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Abstract: Electroconvulsive therapy (ECT) remains one of the most effective interventions for
treatment-resistant psychiatric disorders, particularly major depressive disorder and bipolar
disorder. Despite extensive clinical and preclinical investigations the precise neurobiological
mechanisms underlying ECT’s therapeutic effects are not fully understood. This review explores the
molecular and cellular pathways involved in ECT, emphasizing its impact on neurotrophic signaling,
oxidative stress, apoptosis, and neuroplasticity. Evidence suggests that ECT modulates brain-derived
neurotrophic factor (BDNF) and other neurotrophic factors, promoting synaptic plasticity and
neuronal survival. Additionally, ECT influences the hypothalamic-pituitary-adrenal (HPA) axis,
reduces neuroinflammation, and alters neurotransmitter systems, contributing to its antidepressant
effects. Recent findings also highlight the role of mitochondrial function and oxidative stress
regulation in ECT-induced neural adaptation. By synthesizing current molecular insights, this review
provides a comprehensive perspective on the neurobiological mechanisms of ECT, offering potential
directions for future research and therapeutic advancements in brain stimulation.

Keywords: electroconvulsive therapy; neurobiological mechanisms; neurotrophic factors;
neuroplasticity; oxidative stress

1. Introduction

Major depressive disorder (MDD) is a complex psychiatric condition defined by at least one
depressive episode lasting a minimum of two weeks. The primary clinical features of MDD include
a persistently depressive mood or anhedonia, accompanied by various neurocognitive and
neurovegetative symptoms, such as impaired concentration, changes in sleep patterns, and other
disturbances in physiological functioning [1]. Globally, it is estimated that approximately 280 million
individuals are affected by depression [2], with a higher prevalence observed in women compared to
men [3]. In 2008, the World Health Organization (WHO) recognized severe depression as the third
leading cause of global disease burden, based on factors including financial costs, mortality,
morbidity, and associated health consequences. Projections indicate that by 2030, severe depression
is expected to emerge as the leading cause of global disease burden [4].
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First-line treatments for MDD, encompassing both psychopharmacological and psychological
interventions, do not provide sufficient efficacy for all patients, with approximately one-third
remaining unresponsive to these approaches [5]. For individuals with treatment-resistance
depression (TRD), the electroconvulsive therapy (ECT) has emerged as a preferred intervention [6]
demonstrating both rapid antidepressant effects [7] and a reduction in suicidal ideation [8]. ECT is a
medical procedure in which precisely controlled electrical currents are administered to the brain
under general anesthesia, intentionally inducing a generalized seizure for therapeutic purposes [9].
Since its discovery in the early 20th century, ECT has undergone significant advancements and
remains a cornerstone treatment for severe mood disorders, particularly in cases of treatment-
resistant MDD [10,11]. The evolution of ECT has led to substantial advancements in anesthesia
techniques, electrode placement, and dosage optimization [12]. These improvements have not only
enhanced the safety profile of ECT but have also significantly reduced the cognitive side effects that
historically contributed to its controversial reputation. In comparison to alternative therapeutic
options, ECT is the most effective treatment for symptom remission in MDD patients [13]. Response
rates for ECT are notably high, ranging from 60% to 80%, with clinical improvement occurring more
rapidly than with standard pharmacological treatments. Therefore, ECT is considered as one of the
most potent and swift-acting therapies for affective disorders [15,16]. Moreover, research indicates
that ECT can significantly reduce the duration of hospital stays and decrease the frequency of
hospitalizations over a three-year period for patients undergoing maintenance ECT sessions [17]. The
efficacy of ECT is strongly supported by robust clinical evidence, consistently showing superior
outcomes in managing depression and other mood disorders, including bipolar depression, mania,
and certain subtypes of schizophrenia [10,18,19].

The exact mechanism of action of ECT remains unclear, though significant scientific progress
has been made in recent years. Several theories have been previously proposed, categorized into
neurophysiological, neurobiochemical, and neuroplastic processes, which include effects on
neurotransmitters, neurotrophic factors, the immune system, the hypothalamic—pituitary—adrenal
(HPA) axis, neuroplasticity, epigenetic changes, brain neurophysiology, circuitry, and structure [20].
Despite extensive clinical and preclinical investigations conducted up to 2025 and its established
utilization for over 80 years, the precise molecular mechanisms driving its efficacy remain
incompletely understood. Consequently, a deeper comprehension of how ECT operates is essential
for illuminating the underlying causes of severe MDD and advancing personalized treatment
strategies for these patients. Hence, the aim of our review is to present the most discussed
neurobiological mechanisms and associated signaling pathways involved in ECT’s mechanism of
action.

2. Understanding the Mechanisms of ECT: Key Theories

In previous decades, several theories has been proposed in order to elucidate the precise
mechanism of action during ECT. The amnesia hypothesis suggested that ECT's therapeutic effect
stemmed from memory loss of events that triggered symptom onset [21], which led to unsupported
multiple ECT administrations per session to enhance amnesia [22]. Studies show ECT releases
endogenous opioids like beta-endorphin and Met-enkephalin, linked to memory loss, while naloxone
counteracts these effects, supporting opioid involvement [23]. Neuroimaging and electrophysiology
studies reveal that ECT temporarily disrupts memory-related brain regions, though these effects are
typically reversible [24]. However, this hypothesis was abandoned when research showed right
unilateral or bifrontal placements with ultrabrief pulses caused less amnesia than bitemporal
placements while maintaining efficacy [25,26]. On the other hand, the anticonvulsant theory emerged
from the observation that during ECT both seizure threshold increases and seizure duration
decreases. This led to the hypothesis that the inhibitory brain processes linked to the rising seizure
threshold also contribute to depression relief. Supporting evidence from electroencephalogram (EEG)
and cerebral blood flow studies shows a suppression of neural activity, particularly in the frontal
lobes, after ECT, which correlates with its antidepressant effects [27]. However, later studies have
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failed to replicate the correlation between increase in seizure threshold and antidepressant outcomes
[28] and magnetic resonance spectroscopy (MRS) has shown no significant gamma-aminobutyric acid
(GABA) changes related to ECT’s efficacy [29]. The neurogenesis hypothesis suggests that the
therapeutic effects of ECT are driven by an increase in the number of neurons or the strengthening of
connections between neurons [30]. The theory is based on neurotrophic effects occurring after
electroconvulsive seizures [31], with additional studies reporting amplified signaling of brain derived
growth factor (BDNF) in numerous brain areas and vascular endothelial growth factor (VEGF) in the
hippocampus after exposure to electroconvulsive seizures [31,32], as well as increased precursor cell
proliferation in the subgranular zone of the hippocampal dentate gyrus (DG) in the monkey
hippocampus [33] The neuroendocrine hypothesis of ECT suggests that seizures activate the HPA
axis, as evidenced by a postictal surge in blood levels of adrenocorticotropic hormone, cortisol, and
prolactin [34]. It has been reported that ECT induces rapid increase in serum concentrations of these
hormones, suggesting a significant stimulation of the HPA axis [35]. Additionally, research indicates
that ECT decreases serum levels of cortisol, acting as a regulator of HPA axis activity [36]. These
findings support the notion that neuroendocrine responses play an important role in the
antidepressant efficacy of ECT. To date, four main hypotheses have survived in an attempt to explain
the potential mechanisms of action of ECT, including neuroplasticity hypothesis, neurotransmitter
hypothesis, receptor hypothesis, and cytokine hypothesis (Figure 1).
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Figure 1. Key theories of potential mechanisms of ECT. The neurotransmitter theory (top-left). Cytokine theory
(top-right). The receptors theory (bottom-left). The neurotrophic theory (bottom-right).

