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Electrical stimulation (ES) is emerging as a non-pharmacological neuromodulation strategy, but its direct impact
on human dopaminergic neurons and its relationship to rapid-acting antidepressant mechanisms remain unclear.
This study aimed to investigate whether brief biphasic low-frequency low-intensity (LF-LI) ES can induce
structural and molecular plasticity in human induced pluripotent stem cell (iPSC)-derived mesencephalic
dopaminergic neurons, identify the underlying signaling mechanisms, and evaluate its potential to rescue
cortisol-induced impairments as in-vitro endocrine model of depression. iPSC-derived dopaminergic neurons
were exposed to LF-LI ES using a custom culture-compatible stimulator, and structural plasticity was quantified
three days later by computer-assisted morphometry. Pharmacological blockers, quantitative PCR and Western
blot analyses were employed to assess calcium influx, brain-derived neurotrophic factor (BDNF)-TrkB-extracel-
lular signal-regulated kinase (ERK)-mTOR signaling, and dopamine D3 auto-receptor roles in mediating LF-LI ES
effects. A single 1h LF-LI ES session at 4mA induced robust increases in maximal dendrite length, primary
dendrite number, and soma area, comparable to 1 pM ketamine. LF-LI ES rapidly enhanced ERK and p70-S6K
phosphorylation and required L-type voltage-gated calcium channels, TrkB and mTOR, as their inhibition pre-
vented structural remodeling. LF-LI ES increased dopamine D3 auto-receptors mRNA, and its antagonism
attenuated LF-LI ES-induced plasticity. In cortisol-treated neurons, LF-LI ES fully reversed dendritic hypotrophy
and soma shrinkage. In conclusion, brief LF-LI ES elicits long-lasting, ketamine-like structural and molecular
plasticity in human dopaminergic neurons and rescues stress hormone-induced impairments, supporting LF-LI
ES-based neuromodulation approaches targeting dopaminergic circuits in major depressive disorder and
treatment-resistant depression.

1. Introduction (DBS) (Brunoni et al., 2016; Lozano et al., 2012). Major Depressive

Disorders (MDD), a mood disorder characterized by episodes of low

Electrical activity is fundamental to neural function, enabling
communication through synaptic interactions and direct electrical
coupling (Balbinot et al., 2025). Neurons generate action potential via
dynamic membrane potential changes mediated by voltage-gated ion
channels. Exogenous electrical fields modulate neuronal function and
plasticity, with therapeutic applications such as electro convulsive
therapy (ECT), transcranial direct current stimulation (tDCS), trans-
cranial alternate current stimulation (tACS), and deep brain stimulation

