also been studied due to the possible role of DA in the different neuropsychiatric diseases’ physiopathology, such as depression and schizophrenia, as well as its protagonist role in PD. These are all diseases in which ECT leads to an evident clinical improvement, leading to a theory of ECT having a regulating effect on DA activity [46,47,48,49].



However, it has not been established at which level of the DA pathway this effect would take place. Recently, the ECT impact on dopaminergic receptors has been studied, including the D1 and D2 receptor families. Saijo et al., determined the ECT effect on D2 receptors in patients diagnosed with depression. Their findings showed that after a series of six to seven ECT treatments, the union of these receptors to radioactive [(11)C]FLB 457 decreased. They proposed that these receptors could therefore be part of the ECT action mechanism; however, these findings have not been constant among studies, which is why this theory has not been confirmed (Figure 2E) [50,51,52].



On the other hand, Kobayashi et al., reported that ECT leads to a rapid and long-lasting dopaminergic modulation improvement, especially in the hippocampus. This modulation is attributed to protein synthesis changes and the expression of the genes that code for dopaminergic receptors. They also found that ECT causes positive regulation in the genes for the D1 receptor family, including D1 (Drd1) and D5 (Drd5) receptors. This change was not seen in the genes coding for D2 receptors [53]. Similarly, they described that these rapid and long-lasting changes are more frequently present in the mossy fibers’ synapses of the hippocampus within the CA3, which is an area that shows greater sensitivity to ECT neuronal stimulation compared with other areas of the brain (Figure 2F) [53].



Likewise, Landau et al., found that ECT could improve the affinity of D1 receptors to their ligands. This improvement would last for up to 6 weeks, which coincides with the temporary ECT effect on depression and PD. These affinity changes were described as an acute ECT effect, which was observed 24–48 h after the treatment. However, the authors did not discard that this phenomenon is caused by a DA release increase. In this same study, it was described that the more prolonged ECT effects could be caused by an increased D1 receptor number, which can result from the rise in the dendritic column number and/or size. This suggests a neuroplastic effect that is instrumental to obtain these results [54].



It has also been proposed that ECT could have an impact on the serotoninergic system modulation, which would lead to neuroplasticity changes [55,56,57]. According to this theory, ECT would lead to a serotonin increase and a reuptake decrease together with a rise in the expression and serotonin receptors’ affinity, potentiating the neurotransmitter functions [22,58,59].



In this sense, Kronenberg et al., performed a study in which they induced electric convulsions (ECs) in two groups of mice, a wild group and a group deficient in tryptophan hydroxylase 2 presenting with serotonin depletion in 2018. The second group showed symptoms very similar to the ones typically seen in patients with depression. Both groups received five ECs a day for 3 days, and the EC effect on adult neurogenesis and the brain-derived neurotrophic factor (BDNF) was evaluated. It was reported that both neurogenesis and BDNF were lower in mice (Tph2−/−) compared with wild mice. The authors concluded that serotoninergic signaling is a requirement that mediates key ECT neurobiological effects [60].



However, the serotonin role in neuroplasticity is controversial, and it has been proposed that the neurotransmitter decrease or total absence could favor or, at least, have no adverse effect on neurogenesis and neuronal survival. This was also reported by Kronenberg et al., in 2016, who measured BDNF concentration in the hippocampus and the cortex of the two mice models. The first (Tph2−/−) model had no brain serotonin. The second model with serotonin transporter (SERT−/−) deficiency had no neurotransmitter reuptake, leading to an increase in serotonin concentration. It was observed that BDNF concentration increased in the hippocampus and the brain cortex of the (Tph2−/−) mice but not in the (SERT−/−) mice. It was concluded that the brain serotonin absence induces BDNF expression; therefore, the ECT effect on the serotoninergic system and neurogenesis is refutable and requires further research in the future [61].



Finally, it has been proposed that a decrease in BDNF concentrations plays an important role in the different pathophysiology of different neuropsychiatric disorders [62,63,64]. Rocha et al., and Li et al., reported that ECT leads to a BDNF concentration increase in both the central and the peripheral nervous system, thus increasing the precursor isoform (proBDNF) concentration and the mature BDNF (mBDNF) by increasing the tissue plasminogen activator (tPA) levels. This is a key element in the proBDNF transformation into mBDNF [65,66]. Although this phenomenon could explain the therapeutic ECT effect, it would also increase the proBDNF concentration, which could lead to negative cognitive effects due to proBDNF coupling preferentially to the neurotrophin receptor p75. This leads to neuronal apoptosis and antiplasticity effects, especially in the CA1 area of the hippocampus, explaining the negative cognitive ECT effects (Figure 2G) [67,68].



However, not all studies have been in favor of this hypothesis. Ryan et al., evaluated the BDNF serum concentrations in 50 control patients and 61 patients with depression. No differences between the two groups were found. Likewise, they measured serum BDNF levels in patients with depression before and after ECT, reporting that there was no significant difference after ECT. In addition, Sorri et al., reported a decrease in BDNF serum concentration during ECT. Therefore, authors such as van Zuthpen have called into question the role of BDNF serum levels as a biomarker to determine the therapeutic ECT effect, as the specificity and sensitivity of this marker are deemed too low [69,70,71,72].



A meta-analysis by Polyakova et al., was composed of studies in which BDNF concentrations at the central and peripheric levels were determined before and after ECT. The studies included were published before 2014. It was reported that ECT increased the genetic expression and synthesis of BDNF, which is positively associated with the treatment number. This corresponds to a second meta-analysis, performed by Rocha et al., which was composed of 261 studies performed between 1990 and 2016. It was reported that BDNF concentrations increased after ECT, recommending the use of BDNF as a potential biomarker to assess treatment response [65,73].




3.1.2. Impact of ECT on the Endocrine System


A considerable portion of the different psychiatric diseases’ pathophysiologic model stems from the neural diathesis–stress model, in which the HPA axis hyperactivity maintains high cortisol levels [74,75]. This causes multiple neurologic alterations present in psychiatric diseases, such as a decrease in the astrocyte marker levels, BDNF glial fibrillary acidic protein (GFAP), brain volume modifications, and even cognitive alterations [74,76].



In addition to this, multiple studies have reported clinical changes in the HPA axis after the ECT use [74,77,78], improving the pathologies’ symptoms, such as depression [79,80], schizophrenia [81], and bipolar disorder [82,83]. Burgese et al., administered 12 ECT sessions to patients with depression while measuring their serum cortisol levels before starting ECT, after the seventh session, and after the last session. Furthermore, they compared these levels with control patients. They reported that ECT led to a decrease in cortisol levels in patients with depression, reaching the same concentrations as the control group and showing a clinical improvement [84].



Similarly, according to a study performed by O’Donovan et al., ECT can increase BDNF and GFAP expression in the cortisol model of depression. Likewise, Mickey et al., described that the cortisol trajectory in patients’ hair with refractory depression can predict their responses to ECT, finding that patients with an ascendant trajectory have a better response than those with a descendant trajectory [76,85].



Conversely, even though these results have been reported by different studies, other studies have contradicted these findings. Such is the case of Kyeremanteng et al., who applied ECT to mice with an animal model of depression for 5 days. They found that there was a corticotropin-releasing factor (CRF) increase in the hippocampus and outside of it, in the frontal cortex, and in the neocortex. In addition to this, the mice presented with retrograde amnesia, which is a frequent adverse ECT effect. A temporal association between CRF blood levels and the antidepressant effect and retrograde amnesia induced by ECT was also observed. The authors suggest that these results are a consequence of the possible anxiolytic CRF effect and its capacity to antagonize CRF1 receptors, which have been associated with memory loss after prolonged stress exposure [86].



As a result of this research and conclusions, the ECT effect on the HPA has not been firmly determined. However, the majority of studies appear to support the hypothesis that ECT decreases HPA hyperactivity. In addition, the evidence gives a starring role to HPA in the ECT action mechanism [21].



Other hormones and axes have been involved in the ECT action mechanism. The HPT axis stands out in this context. Abnormalities described in thyroid-stimulating hormone (TSH) levels have been associated with an increase in vulnerability to the depression symptoms’ onset and AD development. In this context, Dikes et al., reported an acute increase in serum TSH level increase after ECT. However, these changes have not been associated with the clinical improvement of patients. Alternatively, Decima et al., reported that after ECT, there was a decrease in the TSH response to the thyrotropin-releasing hormone (TRH). In addition, Esel et al., observed that even though ECT could acutely increase TSH levels, the hormone serum levels of this hormone decreased 60 min after a session [87,88,89,90,91,92,93,94,95,96].



Other elements of this axis have also been studied, particularly the thyroid hormones thyroxine (T4) and triiodothyronine (T3). It has been hypothesized that ECT could decrease the T4 free fraction, which would have a therapeutic effect considering that increased levels of this hormone have been reported in patients with schizophrenia and with a suicidal ideation presence. Despite this, the ECT effect on the HPT axis continues to be controversial [88,91,97].




3.1.3. Effects of ECT on the Immune System


The inflammatory hypothesis is one of the most recent pathophysiological mechanisms that have been proposed in the context of neuropsychiatric disorders. More specifically, inflammation has been associated with changes in the HPA axis and neurogenesis. Therefore, the immunologic ECT impact, specifically its effects on cytokines as well as on microglia activity, has gained relevance in recent years (Figure 3) [98,99].



Cytokine concentration alterations have been identified in patients with major depressive disorder (MDD), bipolar disorder, and schizophrenia. The key cytokines in this context are interleukin-6 (IL-6) and tumor necrosis factor α (TNF-α), which could be involved in the ECT action mechanism. Regarding IL-6, Zincir et al., measured its levels in 50 patients with depression before and after ECT and compared them with 30 control patients. They reported that IL-6 levels were higher in patients with depression compared with control patients before ECT. After the therapy, the difference decreased [100].



In addition, Järventausta et al., reported that ECT causes an acute IL-6 level increase. However, these levels decreased days after the treatment. After a full ECT series, IL-6 levels were significantly decreased in patients that showed clinical improvement, but not in patients who did not show clinical improvement. This seems to indicate that the long-term ECT effect on IL-6 is correlated with its clinical results. Therefore, IL-6 could have an important role in the ECT action mechanism, and it would also serve as a biomarker to determine its effects [101,102].



Likewise, TNF-α has been associated with the pathogenesis of mood disorders and the mechanism of action of ECT. It has been proposed that this therapy could have an anti-inflammatory effect, temporarily decreasing TNF-α levels. Similarly, it has been proposed that the acute TNF-α level’s decrease would be associated with the symptomatic improvement of patients with depression [103]. The cytokines’ role has not only been described in the ECT context and depression. In the schizophrenia context, Kartalci et al., researched the serum levels of interleukin-4 (IL-4), transforming growth factor β (TGF-β), myeloperoxidase (MPO), and nuclear factor-κB (NF-κB). They reported that NF-κB levels were higher in patients with schizophrenia, while TGF-β levels were lower than those observed in control patients. No significant changes were reported in MPO and IL-4 levels. Similarly, they studied the serum levels of these cytokines in patients after the ECT administration, and they found that the clinical improvement seen during the treatment was accompanied by a gradual IL-4 and TGF-β increase. However, no changes in MPO and NF-κB levels were found. In consequence, an anti-inflammatory role for ECT through its action on cytokines has been proposed [104].



This activity could also be mediated by the immune system’s peripheral cells. Chaturvedi et al., reported an increase in the leucocytes’ total number and the lymphocytes’ percentage as well as a decrease in the percentage of the polymorphonuclear cells after ECT administration. Similarly, Kronfol et al., measured the levels of natural killer cells in the peripheral blood. It was found that ECT caused an increase of these lymphocytes only minutes after the session, reaching its peak 10–30 min later and starting to decrease after 60 min [105,106].



A summary of the ECT effects that have been observed in different psychiatric illnesses is presented in Table 1.



Macrophages have a role in the ECT impact on the immune system regulation. Roman et al., reported the changes in the biological properties of peritoneal macrophages in mice that received ECT once a day for 10 days. The peritoneal macrophages’ examination revealed a decrease in their proinflammatory properties and an increase in their arginase activity and a decrease in the synthesis of nitric oxide (NO). Furthermore, the same authors determined in another study that a NO synthesis decrease causes an increase in the T and B lymphocytes’ proliferative response. Additionally, they highlighted that these changes took place after a series of electric convulsion applications; therefore, time is required for these changes to appear [107,108].



Peripheral macrophages would not be the only ones involved in the immune ECT effects. Macrophages in the CNS would also be related to the ECT action mechanism as physiologic changes in these cells have been observed after ECT administration [109]. It has been observed that macrophage recruitment in the hippocampal circulation takes place as a consequence of ECT. However, no signs of inflammation in the neuronal parenchyma have been reported. On the contrary, it has been proposed that ECT has an immunosuppressant effect on immune cells at the central level, modulating the innate immunologic system. This is relevant due to the hypothesis that neuropsychiatric diseases, such as depression and schizophrenia, are caused by microglia and astrocyte hyperactivity, which could decrease neurogenesis and neuroplasticity [110].



For this reason, the inhibiting ECT effect on these cells would be beneficial. This has been observed in animal models of depression and schizophrenia. Limo et al., confirmed these changes through the microglial gene CD11b and astrocyte-expressed GFAP measurement. Both of these are distinctive activity markers for these cells. This study found that the CD11b levels in the dentate gyrus and the CA1 and CA3 areas were higher in mice with an animal model of schizophrenia compared with control mice. Similarly, GFAP levels in the GD and the CA1 area were higher in mice models than in the control group, indicating that microglial and astrocyte activity was higher in schizophrenic mice. However, these levels decreased after ECT sessions, indicating a microglial and astrocyte activity inhibition. In a study performed by Kranaster et al., this inhibition as an ECT consequence was also reported in humans, reinforcing the hypothesis that ECT exerts its therapeutic effect through immunomodulation [110,111,112,113,114].





