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Repetitive prefrontal tDCS activates VTA Ry

dopaminergic neurons, resulting in attenuation
of Alzheimer’s Disease-like deficits in Tg2576
mice
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Abstract

Background Emerging evidence implicates early dysfunction of dopaminergic neurons in the Ventral Tegmental
Area (VTA) as a key contributor to Alzheimer's Disease (AD) pathophysiology. Specifically, the VTA dopaminergic
neurodegeneration and the consequent reduction of dopamine (DA) in mesocorticolimbic targets are associated
with the onset of cognitive impairments and neuropsychiatric-like manifestations in AD animal models. Moreover,
decreased midbrain volume and functional VTA disconnection are identified as predictors of accelerated progression
from Mild Cognitive Impairment to AD-dementia in clinical populations. Given these findings, interventions capable
of directly modulating VTA activity and augmenting DA release, despite the ongoing neurodegeneration, may hold
therapeutic potential for mitigating DA-related deficits in AD.

This study aims at evaluating the therapeutic potential of prefrontal transcranial Direct Current Stimulation (tDCS)
in the Tg2576 mouse model of AD, exhibiting early VTA dopaminergic neurodegeneration.

Methods Repeated tDCS was applied to assess its ability to activate VTA DA neurons. We also evaluated tDCS effects
on synaptic plasticity, cognitive and non-cognitive behaviours and AD-related pathology. Hippocampal DA release
and Nucleus Accumbens (NAc) DA transporter (DAT) expression were measured. With immunohistochemistry we
examined microglial density and morphological complexity at different disease stages. Additionally, intracellular
amyloid-3 (AR) levels and plaque burden were evaluated to determine the impact of tDCS on AD pathology.

Results Prefrontal tDCS enhanced the activity of VTA dopaminergic neurons, leading to increased hippocampal
DA release and higher DAT levels in the NAc. The enhanced DA outflow is associated with restored CA3-CAT syn-
aptic plasticity and improvements in recognition memory and motivational behaviours. tDCS reduced microglial
numbers and morphological complexity in Tg2576 mice at both pre-plague stage (7-months) and at an advanced
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stage characterized by plaque accumulation (12-months). Notably, tDCS also decreased AB plaque burden,
although no changes in intracellular AB levels were observed in younger Tg2576 mice.

Conclusions These findings highlight the multifaceted therapeutic potential of prefrontal tDCS in targeting key
AD pathophysiological hallmarks, including dopaminergic dysfunction, synaptic impairments, neuroinflamma-
tion and plagque deposition. As a non-invasive neuromodulatory approach, prefrontal tDCS emerges as a promising
early intervention strategy to complement existing AD treatments, with the potential to improve patient outcomes

and quality of life.

Keywords Transcranial Direct Current Stimulation, Neuromodulation techniques, Mesocorticolimbic system,
Dementia, Hippocampus, Cognitive decline, Neuroinflammation, C-Fos, Transcranial electrical stimulation, Non-

Invasive Brain Stimulation

Background

Alzheimer’s Disease (AD) stands as one of the most
devastating neurodegenerative disorders of the twenty-
first century, characterized by extracellular amyloid-p
(AP) deposits and intracellular accumulations of hyper-
phosphorylated tau, which constitute the principal neu-
ropathological criteria for its diagnosis. Clinically, AD
is distinguished by the gradual loss of cognitive func-
tion and a broad spectrum of neuropsychiatric symp-
toms (NPS), including apathy, depression and anxiety
[1].

Nevertheless, pathological changes associated with
AD begin in the brain during the preclinical stage, often
decades before the appearance of clinical symptoms [2].
Patients typically progress to Mild Cognitive Impairment
(MCI) about 6 to 10 years later, with approximately 15%
advancing to dementia within 2 years, and around one-
third within 5 years [3]. Thus, focusing on the preclinical
and MCI stages is crucial, as early intervention and the
management of modifiable risk factors may reduce the
risk of onset or delay disease progression.

Mounting evidence suggests a complex pathological
landscape of AD, involving multiple neurotransmitter
systems. Among these, the dopaminergic mesocorti-
colimbic circuit—which originates in the Ventral Teg-
mental Area (VTA) and extensively projects to multiple
brain regions including the Prefrontal Cortex (PFC),
hippocampus, Nucleus Accumbens (NAc) and amyg-
dala [4]—is gaining a prominent position as it is severely
involved in the pathogenesis of the disease, even from
its prodromal stages [5—12]. Particularly, clinical studies
demonstrated that VTA volume and connectivity cor-
relate with hippocampal function and memory perfor-
mance in healthy individuals, a relationship that becomes
significantly disrupted in MCI and AD patients [13, 14].
In line with this, the mesocorticolimbic areas innervated
by the VTA are characterised by hypometabolism and
atrophy, and these functional deficits can be predictive
for accelerated pathology and faster conversion from
MCI to AD dementia [5, 7, 9, 11].