mood, anhedonia, negative emotions and hypercortisolemia, represents
a leading global cause of disability (Malhi and Mann, 2018). Although
pharmacological treatments targeting monoaminergic systems domi-
nate approaches, nearly one-third of patients show treatment resistance
(Fava, 2003). The discovery that sub-anesthetic doses of the N-meth-
yl-D-aspartate (NMDA) receptor blocker ketamine produce rapid, sus-
tained antidepressant effects in patients with treatment resistant
depression (TRD) has shifted focus towards glutamatergic and
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brain-derived neurotrophic factor (BDNF)-dependent neurotransmis-
sion, implicitly bringing the focus on the defective neuroplasticity as a
key pathogenic process underpinning TRD (Berman et al., 2000; Zarate
et al., 2006). This single exposure studies were instrumental in estab-
lishing weekly or biweekly dosing therapeutic paradigms currently used
in several ‘ketamine’ clinics (Strong and Kabbaj, 2018). Accordingly, a
single low dose of ketamine infusion over 40-60 min induces antide-
pressant effects within hours that persist for up to two weeks, well
beyond its pharmacokinetic presence (Berman et al., 2000). Robust,
long lasting structural plasticity in neurons of brain corticolimbic cir-
cuits induced by 1h ketamine exposure was mediated via neurotrophic
signaling, i.e., the extracellular signal-regulated kinase (ERK) and the
mammalian target of rapamycin (mTOR) pathways (Cavalleri et al.,
2018; Li et al., 2010). Thus, defective structural plasticity in gluta-
matergic telencephalic and dopaminergic (DA) mesolimbic circuits,
along with mTOR dysregulation and BDNF down-regulation, charac-
terizes mood disorders, whose symptoms were often reversed by rapid
acting antidepressants and by electrotherapies, such as ECT, DBS, and
tDCS (Cavalleri et al., 2018; Ousdal et al., 2022). Single or repeated ECT
has been an effective treatment for MDD and TRD available in the clinic
since 1938, yet its mechanisms remain incompletely understood (Ousdal
et al., 2022; Sorri et al., 2018). Preclinical animal models demonstrate
that repeated electro convulsive shock elicits widespread cell prolifer-
ation with neurogenesis in hippocampus and amygdala, and increases in
dendrite length and spine density via BDNF- tropomyosin receptor ki-
nase B (TrkB) pathway activation in telencephalic neurons, increases
that correlate with cortical gray matter density signal in humans and
increased hippocampal size (Dukart et al., 2014; Ousdal et al., 2022;
Pirnia et al., 2016; Polyakova et al., 2015). The typical routine stimu-
lation protocol includes high current amplitudes (800-900 mA) at
approximately 5000 Hz in 0.3-1.0 ms pulses, inducing an electric field
strength that exceeds the neural activation threshold by 1.8-2.9 times,
affecting more than 94% of the brain volume at suprathreshold level,
and delivering generalized seizures (Lee et al., 2016). This unselective
paradigm is highly effective, but carries the risk of cognitive impair-
ment, convulsion-associated adverse events, and gliosis by engaging all
brain circuits and not those specifically involved in depression (Lee
et al., 2016; Ousdal et al., 2022; Pirnia et al., 2016) A non-invasive and
more selective brain stimulation technique with a radically different
paradigm is tDCS, showing promise for TRD treatments with minor side
effects (Brunoni et al., 2016; Ren et al., 2025). In TRD patients, tDCS
applies low amplitude (1-2mA) continuous (0 Hz) current in 30 min
sessions through frontal scalp electrodes, generating electrical fields of
0.2-1.0 mV/cm, in the same range of 0.35-1.0 mV/cm neuronal activa-
tion thresholds, and engaging only sectors of cerebral cortex. These
stimuli modulate neuronal excitability and synaptic plasticity, indirectly
engaging distant brain structure via projecting circuits (Brunoni et al.,
2016). Clinical trials demonstrate antidepressant efficacy with tDCS
targeting dorsolateral prefrontal cortex, effects mediated through neu-
roplasticity mechanisms that includes increased BDNF signaling
(Brunoni et al., 2016). Therapeutic effects in MDD were also reported in
a well-designed study with 2 mA, 20 min session, low frequency (4-8 Hz)
stimulation (Ren et al., 2025). The last paradigm, DBS, allows for direct
electrical stimulation into highly restricted subcortical brain nuclei ob-
tained via stereotaxic electrode placement in a neurosurgery setting.
Widely used for Parkinson's disease (Limousin and Foltynie, 2019), DBS
is also recommended for intractable TRD cases. Stimulation protocols
implementing repeated sessions of low current (4-8 mA) with short pulse
width (50-90 us) and high frequency (90-185 Hz) were developed for
TRD, targeting subcortical structures such as subcallosal cingulate, nu-
cleus accumbens, and medial forebrain bundle, all terminal fields of the
ascending mesencephalic DA neurons (Figee et al., 2022; Lozano et al.,
2012; Mayberg et al., 2005; Ramasubbu et al., 2018). Intriguingly, high
frequency DBS would lead to local neuron inhibition via membrane
depolarization block and enhancement of gamma-aminobutyric acid
(GABA) transmission from afferent synapses (Herrington et al., 2016). In
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rodents DBS targeting nucleus accumbens led to complex long-term,
indirect neurotrophic remodeling of connecting circuits, i.e., resulting
in the enhancement of the 1-4 Hz spontaneous local field potential in the
orbitofrontal cortex (McCracken and Grace, 2007) and increased mito-
chondrial function and BDNF expression in mesencephalic DA neurons
(Li et al., 2023), all markers of neuroplasticity. These data further sup-
port the tenet that dysfunctional mesocorticolimbic DA system is a
critical substrate of depression, particularly for anhedonia, a core
diagnostic symptom of MDD and TRD (American Psychiatric Associa-
tion, 2022; Nestler and Carlezon, 2006; Pizzagalli, 2014) and suggest
that interventions promoting structural plasticity within this circuit may
be therapeutic. Most of these paradigms only indirectly engage the
mesocorticolimbic DA neurons located in the mesencephalon; however,
evidence of direct effects of electrical stimulation (ES) on structural
plasticity in human DA neurons is lacking. Using customized stimulation
devices, several in vitro studies indicated that ES could be applied to cell
cultures to gain insight into the molecular and cellular processes
involved. Low-frequency (1-8 Hz)-low-intensity (0.1-4 mA), membrane
activation threshold-like potential (0.5-1.8 mV/mm) ES were found to
optimally induce a series of structural plasticity-relevant processes and
molecular neurotrophic pathways activation in various neurons, neural
progenitor cells (NPCs) and PC12 cells (Bertucci et al., 2019; Tominami
etal., 2024; Zhu et al., 2019). Balanced biphasic waveforms ES was used
in vitro to prevent charge accumulation and toxic byproduct formation,
addressing integrity concerns when using human NPCs in cultures
(Babona-Pilipos et al., 2012). Moreover, biphasic ES was shown to
protect mouse olfactory bulb NPCs against growth factor-deprived
apoptosis through BDNF- phosphoinositide 3-kinase (PI3K)/Akt
pathway activation, enhancing cell survival and decreasing apoptotic
rates (Wang et al., 2013). Likewise, exposure of NPCs to 0.53 or
1.83V/m was associated with longer neurites, mature neuronal
morphology, and increased BIII-Tubulin expression (Kobelt et al., 2014).
In the present work, we investigated the effect of low-frequency low--
intensity electrical stimulation (LF-LI ES) generated by a customized
biphasic current stimulation system on human DA neurons differenti-
ated from induced pluripotent stem cells (iPSCs). This differentiation
protocol was previously used to study the structural plasticity effects of
ketamine at exposure compatible with clinical antidepressant regimens,
and to dissect out the receptors and intracellular pathways involved
(Cavalleri et al., 2018). The present study evaluated whether LF-LI ES
within clinically relevant amplitude (0.1-4.0 mA) and frequency (2 Hz),
when applied transiently for 1h or 2h, can induce structural plasticity in
mature human iPSC-derived DA neurons and compare them with the
effects of rapid-acting ketamine. We hypothesized that LF-LI ES would
promote dendritic outgrowth and structural plasticity through
calcium-dependent activation of BDNF/TrkB - ERK - mTOR pathways.
Furthermore, we investigated whether LF-LI ES can reverse
cortisol-induced dendritic hypotrophy in an in vitro translational
depression model, providing functional evidence for potential
antidepressant-like effects (Cavalleri et al., 2024). This translational
approach would clarify molecular substrates of this LF-LI ES neuro-
modulation, identify convergent mechanisms with established in-
terventions, and may inform development and optimization of new
technical solutions in humans for mood disorders characterized by DA
dysfunction and impaired structural plasticity.

2. Materials and methods
2.1. Pharmacological agents

LY294002 (10 pM), rapamycin (0.02 uM), SB277011-A (0.05 pM),
K252a (0.2 uM), PP2 (10 pM), hydrocortisone (cortisol) (50 pM), 2-APB
(50 pM) (Tocris Bioscience) Nifedipine (5 pM) (Abcam), and Ketamine
(1 pM) (ACME) were used in this study. Ketamine was dissolved in
water; LY294002, rapamycin, SB277011-A, K252a, PP2, hydrocorti-
sone, 2-APB and Nifedipine were dissolved in dimethyl sulfoxide. The
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concentration of LY294002, ketamine, rapamycin, SB277011A, K252a,
PP2, and hydrocortisone were established in our previous publications
(Cavalleri et al. 2018, 2024; Collo et al., 2018). The concentrations of
2-ABP and Nifedipine were derived from Maruyama et al. (1997) and
Wang et al. (2023), respectively. For each control treatment, the vehicle
was prepared with the respective dilution of dimethyl sulfoxide. Addi-
tional information about pharmacological agents is available in Sup-
plementary Table 1.