3.2. Unifying Neuroendocrine–Immune Hypothesis of ECT in Psychiatric Disorders


Different hypotheses regarding the mechanisms of action of ECT have been explored throughout the years to explain how one technique can have a therapeutic effect in such a wide variety of disorders despite their notable clinical and pathophysiological differences. These hypotheses are based on findings obtained through preclinical and clinical research that, far from reporting homogenous results, show the effects of ECT on the CNS, which go from structural changes to functional modifications and even changes in other systems, such as the endocrine and immune systems [21].



For example, as an explanation for these phenomena, Wilkinson et al., proposed that the increase in volume in neuronal structures observed after the use of ECT could be an epiphenomenon that accompanies the true mechanisms involved in the clinical improvements shown by patients, without direct effect on clinical improvement [34]. Conversely, Joshi et al., reported that in patients with depression, the increase in the volume of the hypothalamus and the amygdala after ECT would be directly related to clinical improvement. Furthermore, it was suggested that the promotion of neurogenesis in these structures at the same time as a decrease in the activity of the frontal and temporal cortexes results in clinical improvement, as was demonstrated by Beggren et al., and Leave et al., Therefore, ECT would be countering two important changes in the pathophysiology of depression, referring to the decrease in the size of neuronal structures and frontotemporal hyperconnectivity and hyperactivity [25,28,29].



On the other hand, Lillethorup et al., and Abbott et al., proposed that ECT decreases neuronal activity through the reduction of the affinity of α2 adrenergic receptors to noradrenaline and the increase in GABA levels, respectively. Therefore, the hypothesis of interconnectivity could coexist or even be related to the monoamine hypothesis [38,43]. Likewise, the latter would be associated with neurogenesis, as Njau et al., Cano et al., and Abbott et al., found that ECT has an impact on the glutaminergic system by regulating glutamate levels. Therefore, there is an improvement in the symptoms of patients with depression, schizophrenia, or Alzheimer’s disease and promotion of angiogenesis and neurogenesis [41,42,43].



Other monoamines that could contribute to the neuroplasticity and neurogenesis induced by ECT are dopamine and serotonin. This was the reasoning for the studies of ECT on the dopaminergic system performed by Kobayashi et al., and Landau et al., reporting that this treatment leads to an increase in the expression and affinity of D1 receptors. Meanwhile, Kronenberg et al., demonstrated that the serotoninergic system plays a primary role in the mechanism of action of ECT [53,54,60].



However, the monoamine system is not the only one considered in the context of the mechanisms of action of ECT-induced neurogenesis. Burgese et al., proposed that a dysregulation in the HPA axis would lead to a decrease in cerebral volume. Therefore, by regulating the cortisol levels through ECT, this effect would be countered [84]. In addition, all the previously mentioned mechanisms could be grouped within the immunologic effects of ECT, as inflammation is associated with HPA and neurogenesis disruptions that could be countered by ECT. This would be achieved through a decrease in the levels of IL-6 and TNFα and the levels of polymorphonuclear cells as well as the increase in IL-4, TGF-β, and total leucocyte and lymphocyte percentages, according to studies performed by Zincir et al., Järventausta et al., Kartalci et al., and Chaturvedi et al. [100,102,104,105].



As a result, even though these mechanisms were proposed and researched individually, there is a current understanding regarding the close relationship that exists among these different systems. Therefore, the possibility of a new perspective in the study of the mechanisms of ECT appears, in which the evidence for one hypothesis does not necessarily contradict a second hypothesis. Instead of determining which hypothesis has the most evidence in its favor, it is proposed that ECT can act in unison through different mechanisms that are related to each other, which leads to a wide effect on the aforementioned systems, explaining the vast effect of ECT across multiple disorders [115].



That said, numerous details regarding the effect of ECT on each of the neuropsychiatric diseases in which it could be used are still unknown. More specifically, there is still the question of which mechanism corresponds to the effects observed in each disease. Furthermore, it has not been established whether these mechanisms can vary when the technique is modified according to the position of the electrodes, the magnitude and duration of the electric wave, the use of anesthetics and muscle relaxants, the frequency of the sessions, and the use of coadjuvant drugs. The majority of these studies in which these variations are accounted for focus on clinical response and not on the neurobiological pathways [116,117]. An example of this is that greater efficacy in patients with depression has been observed when bilateral ECT is used over unilateral ECT. However, the mechanisms for these observations have not been explained. Therefore, the need for additional research on variations like these is evident [118].



Finally, important gaps in knowledge are present in clinical practice, together with a considerable stigma that surrounds ECT. This limits its use and study, which leads to the lack of precise guidelines on the use of ECT in the management of neuropsychiatric diseases, with a lack of consensus regarding when to use ECT in the treatment algorithm. ECT continues to be a subject of study in modern medicine, and the understanding of its uses in other neuropsychiatric diseases is expected to grow in the coming years [119,120,121].




3.3. From Molecular Mechanisms to Clinical Evidence: Impact of ECT on Psychiatric Diseases


The majority of the neuroendocrine–immune mechanisms of ECT are physiopathological components and therapeutic targets in different mental illnesses. Therefore, its clinical impact on psychiatric diseases in which these mechanisms could lead to therapeutic effects is relevant.



During the last decades, the use of ECT has had a crucial role in the treatment of severe affective disorders, such as refractory major depression, refractory bipolar disorder, and refractory schizophrenia. More recently, clinical evidence has also been reported in other serious psychiatric pathologies with diverse physiopathological mechanisms, such as PD psychosis, MNS, OCD, and PTSD.



3.3.1. Refractory Major Depressive Disorder


ECT is currently considered the most effective treatment for refractory MDD [122]. In 1985, the first meta-analysis evaluating the efficacy of ECT was performed, reporting that this was a treatment superior to antidepressant medication and simulated ECT or placebo [123]. The number of clinical assays evaluating the use of ECT has exponentially increased since then, and ECT itself has considerably advanced as a procedure [118,124]. Three decades later, these initial findings have been confirmed by the meta-analysis performed by Han Kho et al. [125]. However, there is no clear consensus on the position of ECT in the depression treatment protocol. While certain authors recommended that depression with psychotic characteristics can be treated with antidepressants in monotherapy or in combination with antipsychotics [126,127], other authors proposed that the first-line treatment should be ECT [128,129]. In clinical practice, ECT is commonly used to treat patients with refractory depression, with a response rate of 70% in patients with depression and 58% in patients with depression resistant to treatment [130]. Greater efficacy has been described in bilateral ECT compared with unilateral ECT [118,124].



Acute results with ECT have been very effective in inducing depression remission [16,131]. However, the recurrence rate is alarmingly high once the treatment is finished, even after follow-up treatment with medication is administrated [132,133,134]. Therefore, ECT continuation (ECT-c) and ECT maintenance (ECT-m) use have been recently studied, showing efficacy in depression relapse and recurrence prevention [135]. ECT-c refers to continued treatment during the first 6 months after remission, and ECT-m refers to maintenance beyond 6 months [136]. Elias et al. [135] performed a meta-analysis that included 5 studies and 436 patients, reporting that ECT-c and ECT-m, together with medication in periods of 6 months and 1 year, were significantly associated with fewer relapses and recurrences compared with those that only received pharmacological treatment.



The following section summarizes the key clinical evidence of the impact of ECT as a mental disorder treatment (Table 2).




3.3.2. Schizophrenia


The first patients treated with ECT were patients with schizophrenia [138]. This therapy was the most frequently used one for acute psychosis until 1952, when it was entirely displaced by pharmacological treatment [139]. Regardless, its use has recently gained considerable interest among physicians due to its usefulness in refractory schizophrenia [140]. The criteria for ECT prescription are not consistent in the current literature; however, different treatment guidelines propose its indication in patients with schizophrenia with catatonia symptoms, as additional support for pharmacotherapy when there is resistance to treatment, and in patients with a prior positive response to ECT [136,141,142]. It has been reported that treatment resistance is the most common condition in which ECT is prescribed [143]. Furthermore, the symptomatic and cognitive response has been higher when bifrontal electrodes are used [144]. A recent meta-analysis performed by Ahmed et al. [19] included 23 studies and 1179 patients, reporting significant improvement in patients with schizophrenia resistant to pharmacological treatment who received ECT + clozapine (SMD: −1.504; CI: 95%) and ECT + nonclozapine antipsychotics (SMD: −0.891; CI: 95%).



In addition, numerous studies have reported the beneficial ECT impact on catatonic schizophrenia. Some authors have even reported that it has a faster response rate than in noncatatonic schizophrenia [145]. Suzuki et al., evaluated the short-term and long-term ECT use in catatonic schizophrenia resistant to treatment, reporting that 100% of patients were responsive to this treatment. However, relapses took place in 7 of the patients during the first 6 months of treatment. The recurrence rate 1 year later was 63.6%, despite continued pharmacotherapy [146]. These patients received a second therapy cycle, followed by ECT-m for a year. Four of them continued to be in remission [147]. Those who relapsed once again were successfully treated by adjusting the frequency of the sessions [148].



Recent research studies have explored ECT efficacy in teenagers and young adults with schizophrenic disorders refractory to pharmacotherapy. In a prospective study, Suzuki et al. [149] examined the acute ECT short-term effects and its safety in young adults in their first schizophrenic episode that was not medically treatable. A significant decrease in clinical symptoms was reported 1 week after the final ECT session. Likewise, De la Serna et al. [150] studied the long-term ECT cognitive effects in a sample of teenage patients with schizophrenia, in which no significant differences were observed between the ECT group and the non-ECT group. Furthermore, another study reported a notable decrease in the hospitalization length of patients treated with ECT + antipsychotics compared with those treated only with antipsychotics. Significant improvements were seen in positive symptoms and in general psychopathology [151].




3.3.3. Bipolar Disorder


The value of ECT in the treatment of BD has a variable amount of clinical evidence in the context of its efficacy in mania, bipolar depression, and mixed states. Different treatment guidelines for BD propose the use of ECT as a first-line treatment only in very serious cases or patients resistant to pharmacotherapy [152,153,154,155,156]. Other guidelines indicate ECT as a second-line or third-line treatment in pregnant patients with catatonia, psychotic characteristics, or bipolar depression [157].



Although ECT has been more widely used in the treatment of unipolar depression, its use in bipolar depression has expanded in recent years [137]. The main obstacle in this context has been concerns regarding a possible change to a manic or hypomanic state. However, it has been reported that clinical improvement is more effectively achieved with ECT than with pharmacotherapy in bipolar depression [137,158,159]. In a meta-analysis that included 19 studies, Bahji et al. [137] reported a response rate of 77.1% and a remission rate of 52.3% in patients with bipolar depression treated with ECT. Furthermore, response rates and the speed of the response were higher in individuals with bipolar depression compared with those with unipolar depression. Recently, a multicentric, randomized, controlled assay performed by Schoeyen et al., compared the efficacy of ECT with that of pharmacological treatment in 73 patients with resistant bipolar depression. It was reported that the acute bipolar depression phase can have a better response to ECT than to pharmacological treatment [160].



ECT is considered a first-line treatment in patients with delirious mania and with serious mania, which is associated with potentially lethal physical exhaustion [161,162]. The literature researching the use of ECT in mania is very limited; however, response rates higher than 80% have been reported in acute mania and patients resistant to pharmacological treatment [163,164,165,166]. Due to the efficacy of ECT in the treatment of manic and depressive episodes, its recent use has extended to bipolar disorder mixed states. This condition has been proven to be extremely difficult to treat, with reports of many patients not responding to pharmacological treatment based on the antipsychotics and mood stabilizers used [167,168]. Retrospective studies have shown a response in patients with mixed states treated with unilateral [169] and bilateral [170] ECT. Different naturalistic studies have reported that ECT is an effective treatment for this condition, with response rates higher than 50% [171,172,173]. However, there is a problem in the definition and diagnosis of this state in psychiatry, which makes the available evidence very limited as it is a condition that is commonly underdiagnosed. As a consequence, numerous patients with this condition are included in samples of patients with schizophrenia or mania treated with ECT. Finally, the use of ECT-c and ECT-m in patients with bipolar disorder is limited to very few studies. Despite this, different reports have shown a decrease in hospital admission, hospitalization length, and morbidity in patients with bipolar disorder [17,18,174].




3.3.4. Other Disorders


Due to the positive results seen in refractory bipolar disorder, depression, and schizophrenia, ECT use has recently extended to other neuropsychiatric pathologies. These include PD psychosis, OCD, and PTSD, among others. In the first place, despite that ECT shows efficacy in the treatment of PD motor symptoms [175,176], the amount of substantial clinical evidence is scarce. This is likely due to the inability to predict the therapeutic benefit duration or the established stigma of this intervention [176]. However, its use in PD psychiatric complications has been explored in greater detail during the last years [177,178,179,180]. Borisovskaya et al. [181] performed a systematic review in which 43 studies were included, reporting that depression improved in 93.1% of cases without any negative effects on cognition in the majority of them. Likewise, different studies have researched the beneficial effects in PD psychosis [177,178,179,180]. A retrospective study in which ECT use in PD patients was examined revealed the improvement of motor and nonmotor functions of the patients, including the psychiatric sphere [177]. Furthermore, Ueda et al. [9] observed an improvement in the psychotic symptoms of 4 patients with PD psychosis refractory to antipsychotics. Similar results have been found in different studies [178,179,180].