In addition, the involvement of dopaminergic dysfunc-
tion in AD not only contributes to cognitive impairments
but also leads to NPS manifestations [10, 15, 16]. NPS fre-
quently affect MCI and AD patients and represent signif-
icant risk factors for MCI-to-AD conversion, constituting
major challenges for patients and caregivers throughout
the disease course. Indeed, clinical works studying the
functional alterations in mesocorticolimbic targets found
a direct correlation between VTA disconnection and
NPS in patients since the MCI stage, particularly apathy,
anxiety and depression. Moreover, the severity of these
symptoms is directly associated to the extent of grey mat-
ter loss in mesocorticolimbic targets [5, 7, 10].

These clinical deficits are mirrored in the well-validated
Tg2576 mouse model of the disease, bearing the human
APPswe mutation, which was pivotal in uncovering pre-
cocious mechanisms underlying the VTA contribution
to AD pathology [16-21]. Indeed, the progressive loss
of VTA dopaminergic neurons in Tg2576 mice com-
promises the functionality of this region, leading to a
decrease of DA availability in downstream target areas
including the hippocampus and NAc, and consequent
synaptic deficits, disruptions in glutamatergic and
GABAergic neurotransmission and circuit hyperexcit-
ability. Notably, VTA neurodegeneration in Tg2576 mice
precedes amyloid plaque deposition, manifesting as early
as 3 months of age, with effects that worsen as the disease
advances, further exacerbating its progression. These
observations have been further corroborated by findings
in other models of AD, reinforcing the broader relevance
of VTA dopaminergic dysfunction in AD pathogenesis
[22-25].

Importantly, pharmacological interventions target-
ing the dopaminergic signalling can restore baseline DA
levels to control values in critical brain regions, ame-
liorating synaptic plasticity deficits, cognitive decline
and behavioural impairments in both preclinical studies
[16, 17, 26-34] and AD patients [35-38]. Such findings,
combined with evidence highlighting DA’s pivotal role
in modulating hippocampal plasticity [39-41] and its
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protective effects against neuroinflammation [42-45] and
amyloid plaque formation [46—49], emphasize the dopa-
minergic system as a critical therapeutic target in AD
and support the hypothesis that interventions aimed at
restoring DA signalling could have widespread benefits.

In this context, transcranial Direct Current Stimulation
(tDCS) emerges as a promising therapeutic approach.
This non-invasive and versatile neuromodulatory tech-
nique delivers low-intensity electrical currents through
scalp electrodes, inducing lasting changes in neuronal
excitability and synaptic plasticity [50, 51]. The mecha-
nisms underlying tDCS effects are multifaceted, involv-
ing modulation of neurotransmitter systems, regulation
of NMDA receptor activity, BDNF expression, balancing
excitatory and inhibitory neurotransmission and pro-
moting structural and functional connectivity changes
[52-55]. Furthermore, tDCS exhibits significant anti-
inflammatory properties, reducing microglial activation
and pro-inflammatory cytokine production [56, 57]. Even
more critical is the ability of prefrontal tDCS to reach
and activate subcortical deep brain structures, such as
the VTA and associated mesencephalic areas. Specifi-
cally, in both non-AD rodent models and humans, pre-
frontal tDCS showed significant potential in modulating
dopaminergic neurotransmission, including increased
DA release in striatal regions and improved cognitive and
motivation-related behaviours. Thus, the modulation of
the mesocorticolimbic pathway may be a possible mech-
anism of action underlying prefrontal tDCS-induced
changes in subcortical DA regions [58-70]. However,
whether prefrontal tDCS can activate the VTA during
the ongoing degeneration that characterizes the AD brain
remains unexplored with clinically relevant implications
for personalized treatments.

Here, we sought to investigate this aspect in Tg2576
mice, by conducting a two-week stimulation protocol of
anodal prefrontal tDCS at two key ages, 7 and 12 months.
The 7 months age point represents a pre-plaque stage,
while 12 months reflect a more advanced disease state,
with significant hippocampal AP plaque accumulation.
Using two different stages helped us to evaluate distinct
pathological events within the progression of AD symp-
toms. Our results prove that prefrontal tDCS induces a
selective activation of the remaining VTA dopaminergic
neurons, enhancing DA outflow and, as a result, restor-
ing hippocampal and NAc functionality. Additionally, we
demonstrate that prefrontal tDCS blunts microglia-medi-
ated neuroinflammation and reduces amyloid pathology.

Our findings provide crucial insights for optimiz-
ing tDCS protocols and establishing this technique as
a viable therapeutic option that can be integrated into
the intervention of both early- and late-stage of AD. By
exploring the early involvement of the dopaminergic
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system and leveraging the unique capabilities of tDCS in
neuromodulation, this work paves the way for innovative
treatment strategies aimed at positively modifying the
disease trajectory.

Methods

Animals

Heterozygous male and female Tg2576 mice [71] (APP-
SWE—Model #1349 TACONIC) and Wild-Type (WT)
littermates were used at 7- and 12-months of age, as
described in the text. Animals were housed with ad libi-
tum food and water, with a 12-h light/dark cycle. All
experimental procedures complied with the ARRIVE
guidelines and were carried out in accordance with the
ethical guidelines of the European Council Directive
(2010/63/EU).