The neuroplasticity (or neurotrophic) hypothesis posits that morphological changes - such as
neurogenesis, gliogenesis, or alterations in dendritic or axonal arborization of existing neurons - are
critical for antidepressant effects achieved with ECT [37]. This theory is supported by preclinical
animal studies indicating that electroconvulsive stimulation (ECS) leads to a dose-dependent increase
in neurogenesis within the DG of the hippocampus [38]. Shahin and colleagues reported increased
levels of plasma BDNF in patients with treatment-resistant schizophrenia after ECT [39]. ECT
beneficial effect can arise from induction of BDNF production, which in turn affect neuronal
proliferation in the DG and the sprouting of its efferent fibers [40]. The neurotransmitter theory is
based on the impact of ECT on monoamine neurotransmitter functioning, such as the enhancement
of serotoninergic transmission [41]. Preclinical studies have demonstrated that ECT increases
serotonergic neurotransmission, with enhanced expression and activity in the hippocampus and
prefrontal cortex of both postsynaptic serotonin 1A receptor (5-HT1A) and serotonin 2A receptor (5-
HT2A) receptors. In human studies, it has been demonstrated that the binding of both 5-HT1A and
5-HT2A receptors is generally reduced after ECT [42]. Additionally, ECT has been found to affect the
GABA system, the primary inhibitory neurotransmitter in the brain, by increasing GABAergic tone
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and enhancing GABA transmission, thus contributing to its anticonvulsant and anxiolytic effects.
Furthermore, same study showed that ECT-induced activation of the dopamine system likely
contributes to the alleviation of depressive and anxious symptoms, accompanied by improvements
in motivation, concentration, and attention [43]. Collectively, these findings underscore the
multifaceted impact of ECT on neurotransmitter systems, which is central to its efficacy in treating
depressive disorders. Receptor hypothesis proposed that an increased affinity of a2 adrenergic
receptors is present in the frontal cortex (FC) and hippocampus (CA) in depressive patients [44,45]
while this affinity decreases following ECT [45]. At the same time, ECT can influence the expression
of genes encoding dopamine receptors, leading to an upregulation of dopamine D1 receptors in the
hippocampal CA3 region, which contributes to the treatment of severe mental disorders [46]. Finally,
the cytokine hypothesis explains mechanisms of ECT to be related with alterations in cytokine levels
after ECT sessions, specifically the levels of interleukin (IL)-6 and tumor necrosis factor-a (TNF-at),
while these markers significantly decrease after ECT [47].

These hypothesis suggest that ECT promotes neurogenesis, modulates monoamine and
GABAergic neurotransmission, alters receptor affinity, and reduces pro-inflammatory cytokines, all
contributing to its therapeutic effects. While each hypothesis provides valuable insight, further
research is needed to fully integrate these mechanisms into a comprehensive understanding of ECT’s
efficacy.

3. Neurotransmitter Modulation by ECT

Previous research on depression and other psychiatric diseases has focused on exploring the
relationship between various neurotransmitter systems and the pathophysiology of these conditions.
There is a well-established consensus that at least three neurotransmitter systems - serotonin,
noradrenaline, and dopamine - are crucial in the pathogenesis of MDD. This is supported by
extensive evidence, including studies utilizing animal models, neuroimaging techniques, genetic
analyses, and the pharmacological effects of antidepressant medications, which specifically target
one or more components of these neurotransmitter systems. Furthermore, a meta-analysis of
monoamine depletion studies has demonstrated an indirect correlation between monoamine levels
and mood regulation [48].

Regarding the serotonergic system, early preclinical studies have demonstrated enhanced
serotonergic neurotransmission due to the upregulation of postsynaptic 5-HT1A receptors in specific
brain regions, alongside temporally and anatomically distinct alterations in 5-HT1A and 5-HT2A
receptor expression [49,50]. Other studies have reported increased 5-HT2A receptor binding without
significant changes in 5-HT1A receptor binding or 5-HT1A messenger RNA (mRNA) expression [51].
Furthermore, Chaput and colleagues found that, in addition to postsynaptic 5-HT1A receptor
sensitization, there was no suppression of serotonin production via negative feedback from
presynaptic 5-HT2A receptors in rats, a process typically observed during antidepressant treatment
with paroxetine [52]. On the other hand, Strome and colleagues demonstrated a significant reduction
in 5-HT2A receptor binding 24 hours and 7 days after ECT in non-human primates, with receptor
levels returning to baseline after six weeks [53]. In contrast, study on patients resistant to
antidepressant therapy have reported reduced 5-HT1A receptor binding after ECT, specifically in
brain regions implicated in emotional regulation and MDD pathology, including the amygdala (AM),
anterior cingulate cortex (ACC), orbitofrontal cortex (OFC), and insula (IN). Notably, these
reductions were not observed in two separate pre-ECT measurements, nor were they correlated with
baseline 5-HT1A receptor levels in relation to the Hamilton Depression Rating Scale (HDRS) scores
at the end of therapy [54]. Meanwhile, Saijo and colleagues found no significant difference in 5-HT1A
receptor binding before and after ECT in MDD patients [55]. Additionally, another study reported a
post-ECT reduction in 5-HT2A receptor expression, with changes in the right lingual gyrus, right
medial frontal gyrus, and right parahippocampal gyrus correlating with improvements in depressive
symptoms [42]. These findings align with studies conducted on non-human primates and research
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on antidepressant treatments [53,56,57], highlighting the potential role of 5-HT2A receptor
modulation as a key mechanism underlying ECT's therapeutic effects.