In regard to OCD, current treatment guidelines do not include ECT as a therapeutic alternative [182,183]. Despite the widespread opinion that its use is not efficient in this disorder, different studies have reported its uses in OCD resistant to treatment. Fontenelle et al. [184] performed a systematic review that included 50 studies and 279 patients, reporting a significantly positive response in 60.4% of the cases. Similar results were found in an assay performed by Maletzky et al. [11] in which long-term positive effects in patients with refractory OCD were observed. In the study, the majority of the subjects showed significant improvement in their symptoms, and this improvement remained 1 year after treatment. Likewise, ECT efficacy in OCD has been reported in different case studies in which, due to a different psychiatric disorder, such as depression or refractory psychosis, ECT was used in patients who had OCD as comorbidity [185,186,187,188,189]. No randomized controlled studies have been performed, and the existing studies have design issues and small samples. Therefore, the evidence that backs its use in patients with OCD resistant to treatment is very limited.



Similarly, the clinical effectiveness and tolerability of ECT in AD have been discussed in the literature, with variable evidence of its use in dementia and agitation [190,191,192]. Sutor et al. [190] published a series of cases that included 11 AD patients over 5 years. They reported agitation improvement or remission, with a significant decrease in the number of long-term hospitalizations. Likewise, Isserles et al. [191] performed a retrospective evaluation of 25 patients with dementia and pre-existing psychiatric disorders who had been treated with ECT. A clinically significant response was reported in 72% of the sessions. Recently, preliminary open-label results suggest that ECT acute treatment is safe and effective to reduce agitation in this population [192]. Two clinical assays are currently in progress. These have the goals of improving cognition by increasing BDNF levels [193] and alleviating dementia conduct and psychological symptoms [194].



Finally, different studies have proposed ECT as an alternative for MNS when pharmacological therapy is not effective [10,195]. In 1987, Hermesh et al. [196] described for the first time an MNS case that responded to ECT. More recently, Morcos et al. [197] performed a retrospective study of a series of cases in which they examined the ECT effectiveness for 17 years. They found that bitemporal ECT was well tolerated and efficient in refractory MNS treatment, with a remission rate of 73.3%. It was suggested that ECT should be used early in cases of refractory MNS, especially if the underlying affliction also responds to ECT.



Similarly, multiple reports have suggested that ECT could benefit PTSD patients. In this sense, in two case reports, the use of multiple ECT sessions led to an improvement of symptoms in two women who were 35 and 38 years old, respectively, and suffering from refractory PTSD [198,199]. Similarly, Watts et al. [200,201] reported in retrospective studies that there was a significant improvement in depressive patients with PTSD after unilateral or bilateral ECT. Likewise, Margoob et al. [12] conducted a prospective study in which 20 patients with refractory PTSD were treated with ECT. It was reported that the mean PTSD score decreased by 34.4% after ECT. Antidepressant treatment was maintained for 6 months during which the improvements also remained. Currently, a clinical randomized assay is being performed [202]. Its goal is to demonstrate ECT efficacy in decreasing traumatic memories in PTSD patients.






4. Conclusions


Currently, psychiatric disorders, especially severe affective disorders, continue to be one of the most frequently seen entities in the psychiatric clinical setting, highlighting the need for effective therapeutic options. ECT stands out as a treatment capable of conducting an electric current through the brain to produce a stimulus and trigger a generalized convulsive activity with therapeutic effects. To date, substantial evidence supports the efficacy of ECT in the treatment of different neuropsychiatric disorders. However, the mechanisms of action of this treatment are not completely clear. In this sense, it has been reported that ECT has a multimodal effect by intervening in the immune, endocrine, and neurobiological systems. Furthermore, the role of ECT in the induction of brain structure changes by promoting neurogenesis and regular neuronal interconnectivity through the modulation of the activity of multiple neurotransmitters in the CNS stands out. Likewise, the positive effects of ECT on the HPA and HPT axes and the potential effect on the regulation of the inflammatory response through the release of cytokines and the activation of microglia have also been reported. In this context, it is plausible to consider a potential synergism in the promotion of these mechanisms as a versatile and efficient therapy for the management of these pathologies.



On the other hand, at the clinical level, the research epicenter in the last two decades has been its use in refractory major depressive disorder, and it is considered one of the most effective treatments for this disorder. Likewise, its efficacy in other severe affective disorders, such as schizophrenia and bipolar depression resistant to treatment, has been extensively described. However, during the last years, its use has extended to other mental illnesses, such as PD psychosis, MNS, PTSD, and OCD, with different clinical assays currently in progress [194,202,203]. Regardless, more randomized studies with a more rigorous methodological design and a larger scale are needed to establish ECT as a treatment alternative in these neuropsychiatric disorders.







Author Contributions


Conceptualization: Á.O., M.R., D.A. and M.C.-C.; investigation: M.R., Á.O., D.A., J.L.P. and M.R.; writing—original draft: D.A., Á.O., M.R. and O.M.-O.; writing—review and editing: M.R., D.A., J.R.-Q., V.B., O.M.-O., M.J.B. and Á.O.; funding acquisition: V.B., L.C.-T., M.E.R.-G., O.M.-O. and M.J.B. All authors have reviewed and approved the final version of the work. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by research grant no. CC-0437-10-21-09-10 from the Consejo de Desarrollo Científico, Humanístico y Tecnológico (CONDES), University of Zulia, and research grant no. FZ-0058-2007 from Fundacite-Zulia.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Fink, M. Meduna and the Origins of Convulsive Therapy. Am. J. Psychiatry 1984, 141, 1034–1041. [Google Scholar] [CrossRef] [PubMed]

	



Gazdag, G.; Ungvari, G.S.; Czech, H. Mass Killing under the Guise of ECT: The Darkest Chapter in the History of Biological Psychiatry. Hist. Psychiatry 2017, 28, 482–488. [Google Scholar] [CrossRef] [PubMed]

	



Duxbury, A.; Smith, I.; Mair-Edwards, B.; Bennison, G.; Irving, K.; Hodge, S.; Anderson, I.; Weatherhead, S. What Is the Process by Which a Decision to Administer Electroconvulsive Therapy (ECT) or Not Is Made? A Grounded Theory Informed Study of the Multi-Disciplinary Professionals Involved. Soc. Psychiatry Psychiatr. Epidemiol. 2018, 53, 785–793. [Google Scholar] [CrossRef]

	



Chávez, M.E. Propuesta de protocolización para la práctica de la Terapia Electroconvulsiva en el Hospital de Clínicas de la Universidad Nacional de Asunción, Paraguay: Protocol’s proposal for the practice of Electroconvulsive Therapy at Hospital De Clínicas of the National University of Asunción, Paraguay. Med. Clín. Y Soc. 2017, 1, 126–142. [Google Scholar] [CrossRef]

	



Cortez-Vergara, C.; Cruzado, L.; Rojas-Rojas, I.G.; Sánchez-Fernández, M.; Ladd-Huarachi, G. Características clínicas de pacientes tratados con terapia electroconvulsiva en un hospital público de Perú. Rev. Peru. Med. Exp. Salud Publica 2016, 33, 100–105. [Google Scholar] [CrossRef] [PubMed]

	



Gálvez, V.; Li, A.; Oxley, C.; Waite, S.; De Felice, N.; Hadzi-Pavlovic, D.; Kumar, D.; Page, A.C.; Hooke, G.; Loo, C.K. Health Related Quality of Life after ECT for Depression: A Study Exploring the Role of Different Electrode-Placements and Pulse-Widths. J. Affect. Disord. 2016, 206, 268–272. [Google Scholar] [CrossRef] [PubMed]

	



Subedi, S.; Aich, T.K.; Sharma, N. Use of ECT in Nepal: A One Year Study from the Country’s Largest Psychiatric Facility. J. Clin. Diagn. Res. 2016, 10, VC01–VC04. [Google Scholar] [CrossRef]

	



Bernardo i Arroyo, M.; Gonzalez-Pinto, A.; Urretavizcaya, M. Consenso Español Sobre la Terapia Electroconvulsiva; TEC: Madrid, Spain, 2018; ISBN 978-84-15734-12-3. [Google Scholar]

	



Ueda, S.; Koyama, K.; Okubo, Y. Marked Improvement of Psychotic Symptoms after Electroconvulsive Therapy in Parkinson Disease. J. ECT 2010, 26, 111–115. [Google Scholar] [CrossRef]

	



Trollor, J.N.; Sachdev, P.S. Electroconvulsive Treatment of Neuroleptic Malignant Syndrome: A Review and Report of Cases. Aust. N. Z. J. Psychiatry 1999, 33, 650–659. [Google Scholar] [CrossRef]

	



Maletzky, B.; McFarland, B.; Burt, A. Refractory Obsessive Compulsive Disorder and ECT. Convuls. Ther. 1994, 10, 34–42. [Google Scholar]

	



Margoob, M.A.; Ali, Z.; Andrade, C. Efficacy of ECT in Chronic, Severe, Antidepressant- and CBT-Refractory PTSD: An Open, Prospective Study. Brain Stimul. 2010, 3, 28–35. [Google Scholar] [CrossRef] [PubMed]

	



Hermida, A.P.; Glass, O.M.; Shafi, H.; McDonald, W.M. Electroconvulsive Therapy in Depression: Current Practice and Future Direction. Psychiatr. Clin. N. Am. 2018, 41, 341–353. [Google Scholar] [CrossRef] [PubMed]

	



Bernardo, M.; Urretavizcaya, M. Dignificando una terapia electroconvulsiva basada en la evidencia. Rev. Psiquiatr. Salud Ment. 2015, 8, 51–54. [Google Scholar] [CrossRef] [PubMed]

	



Wilhelmy, S.; Rolfes, V.; Grözinger, M.; Chikere, Y.; Schöttle, S.; Groß, D. Knowledge and Attitudes on Electroconvulsive Therapy in Germany: A Web Based Survey. Psychiatry Res. 2018, 262, 407–412. [Google Scholar] [CrossRef] [PubMed]

	



van Diermen, L.; van den Ameele, S.; Kamperman, A.M.; Sabbe, B.C.G.; Vermeulen, T.; Schrijvers, D.; Birkenhäger, T.K. Prediction of Electroconvulsive Therapy Response and Remission in Major Depression: Meta-Analysis. Br. J. Psychiatry 2018, 212, 71–80. [Google Scholar] [CrossRef]

	



Sienaert, P.; Peuskens, J. Electroconvulsive Therapy: An Effective Therapy of Medication-Resistant Bipolar Disorder. Bipolar. Disord. 2006, 8, 304–306. [Google Scholar] [CrossRef]

	



Santos Pina, L.; Bouckaert, F.; Obbels, J.; Wampers, M.; Simons, W.; Wyckaert, S.; Sienaert, P. Maintenance Electroconvulsive Therapy in Severe Bipolar Disorder: A Retrospective Chart Review. J. ECT 2016, 32, 23–28. [Google Scholar] [CrossRef]

	



Ahmed, S.; Khan, A.M.; Mekala, H.M.; Venigalla, H.; Ahmed, R.; Etman, A.; Esang, M.; Qureshi, M. Combined Use of Electroconvulsive Therapy and Antipsychotics (Both Clozapine and Non-Clozapine) in Treatment Resistant Schizophrenia: A Comparative Meta-Analysis. Heliyon 2017, 3, e00429. [Google Scholar] [CrossRef]

	



Rosenquist, P.B.; Miller, B.; Pillai, A. The Antipsychotic Effects of ECT: A Review of Possible Mechanisms. J. ECT 2014, 30, 125–131. [Google Scholar] [CrossRef]

	



Singh, A.; Kar, S.K. How Electroconvulsive Therapy Works? Understanding the Neurobiological Mechanisms. Clin. Psychopharmacol. Neurosci. 2017, 15, 210–221. [Google Scholar] [CrossRef]

	



Baldinger, P.; Lotan, A.; Frey, R.; Kasper, S.; Lerer, B.; Lanzenberger, R. Neurotransmitters and Electroconvulsive Therapy. J. ECT 2014, 30, 116–121. [Google Scholar] [CrossRef] [PubMed]

	



Hirano, J.; Takamiya, A.; Yamagata, B.; Hotta, S.; Miyasaka, Y.; Pu, S.; Iwanami, A.; Uchida, H.; Mimura, M. Frontal and Temporal Cortical Functional Recovery after Electroconvulsive Therapy for Depression: A Longitudinal Functional near-Infrared Spectroscopy Study. J. Psychiatr. Res. 2017, 91, 26–35. [Google Scholar] [CrossRef] [PubMed]

	



Bolwig, T.G. Neuroimaging and Electroconvulsive Therapy: A Review. J. ECT 2014, 30, 138–142. [Google Scholar] [CrossRef] [PubMed]

	



Berggren, Å.; Gustafson, L.; Höglund, P.; Johanson, A. A Long-Term Follow-up of Clinical Response and Regional Cerebral Blood Flow Changes in Depressed Patients Treated with ECT. J. Affect. Disord. 2014, 167, 235–243. [Google Scholar] [CrossRef]

	



Deng, Z.-D.; McClinctock, S.M.; Lisanby, S.H. Brain Network Properties in Depressed Patients Receiving Seizure Therapy: A Graph Theoretical Analysis of Peri-Treatment Resting EEG. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. 2015, 2015, 2203–2206. [Google Scholar] [CrossRef]

	



Lythe, K.E.; Moll, J.; Gethin, J.A.; Workman, C.I.; Green, S.; Lambon Ralph, M.A.; Deakin, J.F.W.; Zahn, R. Self-Blame–Selective Hyperconnectivity Between Anterior Temporal and Subgenual Cortices and Prediction of Recurrent Depressive Episodes. JAMA Psychiatry 2015, 72, 1119–1126. [Google Scholar] [CrossRef]

	



Leaver, A.M.; Wade, B.; Vasavada, M.; Hellemann, G.; Joshi, S.H.; Espinoza, R.; Narr, K.L. Fronto-Temporal Connectivity Predicts ECT Outcome in Major Depression. Front. Psychiatry 2018, 9, 92. [Google Scholar] [CrossRef]

	