Surgical implantation of epicranial cannula and prefrontal
tDCS stimulation protocol

Implantation of a prefrontal epicranial cannula was per-
formed 2 days before starting the stimulation sessions.
Mice were anesthetized with a combination of Rompun
(20 mg/mL, 0.5 mL/kg; Bayer) and Zoletil (100 mg/mL,
0.5 mL/kg; Virbac; intraperitoneally) before the surgical
procedure. The animals were then placed under a stere-
otaxic apparatus and a small incision was made in the
skin of the head. After skull exposure and cleaning, a
plastic tubular cannula (2.5 mm diameter) was implanted
on the midline under stereotaxic control (David Kopf
Instruments) over the PFC (AP: +3.2 from bregma). To
secure the cannula to the skull at the desired position, we
first used instant glue to fix it firmly, followed by a thin
layer of non-toxic glass ionomer cement (Glaslonomer
Cement CX-Plus Kit; Shofu Inc.). To ensure an uninter-
rupted current flow during stimulation, the inside of the
tubular cannula was left free of cement; additionally, to
prevent debris/sawdust accumulation, the cannula was
filled with soft cotton between experimental sessions.
At the end of the procedure, animals were placed on a
heated pad to maintain stable body temperature until
fully awakened. Upon complete awakening, animals
were housed individually to prevent inadvertent implant
removal by conspecifics.

After the post-surgical recovery period, mice were ran-
domly assigned to one of the four experimental groups
(WT Sham, WT tDCS, Tg Sham and Tg tDCS). The ani-
mals then underwent 10 sessions of prefrontal tDCS or
Sham stimulation (5 days per week, with a 2-day break
between sessions for a total ten days of stimulation;
Fig. 1a). To avoid potential confounding effects related to
anaesthesia, animals were awake throughout the stimula-
tion procedure. Animals were fitted with a custom-made
Velcro jacket, securely fastened with a metal clip. The
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jacket contained a sponge pocket filled with conductive
gel (ECI Electro-Cap Electro-Gel, Neuroevolution—Sis-
temas Médicos, Lda). The same gel was also applied to
the inner surface of the prefrontal cannula implanted
during surgery to facilitate stable electrode placement
and signal conductance. Animals were then restrained in
plexiglas holders to maintain consistent positioning dur-
ing the stimulation session.

Stimulation was administered using a device (DC-
Stimulator Plus, NeuroConn, Germany) with the anodal
(active) electrode positioned in the prefrontal cannula
and the cathodal (reference) electrode in the gel-filled
pocket on the jacket. Both tDCS and Sham-treated
mice underwent identical handling protocols, with the
tDCS group receiving a continuous DC of 25 pA for 20
min per session, while Sham animals were connected
to the stimulator without current flow. The stimula-
tion parameters were selected to yield a current density
of ~0.51 mA/cm? considering an electrode surface of
4.91 mm? [72]. The applied current reflects a compro-
mise between translational relevance and experimental
safety, being well below standard preclinical intensities
(e.g., 200 pA) and avoiding the risk of tissue damage in
mice. In line with this, recent in vivo work demonstrated
that electric fields in the range of 0.35-1 V/m—equiva-
lent to low-intensity tDCS—are sufficient to modulate
the firing rate of hippocampal neurons in awake rodents
[73]. To avoid painful current transitions, controlled DC
ramp-up and ramp-down phases were also implemented
by setting fade-in and fade-out to 20 s values. After each
stimulation session, animals were promptly returned to
their home cages, where they remained for an additional
1-2 days, depending on the subsequent experimental
protocol.

For the analysis of c-Fos expression, the stimula-
tion protocol involved a single prefrontal tDCS session

(See figure on next page.)
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administered under isoflurane anaesthesia, thereby obvi-
ating the need for animal restraint on the plexiglass sup-
port. Anaesthesia was induced with 2-3% isoflurane,
maintained at 0.8-1.5%, with an oxygen flow of 1.6-1.8
L/min. Animals were sacrificed one hour after the stimu-
lation session.

In vivo microdialysis and Ultra-Performance Liquid
Chromatography (UPLC)
To evaluate hippocampal DA and norepinephrine (NE)
levels, mice were prepared for microdialysis through
unilateral probe implantation, conducted the last day of
tDCS. Mice were anaesthetized with Zoletil and Rom-
pun, then secured in a stereotaxic apparatus to vertically
implant a concentric microdialysis probe (AN69 fibres,
Hospal Dasco) targeted at the hippocampus (AP: — 3.0,
ML: £3.0 mm from bregma) with a total length of 5 mm
(of which 3 mm consisted of the dialysis membrane;
Fig. 1c). After probe placement, the surgical area was
sutured and animals were returned to individual housing.
To ensure stability and protection of probe connections,
the inlet and outlet tubing of the probe were connected to
two PE-20 segments (1-1.5 cm each) via flexible swivels.
Membrane recovery efficiency was validated in vitro
prior to implantation to warrant consistent sampling.
On the day of the experiment, 2 days after recovery from
tDCS or Sham stimulation, the animal was placed in a
circular cage filled with bedding, and the probe was con-
nected to the microdialysis system, allowing the animal
to move freely. Specifically, the small PE-20 tubing seg-
ments initially attached to the microdialysis probe’s inlet
and outlet were removed and replaced with longer PE-20
tubing. These extended segments were then connected
to the CMA/100 microinfusion pump (Carnegie Medi-
cine) via an ultra-low torque multichannel swivel (MCS5
model, Instech Laboratories), providing continuous