In contrast to serotonin, where discrepancies exist between rodent and human studies, research
on the effects of ECT on the dopaminergic system has demonstrated a relatively high degree of
consistency across both animal and human models. Nikisch and colleagues reported a significant post-
ECT increase in dopamine and serotonin metabolites - homovanillic acid (HVA) and 5-
hydroxyindoleacetic acid (5-HIAA) - as well as elevated levels of neuropeptide Y (NPY)-like
immunoreactivity (NPY-LI) in the cerebrospinal fluid of depressive patients (n=6) [58]. Another study
found that patients who responded to ECT exhibited higher baseline HVA levels before treatment,
followed by a significant reduction in HVA concentrations five weeks after ECT initiation, which
correlated with clinical improvement based on the HDRS [59]. Saijo and colleagues observed a
decrease in dopamine D2 receptor binding in the rostral ACC of MDD patients who responded to
ECT [60], while others reported an increase in D1 receptor levels in the DG following ECT [46]. In
non-human primates, Landau and colleagues found a transient increase in dopamine transporter
binding after six ECT sessions, whereas D2 receptor binding remained unchanged [61]. Additionally,
Lammers and colleagues demonstrated that ten days of ECT in rats led to a significant increase in D3
receptor mRNA expression and D3 receptor binding in the nucleus accumbens shell [62].
Furthermore, results from one study indicated that ECT induces an increase in prolactin levels,
mediated by dopaminergic but not serotonergic neuronal activity [48]. Huuhka and colleagues
investigated the polymorphisms of the dopamine D2 receptor (DRD2) gene C957T (rs6277) and the
catechol-O-methyltransferase (COMT) gene Vall58Met (rs4680) in relation to ECT response in 118
MDD patients and 383 healthy controls. Their findings suggest that interactions between these
genetic variants may be associated with ECT responsiveness [63]

NPY, a key regulator of feeding, circadian rhythms, and memory, has also been implicated in
the etiopathogenesis of MDD [64]. A study examining the effects of antidepressants on NPY reported
a significant increase in serum NPY concentration in depressed patients, with the most pronounced
elevation observed after six months of treatment [65]. Similarly, Altar and colleagues demonstrated
that ECS increases the expression of NPY pathway genes, followed by elevated NPY levels in the
hippocampus and DG two weeks post-stimulation [31]. Regarding norepinephrine (NE), preclinical
studies in rats have shown reduced a2-adrenoceptor binding in the FC, hippocampus, and AM
following ECT, suggesting that ECT may enhance NE release via a2-adrenoceptor downregulation
[66]. Early studies in patients with major depressive episodes also reported significant increases in
plasma norepinephrine levels following ECT [67]. However, one study found a post-ECT decrease in
plasma NE concentrations, with significant differences between pre-ECT levels in depressed patients
and controls. These changes did not correlate with HDRS scores [68], a finding which is also showed
by Kelly and colleagues in certain patients [69]. On the other hand, Pollak and colleagues further
reported a significant reduction in epinephrine levels in ECT responders, though no significant
differences were observed in NE or cortisol levels between responders and non-responders [70]. It is
essential to recognize that monoaminergic systems do not function in isolation but rather interact
dynamically. NE modulates dopamine release in the ventral tegmental area (VTA) via al- and a2-
adrenoceptors, while dopamine inhibits NE release from the locus coeruleus. Additionally, both
neurotransmitters facilitate serotonin release via al (NE) and D2 (dopamine) receptor activation [71]

Glutamate is another neurotransmitter implicated in mood regulation and the therapeutic effects
of ECT. Dong and colleagues demonstrated that depressed rats exhibit elevated glutamate levels,
which decreased in the hippocampus following ECT [72]. Additionally, an increased glutamate-to-
GABA ratio has been observed in the hippocampus and prefrontal cortex in rodent models of
depression [73]. In human studies, alterations in glutamate levels have also been reported.
Postmortem analyses of patients with affective disorders revealed increased glutamate
concentrations in the FC [74], while reductions were noted in the AM, dorsolateral prefrontal cortex,
and ACC [75]. Notably, ECT has been shown to normalize glutamate concentrations in the ACC in
MDD patients, which was in correlation with therapeutic response [76]. Another study reported an
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increase in glutamate levels in the ACC and a decrease in the hippocampus after ECT in MDD
patients [77]. Pfleiderer and colleagues previously demonstrated that ECT induces a significant
increase in glutamate levels in the left ACC specifically in responders, whereas non-responders
showed no statistically significant change [78] However, some studies have failed to detect significant
glutamate alterations following ECT [79].

ECT exerts its therapeutic effects through complex interactions within serotonergic,
dopaminergic, noradrenergic, and glutamatergic systems, leading to neurotransmitter modulation
and receptor alterations. Overall, the available evidence underscores the multifaceted neurochemical
effects of ECT, highlighting its capacity to restore balance across multiple neurotransmitter systems.
While these findings provide valuable insights into the biological underpinnings of ECT, further
research is required to fully elucidate its mechanisms of action and optimize its clinical application
in MDD and other psychiatric conditions.

4. The Role of Neuroplasticity, Functional Network Reorganization, and
Neuroanatomical Changes in the Therapeutic Effects of ECT