Joshi, S.H.; Espinoza, R.T.; Pirnia, T.; Shi, J.; Wang, Y.; Ayers, B.; Leaver, A.; Woods, R.P.; Narr, K.L. Structural Plasticity of the Hippocampus and Amygdala Induced by Electroconvulsive Therapy in Major Depression. Biol. Psychiatry 2016, 79, 282–292. [Google Scholar] [CrossRef]

	



Oltedal, L.; Narr, K.L.; Abbott, C.; Anand, A.; Argyelan, M.; Bartsch, H.; Dannlowski, U.; Dols, A.; van Eijndhoven, P.; Emsell, L.; et al. Volume of the Human Hippocampus and Clinical Response Following Electroconvulsive Therapy. Biol. Psychiatry 2018, 84, 574–581. [Google Scholar] [CrossRef]

	



Cao, B.; Luo, Q.; Fu, Y.; Du, L.; Qiu, T.; Yang, X.; Chen, X.; Chen, Q.; Soares, J.C.; Cho, R.Y.; et al. Predicting Individual Responses to the Electroconvulsive Therapy with Hippocampal Subfield Volumes in Major Depression Disorder. Sci. Rep. 2018, 8, 5434. [Google Scholar] [CrossRef]

	



Gandy, K.; Kim, S.; Sharp, C.; Dindo, L.; Maletic-Savatic, M.; Calarge, C. Pattern Separation: A Potential Marker of Impaired Hippocampal Adult Neurogenesis in Major Depressive Disorder. Front. Neurosci. 2017, 11, 571. [Google Scholar] [CrossRef]

	



Yun, S.; Reynolds, R.P.; Masiulis, I.; Eisch, A.J. Re-Evaluating the Link between Neuropsychiatric Disorders and Dysregulated Adult Neurogenesis. Nat. Med. 2016, 22, 1239–1247. [Google Scholar] [CrossRef] [PubMed]

	



Wilkinson, S.T.; Sanacora, G.; Bloch, M.H. Hippocampal Volume Changes Following Electroconvulsive Therapy: A Systematic Review and Meta-Analysis. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 2017, 2, 327–335. [Google Scholar] [CrossRef] [PubMed]

	



Atzori, M.; Cuevas-Olguin, R.; Esquivel-Rendon, E.; Garcia-Oscos, F.; Salgado-Delgado, R.C.; Saderi, N.; Miranda-Morales, M.; Treviño, M.; Pineda, J.C.; Salgado, H. Locus Ceruleus Norepinephrine Release: A Central Regulator of CNS Spatio-Temporal Activation? Front. Synaptic Neurosci. 2016, 8, 25. [Google Scholar] [CrossRef]

	



Maletic, V.; Eramo, A.; Gwin, K.; Offord, S.J.; Duffy, R.A. The Role of Norepinephrine and Its α-Adrenergic Receptors in the Pathophysiology and Treatment of Major Depressive Disorder and Schizophrenia: A Systematic Review. Front. Psychiatry 2017, 8, 42. [Google Scholar] [CrossRef] [PubMed]

	



Landau, A.M.; Phan, J.-A.; Iversen, P.; Lillethorup, T.P.; Simonsen, M.; Wegener, G.; Jakobsen, S.; Doudet, D.J. Decreased in Vivo A2 Adrenoceptor Binding in the Flinders Sensitive Line Rat Model of Depression. Neuropharmacology 2015, 91, 97–102. [Google Scholar] [CrossRef]

	



Lillethorup, T.P.; Iversen, P.; Wegener, G.; Doudet, D.J.M.; Landau, A.M. A2-Adrenoceptor Binding in Flinders-Sensitive Line Compared with Flinders-Resistant Line and Sprague-Dawley Rats. Acta Neuropsychiatr. 2015, 27, 345–352. [Google Scholar] [CrossRef]

	



Madeira, C.; Vargas-Lopes, C.; Brandão, C.O.; Reis, T.; Laks, J.; Panizzutti, R.; Ferreira, S.T. Elevated Glutamate and Glutamine Levels in the Cerebrospinal Fluid of Patients with Probable Alzheimer’s Disease and Depression. Front. Psychiatry 2018, 9, 561. [Google Scholar] [CrossRef]

	



Galińska-Skok, B.; Małus, A.; Konarzewska, B.; Rogowska-Zach, A.; Milewski, R.; Tarasów, E.; Szulc, A.; Waszkiewicz, N. Choline Compounds of the Frontal Lobe and Temporal Glutamatergic System in Bipolar and Schizophrenia Proton Magnetic Resonance Spectroscopy Study. Dis. Markers 2018, 2018, 3654894. [Google Scholar] [CrossRef]

	



Njau, S.; Joshi, S.H.; Espinoza, R.; Leaver, A.M.; Vasavada, M.; Marquina, A.; Woods, R.P.; Narr, K.L. Neurochemical Correlates of Rapid Treatment Response to Electroconvulsive Therapy in Patients with Major Depression. J. Psychiatry Neurosci. 2017, 42, 6–16. [Google Scholar] [CrossRef]

	



Cano, M.; Martínez-Zalacaín, I.; Bernabéu-Sanz, Á.; Contreras-Rodríguez, O.; Hernández-Ribas, R.; Via, E.; de Arriba-Arnau, A.; Gálvez, V.; Urretavizcaya, M.; Pujol, J.; et al. Brain Volumetric and Metabolic Correlates of Electroconvulsive Therapy for Treatment-Resistant Depression: A Longitudinal Neuroimaging Study. Transl. Psychiatry 2017, 7, e1023. [Google Scholar] [CrossRef] [PubMed]

	



Abbott, C.C.; Gallegos, P.; Rediske, N.; Lemke, N.T.; Quinn, D.K. A Review of Longitudinal Electroconvulsive Therapy: Neuroimaging Investigations. J. Geriatr. Psychiatry Neurol. 2014, 27, 33–46. [Google Scholar] [CrossRef]

	



Xia, M.; Wang, J.; Sheng, J.; Tang, Y.; Li, C.; Lim, K.; He, B.; Li, C.; Xu, Y.; Wang, J. Effect of Electroconvulsive Therapy on Medial Prefrontal γ-Aminobutyric Acid among Schizophrenia Patients: A Proton Magnetic Resonance Spectroscopy Study. J. ECT 2018, 34, 227–232. [Google Scholar] [CrossRef]

	



Knudsen, M.K.; Near, J.; Blicher, A.B.; Videbech, P.; Blicher, J.U. Magnetic Resonance (MR) Spectroscopic Measurement of γ-Aminobutyric Acid (GABA) in Major Depression before and after Electroconvulsive Therapy. Acta Neuropsychiatr. 2019, 31, 17–26. [Google Scholar] [CrossRef] [PubMed]

	



Belujon, P.; Grace, A.A. Restoring Mood Balance in Depression: Ketamine Reverses Deficit in Dopamine-Dependent Synaptic Plasticity. Biol. Psychiatry 2014, 76, 927–936. [Google Scholar] [CrossRef]

	



Grace, A.A. Dysregulation of the Dopamine System in the Pathophysiology of Schizophrenia and Depression. Nat. Rev. Neurosci. 2016, 17, 524–532. [Google Scholar] [CrossRef] [PubMed]

	



Williams, N.R.; Bentzley, B.S.; Sahlem, G.L.; Pannu, J.; Korte, J.E.; Revuelta, G.; Short, E.B.; George, M.S. Unilateral Ultra-Brief Pulse Electroconvulsive Therapy for Depression in Parkinson’s Disease. Acta Neurol. Scand. 2017, 135, 407–411. [Google Scholar] [CrossRef]

	



Grover, S.; Chakrabarti, S.; Hazari, N.; Avasthi, A. Effectiveness of Electroconvulsive Therapy in Patients with Treatment Resistant Schizophrenia: A Retrospective Study. Psychiatry Res. 2017, 249, 349–353. [Google Scholar] [CrossRef]

	



Quintana, C.; Beaulieu, J.-M. A Fresh Look at Cortical Dopamine D2 Receptor Expressing Neurons. Pharmacol. Res. 2019, 139, 440–445. [Google Scholar] [CrossRef]

	



Cumper, S.K.; Ahle, G.M.; Liebman, L.S.; Kellner, C.H. Electroconvulsive Therapy (ECT) in Parkinson’s Disease: ECS and Dopamine Enhancement. J. ECT 2014, 30, 122–124. [Google Scholar] [CrossRef]

	



Saijo, T.; Takano, A.; Suhara, T.; Arakawa, R.; Okumura, M.; Ichimiya, T.; Ito, H.; Okubo, Y. Electroconvulsive Therapy Decreases Dopamine D2 receptor Binding in the Anterior Cingulate in Patients with Depression: A Controlled Study Using Positron Emission Tomography with Radioligand [11C]FLB 457. J. Clin. Psychiatry 2010, 71, 793–799. [Google Scholar] [CrossRef] [PubMed]

	



Kobayashi, K.; Imoto, Y.; Yamamoto, F.; Kawasaki, M.; Ueno, M.; Segi-Nishida, E.; Suzuki, H. Rapid and Lasting Enhancement of Dopaminergic Modulation at the Hippocampal Mossy Fiber Synapse by Electroconvulsive Treatment. J. Neurophysiol. 2017, 117, 284–289. [Google Scholar] [CrossRef] [PubMed]

	



Landau, A.M.; Alstrup, A.K.; Audrain, H.; Jakobsen, S.; Simonsen, M.; Møller, A.; Videbech, P.; Wegener, G.; Gjedde, A.; Doudet, D.J. Elevated Dopamine D1 Receptor Availability in Striatum of Göttingen Minipigs after Electroconvulsive Therapy. J. Cereb. Blood Flow Metab. 2018, 38, 881–887. [Google Scholar] [CrossRef] [PubMed]

	



Wise, T.; Radua, J.; Nortje, G.; Cleare, A.J.; Young, A.H.; Arnone, D. Voxel-Based Meta-Analytical Evidence of Structural Disconnectivity in Major Depression and Bipolar Disorder. Biol. Psychiatry 2016, 79, 293–302. [Google Scholar] [CrossRef]

	



Kraus, C.; Castrén, E.; Kasper, S.; Lanzenberger, R. Serotonin and Neuroplasticity—Links between Molecular, Functional and Structural Pathophysiology in Depression. Neurosci. Biobehav. Rev. 2017, 77, 317–326. [Google Scholar] [CrossRef]

	



Underwood, M.D.; Kassir, S.A.; Bakalian, M.J.; Galfalvy, H.; Dwork, A.J.; Mann, J.J.; Arango, V. Serotonin Receptors and Suicide, Major Depression, Alcohol Use Disorder and Reported Early Life Adversity. Transl. Psychiatry 2018, 8, 279. [Google Scholar] [CrossRef]

	



Saijo, T.; Takano, A.; Suhara, T.; Arakawa, R.; Okumura, M.; Ichimiya, T.; Ito, H.; Okubo, Y. Effect of Electroconvulsive Therapy on 5-HT1A Receptor Binding in Patients with Depression: A PET Study with [11C]WAY 100635. Int. J. Neuropsychopharmacol. 2010, 13, 785–791. [Google Scholar] [CrossRef]

	



Lanzenberger, R.; Baldinger, P.; Hahn, A.; Ungersboeck, J.; Mitterhauser, M.; Winkler, D.; Micskei, Z.; Stein, P.; Karanikas, G.; Wadsak, W.; et al. Global Decrease of Serotonin-1A Receptor Binding after Electroconvulsive Therapy in Major Depression Measured by PET. Mol. Psychiatry 2013, 18, 93–100. [Google Scholar] [CrossRef]

	



Kronenberg, G.; Petermann, M.; Dormann, C.; Bader, M.; Gass, P.; Hellweg, R.; Klempin, F. Brain Serotonin Critically Contributes to the Biological Effects of Electroconvulsive Seizures. Eur. Arch. Psychiatry Clin. Neurosci. 2018, 268, 861–864. [Google Scholar] [CrossRef]

	



Kronenberg, G.; Mosienko, V.; Gertz, K.; Alenina, N.; Hellweg, R.; Klempin, F. Increased Brain-Derived Neurotrophic Factor (BDNF) Protein Concentrations in Mice Lacking Brain Serotonin. Eur. Arch. Psychiatry Clin. Neurosci. 2016, 266, 281–284. [Google Scholar] [CrossRef]

	



Zhang, J.; Yao, W.; Hashimoto, K. Brain-Derived Neurotrophic Factor (BDNF)-TrkB Signaling in Inflammation-Related Depression and Potential Therapeutic Targets. Curr. Neuropharmacol. 2016, 14, 721–731. [Google Scholar] [CrossRef] [PubMed]

	



Dong, E.; Dzitoyeva, S.G.; Matrisciano, F.; Tueting, P.; Grayson, D.R.; Guidotti, A. Brain-Derived Neurotrophic Factor Epigenetic Modifications Associated with Schizophrenia-like Phenotype Induced by Prenatal Stress in Mice. Biol. Psychiatry 2015, 77, 589–596. [Google Scholar] [CrossRef] [PubMed]

	



Krivoy, A.; Hochman, E.; Sendt, K.-V.; Hollander, S.; Vilner, Y.; Selakovic, M.; Weizman, A.; Taler, M. Association between Serum Levels of Glutamate and Neurotrophic Factors and Response to Clozapine Treatment. Schizophr. Res. 2018, 192, 226–231. [Google Scholar] [CrossRef] [PubMed]

	



Rocha, R.B.; Dondossola, E.R.; Grande, A.J.; Colonetti, T.; Ceretta, L.B.; Passos, I.C.; Quevedo, J.; da Rosa, M.I. Increased BDNF Levels after Electroconvulsive Therapy in Patients with Major Depressive Disorder: A Meta-Analysis Study. J. Psychiatr. Res. 2016, 83, 47–53. [Google Scholar] [CrossRef]

	