Fig. 1 Prefrontal tDCS enhances hippocampal DA outflow via activation of VTA neurons in 7-month-old Tg2576 mice. a Schematic representation
of the experimental timeline: Tg2576 and WT mice (7- or 12-month-old) were implanted with prefrontal cannulae, followed by a 2-day recovery
period. Mice then received either daily tDCS (20 min/day, 5 days/week) or Sham stimulation for two consecutive weeks (for c-Fos analysis,

a single session of tDCS or Sham stimulation was administered under isoflurane anaesthesia, and 7-month-old animals were sacrificed 1 hour
post-stimulation). After 2 more days of recovery, 7-month-old mice underwent subsequent behavioural or neurophysiological experiments.
12-month-old mice were used only for neuroinflammation and plagque analysis. b Representative coronal section and confocal images of the VTA
(upper panel) and LC (bottom panel) showing c-Fos (red) labelled nuclei of TH neurons (green) of 7-month-old Tg Sham and Tg tDCS mice (scale
bar: 10 um). Plots show the percentage of c-Fos*/TH* neurons within the VTA or the LC (n = 3 mice/group; VTA: unpaired t-test: **p = 0.0047).

c-e Schematic representation of in vivo microdialysis setup for measuring neurotransmitter release. Plots show basal and KCl-induced hippocampal
DA (d) and NE (e) levels in 7-month-old WT Sham (n = 4 males), WT tDCS (n = 4 males), Tg Sham (n = 4 males) and Tg tDCS (n = 6 males) mice
measured at different time points (mean + S.EM; d, 3-way RM-ANOVA: time x genotype X treatment, F, ;s = 0.7572, p= 0.5575; time, F456=16.60,
p < 0.0001; genotype, F, ,= 1.608, p = 0.2254; treatment, F, 1, = 4.785, p = 0.0462; Tg Sham Post KCI 1-Tg tDCS Post KCI 1 **p = 0.0014, WT tDCS Basal
Mean-WT tDCS Post KCl 1 p=0.0059, Tg tDCS Basal Mean-Tg tDCS Post KCI 1 p < 0.0001 all with Tukey’s post hoc test. e, 3-way RM-ANOVA: time

X genotype X treatment, Fy 45 = 0.1822, p = 0.9465; time, F, 43 = 26.24, p < 0.0001; genotype, F; 1, = 0.1302, p = 0.7245; treatment, F; 1, = 0.0500, p =
0.8268; Tg Sham Basal Mean-Tg Sham KCl p = 0.0118, Tg tDCS Basal Mean-Tg tDCS KCl p = 0.0003 both with Tukey's post hoc test). In all figures,
empty dots refer to female mice, while full dots to males. [Figure created using BioRender.com]
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perfusion of the probe during the experiment. A steady
infusion of artificial cerebrospinal fluid (aCSF; in mM:
NaCl 140, KCl 4, CaCl, 1.2, MgCl, 1) was maintained
through the probe at a rate of 2.1 pL/min. After initiat-
ing perfusion, animals were allowed to acclimate for 1 h
to establish a stable baseline. Three consecutive baseline
samples were then collected at 20-min intervals over a
60-min period in tubes containing antioxidant solution
containing 100 mM acetic acid, 3.3 mM L-cysteine, 0.27
mM Na,EDTA and 12.5 pM. Baseline collection was fol-
lowed by a 20-min perfusion with KCl-enriched aCSF
solution (100 mM KCI) to induce depolarization and
neurotransmitter release, after which a single dialysate
sample was collected. The perfusion was then switched
back to aCSF, and three additional samples (Post KCl 1, 2
and 3) were collected over the next hour.

To verify probe placement, brains were postfixed in 4%
paraformaldehyde, sectioned coronally (100 pm), stained
with methylene blue and then examined under a micro-
scope. Data from animals with improperly allocated
probes were excluded from subsequent analyses.

Dialysate samples (20 pL) were analysed via an UPLC
system (ACQUITY, Waters Corporation) equipped with
an amperometric detector (Decade II, Antec Leyden).
The UPLC system consisted of an electrochemical flow-
cell (VT-03, Antec Leyden) with a 0.7 mm glassy carbon
working electrode, maintained at a potential of 400 mV,
and an in-situ Ag/AgCl reference electrode. The flow cell
was positioned downstream of a BEH C18 column (2.1
x50 mm, 1.7 pm particle size; Waters Corporation) kept
at 37 °C with a mobile phase flow rate of 0.07 mL/min.
The mobile phase composition was (in mM): 50 orto-
phosphoric acid 85%, 8 KCl, 0.1 EDTA, 2.5 1-octanesul-
fonic acid sodium salt, 14% methanol, adjusted to pH
6.03 with NaOH. DA and NE peak heights were identified
by comparison with standards containing the antioxidant
solution as above. For in vivo microdialysis experiments,
only male mice were used to avoid the potential con-
founding effects of hormonal fluctuations across the oes-
trous cycle [74-76].