An increasing amount of evidence suggests that neuroplasticity - the brain’s ability to adapt
structurally and functionally in response to stimuli - plays a crucial role in therapeutic effects of ECT.
Neuroplasticity encompasses various processes, including synaptic remodeling, neurogenesis,
dendritic growth, and changes in neural connectivity, which are essential for mood regulation and
cognitive function [80]. It has been shown that application of ECT induces extensive neuroplastic
changes across neocortical, limbic, and paralimbic areas, with these alterations closely linked to the
degree of the antidepressant response. Various studies showed that ECT induced neuroplasticity in
the hippocampus and AM, which was associated with improved clinical response and pronounced
in regions with prominent connections to ventromedial prefrontal cortex and other limbic structures.
Both hippocampal and AM volumes increased following ECT and correlated with evident
improvement of symptoms [81-83].A study by Bouckaert and colleagues enrolling 66 depressed
patients who predominantly received right unilateral ECT also found a significant bilateral increase
in hippocampal volume one week after treatment. However, these changes were no longer detectable
at a six-month follow-up [84]. Sartorius and colleagues further reported post-ECT increases in
hippocampal and AM gray matter volume, particularly in the right hemisphere, but these changes
did not correlate with improvements in depression or cognitive function in patients primarily treated
with right unilateral ECT [85]. Camilleri and colleagues found increased gray matter volume in the
right hippocampus and AM in patients with unipolar depression after ECT compared to healthy
controls. However, they did not assess the relationship between these changes and clinical outcomes
[86]. While most studies indicate no clear link between hippocampal volume increases and
antidepressant efficacy, some research suggests a connection to cognitive impairment. For example,
Oostrom and collegues reported that larger increases in hippocampal volume after ECT correlated
with poorer cognitive performance [87]. Overall, changes in hippocampal volume and function
induced by ECT may indicate neuroplasticity; however, these effects are often temporary and do not
consistently correlate with clinical outcomes in depression or cognitive side effects.

Beyond the hippocampus, there is a smaller body of research on ECT-induced neuroplasticity in
other brain regions and white matter. Volumetric increases have been also observed in the ACC,
postcentral gyrus, fusiform gyrus, medial prefrontal cortex, supplementary motor cortex, insula, and
striatum [88]. Moreover, variations in ACC thickness, which can early distinguish treatment
responders and non-responders, may serve as a biomarker for overall clinical outcomes [89]. Lyden
and colleagues studied white matter changes using diffusion tensor imaging (DTI) in 20 patients with
MDD who received right unilateral or bitemporal ECT. Authors demonstrated increased fractional
anisotropy in the bilateral anterior cingulum, forceps minor, and left superior longitudinal fasciculus,
which were associated with reductions in depressive symptoms. This suggests that ECT may enhance
the integrity of fronto-limbic pathways involved in mood regulation [90].
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The neuroplasticity and neurogenesis hypothesis suggests that the therapeutic effects of ECT are
driven by an increase in the number of neurons or the strengthening of neural connections [30].
Preclinical research has demonstrated that ECS, the animal model equivalent of ECT, increases the
proliferation of neural progenitor cells in the DG of the hippocampus, a region crucial for memory
processing and emotional regulation as well as and bromodeoxyuridine (BrdU)-positive cells in the
same region [38,91,92]. When extended to adult non-human primates, ECS was found to increase
precursor cell proliferation in the subgranular zone of the DG, with most of these cells differentiating
into either neurons or endothelial cells [33]. Also, ECT has been shown to modulate synaptic plasticity
by increasing the expression of BDNF, a key molecule involved in neuronal survival, synaptic
strength, and adaptive responses to stress and VEGEF, specifically in the hippocampus [32]. BDNF
levels are often reduced in MDD patients, and their restoration following ECT has been associated
with symptom improvement [93]. Furthermore, ECT alters the expression of genes and proteins
associated with synaptic function, including glutamatergic and gamma-aminobutyric acid (GABA)-
ergic signaling, which are critical for maintaining excitatory-inhibitory balance in the brain. Various
studies indicate that ECS enhances neurogenesis by increasing the volume of certain brain regions,
which correlates with improved behavioral outcomes and neuroplasticity [94,95]. The protein
Homer-1, primarily found in two forms - short (Homerla) and long (Homerlb/c) - is found to be
crucial for postsynaptic density, connecting metabotropic glutamate receptors (mGluRs), and
regulating their signaling pathways [96]. Homerla, a rapidly produced variant in response to
neuronal activity, competes with the more stable Homer1b/c for mGluR binding. This balance is of
particular importance for neuronal plasticity; Homerla dominance promotes homeostatic plasticity,
while Homer1b/c is associated with heightened activation [96,97]. Homerla, mainly located in the
CA1 hippocampus, is activated by neuronal stimulation, such as seizure activity [96,98]. It increases
Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor clustering, enhancing
synaptic transmission and excitatory postsynaptic potential (EPSC), without changing presynaptic
glutamate release. Additionally, Homerla modulates the mGluR-IP3 signaling pathway, reducing
excitability in pyramidal neurons and acting as a negative feedback mechanism to prevent excessive
excitation. Research shows that increased Homerla in the medial prefrontal cortex has antidepressant
effects, while lower levels are linked to depression [99]. In the hippocampus, high Homerla may
increase stress vulnerability [98]. Homer1 also regulates the HPA axis independently of mGluR1/5.
By interacting with mGIuR1/5 and NMDA receptors, Homerla can induce rapid antidepressant
responses [100]. Thus, Homerla is essential for mediating antidepressant effects, with its splice
variants, Homer1b/c, having distinct regulatory roles. ECS remodels neuroplasticity by balancing
mGluR1/5 and AMPA receptors, leading to rapid antidepressant effects. It activates presynaptic
glutamatergic neurons and inhibits GABAergic neurons, resulting in increased glutamate release and
AMPA receptor activation while inhibiting NMDA receptors. This process promotes the release of
BDNF, which activates the TrkB receptor and subsequently signals Akt to mTORC1, encouraging
neurogenesis. Additionally, Homer1 disrupts dysfunctional complexes with mGluR1/5 and partially
opens the BK channel, contributing to the hyperpolarization of the postsynaptic neuron and
enhancing the antidepressant effect [101].

Additionally, neuroplasticity induced by ECT goes beyond just molecular and cellular changes;
it also affects the functional connectivity within large-scale brain networks. Depression is often
associated with dysregulation in the default mode network (DMN), which is linked to self-referential
thinking and rumination. Functional neuroimaging studies indicate that ECT decreases
hyperconnectivity within the DMN while enhancing connectivity in cognitive control networks, such
as the central executive network (CEN). These connectivity changes, such as altered communication
between the medial prefrontal cortex and ventrolateral prefrontal cortex, as well as between the
dorsomedial prefrontal cortex and posterior cingulate cortex, have been associated with clinical
improvement and contributes to mood stabilization and cognitive recovery [102,103].