2.2. Low-frequency low-intensity electrical stimulation system

Cells were cultured in a standard 6-well plate and stimulated using
electrodes integrated into a modified C-Dish lid (IonOptix), specifically
adapted for this application by interconnecting 3 ml wells. Each well
was endowed with two electrodes separated by a space of 23.4 mm
where the cell culture was located. The electrical current stimulation
was provided by a custom-designed system, as illustrated in Fig. 1. The
stimulator is controlled via an interface developed in LabVIEW. A
voltage signal replicating the desired current waveform is generated by
the software and provided as an output through channel A0O-A2 of a
National Instruments NI6001 board. Each generated voltage signal is

Instrumented 6-well cell culture plate
|
3

I,
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converted into current by the stimulator (84 mm x 95.5 mm x 50 mm),
through dedicated circuit (Fig. 1A, insert in the middle) included in the
stimulator, which drives a pair of wells. The NI6001 board also features
a current monitoring function of I1-I3, enabling verification of the
actual stimulation delivered to each well pair. The conditioning circuit is
powered by an MB102 breadboard power supply module set to 5V
(53 mm x 27 mm). In this study, a biphasic rectangular waveform was
used to prevent the accumulation of unrecoverable charge known to
negatively affect cellular functions (Babona-Pilipos et al., 2012; Wang
et al., 2013). The stimulation parameters were set as indicated by
literature (Leondopulos et al., 2012; Tang-Schomer, 2018) to a fre-
quency of 2Hz and a variable current amplitude 1.0 - 4.0 mA that
delivered a maximal local field estimated to be of 0.65mV/cm. Each
pulse (Tonl and Ton2) lasted 50 ms, with a 1 ms interphase between the
negative and positive phases. The resistance measured at the immersed
electrode level was 380 Ohm at 1 kHz.

2.3. iPSCs culture and maintenance

The healthy control line 244CP-F3 was previously generated and
fully characterized in our laboratory (Collo et al., 2018). Dermal biopsy

MB102
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Fig. 1. Low-frequency low-intensity electrical stimulation system. (A) Schematic representation of the custom electrical stimulation system for 6-well cell
culture plates. A biphasic rectangular voltage waveform, generated via LabVIEW at AO 0V output of the NI6001 DAQ board, is converted into current by the
stimulator board, composed of three dedicated circuits, each serving two wells. Current monitoring is performed via channels AI 0, Al 1, and Al 2. The system is
powered by a 5V MB102 breadboard power supply module. (B) Biphasic rectangular voltage and resulting current waveform use for the cell stimulation (C)

Schematic block diagram of the analog stimulator board.
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of a 40 years old Caucasian female donor was obtained with informed
consent and approval from the local ethics committee
(CEIOC—Fatebenefratelli Hospital “San Giovanni di Dio,” Brescia, Italy,
44,2001 and 39/2005). iPSCs were cultured on Biolaminin-coated
plates (BioLamina AB) and mTeSRTM1 medium (StemCell Technolo-
gies) supplemented with ROCK inhibitor 10 pM.

2.4. Differentiation of iPSCs into DA neurons

iPSCs were differentiated into floorplate-derived DA neurons via
dual-SMAD inhibition and floor plate patterning, following previous
published protocol (Fedele et al., 2017; Kriks et al., 2011) with minor
modifications. iPSCs were dissociated using Accutase™ (StemCell
Technologies) and plated on Biolaminin-coated plates in knockout
serum replacement medium supplemented with LDN193189 (0.1 pM,
Miltenyi Biotec), SB431542 (10puM, Tocris Bioscience), SHHC25II
(0.1 pg/ml, Peprotech), purmorphamine (2 pM, Peprotech), fibroblast
growth factor 8 (FGF8 0.1 pg/ml, Peprotech), and CHIR99021 (3 pM,
Miltenyi Biotec). From day 5, medium was gradually switched to N2. On
day 11, cultures were transitioned to Neurobasal/B27 containing
CHIR99021, BDNF (20 ng/ml, Peprotech), Ascorbic acid (AA 0.2mM,
Sigma-Aldrich), Adenosine-3',5-cyclic monophosphate (cAMP 0.5 mM,
Sigma-Aldrich), transforming growth factor type $3 (TGF-f3 1ng/ml,
Peprotech), glial cell line-derived neurotrophic factor (GDNF 20 ng/ml,
Peprotech), and DAPT (10 nM, Tocris Bioscience). On day 21, cells were
replated onto poly-DL-ornithine/fibronectin/laminin-coated plates
(Sigma-Aldrich), and co-cultured with primary mouse cortical astro-
cytes. LF-LI ES and drug treatments started on day 30. The full charac-
terization of differentiated DA neurons from 244CP-F3 line was
previously described (Collo et al.,, 2018). Quantitative PCR (qPCR)
performed at day 30 and 60 of differentiation showed no changes in the
expression of tyrosine hydroxylase (TH), G protein-coupled inwardly
rectifying potassium channel 2 (GIRK2), nuclear receptor related 1
protein (NURR1), and dopamine D2 receptor (DA-D2R) supporting the
use of DA neurons at 30 days of differentiation in the following exper-
iments Supplementary Figure S1.

2.5. Immunocytochemistry assays

Cultures were fixed with Antigenfix (DiaPath) for 15 min at room
temperature (RT), then permeabilized with 0.2% Triton X-100 (Sigma-
Aldrich), 1% normal goat serum (NGS; Jackson ImmunoResearch), and
5% bovine serum albumin (BSA, Sigma-Aldrich) for 45min at RT.
Samples were incubated overnight (ON) at 4 °C with mouse monoclonal
anti-TH antibody (Santa Cruz Biotech), followed by 1h incubation with
biotinylated goat anti-mouse secondary antibody (Jackson ImmunoR-
esearch). Detection was performed using an avidin-biotin-HRP complex
(Vector Labs), and 3,3'diaminobenzidine (DAB; Sigma-Aldrich) was add
for 5 min to develop the signal. Samples were imaged using an Olympus
IX51 microscope (Olympus). Each experiment was performed in dupli-
cate. Additional information about antibodies is available in Supple-
mentary Table 2 and Supplementary Table 3.

2.6. Computer-assisted morphometric analysis

Digital images were acquired using an Olympus IX51 microscope
equipped with an Olympus digital camera and connected to a PC.
Morphometric analyses were performed by a blinded examiner on
digitized images using ImageJ. Structural plasticity of DA neurons was
assessed based on three morphological parameters: (i) maximal dendrite
length, (ii) number of primary dendrites, and (iii) soma area as previ-
ously described (Collo et al., 2018) Significant changes in these end-
points, evaluated in >30 neurons per group, were considered indicative
of structural plasticity alterations (Schmidt et al., 1996). Two coverslips
per treatment group were analysed, yielding >30 frames per coverslip
and from 30 to 100 neuron measurements. Each experiment was
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performed in duplicate.