Acute brain slicing and electrophysiological recordings

Acute brain slices for electrophysiological recordings
were obtained following the protocol outlined in [77].
Briefly, solutions for brain slicing were prepared fresh
(stored at +4 °C for up to 5 days) and saturated with a
95% O, and 5% CO, mixture before use. Animals were
anaesthetized with halothane and then transcardially
perfused with cold (0-2 °C) oxygenated solution con-
taining (in mM): 92 NMDG, 2.5 KCl, 1.25 NaH,PO,,
30 NaHCOsg, 20 HEPES, 25 Glucose, 2 Thiourea, 5 Na-
Ascorbate, 3 Na-Pyruvate, 0.5 CaCl, and 10 MgSO, (~
295 mOsm; pH 7.3-7.4 with 5 M HCI). Afterwards, the
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animal was decapitated, the brain was rapidly removed
and parasagittal brain slices containing the dorsal hip-
pocampus (300 um thickness) were cut with a vibratome
(VT1200S, Leica) in the same chilled-bubbled perfusion
solution. After slicing, slices were transferred to a holding
chamber containing the NMDG-based solution at 32—34
°C and left to recover for 35 min, during which NaCl, pre-
pared fresh on the experimental day, was added gradu-
ally to the solution at 5-min intervals. Subsequently,
slices were transferred at room temperature to a long-
term holding chamber containing (in mM): NaCl 92, KCl
2.5, NaH,PO, 1.25, NaHCO, 30, HEPES 20, Glucose 25,
Thiourea 2, Na-Ascorbate 5, Na-Pyruvate 3, CaCl, 2 and
MgSO, 2 (~ 300-310 mOsm; pH 7.3-7.4 with NaOH 10
N) for at least 1 h before experiments. In this last solu-
tion, slices remained for the entire experimental day.

Multielectrode array recordings

A single acute slice containing the dorsal hippocam-
pus was transferred onto an 8 8 array of planar multi-
electrodes, each 50 x50 um in size with an interpolar
distance of 150 pm (MED-P5155, Alpha MED Sciences).
Slice position and contact with electrodes was secured by
a nylon mesh glued to a flattened piece of platinum wire.
The brain slice was continuously perfused with oxygen-
ated aCSF solution containing (in mM): NaCl 124, KCl
3, NaH,PO, 1.25, 26 NaHCO,, 10 Glucose, 1 MgSO,, 2
CaCl,, and 0.5 mM L-glutamine (10 mL/min, 32-34 °C).
The brain slice was visualized at 2.5x magnification of
an upright microscope (Leica DM-LEFS, Leica Microsys-
tems), while raw data were recorded with the MED64
System (Alpha MED Sciences), digitized at 20 kHz with
a 6071E Data Acquisition Card (National Instruments),
and low-cut filtered at 1 Hz. Amplitude, duration, and
frequency of stimulation were controlled by Mobius soft-
ware (Alpha MED Sciences).

In order to record field excitatory postsynaptic poten-
tials (fEPSPs), Schaffer collateral stimulation was per-
formed (200 ps duration), after choosing one stimulation
electrode in the Stratum Radiatum and another recording
electrode in the pyramidal cell layer in CAl area, main-
taining a constant distance between electrodes of 300
pum. After at least 20—30 min of baseline stable responses
(single half-maximal stimulus, every 30 s), Long-Term
Potentiation (LTP) was induced, by applying two condi-
tioning trains of 100 Hz stimuli for 1 s administered at an
interval of 20 s, followed by test stimulation for at least
1 h. The magnitude of LTP was assessed by calculating
the mean peak of fEPSP during the final 5 min following
the high-frequency trains, normalized to the mean base-
line peak. All recordings obtained were analysed using
Mobius (Alpha MED Sciences) and Origin6.0 (Microcal
Software Inc.) software.
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Behavioural testing

All behavioural assessments were conducted 2 days fol-
lowing the completion of the tDCS sessions (Fig. 1la).
Before each session, subjects were acclimated in an adja-
cent room where ambient lighting (15 1x) and noise lev-
els (35 dB) were matched to those of the experimental
environment. These environmental conditions were kept
constant throughout all phases of testing. To minimize
olfactory cues from influencing the mice’s exploration
patterns, all experimental apparatus, including objects
used for object recognition, were thoroughly cleaned
with 5% ethanol between sessions and experimental
subjects.

Open field and Novel Object Recognition (NOR) tests

The experimental protocol commenced with the open
field test, conducted over two consecutive days to assess
locomotor activity in a circular arena (60 cm in diam-
eter, 40 cm in height), made of plexiglass with a white
base and opaque grey walls. On Day 1, each mouse was
positioned at a fixed starting point near the arena’s edge
and allowed to freely explore for 10 min. The same proce-
dure was repeated on Day 2. Data on locomotor activity
were provided only by the test conducted on Dayl, but
the dual-day exploration served as pre-habituation for
the subsequent NOR test, ensuring that the animals were
adequately familiarized with the environment.

On Day 3, the NOR test was performed in the same
open field arena. The training phase began with the
placement of two identical wooden spheres within the
arena, positioned equidistant from the arena centre. Mice
were allowed to explore for 10 min. After a 24-h interval
(Day 4), each mouse was reintroduced to the arena for a
10-min testing phase, during which one of the wooden
spheres was replaced with a metal column of similar size.
The spatial configuration of the objects remained iden-
tical to that of the training phase, with the novel object
positioned on alternating sides to control for potential
side bias.