Li, J.; Ye, F.; Xiao, W.; Tang, X.; Sha, W.; Zhang, X.; Wang, J. Increased Serum Brain-Derived Neurotrophic Factor Levels Following Electroconvulsive Therapy or Antipsychotic Treatment in Patients with Schizophrenia. Eur. Psychiatry 2016, 36, 23–28. [Google Scholar] [CrossRef]

	



Zhang, F.; Luo, J.; Min, S.; Ren, L.; Qin, P. Propofol Alleviates Electroconvulsive Shock-Induced Memory Impairment by Modulating ProBDNF/MBDNF Ratio in Depressive Rats. Brain Res. 2016, 1642, 43–50. [Google Scholar] [CrossRef]

	



Jiang, H.; Li, X.; Chen, S.; Lu, N.; Yue, Y.; Liang, J.; Zhang, Z.; Yuan, Y. Plasminogen Activator Inhibitor-1 in Depression: Results from Animal and Clinical Studies. Sci. Rep. 2016, 6, 30464. [Google Scholar] [CrossRef]

	



Ryan, K.M.; Dunne, R.; McLoughlin, D.M. BDNF Plasma Levels and Genotype in Depression and the Response to Electroconvulsive Therapy. Brain Stimul. 2018, 11, 1123–1131. [Google Scholar] [CrossRef]

	



Sorri, A.; Järventausta, K.; Kampman, O.; Lehtimäki, K.; Björkqvist, M.; Tuohimaa, K.; Hämäläinen, M.; Moilanen, E.; Leinonen, E. Effect of Electroconvulsive Therapy on Brain-Derived Neurotrophic Factor Levels in Patients with Major Depressive Disorder. Brain Behav. 2018, 8, e01101. [Google Scholar] [CrossRef]

	



van Zutphen, E.M.; Rhebergen, D.; van Exel, E.; Oudega, M.L.; Bouckaert, F.; Sienaert, P.; Vandenbulcke, M.; Stek, M.; Dols, A. Brain-Derived Neurotrophic Factor as a Possible Predictor of Electroconvulsive Therapy Outcome. Transl. Psychiatry 2019, 9, 155. [Google Scholar] [CrossRef]

	



Vanicek, T.; Kranz, G.S.; Vyssoki, B.; Fugger, G.; Komorowski, A.; Höflich, A.; Saumer, G.; Milovic, S.; Lanzenberger, R.; Eckert, A.; et al. Acute and Subsequent Continuation Electroconvulsive Therapy Elevates Serum BDNF Levels in Patients with Major Depression. Brain Stimul. 2019, 12, 1041–1050. [Google Scholar] [CrossRef]

	



Polyakova, M.; Schroeter, M.L.; Elzinga, B.M.; Holiga, S.; Schoenknecht, P.; de Kloet, E.R.; Molendijk, M.L. Brain-Derived Neurotrophic Factor and Antidepressive Effect of Electroconvulsive Therapy: Systematic Review and Meta-Analyses of the Preclinical and Clinical Literature. PLoS ONE 2015, 10, e0141564. [Google Scholar] [CrossRef]

	



Juruena, M.F.; Bocharova, M.; Agustini, B.; Young, A.H. Atypical Depression and Non-Atypical Depression: Is HPA Axis Function a Biomarker? A Systematic Review. J. Affect. Disord. 2018, 233, 45–67. [Google Scholar] [CrossRef]

	



Spiga, F.; Walker, J.J.; Terry, J.R.; Lightman, S.L. HPA Axis-Rhythms. Compr. Physiol. 2014, 4, 1273–1298. [Google Scholar] [CrossRef]

	



O’Donovan, S.; Dalton, V.; Harkin, A.; McLoughlin, D.M. Effects of Brief Pulse and Ultrabrief Pulse Electroconvulsive Stimulation on Rodent Brain and Behaviour in the Corticosterone Model of Depression. Int. J. Neuropsychopharmacol. 2014, 17, 1477–1486. [Google Scholar] [CrossRef]

	



Tournikioti, K.; Dikeos, D.; Alevizaki, M.; Michopoulos, I.; Ferentinos, P.; Porichi, E.; Soldatos, C.R.; Douzenis, A. Hypothalamus-Pituitary-Adrenal (HPA) Axis Parameters and Neurocognitive Evaluation in Patients with Bipolar Disorder. Psychiatriki 2018, 29, 199–208. [Google Scholar] [CrossRef]

	



Bolhuis, K.; Tiemeier, H.; Jansen, P.R.; Muetzel, R.L.; Neumann, A.; Hillegers, M.H.J.; van den Akker, E.T.L.; van Rossum, E.F.C.; Jaddoe, V.W.V.; Vernooij, M.W.; et al. Interaction of Schizophrenia Polygenic Risk and Cortisol Level on Pre-Adolescent Brain Structure. Psychoneuroendocrinology 2019, 101, 295–303. [Google Scholar] [CrossRef]

	



Keller, J.; Gomez, R.; Williams, G.; Lembke, A.; Lazzeroni, L.; Murphy, G.M.; Schatzberg, A.F. HPA Axis in Major Depression: Cortisol, Clinical Symptomatology and Genetic Variation Predict Cognition. Mol. Psychiatry 2017, 22, 527–536. [Google Scholar] [CrossRef]

	



Sharma, A.; Sawant, N.; Shah, N. A Study on Psychiatric Disorders, Body Image Disturbances, and Self-Esteem in Patients of Cushing’s Disease. Indian J. Endocrinol. Metab. 2018, 22, 445–450. [Google Scholar] [CrossRef]

	



Streit, F.; Memic, A.; Hasandedić, L.; Rietschel, L.; Frank, J.; Lang, M.; Witt, S.H.; Forstner, A.J.; Degenhardt, F.; Wüst, S.; et al. Perceived Stress and Hair Cortisol: Differences in Bipolar Disorder and Schizophrenia. Psychoneuroendocrinology 2016, 69, 26–34. [Google Scholar] [CrossRef]

	



Saunders, T.S.; Mondelli, V.; Cullen, A.E. Pituitary Volume in Individuals at Elevated Risk for Psychosis: A Systematic Review and Meta-Analysis. Schizophr. Res. 2019, 213, 23–31. [Google Scholar] [CrossRef]

	



Delvecchio, G.; Mandolini, G.M.; Perlini, C.; Barillari, M.; Marinelli, V.; Ruggeri, M.; Altamura, A.C.; Bellani, M.; Brambilla, P. Pituitary Gland Shrinkage in Bipolar Disorder: The Role of Gender. Compr. Psychiatry 2018, 82, 95–99. [Google Scholar] [CrossRef]

	



Burgese, D.F.; Bassitt, D.P. Variation of Plasma Cortisol Levels in Patients with Depression after Treatment with Bilateral Electroconvulsive Therapy. Trends Psychiatry Psychother. 2015, 37, 27–36. [Google Scholar] [CrossRef]

	



Mickey, B.J.; Ginsburg, Y.; Sitzmann, A.F.; Grayhack, C.; Sen, S.; Kirschbaum, C.; Maixner, D.F.; Abelson, J.L. Cortisol Trajectory, Melancholia, and Response to Electroconvulsive Therapy. J. Psychiatr. Res. 2018, 103, 46–53. [Google Scholar] [CrossRef]

	



Kyeremanteng, C.; MacKay, J.C.; James, J.S.; Kent, P.; Cayer, C.; Anisman, H.; Merali, Z. Effects of Electroconvulsive Seizures on Depression-Related Behavior, Memory and Neurochemical Changes in Wistar and Wistar-Kyoto Rats. Prog. Neuropsychopharmacol. Biol. Psychiatry 2014, 54, 170–178. [Google Scholar] [CrossRef]

	



Choi, H.J.; Byun, M.S.; Yi, D.; Sohn, B.K.; Lee, J.H.; Lee, J.-Y.; Kim, Y.K.; Lee, D.Y. KBASE Research Group Associations of Thyroid Hormone Serum Levels with In-Vivo Alzheimer’s Disease Pathologies. Alzheimers Res. Ther. 2017, 9, 64. [Google Scholar] [CrossRef]

	



Jose, J.; Nandeesha, H.; Kattimani, S.; Meiyappan, K.; Sarkar, S.; Sivasankar, D. Association between Prolactin and Thyroid Hormones with Severity of Psychopathology and Suicide Risk in Drug Free Male Schizophrenia. Clin. Chim. Acta 2015, 444, 78–80. [Google Scholar] [CrossRef]

	



Loh, H.H.; Lim, L.L.; Yee, A.; Loh, H.S. Association between Subclinical Hypothyroidism and Depression: An Updated Systematic Review and Meta-Analysis. BMC Psychiatry 2019, 19, 12. [Google Scholar] [CrossRef]

	



Fugger, G.; Dold, M.; Bartova, L.; Kautzky, A.; Souery, D.; Mendlewicz, J.; Serretti, A.; Zohar, J.; Montgomery, S.; Frey, R.; et al. Comorbid Thyroid Disease in Patients with Major Depressive Disorder—Results from the European Group for the Study of Resistant Depression (GSRD). Eur. Neuropsychopharmacol. 2018, 28, 752–760. [Google Scholar] [CrossRef]

	



Esel, E.; Turan, T.; Kula, M.; Reyhancan, M.; Gonul, A.; Basturk, M.; Sofuoglu, S. Effects of Electroconvulsive Therapy on Hypothalamic-Pituitary-Thyroid Axis Activity in Depressed Patients. Prog. Neuropsychopharmacol. Biol. Psychiatry 2002, 26, 1171–1175. [Google Scholar] [CrossRef]

	



Papakostas, Y.G.; Markianos, M.; Pehlivanidis, A.; Zervas, I.M.; Papadimitriou, G.N.; Stefanis, C. Blunted TSH Response to TRH and Seizure Duration in ECT. Acta Psychiatr. Scand. 1999, 99, 68–72. [Google Scholar] [CrossRef] [PubMed]

	



Papakostas, Y.; Markianos, M.; Papadimitriou, G.; Lykouras, L.; Stefanis, C. Thyrotropin and Prolactin Responses to ECT in Schizophrenia and Depression. Psychiatry Res. 1991, 37, 5–10. [Google Scholar] [CrossRef]

	



Decina, P.; Sackeim, H.A.; Kahn, D.A.; Pierson, D.; Hopkins, N.; Malitz, S. Effects of ECT on the TRH Stimulation Test. Psychoneuroendocrinology 1987, 12, 29–34. [Google Scholar] [CrossRef]

	



Dykes, S.; Scott, A.I.; Gow, S.M.; Whalley, L.J. Effects of Seizure Duration on Serum TSH Concentration after ECT. Psychoneuroendocrinology 1987, 12, 477–482. [Google Scholar] [CrossRef]

	



Ríos, B.; Vicente, N. Mecanismo de acción de la terapia electroconvulsiva en la depresión. Actas Esp. Psiquiatr. 2001, 29, 199–207. [Google Scholar]

	



Parmentier, T.; Sienaert, P. The Use of Triiodothyronine (T3) in the Treatment of Bipolar Depression: A Review of the Literature. J. Affect. Disord. 2018, 229, 410–414. [Google Scholar] [CrossRef]

	



van Buel, E.M.; Patas, K.; Peters, M.; Bosker, F.J.; Eisel, U.L.M.; Klein, H.C. Immune and Neurotrophin Stimulation by Electroconvulsive Therapy: Is Some Inflammation Needed after All? Transl. Psychiatry 2015, 5, e609. [Google Scholar] [CrossRef]

	



Yrondi, A.; Sporer, M.; Péran, P.; Schmitt, L.; Arbus, C.; Sauvaget, A. Electroconvulsive Therapy, Depression, the Immune System and Inflammation: A Systematic Review. Brain Stimul. 2018, 11, 29–51. [Google Scholar] [CrossRef]

	



Zincir, S.; Öztürk, P.; Bilgen, A.E.; İzci, F.; Yükselir, C. Levels of Serum Immunomodulators and Alterations with Electroconvulsive Therapy in Treatment-Resistant Major Depression. NDT 2016, 12, 1389–1396. [Google Scholar] [CrossRef]

	



Rush, G.; O’Donovan, A.; Nagle, L.; Conway, C.; McCrohan, A.; O’Farrelly, C.; Lucey, J.V.; Malone, K.M. Alteration of Immune Markers in a Group of Melancholic Depressed Patients and Their Response to Electroconvulsive Therapy. J. Affect. Disord. 2016, 205, 60–68. [Google Scholar] [CrossRef]

	



Järventausta, K.; Sorri, A.; Kampman, O.; Björkqvist, M.; Tuohimaa, K.; Hämäläinen, M.; Moilanen, E.; Leinonen, E.; Peltola, J.; Lehtimäki, K. Changes in Interleukin-6 Levels during Electroconvulsive Therapy May Reflect the Therapeutic Response in Major Depression. Acta Psychiatr. Scand. 2017, 135, 87–92. [Google Scholar] [CrossRef]

	



Sorri, A.; Järventausta, K.; Kampman, O.; Lehtimäki, K.; Björkqvist, M.; Tuohimaa, K.; Hämäläinen, M.; Moilanen, E.; Leinonen, E. Low Tumor Necrosis Factor-α Levels Predict Symptom Reduction during Electroconvulsive Therapy in Major Depressive Disorder. Brain Behav. 2018, 8, e00933. [Google Scholar] [CrossRef]

	



Kartalci, S.; Karabulut, A.B.; Erbay, L.G.; Acar, C. Effects of Electroconvulsive Therapy on Some Inflammatory Factors in Patients with Treatment-Resistant Schizophrenia. J. ECT 2016, 32, 174–179. [Google Scholar] [CrossRef]

	



Chaturvedi, S.; Chadda, R.K.; Rusia, U.; Jain, N. Effect of Electroconvulsive Therapy on Hematological Parameters. Psychiatry Res. 2001, 104, 265–268. [Google Scholar] [CrossRef]