2.7. RNA isolation and quantitative reverse transcription PCR

Total RNA was extracted using the NucleoSpin® kit (Macherey-
Nagel) according to the manufacturer's protocol. RNA concentration and
purity were assessed with a NanoDrop® 1000 spectrophotometer
(Thermo Fisher Scientific). 1 pg of RNA was reverse-transcribed into
cDNA using the ImProm-II™ Reverse Transcription System (Promega).
gPCR was performed in duplicate, each in technical triplicate, using
iTaq™ Universal SYBR® Green Supermix (Bio-Rad) on a ViiA™ 7 Real-
Time PCR System (Applied Biosystems). Reactions included 10 ng of
c¢DNA and 200 nM of each primer in a 10 pl final volume. Cycling con-
ditions were 95 °C for 5 min, followed by 40 cycles at 95 °C for 35 s and
60°C for 1min. Relative gene expression was calculated using the
2°-AACt method and normalized to Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH), which remained stable under experimental
conditions. Primer sequences are listed in Supplementary Table 4.

2.8. Western blotting

Western blotting was performed at multiple time points (1-5 min)
following LF-LI ES. At each time point, neuronal cultures were rinsed
with ice-cold PBS and lysed in radioimmunoprecipitation assay (RIPA)
buffer containing protease inhibitors (Roche Diagnostics) for 30 min on
ice. Lysates were homogenized using a probe sonicator. Protein con-
centration was determined using the Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific). Equal amounts of protein (10 pg) were
resolved on 10% sodium dodecyl sulfatepolyacrylamide gel electro-
phoresis or on NUPAGE™ 4-12% Bis-Tris gels (Invitrogen) and trans-
ferred to polyvinylidene difluoride membranes (Immobilon-P;
Millipore). Membranes were blocked with 5% BSA and 0.1% Tween20
(Sigma-Aldrich) and incubated overnight at 4°C with primary anti-
bodies: anti-phosphorylated ERK (p-ERK) mouse mAb (1:2000), anti-
ERK mouse mAb (1:2000) (Santa Cruz Biotechnology), anti-p-p70-S6
Kinasel (p-p70-S6K) mouse mAb (1:1000), anti-p70-S6 Kinasel (p70-
S6K) rabbit mAb (1:2000) (Cell Signaling Technology), and anti-
a-Tubulin mouse mAb (1:20000) (Sigma-Aldrich). After washing,
membranes were incubated with HRP-conjugated goat anti-rabbit or
anti-mouse secondary antibodies (Santa Cruz Biotechnology) for 1h at
RT. Signal detection was performed using an enhanced chem-
iluminescence substrate (ECL, LiteAblot Extend; EuroClone). Bands
were visualized on film or using a G:Box Chemi XT Imaging system
(Syngene, UK) and quantified by densitometric analysis using Gel-Pro
Analyzer software (Media Cybernetics). p-ERK and p-p70-S6K signals
were normalized to total ERK and p70-S6K, respectively, and then to
a-Tubulin levels from the same sample. Additional information about
antibodies is available in Supplementary Table 2 and Supplementary
Table 3.

2.9. Statistical analysis

Each experiment was repeated at least twice independently. For
morphometric analyses, individual data points represent single neuron
measurements obtained from two coverslips per treatment group within
a technical replicate; each experiment was replicated at least twice. Data
are presented as mean + standard error of the mean (SEM), unless
otherwise indicated. Statistical analysis was performed using one-way or
two-way ANOVA, followed by Bonferroni's post hoc test for multiple
comparisons, or Friedman test. In cases where only two groups were
compared, data were analysed using Student's t-test. All statistical ana-
lyses were performed using GraphPad Prism v10.0 (GraphPad Software,
San Diego, CA, USA). Statistical significance was set at P < 0.05.
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3. Results

3.1. Effects of single low frequency-low intensity electrical stimulation
exposure on neural plasticity of human DA neurons differentiated from

iPSCs

At day 30 of differentiation, corresponding to a postmitotic stage
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suitable for functional assays, human DA neurons were exposed to LF-LI
ES for either 1h or 2h period using different amplitudes for the biphasic
current waveform: 0, 1, 2, or 4 mA (Fig. 2A). Parallel wells were exposed
to either vehicle (V) or to ketamine (K), a rapid acting, clinically effec-
tive antidepressant known to induce axonal growth and soma size
expansion in human and rodent DA neurons with 1h exposure (Cavalleri
et al., 2018). Following the previously established protocol (Cavalleri
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Fig. 2. Amplitude- and time-response effects of single low-frequency low-intensity electrical stimulation on structural plasticity. (A) Schematic repre-
sentation of human dopaminergic (DA) neurons differentiation and single low-frequency low-intensity electrical stimulation (LF-LI ES) timeline. The inset in the right
represents the image analysis markers used as outcome. (B) Representative images of human DA neurons after exposure to a single 2h LF-LI ES by biphasic electrical
currents at various amplitudes (0, 1, 2, or 4 mA for 2h) or ketamine (K) (1 pM for 1h) used as active control test, vs. vehicle (V). Scale bar: 50 pm. (C-E) Quantification
and statistical analysis of the effects of LF-LI ES conditions vs V using one-way ANOVA of (C) maximal dendrite length [F(4,195) =5.8, P < 0.001], (D) number of
primary dendrites [F(4,295) = 6.25, P < 0.001] (full frequency distribution of dendrite counts per neuron shown in Supplementary Figure S4A), and (E) soma area [F
(4,245) = 3,54, P < 0.001] in human DA neurons. Post-hoc t-tests were performed to assess the effect of K vs V of (C) maximal dendrite length [t(78) = 4.68,
p < 0.0011, (D) number of primary dendrites [t(118) = 3.04, p < 0.01], and (E) soma area [t(98) = 3.84, p < 0.001] in human DA neurons. Since exposure to LF-LI ES
at 0 mA did not induce detectable changes in structural plasticity measures, this condition was not included in subsequent experiments. (F) Representative images of
human DA neurons following exposure to vehicle or LF-LI ES by biphasic electrical current with different stimulation parameters (2 mA or 4 mA for 1h or 2h), or K
(1 puM for 1h) used as active control test, vs. V. Scale bar: 50 pm. (G-I) Quantification and statistical analysis of the effects of LF-LI ES conditions vs V using one-way
ANOVA of (G) maximal dendrite length [F(4,460) = 9.81, P < 0.001], (H) number of primary dendrites [F(4,995) =11.77, P < 0.001] (full frequency distribution of
dendrite counts per neuron shown in Supplementary Figure S4B), and (I) soma area [F(4,495) = 10.08, P < 0.001] in human DA neurons. Post-hoc t-tests were
performed to assess the effect of K vs V of (G) maximal dendrite length [t(198) = 5.44, p < 0.001], (H) number of primary dendrites [t(398) = 4.49, p < 0.001], and
(I) soma area [t(198) = 11.55, p < 0.001] in human DA neurons. Individual data points represent single neuron measurements from two coverslips per group
(technical replicate); each experiment was repeated at least twice independently. Data are presented as mean + SEM. Statistical significance: ***P < 0.001; **P <
0.01; *P < 0.05 vs. V (post-hoc Bonferroni test); °°°P < 0.001; °°P < 0.01; °P < 0.05 vs. V (post-hoc t-test).
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et al., 2018), 3 days after the LF-LI ES session, cultures were fixed and
immunostained with an anti- TH antibody to identify human DA neu-
rons. Morphological parameters, including dendrite length, number of
primary dendrites, and soma area, were quantitatively analysed to
assess the effects of LF-LI ES on structural plasticity. Morphological
analysis showed that 2h exposure to LF-LI ES produced dose-dependent
significant increases of maximal dendrite length, dendrite number and
soma area with the strongest effect observed at 4 mA, the maximal
dendrite length showing increases also with 2 mA. These effects were
similar to those produced by ketamine. (Fig. 2B-E). Repeated exposures
to the same current amplitudes for 3 days delivered an enhanced
structural plasticity of the same magnitude, suggesting that a single
exposure can already reach a structural plasticity plateau
(Supplementary Figure S3). In a second set of experiments human DA
neurons were exposed to 2mA or 4 mA LF-LI ES for 1h or 2h period.
Morphological analysis performed 3 days after exposure showed that
4 mA LF-LI ES for 1h was sufficient to produce a significant increase of
maximal dendrite length, dendrite number and soma area (Fig. 2F-I).
Therefore, the stimulation conditions of 4 mA for 1h were selected for
the next experiments aimed to study gene expression and molecular
pathways engagement in the LF-LI ES -dependent neuroplasticity pro-
cess. Since the same effects were observed in DA neurons at 60 days of
differentiation (Supplementary Figure S2), all subsequent experiments
were performed using 30-day differentiated DA neurons as a stand-
ardised and reproducible cellular model.