In both the open field and NOR test, exploratory
behaviour was recorded using VirtualDub software (ver-
sion 1.10.4), which tracked the mouse’s movements and
interactions with the objects. Behaviour analysis for the
open field test was performed using Image] software
(version 1.53q; National Institute of Health, USA; http://
imagej.nih.gov/ij/), allowing for the tracking of the total
distance travelled (in cm) by each animal in the arena,
recorded on the experimental Day 1. For the NOR test,
data were analysed using the free, open-source software
BORIS (version 8.21.10; University of Torino, Italy; [78]),
which provided the total exploration time (in s) spent on
each object. Exploration was defined as any interaction
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with the object, including touching it with the nose or
forepaws, climbing on it, or sniffing within a 2 cm radius.

Tail Suspension Test (TST)

A separate cohort of animals, distinct from those used
in other behavioural assays, was employed for the TST.
The apparatus consisted of a rectangular wooden base
(20 x15 cm) with three perpendicular vertical wooden
walls. A rectangular metal bar, securely affixed to the top
of the apparatus, was utilized for suspending the mice by
their tails during the experiment. Prior to testing, each
subject’s tail was carefully inserted into a black plexiglass
cylinder to prevent tail-climbing behaviour, which could
confound test results. Subsequently, a strip of paper tape
was applied to the tail approximately 3 mm from the dis-
tal end, ensuring a secure attachment to the metal bar at
the top of the apparatus. During the test, each mouse was
suspended approximately 20 cm above the base of the
apparatus for a total of 6 min. The experimental session
was continuously recorded with VirtualDub and data
were analysed with BORIS to assess the duration time (in
s) of both immobility, classified as passive behaviour and
defined as a complete lack of movement except for minor
adjustments to maintain balance, and active behaviour,
encompassing all movements aimed at escape or reposi-
tioning (such as limb movements and attempts to reach
the bar). At the end of the session, the paper tape and
cylinder were carefully removed, and each subject was
gently returned to its home cage. Each subject underwent
testing individually to avoid potential influence from
other animals.

Immunofluorescence

Following anaesthesia (Rompun/Zoletil), mice were
transcardially perfused with Phosphate Buffer (PB; 0.1
M, pH 7.4) and 4% paraformaldehyde in PB. After isola-
tion, brains were postfixed in 4% paraformaldehyde for at
least 4 h, dehydrated and cryoprotected in 30% sucrose in
PB at 4 °C until sinking. Coronal sections (30 um-thick)
were cut with a cryostat and slices were collected in PB-
Sodium Azide 0.02% until experiments.

Free floating slices were incubated with primary anti-
bodies in PB containing 0.3% Triton X-100 overnight at
4 °C. For DAT levels free floating sections were incubated
with primary antibody in permeabilization solution for
3 nights at 4 °C. For AB/Ibal immunostaining, sections
were pretreated with M.O.M.® (Mouse on Mouse) Block-
ing Reagent (1:1000; Vector laboratories, #MKB-2213-1,
2 h, RT) diluted in permeabilization solution (PB with
0.3% Triton X-100), and then incubated with primary
antibodies overnight at 4 °C in permeabilization solu-
tion. Sections were subsequently washed in PB and incu-
bated with secondary antibodies in the permeabilization
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solution (2 h, RT) followed by washes in PB and incuba-
tion with DAPI (1:1000, Serva). After mounted, slices
were examined using a Nikon Eclipse Ti2 confocal micro-
scope. The labelling specificity was confirmed by omis-
sion of primary antibodies and use of normal serum
instead (negative controls).

For all analyses, images were acquired with 10xor
20x-objectives by performing Z-stacks, then processed
by maximum-intensity projection.

For the quantitative analysis, images were processed
simultaneously and analysed with Image]: after 8-bit
conversion and background subtraction, the signal was
quantified by measuring the relative fluorescence inten-
sity. The F/A ratio defines mean fluorescence intensity
(F) over a defined surface area (A). All samples were cap-
tured with identical Z-stack thickness and laser settings.

Levels of intracellular Ap and striatal DAT were quan-
tified by setting 10 randomly distributed squared frames
(70 X 70 pixel).

The mean number of AP plaques in the hippocampus
was quantified manually from 10x-objective images.

The mean number of c-Fos/Tyrosine Hydroxylase®
(TH') neurons over the defined area captured by the
camera was quantified by using NIS-Elements software
(Nikon® Instruments Inc.).

Images were collected and quantification was done at
least on 3—4 slices per mouse. Data were then averaged
per mouse for figures and statistical analysis. Exclusively
for the representative confocal images, after the quanti-
tative analysis, LUTs were equally increased at the same
level for all groups of a given experiment. Quantitative
analyses were performed on raw images.

Primary antibodies: c-Fos (1:1000, Abcam #ab190289;
RRID:AB_2737414), DAT (1:400; Chemicon; #MAB369;
RRID:AB_2190413), hAPP695 (6E10; 1:500, BioLeg-
end #803001; RRID:AB_2564653), IBA1 (1:600; Wako
#019-19741; RRID:AB_839504), TH (1:1000; Millipore
#MAB318; RRID:AB_2201528).