	



Kronfol, Z.; Nair, M.P.; Weinberg, V.; Young, E.A.; Aziz, M. Acute Effects of Electroconvulsive Therapy on Lymphocyte Natural Killer Cell Activity in Patients with Major Depression. J. Affect. Disord. 2002, 71, 211–215. [Google Scholar] [CrossRef]

	



Roman, A.; Nawrat, D.; Nalepa, I. Chronic Treatment with Electroconvulsive Shock May Modulate the Immune Function of Macrophages. J. ECT 2008, 24, 260–267. [Google Scholar] [CrossRef]

	



Roman, A.; Nalepa, I. Effect of Repeated Administration of Paroxetine and Electroconvulsive Shock on the Proliferative Response of Lymphocytes and the Synthesis of Nitric Oxide by Macrophages in Rats. J. ECT 2005, 21, 111–117. [Google Scholar] [CrossRef]

	



Sepulveda-Rodriguez, A.; Li, P.; Khan, T.; Ma, J.D.; Carlone, C.A.; Bozzelli, P.L.; Conant, K.E.; Forcelli, P.A.; Vicini, S. Electroconvulsive Shock Enhances Responsive Motility and Purinergic Currents in Microglia in the Mouse Hippocampus. eNeuro 2019, 6, ENEURO.0056-19.2019. [Google Scholar] [CrossRef]

	



Kranaster, L.; Hoyer, C.; Aksay, S.S.; Bumb, J.M.; Müller, N.; Zill, P.; Schwarz, M.J.; Sartorius, A. Antidepressant Efficacy of Electroconvulsive Therapy Is Associated with a Reduction of the Innate Cellular Immune Activity in the Cerebrospinal Fluid in Patients with Depression. World J. Biol. Psychiatry 2018, 19, 379–389. [Google Scholar] [CrossRef]

	



Jansson, L.; Orre, K.; Tingström, A. Repeated Electroconvulsive Seizures Increase the Number of Vessel-Associated Macrophages in Rat Hippocampus. J. ECT 2012, 28, 174–179. [Google Scholar] [CrossRef]

	



Yirmiya, R.; Rimmerman, N.; Reshef, R. Depression as a Microglial Disease. Trends Neurosci. 2015, 38, 637–658. [Google Scholar] [CrossRef] [PubMed]

	



Arauchi, R.; Hashioka, S.; Tsuchie, K.; Miyaoka, T.; Tsumori, T.; Limoa, E.; Azis, I.A.; Oh-Nishi, A.; Miura, S.; Otsuki, K.; et al. Gunn Rats with Glial Activation in the Hippocampus Show Prolonged Immobility Time in the Forced Swimming Test and Tail Suspension Test. Brain Behav. 2018, 8, e01028. [Google Scholar] [CrossRef] [PubMed]

	



Limoa, E.; Hashioka, S.; Miyaoka, T.; Tsuchie, K.; Arauchi, R.; Azis, I.A.; Wake, R.; Hayashida, M.; Araki, T.; Furuya, M.; et al. Electroconvulsive Shock Attenuated Microgliosis and Astrogliosis in the Hippocampus and Ameliorated Schizophrenia-like Behavior of Gunn Rat. J. Neuroinflamm. 2016, 13, 230. [Google Scholar] [CrossRef] [PubMed]

	



Soria, V.; Uribe, J.; Salvat-Pujol, N.; Palao, D.; Menchón, J.M.; Labad, J. Psychoneuroimmunology of Mental Disorders. Rev. Psiquiatr. Salud. Ment. Engl. Ed. 2018, 11, 115–124. [Google Scholar] [CrossRef]

	



Li, Q.; Liu, S.; Guo, M.; Yang, C.-X.; Xu, Y. The Principles of Electroconvulsive Therapy Based on Correlations of Schizophrenia and Epilepsy: A View from Brain Networks. Front. Neurol. 2019, 10, 688. [Google Scholar] [CrossRef]

	



Sinha, P.; Reddy, R.V.; Srivastava, P.; Mehta, U.M.; Bharath, R.D. Network Neurobiology of Electroconvulsive Therapy in Patients with Depression. Psychiatry Res. Neuroimaging 2019, 287, 31–40. [Google Scholar] [CrossRef]

	



Pettinati, H.M.; Mathisen, K.S.; Rosenberg, J.; Lynch, J.F. Meta-Analytical Approach to Reconciling Discrepancies in Efficacy between Bilateral and Unilateral Electroconvulsive Therapy. Convuls. Ther. 1986, 2, 7–17. [Google Scholar]

	



Takamiya, A.; Seki, M.; Kudo, S.; Yoshizaki, T.; Nakahara, J.; Mimura, M.; Kishimoto, T. Electroconvulsive Therapy for Parkinson’s Disease: A Systematic Review and Meta-Analysis. Mov. Disord. 2021, 36, 50–58. [Google Scholar] [CrossRef]

	



Dos Santos-Ribeiro, S.; de Salles Andrade, J.B.; Quintas, J.N.; Baptista, K.B.; Moreira-de-Oliveira, M.E.; Yücel, M.; Fontenelle, L.F. A Systematic Review of the Utility of Electroconvulsive Therapy in Broadly Defined Obsessive-Compulsive-Related Disorders. Prim. Care Companion CNS Disord. 2018, 20, 18r02342. [Google Scholar] [CrossRef]

	



Ahmadi, N.; Moss, L.; Hauser, P.; Nemeroff, C.; Atre-Vaidya, N. Clinical Outcome of Maintenance Electroconvulsive Therapy in Comorbid Posttraumatic Stress Disorder and Major Depressive Disorder. J. Psychiatr. Res. 2018, 105, 132–136. [Google Scholar] [CrossRef]

	



Song, G.-M.; Tian, X.; Shuai, T.; Yi, L.-J.; Zeng, Z.; Liu, S.; Zhou, J.-G.; Wang, Y. Treatment of Adults with Treatment-Resistant Depression: Electroconvulsive Therapy Plus Antidepressant or Electroconvulsive Therapy Alone? Evidence From an Indirect Comparison Meta-Analysis. Medicine 2015, 94, e1052. [Google Scholar] [CrossRef] [PubMed]

	



Janicak, P.G.; Davis, J.M.; Gibbons, R.D.; Ericksen, S.; Chang, S.; Gallagher, P. Efficacy of ECT: A Meta-Analysis. Am. J. Psychiatry 1985, 142, 297–302. [Google Scholar] [CrossRef] [PubMed]

	



Overall, J.E.; Rhoades, H.M. A Comment on the Efficacy of Unilateral Versus Bilateral ECT. Convuls. Ther. 1986, 2, 245–251. [Google Scholar] [PubMed]

	



Kho, K.H.; van Vreeswijk, M.F.; Simpson, S.; Zwinderman, A.H. A Meta-Analysis of Electroconvulsive Therapy Efficacy in Depression. J. ECT 2003, 19, 139–147. [Google Scholar] [CrossRef]

	



National Collaborating Centre for Mental Health (UK). Depression: The Treatment and Management of Depression in Adults (Updated Edition); National Institute for Health and Clinical Excellence: Guidance; British Psychological Society: Leicester, UK, 2010; ISBN 978-1-904671-85-5. [Google Scholar]

	



Ellis, P. Royal Australian and New Zealand College of Psychiatrists Clinical Practice Guidelines Team for Depression Australian and New Zealand Clinical Practice Guidelines for the Treatment of Depression. Aust. N. Z. J. Psychiatry 2004, 38, 389–407. [Google Scholar] [CrossRef] [PubMed]

	



Kennedy, S.H.; Lam, R.W.; McIntyre, R.S.; Tourjman, S.V.; Bhat, V.; Blier, P.; Hasnain, M.; Jollant, F.; Levitt, A.J.; MacQueen, G.M.; et al. Canadian Network for Mood and Anxiety Treatments (CANMAT) 2016 Clinical Guidelines for the Management of Adults with Major Depressive Disorder: Section 3. Pharmacological Treatments. Can. J. Psychiatry 2016, 61, 540–560. [Google Scholar] [CrossRef]

	



Bauer, M.; Pfennig, A.; Severus, E.; Whybrow, P.C.; Angst, J.; Möller, H.-J.; World Federation of Societies of Biological Psychiatry. Task Force on Unipolar Depressive Disorders World Federation of Societies of Biological Psychiatry (WFSBP) Guidelines for Biological Treatment of Unipolar Depressive Disorders, Part 1: Update 2013 on the Acute and Continuation Treatment of Unipolar Depressive Disorders. World J. Biol. Psychiatry 2013, 14, 334–385. [Google Scholar] [CrossRef]

	



Haq, A.U.; Sitzmann, A.F.; Goldman, M.L.; Maixner, D.F.; Mickey, B.J. Response of Depression to Electroconvulsive Therapy: A Meta-Analysis of Clinical Predictors. J. Clin. Psychiatry 2015, 76, 1374–1384. [Google Scholar] [CrossRef]

	



Pagnin, D.; de Queiroz, V.; Pini, S.; Cassano, G.B. Efficacy of ECT in Depression: A Meta-Analytic Review. J. ECT 2004, 20, 13–20. [Google Scholar] [CrossRef]

	



Jelovac, A.; Kolshus, E.; McLoughlin, D.M. Relapse Following Successful Electroconvulsive Therapy for Major Depression: A Meta-Analysis. Neuropsychopharmacology 2013, 38, 2467–2474. [Google Scholar] [CrossRef]

	



Rasmussen, K.G.; Mueller, M.; Rummans, T.A.; Husain, M.M.; Petrides, G.; Knapp, R.G.; Fink, M.; Sampson, S.M.; Bailine, S.H.; Kellner, C.H. Is Baseline Medication Resistance Associated with Potential for Relapse after Successful Remission of a Depressive Episode with ECT? Data from the Consortium for Research on Electroconvulsive Therapy (CORE). J. Clin. Psychiatry 2009, 70, 232–237. [Google Scholar] [CrossRef] [PubMed]

	



Sackeim, H.A.; Haskett, R.F.; Mulsant, B.H.; Thase, M.E.; Mann, J.J.; Pettinati, H.M.; Greenberg, R.M.; Crowe, R.R.; Cooper, T.B.; Prudic, J. Continuation Pharmacotherapy in the Prevention of Relapse Following Electroconvulsive Therapy: A Randomized Controlled Trial. JAMA 2001, 285, 1299–1307. [Google Scholar] [CrossRef] [PubMed]

	



Elias, A.; Phutane, V.H.; Clarke, S.; Prudic, J. Electroconvulsive Therapy in the Continuation and Maintenance Treatment of Depression: Systematic Review and Meta-Analyses. Aust. N. Z. J. Psychiatry 2018, 52, 415–424. [Google Scholar] [CrossRef] [PubMed]

	



Jaffe, R. The Practice of Electroconvulsive Therapy: Recommendations for Treatment, Training, and Privileging: A Task Force Report of the American Psychiatric Association. Am. J. Psychiatry 2002, 159, 331. [Google Scholar] [CrossRef]

	



Bahji, A.; Hawken, E.R.; Sepehry, A.A.; Cabrera, C.A.; Vazquez, G. ECT beyond Unipolar Major Depression: Systematic Review and Meta-Analysis of Electroconvulsive Therapy in Bipolar Depression. Acta Psychiatr. Scand. 2019, 139, 214–226. [Google Scholar] [CrossRef]

	



Conseglieri, A.; Villasante, O. Shock Therapies in Spain (1939–1952) after the Civil War: Santa Isabel National Mental Asylum in Leganés. Hist. Psychiatry 2021, 32, 402–418. [Google Scholar] [CrossRef]

	



Sanghani, S.N.; Petrides, G.; Kellner, C.H. Electroconvulsive Therapy (ECT) in Schizophrenia: A Review of Recent Literature. Curr. Opin. Psychiatry 2018, 31, 213–222. [Google Scholar] [CrossRef]

	



Tharyan, P.; Adams, C.E. Electroconvulsive Therapy for Schizophrenia. Cochrane Database Syst. Rev. 2005, CD000076. [Google Scholar] [CrossRef]

	



Scott, A.I.F. College Guidelines on Electroconvulsive Therapy: An Update for Prescribers. Adv. Psychiatr. Treat. 2005, 11, 150–156. [Google Scholar] [CrossRef]

	



American Psychiatric Association. The American Psychiatric Association Practice Guideline for the Treatment of Patients with Schizophrenia, 3rd ed.; American Psychiatric Association Publishing: Washington, DC, USA, 2020; ISBN 978-0-89042-484-1. [Google Scholar]

	



Gazdag, G.; Sebestyén, G.; Zsargó, E.; Tolna, J.; Ungvari, G.S. Survey of Referrals to Electroconvulsive Therapy in Hungary. World J. Biol. Psychiatry 2009, 10, 900–904. [Google Scholar] [CrossRef]

	



Phutane, V.H.; Thirthalli, J.; Muralidharan, K.; Naveen Kumar, C.; Keshav Kumar, J.; Gangadhar, B.N. Double-Blind Randomized Controlled Study Showing Symptomatic and Cognitive Superiority of Bifrontal over Bitemporal Electrode Placement during Electroconvulsive Therapy for Schizophrenia. Brain Stimul. 2013, 6, 210–217. [Google Scholar] [CrossRef] [PubMed]

	