Neuropharmacology 293 (2026) 110964

3.2. Low frequency-low intensity electrical stimulation promotes
structural plasticity via extracellular Ca2+ signalling

The role of extracellular and intracellular Ca2+ release in neuronal
plasticity induced by LF-LI ES was investigated at day 30 of differenti-
ation of human DA neurons with the L-type Ca2+ channel extracellular
blocker Nifedipine and the intracellular blocker IP3 receptor agonist 2-
APB added to the culture 20 min before 1h exposure to LF-LI ES. (Fig. 3A
and B). The morphological analysis of human DA neurons performed 3
days later indicated that the L-type Ca2+ extracellular blocker Nifedi-
pine significantly prevents structural plasticity changes induced by 4 mA
for 1 h LF-LI ES. In contrast, no significant effects were observed with the
intracellular Ca2+ channel antagonist 2-APB (Fig. 3C-E), suggesting
that extracellular Ca2+ via voltage-gated calcium channels (VGCCs)
plays an important role in triggering the LF-LI ES-mediated dendrite
outgrowth as previously described (Morton et al., 2013), a mechanism
also engaged by ketamine (Li et al., 2010).

3.3. BDNF-TrkB-ERK-mTOR intracellular signalling mediates structural
plasticity induced by low frequency-low intensity electrical stimulation

In the present experiment aimed to profile the acute response of
intracellular pathways to LF-LI ES exposure, human DA neuronal cul-
tures at day 30 of differentiation were exposed to 4 mA LF-LI ES for 1, 2,
or 5min, timepoints selected to capture rapid kinase phosphorylation
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Fig. 3. Role of calcium signaling in neural plasticity induced by low-frequency low-intensity electrical stimulation. (A) Schematic representation of the
intracellular and extracellular Ca®" activated pathways and the site of actions of the Ca*" channel blockers used to explore their involvement in LF-LI ES-dependent
neuroplasticity. (B) Representative images showing morphological changes in human DA neurons exposed to a single LF-LI ES of 4 mA for 1h and pretreated for
20 min with Nifedipine (NIF), 2-APB or NIF+2-APB. Scale bar: 50 ym. (C-E) Quantification and statistical analysis using two-way ANOVA of (C) maximal dendrite
length [interaction: F(3,408) = 6.00, P < 0.001; treatment factor: F(1,408) = 23.23, P < 0.001; inhibition factor: F(3,408) = 8.98, P < 0.001], (D) number of primary
dendrites [interaction: F(3,392) =1.45, P < 0.23 ns; treatment factor: F(1,392) =12.46, P < 0.001; inhibition factor: F(3,392) =7.81, P < 0.001] (full frequency
distribution of dendrite counts per neuron shown in Supplementary Figure S4C), and (E) soma area [interaction: F(3,392) = 4.21, P < 0.01; treatment factor: F
(1,392) = 40.90, P < 0.001; inhibition factor: F(3,392) = 13.83, P < 0.001] in human DA neurons. Individual data points represent single neuron measurements from
two coverslips per group (technical replicate); each experiment was repeated at least twice independently. Data are presented as mean + SEM. Statistical signifi-
cance: ***P < 0.001; **P < 0.01; *P < 0.05 vs. V, °°°P < 0.001; °°P < 0.01; °P < 0.05 vs 4 mA (post-hoc Bonferroni test).
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cascades occurring within minutes of Ca2+ influx or receptor activation,
as previously established in our laboratory (Cavalleri et al., 2018; Collo
et al., 2018). Protein lysates were collected to assess the expression
levels of pERK driven by Src-MEK activation, and the more downstream
PP70-S6K, a specific substrate for mTOR activation (Fig. 4A). The results
indicated that LF-LI ES effectively increased pERK and pP70-S6K as early
as 1 min post-exposure (Fig. 4B and C). This rapid activation suggests a
direct and immediate response of human DA neuronal cultures to LF-LI
ES stimuli, implicating the ERK-mTOR pathway in the early phases of
activity-dependent plasticity. These results, and particularly the second
peak of pP70-S6K phosphorylation observed at 5min, resemble very
closely the delayed peak obtained with ketamine exposure (1 pM for 1h)
in the same human DA neuronal cellular preparation (Cavalleri et al.,
2018). The critical role of the ERK-Akt-mTOR phosphorylation cascade
in neural plasticity induced by LF-LI ES was also confirmed by
pre-treatments with the selective antagonists. At day 30 of differentia-
tion, human DA neuron cultures were pretreated with selective phos-
phorylation inhibitors and receptor antagonists, including K252a (a
TrkB receptor inhibitor), PP2 (a Src-family kinases inhibitor), LY294002
(a PI3K inhibitor) and Rapamycin (an mTOR inhibitor) (Fig. 4A).
Following a 20-min pre-treatment with these inhibitors, the cultures
were exposed to a 4 mA current for 1h, and 3 days later the human DA
neuronal cultures were fixed with paraformaldehyde, immunostained
with an anti-TH antibody and assessed morphologically for structural
changes (Fig. 3D). Pre-treatment with K252a, PP2, LY294002, and
Rapamycin all effectively blocked structural plasticity induced by LF-LI
ES across all parameters. This suggests a critical role for the MEK-ERK
signalling pathway in mediating the effects of LF-LI ES on DA neuron
morphology and plasticity (Fig. 4E-G). Intriguingly, pretreatments with
K252a, PP2, L.Y294002, and Rapamycin were also effective in inhibiting
the plastic effects of Ketamine 1 pM 1h exposure on human DA neurons
(Cavalleri et al., 2018), suggesting a mechanistic commonality.