In conclusion, the proposed model of ECT’s neurobiological effects suggests that individuals
with depression have low plastic potential before treatment, contributing to severe symptoms. Each
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ECT session induces temporary brain disruption, which can cause postictal confusion but also
triggers physiological changes like reduced N-acetylaspartate levels, altered connectivity, and
changes in white matter integrity. This disruption, leads to a heightened state of neuroplasticity,
promoting the reorganization of neural circuits related to depression. It has been also suggested that
excessive ECT dosing may result in significant structural and functional changes, providing both
antidepressant and cognitive side effects. Conversely, insufficient dosing may not yield an adequate
antidepressant response but could minimize side effects. Understanding these dynamics can help
optimize ECT protocols to balance benefits and risks [88,104].

4. Molecular Pathways Related to ECT
4.1. Neurotrophins and ECT

One of the most extensively studied systems implicated in the pathogenesis of MDD is the
neurotrophic system, while it has been shown that antidepressants influence the concentrations of
neurotrophins and neurotrophic factors [105]. BDNF is a crucial neurotrophic factor that plays a key
role in neuronal development, maintenance, and plasticity in the central nervous system (CNS),
particularly by promoting neurogenesis, enhancing synaptic plasticity, and supporting neuronal
survival [106]. During ECT, alterations occur in various neurobiochemical molecules, including
BDNF, but also other neurotrophic factors, which further triggers neuroplastic changes within the
brain. These modifications, alongside enhanced neuronal proliferation, also have a neuroprotective
function. Notably, a single application of ECT has been shown to induce neuronal proliferation in the
hippocampal DG of rats, with these new neurons surviving for several months [38,107].

Studies investigating the relationship between baseline BDNF levels and response to drug
therapy, as assessed by depression scales, have yielded conflicting results [108-110]. Various studies
have highlighted a strong association between the response to antidepressant treatment and early
increases in serum or plasma BDNF levels during the first few weeks of therapy [111-114]. Karege
and colleagues found that individuals with depression exhibit significantly lower baseline serum
BDNEF levels, which increase in response to ketamine treatment [115,116]. Also, some studies have
shown that patients suffering from TRD have lower BDNF levels before therapy compared to healthy
controls and a significant increase in these levels after ECT. It was also found that there is a temporal
correlation between clinical response to ECT and increases in BDNF levels, suggesting that BDNF
levels could represent a biological marker of remission during ECT sessions [117]. However, some
studies which examined the predictive power of baseline BDNF as an indicator of potential response
to ECT did not show positive results [93,118-120]. Ryan and colleagues assessed baseline BDNF levels
in medicated patients with depression and revealed no significant differences in BDNF
concentrations between these patients and controls. Additionally, the study showed no notable
change in BDNF levels in depressed patients before and after ECT administration [119]. However,
some less frequent studies, such as the one conducted by Sorri and colleagues, reported a decrease in
BDNF levels during ECT. These contrasting findings have led some researchers to question the
reliability of BDNF as a determinant of ECT efficacy [93,119,121,122].

The discrepancies in BDNF levels observed in studies involving depression and ECT may arise
due to several factors. First, methodological differences between studies, such as variations in sample
size, measurement techniques (e.g., serum vs. plasma BDNF levels), and the timing of BDNF
measurements (e.g., pre- and post-treatment time points), could contribute to conflicting results. Sorri
and colleagues reported that serum BDNF levels were not affected by ECT, while BDNF plasma levels
decreased during the fifth ECT session [93]. Second, variations in treatment protocols can differ in
terms of the type, dosage, and frequency of antidepressant medications or ECT, which could lead to
varying effects on BDNF expression. Some treatments might stimulate BDNF production more
robustly than others, while some may not induce noticeable changes in BDNF levels at all. Finally,
individual variability and genetic differences in patients, particularly variations in genes associated
with BDNF production or its receptor or in the pathophysiology of depression can influence how
BDNF levels are regulated in different patients. Depression is a heterogeneous condition, meaning
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that varying biological mechanisms may contribute to its development in different individuals, which
could lead to inconsistent BDNF responses across studies. Overall, in a recent review by Zelada and
colleagues authors reported lower BDNF serum levels in patients with MDD compared with those in
healthy controls, and pharmacological treatments usually lead to an increase in these levels, which
correlated with an improvement in the clinical presention [123]. However, there is more controversy
in the literature regarding non-pharmacological treatments and BDNF levels in this population of
patients [123].

Another growth factor hypothesized to play a role in the pathogenesis of MDD is VEGF. VEGF
promotes vasculogenesis, angiogenesis, and neurogenesis in the hippocampus, with hypoxia
increasing its expression in both the hippocampus and peripheral organs [124]. VEGF also regulates
glutamatergic synaptic function, suggesting its role in the pathophysiology of psychiatric disorders
[124]. However, studies on VEGF levels in MDD patients have yielded mixed results compared to
controls [125]. Minelli and colleagues found that VEGF levels increased in patients undergoing ECT,
with a temporal correlation between VEGF levels and symptom improvement, supporting its
potential role in ECT's mechanism of action [126]. In another study which enrolled 67 MDD patients,
authors observed a significant correlation between reduced depressive symptoms and VEGF levels
before ECT, suggesting that pre-treatment VEGF levels may predict treatment response [127].

The role of neurotrophic factors, such as nerve growth factor (NGF), neurotrophin-3 (NT3),
neurotrophin-3 (NT4), glial cell-derived neurotrophic factor (GDNF), NPY, and their receptors (TrkA,
TrkB, TrkC, p75), in relation to ECT therapy remains insufficiently explored. Gronli and colleagues
studied NT3, NGF, and NPY levels in patients with affective disorders before and after ECT, finding
no significant change in NT3 and NGF, but a notable increase in NPY levels [128]. However, the study
had limitations, including a small sample size and broader diagnostic criteria, and authors warranted
further research to confirm these findings. Zhang and colleagues found that patients with TRD who
responded to ECT (based on a >50% reduction in HDRS scores) had a significant increase in serum
GDNF, while non-responders did not [129]. Another study showed decreased GDNF levels in the
hippocampus and striatum of rats treated with ECT, but increased NGF in the FC and BDNF in the
hippocampus, FC, and striatum [130].

There is a lack of studies examining other molecules in the BDNF signaling pathway and the
impact of ECT on BDNF and neurotrophic factor receptors. Enomoto and colleagues found that ECT
treatment in rats for 10 days led to downregulation of full-length TrkB receptors, potentially in
response to elevated mBDNF concentrations, but also an increase in phosphorylated TrkB expression
in the dorsal and ventral hippocampus, suggesting enhanced BDNF/TrkB signaling [131]. Schurgers
and colleagues found that ECT significantly increased the concentration of molecules involved in the
BDNEF/TrkB signaling cascade, which negatively correlated with depression scores in TRD patients
[132].