Thirthalli, J.; Phutane, V.H.; Muralidharan, K.; Kumar, C.N.; Munishwar, B.; Baspure, P.; Gangadhar, B.N. Does Catatonic Schizophrenia Improve Faster with Electroconvulsive Therapy than Other Subtypes of Schizophrenia? World J. Biol. Psychiatry 2009, 10, 772–777. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, K.; Awata, S.; Matsuoka, H. One-Year Outcome after Response to ECT in Middle-Aged and Elderly Patients with Intractable Catatonic Schizophrenia. J. ECT 2004, 20, 99–106. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, K.; Awata, S.; Takano, T.; Ebina, Y.; Iwasaki, H.; Matsuoka, H. Continuation Electroconvulsive Therapy for Relapse Prevention in Middle-Aged and Elderly Patients with Intractable Catatonic Schizophrenia. Psychiatry Clin. Neurosci. 2005, 59, 481–489. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, K.; Awata, S.; Takano, T.; Ebina, Y.; Shindo, T.; Harada, N.; Matsuoka, H. Adjusting the Frequency of Continuation and Maintenance Electroconvulsive Therapy to Prevent Relapse of Catatonic Schizophrenia in Middle-Aged and Elderly Patients Who Are Relapse-Prone. Psychiatry Clin. Neurosci. 2006, 60, 486–492. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, K.; Awata, S.; Takano, T.; Ebina, Y.; Takamatsu, K.; Kajiwara, T.; Ito, K.; Shindo, T.; Funakoshi, S.; Matsuoka, H. Improvement of Psychiatric Symptoms after Electroconvulsive Therapy in Young Adults with Intractable First-Episode Schizophrenia and Schizophreniform Disorder. Tohoku J. Exp. Med. 2006, 210, 213–220. [Google Scholar] [CrossRef] [PubMed]

	



de la Serna, E.; Flamarique, I.; Castro-Fornieles, J.; Pons, A.; Puig, O.; Andrés-Perpiña, S.; Lázaro, L.; Garrido, J.M.; Bernardo, M.; Baeza, I. Two-Year Follow-up of Cognitive Functions in Schizophrenia Spectrum Disorders of Adolescent Patients Treated with Electroconvulsive Therapy. J. Child. Adolesc. Psychopharmacol. 2011, 21, 611–619. [Google Scholar] [CrossRef]

	



Zhang, Z.-J.; Chen, Y.-C.; Wang, H.-N.; Wang, H.-H.; Xue, Y.-Y.; Feng, S.-F.; Tan, Q.-R. Electroconvulsive Therapy Improves Antipsychotic and Somnographic Responses in Adolescents with First-Episode Psychosis--a Case-Control Study. Schizophr. Res. 2012, 137, 97–103. [Google Scholar] [CrossRef]

	



Versiani, M.; Cheniaux, E.; Landeira-Fernandez, J. Efficacy and Safety of Electroconvulsive Therapy in the Treatment of Bipolar Disorder: A Systematic Review. J. ECT 2011, 27, 153–164. [Google Scholar] [CrossRef]

	



National Institute for Health and Care Excellence (NICE) Guidance on the Use of Electroconvulsive Therapy. Available online: https://www.nice.org.uk/guidance/ta59 (accessed on 20 January 2022).

	



Yatham, L.N.; Kennedy, S.H.; Parikh, S.V.; Schaffer, A.; Bond, D.J.; Frey, B.N.; Sharma, V.; Goldstein, B.I.; Rej, S.; Beaulieu, S.; et al. Canadian Network for Mood and Anxiety Treatments (CANMAT) and International Society for Bipolar Disorders (ISBD) 2018 Guidelines for the Management of Patients with Bipolar Disorder. Bipolar. Disord. 2018, 20, 97–170. [Google Scholar] [CrossRef]

	



Goodwin, G.M.; Haddad, P.M.; Ferrier, I.N.; Aronson, J.K.; Barnes, T.; Cipriani, A.; Coghill, D.R.; Fazel, S.; Geddes, J.R.; Grunze, H.; et al. Evidence-Based Guidelines for Treating Bipolar Disorder: Revised Third Edition Recommendations from the British Association for Psychopharmacology. J. Psychopharmacol. 2016, 30, 495–553. [Google Scholar] [CrossRef] [PubMed]

	



Hirschfeld, R.M.A. Guideline Watch (November 2005): Practice Guideline for the Treatment of Patients with Bipolar Disorder. Focus 2007, 5, 34–39. [Google Scholar] [CrossRef]

	



Nivoli, A.M.A.; Colom, F.; Murru, A.; Pacchiarotti, I.; Castro-Loli, P.; González-Pinto, A.; Fountoulakis, K.N.; Vieta, E. New Treatment Guidelines for Acute Bipolar Depression: A Systematic Review. J. Affect. Disord. 2011, 129, 14–26. [Google Scholar] [CrossRef] [PubMed]

	



UK ECT Review Group. Efficacy and Safety of Electroconvulsive Therapy in Depressive Disorders: A Systematic Review and Meta-Analysis. Lancet 2003, 361, 799–808. [Google Scholar] [CrossRef]

	



Liang, C.-S.; Chung, C.-H.; Ho, P.-S.; Tsai, C.-K.; Chien, W.-C. Superior Anti-Suicidal Effects of Electroconvulsive Therapy in Unipolar Disorder and Bipolar Depression. Bipolar. Disord. 2018, 20, 539–546. [Google Scholar] [CrossRef]

	



Schoeyen, H.K.; Kessler, U.; Andreassen, O.A.; Auestad, B.H.; Bergsholm, P.; Malt, U.F.; Morken, G.; Oedegaard, K.J.; Vaaler, A. Treatment-Resistant Bipolar Depression: A Randomized Controlled Trial of Electroconvulsive Therapy versus Algorithm-Based Pharmacological Treatment. Am. J. Psychiatry 2015, 172, 41–51. [Google Scholar] [CrossRef]

	



Danivas, V.; Behere, R.V.; Varambally, S.; Rao, N.P.; Venkatasubramanian, G.; Gangadhar, B.N. Electroconvulsive Therapy in the Treatment of Delirious Mania: A Report of 2 Patients. J. ECT 2010, 26, 278–279. [Google Scholar] [CrossRef]

	



Jacobowski, N.L.; Heckers, S.; Bobo, W.V. Delirious Mania: Detection, Diagnosis, and Clinical Management in the Acute Setting. J. Psychiatr. Pract. 2013, 19, 15–28. [Google Scholar] [CrossRef]

	



Barekatain, M.; Jahangard, L.; Haghighi, M.; Ranjkesh, F. Bifrontal versus Bitemporal Electroconvulsive Therapy in Severe Manic Patients. J. ECT 2008, 24, 199–202. [Google Scholar] [CrossRef]

	



Hiremani, R.M.; Thirthalli, J.; Tharayil, B.S.; Gangadhar, B.N. Double-Blind Randomized Controlled Study Comparing Short-Term Efficacy of Bifrontal and Bitemporal Electroconvulsive Therapy in Acute Mania. Bipolar. Disord. 2008, 10, 701–707. [Google Scholar] [CrossRef]

	



Jahangard, L.; Haghighi, M.; Bigdelou, G.; Bajoghli, H.; Brand, S. Comparing Efficacy of ECT with and without Concurrent Sodium Valproate Therapy in Manic Patients. J. ECT 2012, 28, 118–123. [Google Scholar] [CrossRef] [PubMed]

	



Mohan, T.S.P.; Tharyan, P.; Alexander, J.; Raveendran, N.S. Effects of Stimulus Intensity on the Efficacy and Safety of Twice-Weekly, Bilateral Electroconvulsive Therapy (ECT) Combined with Antipsychotics in Acute Mania: A Randomised Controlled Trial. Bipolar. Disord. 2009, 11, 126–134. [Google Scholar] [CrossRef] [PubMed]

	



Perugi, G.; Medda, P.; Toni, C.; Mariani, M.G.; Socci, C.; Mauri, M. The Role of Electroconvulsive Therapy (ECT) in Bipolar Disorder: Effectiveness in 522 Patients with Bipolar Depression, Mixed-State, Mania and Catatonic Features. Curr. Neuropharmacol. 2017, 15, 359–371. [Google Scholar] [CrossRef] [PubMed]

	



Palma, M.; Ferreira, B.; Borja-Santos, N.; Trancas, B.; Monteiro, C.; Cardoso, G. Efficacy of Electroconvulsive Therapy in Bipolar Disorder with Mixed Features. Depress. Res. Treat. 2016, 2016, 8306071. [Google Scholar] [CrossRef]

	



Strömgren, L.S. Electroconvulsive Therapy in Aarhus, Denmark, in 1984: Its Application in Nondepressive Disorders. Convuls. Ther. 1988, 4, 306–313. [Google Scholar]

	



Gruber, N.P.; Dilsaver, S.C.; Shoaib, A.M.; Swann, A.C. ECT in Mixed Affective States: A Case Series. J. ECT 2000, 16, 183–188. [Google Scholar] [CrossRef]

	



Valentí, M.; Benabarre, A.; García-Amador, M.; Molina, O.; Bernardo, M.; Vieta, E. Electroconvulsive Therapy in the Treatment of Mixed States in Bipolar Disorder. Eur. Psychiatry 2008, 23, 53–56. [Google Scholar] [CrossRef]

	



Ciapparelli, A.; Dell’Osso, L.; Tundo, A.; Pini, S.; Chiavacci, M.C.; Di Sacco, I.; Cassano, G.B. Electroconvulsive Therapy in Medication-Nonresponsive Patients with Mixed Mania and Bipolar Depression. J. Clin. Psychiatry 2001, 62, 552–555. [Google Scholar] [CrossRef]

	



Medda, P.; Perugi, G.; Zanello, S.; Ciuffa, M.; Rizzato, S.; Cassano, G.B. Comparative Response to Electroconvulsive Therapy in Medication-Resistant Bipolar I Patients with Depression and Mixed State. J. ECT 2010, 26, 82–86. [Google Scholar] [CrossRef]

	



Vanelle, J.M.; Loo, H.; Galinowski, A.; de Carvalho, W.; Bourdel, M.C.; Brochier, P.; Bouvet, O.; Brochier, T.; Olie, J.P. Maintenance ECT in Intractable Manic-Depressive Disorders. Convuls. Ther. 1994, 10, 195–205. [Google Scholar]

	



Fregni, F.; Simon, D.K.; Wu, A.; Pascual-Leone, A. Non-Invasive Brain Stimulation for Parkinson’s Disease: A Systematic Review and Meta-Analysis of the Literature. J. Neurol. Neurosurg. Psychiatry 2005, 76, 1614–1623. [Google Scholar] [CrossRef] [PubMed]

	



Narang, P.; Glowacki, A.; Lippmann, S. Electroconvulsive Therapy Intervention for Parkinson’s Disease. Innov. Clin. Neurosci. 2015, 12, 25–28. [Google Scholar] [PubMed]

	



Calderón-Fajardo, H.; Cervantes-Arriaga, A.; Llorens-Arenas, R.; Ramírez-Bermudez, J.; Ruiz-Chow, Á.; Rodríguez-Violante, M. Electroconvulsive Therapy in Parkinson’s Disease. Arq. Neuropsiquiatr. 2015, 73, 856–860. [Google Scholar] [CrossRef] [PubMed]

	



Sadananda, S.K.; Holla, B.; Viswanath, B.; Narasimha, A.; Sebastian, A.; Math, S.B.; Chandrashekar, C.R. Effectiveness of Electroconvulsive Therapy for Drug-Induced Parkinsonism in the Elderly. J. ECT 2013, 29, e6-7. [Google Scholar] [CrossRef] [PubMed]

	



Nishioka, K.; Tanaka, R.; Shimura, H.; Hirano, K.; Hatano, T.; Miyakawa, K.; Arai, H.; Hattori, N.; Urabe, T. Quantitative Evaluation of Electroconvulsive Therapy for Parkinson’s Disease with Refractory Psychiatric Symptoms. J. Neural Transm. 2014, 121, 1405–1410. [Google Scholar] [CrossRef] [PubMed]

	



Usui, C.; Hatta, K.; Doi, N.; Kubo, S.; Kamigaichi, R.; Nakanishi, A.; Nakamura, H.; Hattori, N.; Arai, H. Improvements in Both Psychosis and Motor Signs in Parkinson’s Disease, and Changes in Regional Cerebral Blood Flow after Electroconvulsive Therapy. Prog. Neuropsychopharmacol. Biol. Psychiatry 2011, 35, 1704–1708. [Google Scholar] [CrossRef]

	



Borisovskaya, A.; Bryson, W.C.; Buchholz, J.; Samii, A.; Borson, S. Electroconvulsive Therapy for Depression in Parkinson’s Disease: Systematic Review of Evidence and Recommendations. Neurodegener. Dis. Manag. 2016, 6, 161–176. [Google Scholar] [CrossRef]

	



National Collaborating Centre for Mental Health (UK). Obsessive-Compulsive Disorder: Core Interventions in the Treatment of Obsessive-Compulsive Disorder and Body Dysmorphic Disorder; National Institute for Health and Clinical Excellence: Guidance; British Psychological Society: Leicester, UK, 2006; ISBN 978-1-85433-430-5. [Google Scholar]

	



Koran, L.M.; Hanna, G.L.; Hollander, E.; Nestadt, G.; Simpson, H.B. American Psychiatric Association Practice Guideline for the Treatment of Patients with Obsessive-Compulsive Disorder. Am. J. Psychiatry 2007, 164, 5–53. [Google Scholar]

	



Fontenelle, L.F.; Coutinho, E.S.F.; Lins-Martins, N.M.; Fitzgerald, P.B.; Fujiwara, H.; Yücel, M. Electroconvulsive Therapy for Obsessive-Compulsive Disorder: A Systematic Review. J. Clin. Psychiatry 2015, 76, 949–957. [Google Scholar] [CrossRef]

	



Bikson, M.; Inoue, M.; Akiyama, H.; Deans, J.K.; Fox, J.E.; Miyakawa, H.; Jefferys, J.G.R. Effects of Uniform Extracellular DC Electric Fields on Excitability in Rat Hippocampal Slices in Vitro. J. Physiol. 2004, 557, 175–190. [Google Scholar] [CrossRef]