3.4. Structural plasticity induced by low frequency-low intensity electrical
stimulation involves upregulation of D3 dopamine auto-receptor

To further investigate the effects of LF-LI ES exposure on neural
plasticity in human DA neurons, we quantified the mRNA expression of
key neuronal genes associated to the control of DA neuron activity.
These included TH as the rate-limiting synthetic enzyme for dopamine,
the dopamine D2 auto-receptor (DA-D2R) and the dopamine D3 auto-
receptor (DA-D3R) measured qPCR at multiple time points following
LF-LIES, i.e., 0, 6, 24, and 48h post-exposure. Gene expression analysis
revealed a significant upregulation of DA-D3R mRNA at 6h. In contrast,
the expression levels of TH and DA-D2R remained unchanged across all
time points. Previously, we demonstrated that ketamine-induced struc-
tural plasticity in human DA neurons is mediated via a necessary con-
current activation of DA-D3R. Accordingly, exposure to the selective
DA-D3R antagonist SB277011A was able to block the dendrite arbori-
zation outgrowth mediated by the ERK-mTOR pathways (Cavalleri et al.,
2018). To test if DA-D3R viability was also necessary for LF-LI ES-in-
duced neural plasticity, human DA neurons at day 30 of differentiation
were pre-treated with SB277011A 20 min before LF-LI ES exposure.
After 3 days, human DA neurons were fixed and immunostained using
an anti-TH antibody to assess DA morphology and plasticity (Fig. 5B).
Morphometric analysis indicated that pre-treatment with SB277011A
significantly attenuated the plasticity-promoting effects of LF-LI ES on
human DA neurons (Fig. 5C-E), supporting a key role for the DA-D3R in
mediating structural plasticity also in an LF-LI ES protocol.

3.5. Reversal of cortisol-induced neuroplasticity impairment in human DA
neurons by low frequency-low intensity electrical stimulation in an in vitro
depression model

In a recent study, we demonstrated that sub-chronic exposure to
cortisol, the primary stress hormone chronically increased in MDD
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patients (Cavalleri et al., 2024), significantly impairs dendritic plasticity
in human iPSCs-derived DA neurons, and that 1 pM ketamine exposure
for 1h effectively restores dendritic structures, reversing
cortisol-induced damage (Cavalleri et al., 2024). Building upon these
findings, we investigated the effects of 1h LF-LI ES on human DA neu-
rons that were previously exposed to cortisol to inhibit neural plasticity
mechanisms. In vitro cortisol 50 pM daily for 5 consecutive days reduce
dendritic arborization and soma size in human DA neurons without
affecting their survival (Cavalleri et al., 2024). These conditions were
used in the present experiment, LF-LI ES being administered at 4 mA for
either 1h or 2h on the 5th day following cortisol exposure (Fig. 6A).
After 3 days without treatments, human DA neurons were fixed and
immunostained using an anti-TH antibody to assess human DA neuron
morphology and structural plasticity (Fig. 6B). Results showed a
significantly LF-LI ES-dependent restoration to normal neuronal
morphology in all parameters in cortisol-treated human DA neurons for
both 1h and 2h LF-LI ES exposure (Fig. 6C).