Secondary Antibodies (Thermo Fisher Scientific):
Alexa Fluor-555 donkey anti-rabbit (1:200; #A31572;
RRID:AB_162543), Alexa Fluor-488 donkey anti-mouse
(1:200; #R37114; RRID:AB_2556542), Alexa Fluor-647
donkey anti-mouse (1:200; #A31571; RRID:AB_162542),
Alexa Fluor-555 goat anti-rat (1:200; #A48270;
RRID:AB_2535855).

Stereology

Immunofluorescence sections were used to estimate
microglia cell numbers in the dorsal hippocampus, out-
lined using the 5x-objective; Ibal* cells were marked
with a 40x-objective (x, y, z dimension of probe was 100
X100 x25 pum). The total cell number was estimated
according to the formula (Eq. 1):
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N = SQ x (1/ssf) x (1/asf) x (1/tsf) 1)

where SQ represents the neuron number counted in all
optically sampled fields of the ROI, ssf is the section sam-
pling fraction, asf is the area sampling fraction and sf is
the thickness sampling fraction.

Sholl analysis

For quantitative 3D-analysis of the entire cell, including
soma and perimeter, microglia were imaged with a Zeiss
Microscope (Axio Imager KMAT) with a motorized stage
and a camera controlled by the Neurolucida software
(7.5v; MBF Bioscience) [79]. We examined only non-
overlapping cells with clear soma and branching. Sholl
analysis included counting the number of dendritic inter-
sections, nodes and endings, and the lengths of processes
at fixed distances from the soma in 10 um-distanced con-
centric circles away from the soma. Analysis was done
with a 100x-oil objective. Nine representative cells/ani-
mal were randomly analysed, and data were averaged for
each mouse.

Power analysis, sample size, randomization, blinding

The number of experimental units per group and experi-
ment was determined with power analysis (G*Power soft-
ware, version 3.1.9.7) using a power of 0.8 and errors of
0.05; standard deviations were obtained from our previ-
ous publications [16, 19]. Comprehensive power analysis
parameters supporting the determination of sample size
are provided in Additional Table S1.

To decide how mice from the same litter would be “des-
tined” to different groups, we randomized animals using
with a random-number table.

All researchers were blinded to the animal group and
un-blinding occurred only after analysis.

Details for the experimental units for each experiment
are described in figure legends.

Statistical analysis

Statistical analyses were conducted using Prism software
(version 8.01; GraphPad). Data distribution was assessed
for normality utilizing the Shapiro—Wilk, Kolmogorov—
Smirnov or D’Agostino & Pearson tests.

Comparisons between two experimental groups (e.g.,
Tg Sham vs. Tg tDCS) were performed using 2-tailed par-
ametric tests (unpaired t-test or Welch’s ¢-test) for data
meeting the assumptions of Gaussian distribution, and
non-parametric Mann—Whitney test for data that did
not meet normality criteria. For datasets involving paired
measurements, such as the training and testing phases of
the NOR test, paired ¢-tests were used for normally dis-
tributed data, or Wilcoxon matched-pairs signed rank
tests otherwise.
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Analyses involving comparisons among more than
two groups (e.g., WT Sham, WT tDCS, Tg Sham, Tg
tDCS) were performed using 2-way Repeated-Measures
ANOVA, followed by Tukey’s or Sidak’s multiple com-
parison post hoc tests. If no significant interaction was
observed between the independent variables, statistical
comparisons were conducted using ¢-tests.

Microdialysis data (analysed with genotype, treat-
ment and dialysis time point—baseline, KCI, post-KCl—
as independent factors) were evaluated using 3-way
Repeated-Measures ANOVA with Tukey’s multiple com-
parison post hoc tests for further pairwise comparisons.

Statistical significance was defined as p < 0.05. In box-
and-whisker plots, the central line represents the median,
the box edges indicate the upper and lower quartiles,
whiskers show minimum and maximum values and
points represent individual experiments. Sex distribution
for each experimental group is reported in figure leg-
ends (empty dots refer to female mice, while full dots to
males). All other data are presented as mean + S.E.M. For
additional details on statistical analyses and sample sizes,
please refer to figure legends.

Results

Prefrontal tDCS activates DA neurons in the VTA

and enhances DA release in Tg2576 mice

Previously, we demonstrated that the AD mouse model
Tg2576 experiences progressive and selective degenera-
tion of DA neurons in the VTA beginning at 3 months
of age [16]. This degeneration is linked to numerous
neuronal dysfunctions and synaptic deficits, leading to
behavioural impairments observable since the pre-plaque
stage [17, 20, 21].