Collectively, while several studies have explored the role of neurotrophic factors and their
receptors in relation to ECT therapy, the findings remain mixed and it is hard to bring strong
conclusions. Some research suggests that ECT may influence the expression of neurotrophic factors
like NPY, GDNF, and BDNF, which could be linked to therapeutic outcomes in patients with TRD.
However, the limited sample sizes, varied diagnostic criteria, and insufficient exploration of other
molecules in the BDNF signaling cascade indicate that more comprehensive studies are needed to
fully understand the underlying mechanisms. Ultimately, future research should aim to clarify the
precise role of these factors and their receptors in ECT's therapeutic effects, potentially offering
valuable insights for optimizing depression treatment strategies.

4.2. ECT and Immunological Alterations

The involvement of immune system cells in the pathogenesis of depressive and other psychiatric
disorders has gained increasing attention in recent years. In this context, it has been hypothesized
that ECT may exert its effects, at least in part, through modulation of the immune system, particularly
cytokines. It has been shown that in MDD patients, the release of cytokines in response to external
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stress is enhanced both peripherally and centrally [133], with pro-inflammatory cytokines such as
TNF-a, C-reactive protein (CRP), and IL-6 being particularly significant and often recorded in
increased levels [133,134]. Previous studies have demonstrated that modulating the activity of the
innate immune system, by antagonizing the action of certain cytokines, can improve depressive
symptoms in patients with inflammatory diseases, even without treating the underlying disease.
Furthermore, studies in mice have shown that knocking out genes for the TNF-a receptors resulted
in decreased anxiety during infections and the development of an antidepressant-like phenotype
[135-137].

Microglia, the resident macrophages of the CNS, originate from the mesoderm and migrate to
the CNS during development, where they play a crucial role in maintaining homeostasis and
protecting against injury [138]. They support neuronal survival, differentiation, and circuit formation
through BDNF signaling and are involved in synaptic formation related to learning. However,
persistently activated microglia can contribute to neurodegenerative diseases by producing high
levels of proinflammatory cytokines and chemokines, leading to neuronal dysfunction [138]. In
animal models of depression, microglia were shown to be activated, and modulating their activity
led to an improvement in the clinical signs of the disease [139]. It has been shown that electrical
neuronal stimulation regulates microglia and controls their activation in response to immune
challenges. Although electroconvulsive seizures did not affect resting microglia, they induced
transcriptomic changes in the retinoic acid receptor a response pathway, which modulated microglial
response to immune stimulation [140]. Further research related to exploring the effects of ECS on
brain microglia, as well as on astrocytes would be crucial, as neuronal excitation and glutamate
release are known to induce calcium waves and gliotransmission, with ECS promoting increased glial
fibrillary acidic protein (GFAP) expression and astrocyte proliferation [140].

Research investigating cytokine levels during ECT treatment has shown that the concentrations
of pro-inflammatory cytokines such as TNF-a, IL-13, and IL-6 increase, particularly in the first hour
following the current application. These early changes in cytokine levels remaind consistent
throughout the course of therapy, regardless of whether it is an initial or later ECT session, with no
reduction of this acute effect through repeated treatments [141,142]. However, Hestad and colleagues
observed that after multiple ECT sessions, there was a gradual reduction of TNF-a levels, most
notably 24 hours and one week after the final treatment. This decrease was not observed in control
patients receiving only pharmacotherapy [143]. Additionally, a study by Jirventausta and colleagues
found that IL-6 levels decreased towards the end of ECT treatment, which correlated with patient
response scores as measured by the Montgomery-Asberg Depression Rating Scale (MADRS) [144].
Kranaster and colleagues investigated the effect of ECT on the activity of innate immune system cells
and concluded that ECT likely exerts its therapeutic effects, at least in part, through changes in
neuroinflammation. Their study showed a reduction in the concentration of macrophage migration
inhibitory factor (MIF) in the cerebrospinal fluid of depressed patients, which is a pro-inflammatory
protein implicated in the regulation of the innate immune system and neurogenesis. Additionally,
there was a reduction in the serum concentration of the CD14 molecule [145]. Fluitman and colleagues
also noted increased concentrations of TNF-a and IL-6, along with an increase in IL-10 production by
monocytes after lipopolysaccharide stimulation, and a decrease in IFN-y production by T cells
following CD2/CD28 stimulation after ECT application. They further observed a temporary increase
in leukocytes, granulocytes, natural killer (NK) cells, and monocytes immediately after ECT, with
these levels returning to baseline approximately 30 minutes post-treatment. Additionaly, repeated
ECT sessions showed no cumulative effects on these acute changes. However, sample size and patient
heterogeneity, prevent clear correlations between these immune changes and depression symptom
severity [146]. Similarly, the study by Kronfoll and colleagues showed an increase in NK cells
immediately after ECT application, with this effect observed in repeated sessions, though long-term
effects on NK cells were not monitored [147]. Long-term studies of ECT's impact on immune cells
have indicated that after multiple sessions, certain NK cell subtypes, particularly CD56dimCD16+
cells (which are responsible for cytotoxic activity), decrease in number, while CD56highCD16-/dim
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cells increase. This shift suggests a reduction in NK cell cytotoxicity, although opposite results are
observed within the first 15 minutes post-treatment. Notably, a correlation was found between the
ratio of these NK cell subtypes before ECT and the treatment outcomes [148]. S100B, a calcium-
binding protein produced by astrocytes, plays a key role in protecting neurons from oxidative stress,
promoting neuron growth, and regulating cell motility, proliferation, and metabolism [149-151]. Arts
and colleagues studied the concentration of S100B following ECT and found that its serum levels
increased 1 and 3 hours post-treatment. However, similar to some other studies, they observed no
long-term changes in S100B levels after multiple ECT sessions [152].

Emerging evidence suggests that immune system modulation, particularly through cytokine
changes, plays an important role in the therapeutic effects of ECT in patients with depression. Despite
these findings, significant gaps remain in understanding the precise mechanisms through which ECT
interacts with the immune system, and further research is necessary to explore these connections
more thoroughly. Future studies could explore how ECT modulates immune cell signaling pathways,
cytokine receptor expression, and intracellular processes within immune cells. Specifically, how ECT
influences the balance between pro-inflammatory and anti-inflammatory responses could provide
insight into its therapeutic effects.