4. Discussion

This study demonstrates that LF(2 Hz)-LI(2-4 mA) ES by biphasic
electrical currents for a single 1h or 2h session promotes long term
structural plasticity in human iPSC-derived DA neurons through
calcium-dependent BDNF/TrkB and ERK-mTOR signaling. LF-LI ES also
reversed cortisol-induced human DA neuron dendritic hypotrophy pro-
duced by sub-chronic cortisol exposure, a recent in vitro model that
mimics the MDD endocrine liability, an effect similarly observed with
ketamine (Cavalleri et al., 2024), thereby indicating a restorative po-
tential of possible relevance for MDD pathophysiology. Importantly,
these effects were observed in human neurons, representing a trans-
lational advance beyond traditional animal models. The similarities
between the effects of LF-LI ES and ketamine are remarkable (Cavalleri
et al., 2018). They both occur after 1h exposure, showing (a) enhanced
dendrite length, branching, and soma size morphology; (b) temporal
patterns of rapid molecular pathway activation within minutes after
exposure, with increases of ERK phosphorylation occurring within 1 min
and a bi-phasic p70-S6K phosphorylation profile with peak at 1 and
5 min; (c) dependence on calcium influx from voltage dependent L-type
channels; (d) dependence on the BDNF/TrkB of stimulation-induced
structural plasticity demonstrated using phosphorylation inhibitors
targeting TrkB receptor, Src-kinase, PI3K, and mTOR (Cavalleri et al.,
2018; Lin et al., 2021). Together, these data indicate convergence of
LF-LI ES and ketamine onto a common mTOR-dependent neurotrophic
signaling pathway, despite their distinct stimulus modalities, i.e.,
chemical vs. electrical, probably mediated by increased calcium influx
(Li et al., 2010; Morton et al., 2013). Calcium influx through VGCC was
essential for LF-LI ES-induced plasticity, aligning with findings that
electrical fields modulate neuronal excitability via membrane depolar-
ization (Babona-Pilipos et al., 2012; Diego-Santiago et al., 2025; Morton
et al, 2013). This calcium dependency parallels ketamine's
disinhibition-induced influx, underscoring calcium signaling as a key
transducer for rapid antidepressant-associated plasticity via BDNF
release (Li et al.,, 2010; Yang et al., 2020). The obligatory role of
BDNF-TrkB signaling is in line with extensive literature demonstrating
BDNF as a critical convergence point for antidepressant interventions
and that deficient BDNF signaling characterizes depressive states
(Castrén and Monteggia, 2021; Yang et al., 2020). Upregulation of
DA-D3R mRNA 6h post LF-LI ES, and requirement for an active DA-D3R
to drive LF-LI ES-induced structural plasticity in human DA neurons also
align with previous ketamine studies. The selective increase in DA-D3R
in the absence of changes in TH or DA-D2R expression is consistent with
an adaptive response aimed at attenuating spontaneous dopaminergic
activity while concurrently engaging neurotrophic pathways that sup-
port dendritic outgrowth (Morton et al., 2013). Accordingly, both ke-
tamine and LF-LI ES effects on dendritic and soma growth were blocked
by pre-treatment with selective DA-D3R antagonists, e.g., SB 277011A,
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Fig. 4. Involvement of the BDNF-dependent ERK/mTOR pathway in neural plasticity induced by low-frequency low-intensity electrical stimulation. (A)
Schematic representation of ERK/mTOR intracellular pathway and of the sites of actions of BDNF-TrkB signalling blockers used to explore their involvement in LF-LI
ES-dependent neuroplasticity in human DA neuron cultures. (B-C) Effects of transient continuous exposure (1, 2 or 5min) to LF-LI ES by a biphasic rectangular
current of 4 mA amplitude on the p-ERK and p-p70-S6K levels measured with western blot and analysed by densitometry. Cultures were collected for immediately
after the end of stimulation. p-ERK and p-p70-S6K levels were normalized to the corresponding ERK or p70-S6K and tubulin levels. The densitometric values are
represented as a percentage of vehicle values (V). Friedman test showed an LF-LI ES exposure significant increase of p-ERK [Friedman statistic = 8,40, df =3,
p = 0.0190] and p-p70-S6K [Friedman statistic = 9.00, df = 3, p = 0.0196]. (D) Representative images showing morphological changes in human DA neurons exposed
to a single LF-LI ES by a biphasic rectangular current of 4 mA amplitude for 1h and pretreated for 20 min with LY294002, PP2, K252a or rapamycin. Scale bar: 50 pm.
(E-G) Quantification and statistical analysis using two-way ANOVA of (E) maximal dendrite length [interaction: F(4,530) = 9.42, P < 0.001; treatment factor: F
(1,530) = 0.45, P = 0.50 ns; inhibition factor: F(4,530) = 4.59, P < 0.01], (F) number of primary dendrites [interaction: F(4,490) = 4.13, P < 0.01; treatment factor: F
(1,490) =1.55, P=0.21 ns; inhibition factor: F(4,490) =4.91, P <0.001)] (full frequency distribution of dendrite counts per neuron shown in Supplementary
Figure S4D), and (G) soma area [interaction: F(4,440) = 15.28, P < 0.001; treatment factor: F(1,440) = 6.16, P < 0.05; inhibition factor: F(4,440) = 5.53, P < 0.001]
in human DA neurons. Individual data points represent single neuron measurements from two coverslips per group (technical replicate); each experiment was
repeated at least twice independently. Data are presented as mean + SEM. Statistical significance: ***P < 0.001; **P < 0.01; *P < 0.05 vs. V, °°°P < 0.001; °°P <
901; °P < 0.05 vs 4mA (post-hoc Bonferroni test or Friedman test).
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Fig. 5. Contribution of dopamine D3 auto-receptors to low-frequency low-intensity electrical stimulation-induced neural plasticity. (A) Gene expression
analysis in human DA neurons following exposure to a 4mA LF-LI ES for 1h, assessed at multiple time points (6, 24, or 48h post-stimulation). Relative gene
expression quantification and statistical analysis at multiple time points vs V were performed using one-way ANOVA of TH [one-way ANOVA F(3,12) = 0,84,
P =0.50, ns,] DA-D2R [one-way ANOVA F(3,12) =1,21, P =0.35, ns] and DA-D3R [one-way ANOVA F(3,12) =5.77, P < 0.05]. (B) Representative images showing
morphological changes in human DA neurons exposed to a single LF-LI ES by biphasic electrical current of amplitude 4 mA for 1h and pretreated for 20 min with
SB277011A. Scale bar: 50 pm. (C-E) Quantification and statistical analysis using two-way ANOVA of (C) maximal dendrite length [two-way ANOVA interaction: F
(1,160) = 8.03, P < 0.01; treatment factor: F(1,160) = 5.44, P < 0.05; inhibition factor: F(1,160) =14.11, P < 0.001], (D) number of primary dendrites [two-way
ANOVA interaction: F(1,196) =11.33, P < 0.001; treatment factor: F(1,196) =0.45, P =0.50 ns; inhibition factor: F(1,196) =3.43, P=0.66 ns] (full frequency
distribution of dendrite counts per neuron shown in Supplementary Figure S4E), and (E) soma area [two-way ANOVA interaction: F(1,195) = 4.77, P < 0.05;
treatment factor: F(1,195) = 9.20, P < 0.01; inhibition factor: F(1,195) = 2.70, P = 0.10 ns] in human DA neurons. Individual data points represent single neuron
measurements from two coverslips per group (technical replicate); each experiment was repeated at least twice independently. Data are presented as mean + SEM.
Statistical significance: ***P < 0.001; **P < 0.01; *P < 0.05 vs. V, °°°P < 0.001; °°P < 0.01; °P < 0.05 vs 4 mA (post-hoc Bonferroni test).
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Fig. 6. Low-frequency low-intensity electrical stimulation-induced neuronal plasticity following sub-chronic exposures to high cortisol levels. (A)
Schematic representation of the experimental protocol: cortisol (50 pM) was administered to human DA neuronal cultures for 5 days and LF-LI ES of 4 mA were
performed for either 1 or 2h, starting 24h after last cortisol exposure (B) Representative images showing morphological changes in human DA neurons exposed to
cortisol or vehicle and followed by 1 or 2h stimulation with an biphasic electrical current of amplitude 4 mA. Scale bar: 50 pm. (C-E) Quantification and statistical
analysis using two-way ANOVA of (C) maximal dendrite length [interaction: F(2,234) = 7.50, P < 0.001; cortisol factor: F(1,234) = 6.15, P < 0.05; stimulation factor:
F(2,234) = 44.38, P < 0.0011, (D) number of primary dendrites [interaction F(2,312) = 5.32, P < 0.01; cortisol factor: F(1,312) = 1.23 P = 0.2 ns; stimulation factor: F
(2,312) = 42.66, P < 0.001] (full frequency distribution of dendrite counts per neuron shown in Supplementary Figure S4F), and (E) soma area [interaction: F(2,504)
= 7.83, P < 0.001; cortisol factor: F(1,504) = 38.31, P < 0.001; stimulation factor: F(2,504) = 47.81, P < 0.001] in human DA neurons. Individual data points
represent single neuron measurements from two coverslips per group (technical replicate); each experiment was repeated at least twice independently. Data are
presented as mean + SEM. Statistical significance: ***P < 0.001; **P < 0.01; *P < 0.05 vs. V; °°°P < 0.001; °°P < 0.01; °P < 0.05 vs. cortisol (post-hoc Bonfer-
roni test).