	



Casey, D.A.; Davis, M.H. Obsessive-Compulsive Disorder Responsive to Electroconvulsive Therapy in an Elderly Woman. South. Med. J. 1994, 87, 862–864. [Google Scholar] [CrossRef] [PubMed]

	



Bülbül, F.; Copoglu, U.S.; Alpak, G.; Unal, A.; Tastan, M.F.; Savas, H.A. Maintenance Therapy with Electroconvulsive Therapy in a Patient with a Codiagnosis of Bipolar Disorder and Obsessive-Compulsive Disorder. J. ECT 2013, 29, e21–e22. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, S.G.; Kellner, C.H. Remission of Major Depression and Obsessive-Compulsive Disorder after a Single Unilateral ECT. J. ECT 2003, 19, 50–51. [Google Scholar] [CrossRef] [PubMed]

	



Strassnig, M.; Riedel, M.; Müller, N. Electroconvulsive Therapy in a Patient with Tourette’s Syndrome and Co-Morbid Obsessive Compulsive Disorder. World J. Biol. Psychiatry 2004, 5, 164–166. [Google Scholar] [CrossRef]

	



Sutor, B.; Rasmussen, K.G. Electroconvulsive Therapy for Agitation in Alzheimer Disease: A Case Series. J. ECT 2008, 24, 239–241. [Google Scholar] [CrossRef]

	



Isserles, M.; Daskalakis, Z.J.; Kumar, S.; Rajji, T.K.; Blumberger, D.M. Clinical Effectiveness and Tolerability of Electroconvulsive Therapy in Patients with Neuropsychiatric Symptoms of Dementia. J. Alzheimers Dis. 2017, 57, 45–51. [Google Scholar] [CrossRef]

	



Forester, B.P.; Mellen, E.; Mathias, L.; Monette, P.; Rahman, A.; Harper, D.G.; Mueller, M.; Knapp, R.; Hermida, A.; Nykamp, L.; et al. Electroconvulsive Therapy for the Treatment of Acute Agitation and Aggression in Alzheimer’s Dementia (ECT-AD). Am. J. Geriatr. Psychiatry 2019, 27, S166–S167. [Google Scholar] [CrossRef]

	



Central Institute of Mental Health, Mannheim. Electroconvulsive Therapy for Treatment of Alzheimer’s Disease (ECTAD); NCBI: Bethesda, MD, USA, 2015. [Google Scholar]

	



University of British Columbia. Safety and Efficacy of Electroconvulsive Therapy (ECT) for Behavioural and Psychological Symptoms of Dementia (BPSD) (ECTBPSD); NIH: Bethesda, MD, USA, 2016.

	



Scheftner, W.A.; Shulman, R.B. Treatment Choice in Neuroleptic Malignant Syndrome. Convuls. Ther. 1992, 8, 267–279. [Google Scholar]

	



Hermesh, H.; Aizenberg, D.; Weizman, A. A Successful Electroconvulsive Treatment of Neuroleptic Malignant Syndrome. Acta Psychiatr. Scand. 1987, 75, 237–239. [Google Scholar] [CrossRef]

	



Morcos, N.; Rosinski, A.; Maixner, D.F. Electroconvulsive Therapy for Neuroleptic Malignant Syndrome: A Case Series. J. ECT 2019, 35, 225–230. [Google Scholar] [CrossRef]

	



Hanretta, A.T.; Malek-Ahmadi, P. Combined Use of ECT with Duloxetine and Olanzapine: A Case Report. J. ECT 2006, 22, 139–141. [Google Scholar] [CrossRef] [PubMed]

	



Helsley, S.; Sheikh, T.; Kim, K.Y.; Park, S.K. ECT Therapy in PTSD. Am. J. Psychiatry 1999, 156, 494–495. [Google Scholar] [CrossRef] [PubMed]

	



Watts, B.V. Electroconvulsive Therapy for Comorbid Major Depressive Disorder and Posttraumatic Stress Disorder. J. ECT 2007, 23, 93–95. [Google Scholar] [CrossRef]

	



Watts, B.V.; Groft, A. Retrospective Evaluation of the Dexamethasone Suppression Test as a Predictor of Response to Electroconvulsive Therapy in Patients with Comorbid Major Depressive Disorder and Posttraumatic Stress Disorder. J. ECT 2010, 26, 213–217. [Google Scholar] [CrossRef] [PubMed]

	



Centre for Addiction and Mental Health. Electroconvulsive Therapy for Traumatic Memories; NIH: Bethesda, MD, USA, 2019.

	



Imperial College London. Magnetic Seizure Therapy (MST) for Treatment Resistant Depression, Schizophrenia, and Obsessive Compulsive Disorder; NIH: Bethesda, MD, USA, 2012.








[image: Ijms 23 06918 g001 550] 





Figure 1. ECT neurobiological effects. ECT can cause therapeutic neurobiological effects, such as the following: (A) Changes in the metabolism of the brain cortex induced by different ECT phases. These are observable in the EEG, with the postictal phase being the one largely associated with the therapeutic ECT effect. (B) Induction of an increase in hippocampal neurogenesis, which is a dose-dependent effect. ECT: electroconvulsive therapy; EEG: electroencephalogram. 
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Figure 2. ECT effects on neurotransmitters. ECT has a variety of effects on important neurotransmitters and/or their receptors. These include (A) the ECT noradrenergic effect that decreases the α2 adrenergic receptors’ affinity to their ligands, noradrenaline. Likewise, ECT has glutaminergic effects that could be generated through some of the following pathways: (B) a decreases in the glutamate concentration after ECT with a consequent increase in neurogenesis or (C) an increase in the glutamate concentration after ECT, which is associated not only with the neuroinflammation but also with the promotion of angiogenesis, which is part of neurogenesis. Regardless, (D) another effect of ECT involves GABA because the levels of this neurotransmitter increase after ECT. Furthermore, ECT generates changes in the dopaminergic receptor family, such as (E) a decrease in the affinity of the D2 receptor to its ligand [(11)C]FLB 457 radioactive, and (F) ECT increases protein synthesis and the gene expression codifying for the D1 receptor. It also improves the D1 receptors’ affinity to their ligands. Finally, (G) this therapy has effects on the serotoninergic systems and BDNF through an increase in the serotonin levels, which promotes neuroplasticity through the BDNF synthesis stimulation. However, ECT also causes an increase in the proBDNF levels, which promotes neuronal apoptosis and has antiplasticity effects, which makes the tPA role a crucial one as it is an important element in the transformation from proBDNF to mBDNF. The latter is the one responsible for the neuroplasticity promotion. ECT: electroconvulsive therapy; BDNF: brain-derived neurotrophic factor; proBDNF: precursor isoform of BDNF; tPA: tissue plasminogen activator. 
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Figure 3. ECT immunologic effects. ECT has an impact on different elements of the immune system, including the following: (A) the proinflammatory and anti-inflammatory cytokine levels, (B) the peripheral immune system cells’ proliferation and activity, and (C) the immune CNS systems’ activity, such as microglia and astrocytes. IL-6: interleukin-6; TNF-α: tumor necrosis factor alpha; IL-4: interleukin 4; TGF-β: transforming growth factor beta; NO: nitric oxide. 
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Table 1. Key clinical and preclinical evidence summary regarding ECT and its molecular mechanisms.
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	Human Studies *
	



	Author
	Mechanism
	Methodology
	Results



	Berggren et al.

[25]
	Brain interconnectivity
	A total of 49 patients underwent ECT. A total of 41 patients grading improvement after the initial ECT series were compared with 8, grading no improvement. The patients underwent neuropsychiatric ratings, the measure of clinical response (defined as ≥50% reduction of pretreatment depression score), and the measure of rCBF.
	The responder group had an initial 60–82%, and the nonresponder group a 30–64% clinical response throughout the follow-up. The nonresponder group showed more reported depression (p = 0.003) and vegetative anxiety (p = 0.024), with a generally higher left temporal rCBF (p = 0.045).



	Joshi et al. [28]
	Neurogenesis
	Longitudinal changes in hippocampal and amygdala structures were examined in 43 patients with major depression, referred for ECT as part of their standard clinical care. Cross-sectional comparisons with 32 demographically similar controls established diagnosis effects.
	Patients showed smaller hippocampal volumes than controls at baseline (p < 0.04). Both the hippocampal and the amygdala volumes increased with ECT (p < 0.001) and in relation to the symptom improvement (p < 0.01). Hippocampal volume at baseline predicted subsequent clinical response (p < 0.05). All structural measurements remained stable across time in controls.



	Saijo et al.

[52]
	Dopaminergic system
	A total of 7 patients with depression underwent PET scans before and after a series of 6–7 treatments with the bilateral ECT. The [(11)C]FLB 457 binding parametric images were generated on the basis of a simplified reference tissue model. Voxel-based methods were used to assess the ECT effect on D(2) receptor binding.
	There were no significant differences in D(2) receptor binding between patients with depression and controls. Significant changes in D(2) receptor binding, a mean of 25.2% reduction, were found in the right rostral anterior cingulate following ECT (p < 0.001).



	Burgese et al.

[84]
	Endocrine effects
	Blood cortisol levels were measured before the beginning of treatment with ECT, at the seventh session, at the last session, and at treatment completion. Depression symptoms were assessed using the BDI.
	Cortisol levels remained stable between the seventh and the last sessions of ECT; values ranged at 0.686 ± 9.6330 g/dL for women, and there was a mean decrease of 5.825 ± 6.0780 g/dL (p = 0.024). After the seventh and the last ECT sessions, patients with depression and individuals in the control group had similar cortisol levels, whereas the BDI scores remained different.



	
	
	Animal Studies *
	



	Author
	Mechanism
	Methodology
	Results



	Roman et al.

[107]
	Immunological effects
	Wistar rats received single or chronic treatment with ECS, once a day for 10 consecutive days, or sham ECS was administered likewise. The rats were killed 24 h after the last treatment, and peritoneal macrophages were cultured in vitro for a subsequent metabolic activity determination.
	We found statistically significant changes in the biological properties of macrophages. Rats receiving chronic 10-fold ECS showed an increase in the macrophages’ metabolic activity, increased arginase activity, and a marked but statistically insignificant decrease in nitric oxide synthesis compared with the respective controls.







* Search strategy: An exhaustive bibliographical search was performed using the terms “electroconvulsive therapy”, “neurobiological effects of electroconvulsive therapy”, “electroconvulsive therapy and immune system”, “electroconvulsive therapy and the endocrine system”, “molecular mechanisms in electroconvulsive therapy”, and “electroconvulsive therapy and psychiatric disorders”. The search was later filtered using the terms “humans” and “animals” as well as “clinical” and “preclinical”. For the selection of the studies, those that were published within the past 35 years were included. Abbreviations: ECT: electroconvulsive therapy; rCBF: regional cerebral blood flow; BDI: Beck Depression Inventory; ECS: electroconvulsive shock.
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	Author *
	Psychiatric Disorder
	Methodology
	Results





	Diermen et al.

[16]
	Depression
	Meta-analysis with 34 randomized controlled clinical trials evaluating the effects of ECT in patients with major depression.
	The presence of psychotic features is a predictor of ECT remission (OR = 1.47, p = 0.001) and response (OR = 1.69, p < 0.001), as is older age (SMD = 0.26 for remission and 0.35 for response p < 0.001). The severity of depression predicts response (SMD = 0.19, p = 0.001) but not remission.



	Elias et al.

[135]
	Depression
	Meta-analysis with 5 randomized controlled clinical trials that assessed the efficacy of continuation ECT and maintenance ECT in preventing relapse and recurrence of depression.
	Continuation ECT and maintenance ECT with pharmacotherapy were associated with significantly fewer relapses and recurrences than pharmacotherapy.



	Ahmed et al.

[19]
	Schizophrenia
	Meta-analysis with 9 randomized controlled clinical trials evaluating the effects of TEC in patients with resistant schizophrenia.
	The ECT augmentation technique was found to be effective in the reduction of psychometric scale scores, and the resulting improvement was significant.



	Bahji et al. [137]
	Bipolar depression
	Meta-analysis with 19 randomized controlled clinical trials evaluating the effects of TEC in patients with bipolar disorder in a resistant depressive episode.
	The pooled response and remission rates with TEC in bipolar depression were 77.1% (n = 437/567) and 52.3% (n = 275/377), respectively. Response rates to TEC were statistically higher in bipolar depression than in unipolar depression (OR = 0.73, 95% CI: 0.56–0.95, p = 0.02).



	Ueda et al. [9]
	PDP
	Retrospective study evaluating the influence of acute ECT on PDP.
	The psychosis scores after ECT improved significantly compared with those before ECT.



	Maletzky et al. [11]
	OCD
	Systematic review of 50 articles reporting the efficacy of the acute treatment of ECT for OCD.
	A positive response was reported in 60.4% of the 265 cases that were studied.



	Margoob et al. [12]
	PTSD
	An open, prospective study evaluating the influence of ECT in patients with severe, chronic, extensive antidepressant-refractory PTSD.
	Scores evaluating PTSD significantly decreased by a mean of 34.4%.







* Search strategy: An exhaustive bibliographical search was performed using the terms “electroconvulsive therapy”, “neurobiological effects of electroconvulsive therapy”, “electroconvulsive therapy and immune system”, “electroconvulsive therapy and the endocrine system”, “molecular mechanisms in electroconvulsive therapy”, and “electroconvulsive therapy and psychiatric disorders”. The search was later filtered using the terms “humans” and “animals” as well as “clinical” and “preclinical”. For the selection of the studies, those that were published within the past 35 years were included. Abbreviations: ECT: electroconvulsive therapy; PDP: Parkinson’s disease psychosis; OCD: obsessive–compulsive disorder; PTSD: post-traumatic stress disorder.
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