4.3. Mitochondrial Function and Enerqy Metabolism During ECT

Mitochondria are dynamic organelles that create an interconnected network within the cytosol.
Their morphology is regulated by the processes of fusion and fission, both of which are essential for
maintaining optimal mitochondrial function. Fission, mediated by the dynamin-1-like protein (Drp1),
contributes significantly to quality control, while fusion, facilitated by mitofusin 1 (Mfn1), mitofusin
2 (Mfn2), and optic atrophy-1 (OPA1), promotes the exchange of mitochondrial components,
including proteins, lipids, metabolites, and mitochondrial DNA (mtDNA) [153]. Mitochondria are
vital for adenosine triphosphate (ATP) production via the electron transport chain and ATP synthase.
The electron transport chain, consisting of complexes I, II, III, and IV in the inner mitochondrial
membrane (IMM), creates a proton gradient used by ATP synthase. This process, known as oxidative
phosphorylation (OXPHOS), generates reactive oxygen species (ROS) as byproducts [154]. While
ROS can act as signaling molecules, excessive amounts may cause protein and lipid oxidation,
triggering autophagy, apoptosis, necrosis, and inflammation [155]. Mitochondria produce ATP for
Na+-K+-ATPase, crucial for maintaining neuronal membrane potential and regulating Ca?* during
synaptic transmission [156].

Mitochondrial dysfunction can lead to neurodegenerative and neuropsychiatric disorders [153],
while the relationship between depression and mitochondrial dysfunction has been already
established. Initially, depression was supposed to be among the first symptoms of mitochondrial
diseases or mutations of mitochondrial or mitochondrion-related genes associated with MDD [157].
Previous research suggests that abnormalities in mitochondrial morphology and function are deeply
associated with neuronal function and mood disorders [158]. In a study by Gebara and colleagues,
high-anxious rats had more severe depression-like behavior, along with larger mitochondria area and
mitochondria tissue coverage and higher number of mitochondria-mitochondria contacts in the
medium spiny neurons from the nucleus accumbens [159]. Wu and colleagues demonstrated that the
prenatal exposure to dexamethasone leads to depression-like behavior and mitochondrial damage in
hippocampus [160]. Furthermore, in an animal model of depression, depressive-like symptoms in
mice were accompanied with reduced mitochondrial respiratory rates and a dissipated
mitochondrial membrane potential in the hippocampus, cortex, and hypothalamus [161]. This
suggests that depression may be associated with a disruption in brain energy metabolism due to
mitochondrial genetic vulnerability and environmental influence [162]. One recent meta-analysis
reported higher mtDNA concentration in circulating blood samples and skin fibroblasts in depressive
patients in comparison to healthy individuals, suggesting a potential association between depression
and amount of mtDNA [163]. In patients with confirmed mitochnodrial diseases due to
mitochondrial gene mutations, the prevalence of depression was estimated to be 54% [164]. More
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than 20 years ago, Gardner and colleagues reported that 68% of depressive patients have mtDNA
deletions, in comparison to 36% of non-depressive individuals [165], which could be at least partially
explained by activation of inflammatory processes resulting from damaged mtDNA [166,167]. Cases
of MDD exhibited rare homoplasmic mutations that may have functional implications in the ATP
synthase 8 (ATP8), ATP synthase 6 (ATP6), ND5, and cytochrome b (CYTB) genes [168]. Additionally,
patient with depression displayed a subthreshold heteroplasmy rate at a variant located in the
displacement loop (D-loop) region of mtDNA [168].

ECS in animal models has been associated with changes in mitochondrial morphology,
including fission and fusion dynamics, highlighting the intricate effects of ECT on mitochondrial
regulation [169]. Collectively, these findings suggest that ECT may modulate brain metabolism
through its effects on mitochondrial enzymes [170]. The interplay between ECT and mitochondrial
function is complex and not yet fully elucidated. A deeper understanding of how ECT influences
mitochondrial function could lead to optimized treatment protocols and the development of novel
therapeutic strategies targeting mitochondrial pathways in patients with mood disorders.

4.4. Oxidative Stress and ECT

The brain, which accounts for more than 20% of the total oxygen consumption in the body, relies
on oxygen for neuronal function and survival. However, while oxygen is s essential for cellular
metabolism, its byproducts, including ROS and reactive nitrogen species (RNS), can exert neurotoxic
effects when produced in excess [171]. Oxidative stress (OS) is defined as an imbalance between the
generation of ROS/RNS and the capacity of the antioxidant defense system, leading to cellular
damage, particularly in proteins, lipids, and DNA. Although OS plays a crucial role in maintaining
physiological homeostasis, disruptions in redox signaling have been implicated in the onset and
progression of various disorders [172]. Excessive ROS accumulation can interfere with neuronal
signaling, disrupt cellular integrity, and impair brain function [173]. Furthermore, oxidative injury
exposes molecular patterns known as danger-associated molecular patterns (DAMPs), which activate
innate immune responses and sterile inflammation in the brain. This inflammatory cascade amplifies
the production of proinflammatory cytokines, linking OS and neuroinflammation to the
pathophysiology of depression [173].

The brain is particularly vulnerable to OS due to its high metabolic demand, the presence of
highly peroxidizable substrates, and relatively low levels of endogenous antioxidants [174].
Increasing evidence suggests that neuroinflammation and OS, known for their roles in
neurodegenerative diseases and aging, also contribute to the development of MDD, which is
characterized by its multifactorial nature, neuroprogressive aspects, accelerated cellular aging, and a
heightened risk of related age-related illnesses [175]. Elevated levels of OS biomarkers, such as 8-
hydroxydeoxyguanosine and malondialdehyde - a byproduct of the peroxidation of polyunsaturated
fatty acids and arachidonic acid - indicate oxidative DNA damage [176]. These biomarkers, together
with a reduction in antioxidant enzyme activities, are commonly observed in MDD patients [176].
The "OS hypothesis of depressive disorders" posits that excessive ROS generation and the depletion
of antioxidant defenses contribute to structural alterations in the brain [177]. A review by Ait Tayeb
and colleagues demonstrated that increased plasma hydrogen peroxide (H202) levels were associated
with MDD, while nitric oxide (NO) concentrations showed more variability, with both elevated
serum levels and decreased erythrocyte levels observed in MDD patients [178]. Additionally, studies
investigating superoxide dismutase (SOD) expression and its activity in serum, plasma, and
erythrocytes have yielded inconsistent results, with some studies reporting increases in SOD activity
and others showing reductions or no significant differences [178]. One recent meta-analysis indicated
increased catalase (CAT) activity in MDD patients [179], which may reflect a compensatory
mechanism to mitigate ROS accumulation [178].