via a down-regulation of the mTOR pathway (Cavalleri et al., 2018; and in vitro. In a recent optogenetic study in mouse brain slices,
Collo et al., 2018). These effects were observed using an LF-LI ES with mesencephalic DA neurons of the ventral tegmental area showed reso-
4 mA biphasic current at 2 Hz for 1h or 2h single session exposure, pa- nance spectra to laser pulses peaking at 1-2 Hz frequency (van der Vel-
rameters like those used in a protocol in primary hippocampal neurons den et al, 2020). It is tempting to suggest that the 2Hz stimuli
of rats, showing that 1h/day exposure at 2 Hz boosts delta oscillation implemented in the present LF-LI ES protocol would have acted on this
(1-4Hz) (Leondopulos et al., 2012). Oscillatory rhythms in the brain predisposed resonant substrate of the DA neuron, enhancing neural ac-
create the context for encoding information and, at the same time, tivity and triggering neurotrophic pathway phosphorylation to provide
engage in adaptive structural and functional plastic processes aimed to an adaptive structural support to the enhanced function. Intriguingly,
optimize such encoding. The lower frequencies in the delta band are the LF-LI ES current amplitude and exposure time match or overlap
considered permissive for neuronal plasticity (Ousdal et al., 2022). some effective neuromodulation therapies. For example, tDCS and tACS
Moreover, ventral tegmental area DA neurons have a propensity to show protocols with demonstrated clinical efficacy typically use 1-2 mA cur-

spontaneous intrinsic rhythmic activity in the 1-5 Hz range, both in vivo rents over 20-30 min at 0 Hz (tDCS) or 6-10 Hz (tACS), respectively (Ren
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et al., 2025), inducing acute and longer-term BDNF expression and
structural plasticity changes in local cortical neurons and in distant
limbic circuit structures (Brunoni et al., 2016, 2017; Korai et al., 2021),
including the mesocorticolimbic DA system of mice and humans (De
Paolis et al., 2025; Fonteneau et al., 2018). Low-frequency (0-20 Hz)
DBS protocols have been rarely used in humans, but these studies show
efficacy in TRD patients not different from high frequency (130-185 Hz)
DBS protocols (Figee et al., 2022). The DBS electrodes are often
implanted in subcortical targets that include ascending projections from
mesencephalic DA neurons, e.g., nucleus accumbens and medial fore-
brain bundle (Figee et al., 2022). Rodent studies showed that these
placements of DBS electrodes increased DA neurons phasic and tonic
activity, dopamine release, BDNF expression, oxidative phosphorylation
and functional connectivity (Li et al., 2023; Miguel Telega et al., 2025).
These results are in line with long-standing evidence that somatoden-
dritic low frequency stimulations of DA neurons were shown to release
dopamine in rodents (Rice et al. 1997, 2011). These DA neuron-specific
findings suggest that a new technology capable of reaching the ventral
mesencephalon and delivering biphasic 2 Hz LF-LI ES could possibly
ameliorate motivational symptoms of TRD via dopamine release and
enhanced long-term structural neuroplasticity rather than transient
modulatory effects of neural activity or dopamine release probably
requiring repeated exposure sessions, e.g., biweekly, to maintain the
therapeutic effect. Interventions converging on DA circuit plasticity may
complement frontocortical glutamatergic strategies, in particular phar-
macological treatments. For example, both ketamine and the DA-D3R
agonists like pramipexole exhibit antidepressant effects and promote
structural plasticity via BDNF-mTOR signaling in human DA neurons
(Collo et al., 2018). The convergent effects of pharmacological (keta-
mine, D3 agonists) and physical (LF-LI ES) interventions on mesence-
phalic DA neuronal plasticity may benefit TRD patients subtype
characterized by severe anhedonia. Limitations of present work include
in vitro simplifications lacking network complexity and in vivo modu-
lation dynamics. The two-dimensional culture system only partially
replicates circuit-level interactions, glial influences, or neuro-
modulatory inputs present in vivo. Future work should address
three-dimensional human organoid models. Detailed biophysical char-
acterization of applied currents and field distributions vs. neuronal
plasticity propensity, and logistics solution for electrode placement in
vivo are necessary steps towards translational relevance (Babona-Pilipos
et al., 2012).

In conclusion, LF-LI ES by biphasic electrical currents induces mo-
lecular and structural plasticity akin to ketamine in human DA neurons
and reverses cortisol-induced dendrite arborization hypotrophy, sup-
porting its potential as a possible neuromodulatory antidepressant
strategy. This aligns with clinical neuromodulation's emerging role and
encourages further technological optimization. Understanding conver-
gent mechanisms between pharmacological and electrical interventions
may enable personalized treatment strategies optimizing plasticity in-
duction while minimizing adverse effects.
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BDNF brain-derived neurotrophic factor

BDS deep brain stimulation

BSA bovine serum albumin

DA dopaminergic

DAB 3,3'diaminobenzidine

DA-D2R dopamine D2 auto-receptor

DA-D3R dopamine D3 auto-receptor

ECT electro convulsive therapy

ERK extracellular signal-regulated kinase

ES electrical stimulation

GABA  gamma-aminobutyric acid

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
iPSCs induced pluripotent stem cells

LF-LI ES Low-frequency low-intensity electrical stimulation
MDD Major Depressive Disorders

mTOR  mammalian target of rapamycin

NGS normal goat serum

NMDA  N-methyl-D-aspartate

NPCs neural progenitor cells

ON overnight

PI3K phosphoinositide 3-kinase

qPCR quantitative PCR

RIPA radioimmunoprecipitation assay

RT room temperature

tACS transcranial alternate current stimulation
tDCS transcranial direct current stimulation
TH tyrosine hydroxylase

TRD treatment resistant depression

TrkB tropomyosin receptor kinase B

VGCCs voltage-gated calcium channels

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.neuropharm.2026.110964.

Data availability

The data supporting the findings of this study are available within
the article. Data for individual data points are available from the cor-
responding author upon reasonable request.
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