Inconsistent results have also been reported regarding lipid oxidative damage, with some
studies identifying increased lipid peroxidation in the serum and erythrocytes of MDD patients,
while others found no significant differences [180]. Nevertheless, recent research by Bader and
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colleagues has highlighted the potential of integrating OS biomarkers with clinical and
sociodemographic features to improve depression detection and severity assessment using machine
learning techniques [181]. This underscores the importance of OS in understanding the
pathophysiology of MDD and its potential as a reliable biomarker for personalized treatment
strategies.

Alterations in redox balance are increasingly recognized as central to neuroplasticity and
neuronal health, which are thought to underlie the therapeutic effects of ECT (REF). The impact of
ECT on OS markers has been explored in both human and animal models, though findings remain
variable [180,182-184]. A systematic review of 11 human studies and 9 animal studies found
inconsistent results regarding the influence of ECT on OS markers in circulating blood samples,
suggesting that no clear association exists between ECT and OS in psychiatric disorders [180]. For
instance, Sahin and colleagues reported lower total antioxidant levels in MDD patients prior to ECT,
with a significant increase in antioxidant levels following ECT treatment [183]. Some studies suggest
that while ECT may reduce nitrosative stress, it could concurrently induce oxidative DNA damage,
highlighting the complex interplay between oxidative and nitrosative stress in ECT’s mechanisms of
action [185].

Research in rodent models has produced mixed findings as well. Barichello and colleagues
reported a decrease in oxidative damage markers, such as thiobarbituric acid-reactive substances
(TBARS) and protein carbonyls, in the hippocampus following single or repeated electroconvulsive
shock (ECS) [182]. The same group also observed reduced oxidative damage in the hippocampus,
striatum, and cerebellum, but an increase in oxidative damage in the cortex after ECS [186].
Conversely, Zupan and colleagues reported increases in hippocampal and cerebellar SOD and
glutathione peroxidase (GPX) activities following single ECS-induced seizures [187]. However, other
studies demonstrated decreases in SOD and GPX activity across various brain regions, with the
reduction in antioxidant enzyme activity persisting for up to 48 hours post-stimulation [188]. More
recently, a decrease in mitochondrial respiration and an increase in RNA oxidation were observed in
rat brain tissue after chronic ECS [189], suggesting that this treatment induces an increased OS, which
may drive both therapeutic and potentially neurotoxic effects of ECT.

The variability in these findings highlights the complexity of the relationship between ECT and
OS. Factors such as differences in experimental designs, sample sizes, methodologies for assessing
OS markers, and patient populations likely contribute to these inconsistencies. Further research,
employing standardized methodologies and larger sample sizes, is needed to clarify the precise
relationship between ECT and OS. Understanding this relationship may offer critical insights into the
mechanisms underlying ECT’s therapeutic effects and inform strategies to mitigate OS-related side
effects.

4.5. Apoptosis and ECT

Apoptosis is a highly regulated form of programmed cell death that plays a crucial role in
development, cellular homeostasis, and the response to various forms of cellular stress. Unlike most
other organs, the nervous system exhibits limited neuronal cell division and proliferation following
embryonic development. During early stages, an overproduction of neural precursor cells (NPCs)
occurs, and excess cells are subsequently eliminated through apoptosis, which is essential for refining
neural connectivity and establishing proper brain function. As the nervous system matures, apoptosis
thresholds increase significantly, reducing the rate of neuronal cell death and promoting the long-
term survival of neurons within a stable, fully integrated neural network [190].

Disruption of apoptotic regulation is associated with various neurodegenerative diseases, such
as Alzheimer's disease, Parkinson's disease, and Huntington's disease [191], as well as psychiatric
disorders, including depression [192]. Kondratyev and colleagues previously reported that exposure
to minimal ECS markedly reduced vulnerability to the neuronal cell death triggered by status
epilepticus in rats due to reduced internucleosomal DNA fragmentation and decrease of apoptosis-
like neuronal morphology in hippocampus and rhinal cortex [193]. On contrary, Zarubenco and
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colleagues demonstrated significant level of neuron death in particular parts of the mouse
hippocampus following ECS. However, authors could not interprete does the neuronal loss occurs
due to apoptotic or necrotic processes [194].

One clinical study investigated the levels of serum biomarkers of neuronal injury and astrocytic
reactivity in patients with major depressive episode undergone to acute ECT [195]. Although authors
confirmed the a temporary increase in serum GFAP suggesting astrocytic reactivity, no evidence of
neuronal injury has been observed, while biomarkers such as NfL and t-tau remained unchanged
during ECT [195]. On the other hand, ECT was not associated with alterations in E2F transcription
factors, a group of proteins involved in different cell functions including apoptosis and cell
proliferation [196]. Although E2F1 mRNA levels were significantly lower in peripherial blood of
depressed patients in comparison to healthy individuals, ECT did not affect the baseline values [196].
Ito and colleagues investigated the effects of different number of ECS (single, 10, or 20 applications)
on cell proliferation and apoptosis in the subgranular zone of the DG [107]. While the application of
a single or 10 ECSs increased cell proliferation in the observed region, no difference in cell
proliferation has been observed after 20 ECSs in comparison to control animals [107]. One of the
proposed mechanisms for potential antiapoptotic actions of repeated ECT could be related to c-Myc
down-regulation via ubiquitination-proteasomal degradation and Bad inactivation in the rat FC
[197].

5. Future Directions

From a molecular perspective, ECT exerts profound and multifaceted effects on the brain,
modulating key neurobiological systems, as neurotransmitter regulation, synaptic plasticity,
neurogenesis, inflammation, oxidative stress, and apoptosis. These changes contribute to the
therapeutic effects of ECT, particularly in mood disorders like MDD, by promoting neuronal survival,
enhancing synaptic connectivity, and fostering neuroplasticity. Although the precise mechanisms
remain to be fully elucidated, accumulating scientific evidence strongly supports the notion that ECT
induces a coordinated molecular response that not only restores neurochemical balance but also
fosters neural regeneration and reorganization, thereby alleviating psychiatric symptoms. This
underscores the potential of ECT as a powerful therapeutic intervention, with molecular pathways
playing a critical role in its antidepressant effects.
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