Our initial objective was to evaluate the efficacy of
prefrontal tDCS in stimulating the surviving dopamin-
ergic neurons in the VTA of Tg2576 mice. To this end,
7-month-old Tg2576 mice underwent either prefron-
tal tDCS (referred to as Tg tDCS) or Sham stimulation
(Tg Sham) under isoflurane anaesthesia, as described
in the Methods section (Fig. 1a). One hour after deliv-
ering a single prefrontal tDCS session, we performed
immunofluorescence analyses for c-Fos expression—an
immediate-early gene commonly used as a marker of
neuronal activation. We observed a significant increase
in the number of c-Fos™/TH" neurons in the VTA of Tg
tDCS mice compared to Tg Sham mice, indicating that
prefrontal tDCS robustly activates DA neurons (Fig. 1b,
upper panel). We extended our analysis to the noradren-
ergic Locus Coeruleus (LC), another brainstem nucleus
co-releasing DA and primarily affected in AD [80-82].
In contrast to what we observed in VTA, the LC showed
no modifications in the number of activated neurons
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following prefrontal tDCS, indicating that this region is
not modulated by the stimulation (Fig. 1b, bottom panel).

We next examined whether repeated sessions of pre-
frontal tDCS could modulate hippocampal dopaminergic
signalling in freely moving Tg2576 mice and age-matched
WT littermates. After two weeks of prefrontal tDCS or
Sham treatment (Fig. 1a), through in vivo microdialysis
we measured hippocampal DA levels evoked by extra-
cellular KCl (Fig. 1c). No changes were observed in
WT mice that underwent tDCS (WT tDCS; Fig. 1d, left
panel). In contrast, Tg tDCS mice exhibited significantly
higher levels of hippocampal DA outflow compared to Tg
Sham mice (Fig. 1d, right panel). Of note, hippocampal
NE levels were unaffected across all experimental groups
(Fig. 1e), consistent with c-Fos data showing the lack of
LC activation by tDCS.

Collectively, these results prove that prefrontal tDCS
elicits an increase in evoked hippocampal DA outflow
in Tg2576 mice through targeted activation of VTA DA
neurons, suggesting that this stimulation can effectively
stimulate dopaminergic pathways known to be impaired
in AD.

Restoration of synaptic plasticity in CA3-CA1 synapses

of Tg2576 mice following prefrontal tDCS

The dopaminergic signalling from the VTA is critical for
hippocampal-dependent memory formation and LTP,
increasing synaptic strength in response to activity pat-
terns or motivational demands [40, 41]. Indeed, we previ-
ously showed that many hippocampal deficits in neuronal
function and behaviours can be restored by brief DA-
based pharmacological treatments [16, 17, 20]. Given the
observed increase in hippocampal DA levels in Tg2576
mice following prefrontal tDCS, we next wondered
whether this could be translated into functional improve-
ments in LTP in the CA3-CA1 hippocampal pathway.

We confirmed that 7-month-old Tg Sham mice exhib-
ited significant impairments in CA3-CA1 LTP compared
to WT Sham mice. Importantly, prefrontal tDCS pro-
moted a full restoration of LTP in Tg tDCS mice, compa-
rable to the levels of WT Sham mice (Fig. 2). The rescue
of synaptic plasticity deficit in Tg2576 mice suggests that
prefrontal tDCS may counteract AD-related defects in
hippocampal function.

Prefrontal tDCS restores cognitive and non-cognitive
deficits in Tg2576 mice

DA release in the hippocampus promotes object recogni-
tion and spatial memory, reward-associated memory, and
memory consolidation [40, 80, 82—86]. Thus, considering
the enhanced hippocampal DA levels and the rescue of
hippocampal synaptic plasticity after prefrontal tDCS, we
next sought to determine whether the tDCS-mediated
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Fig. 2 Prefrontal tDCS rescues synaptic plasticity in 7-month-old Tg2576 mice. Time-course plots showing LTP at CA3-CA1 synapses in acute
hippocampal slices from 7-month-old Tg2576 and WT mice following tDCS or Sham treatment. Each plot presents the normalized average fEPSP
peak amplitude (mean +S.E.M) recorded in the CA1 region, with an initial 10-min baseline period, after which a HFS was applied to the Schaffer
collateral pathway in CA3. Above are representative traces (scale bar: 0.1 mV; 0.5 s) illustrating fEPSPs at half-maximum stimulation recorded
during baseline (coloured trace) and at 1-h post-conditioning stimulus (grey trace). Box-and-whisker plot shows the percentage of potentiation
measured 60 min post-HFS (WT Sham: n= 8 slices/3 mice; WT tDCS: n= 9 slices/4 mice; Tg Sham: n= 10 slices/6 mice; Tg tDCS: n= 8 slices/4 mice;
WT Sham-Tg Sham *p = 0.0368 with 2-tailed unpaired t-test; Tg Sham-Tg tDCS **p = 0.0028 with Mann-Whitney test)

neuromodulation of the dopaminergic drive could be
translated into cognitive and/or non-cognitive improve-
ments in 7-month-old Tg2576 mice. We first focused on
object recognition memory, a core domain of declara-
tive memory often compromised in Tg2576 mice [87, 88]
that can be prevented by reducing the VTA DA neuro-
degeneration [19]. During the training phase of the NOR
test, no significant differences were observed in explora-
tion times for the two identical objects across all groups
(Fig. S1), confirming an unbiased baseline for object
preference. During the testing phase (24 h after training),
both WT Sham and WT tDCS groups showed a robust
preference for the novel object, whereas Tg Sham mice
did not display differential exploration between the two
objects, confirming an impairment in recognition mem-
ory. Importantly, Tg tDCS mice behaved similarly to both
WT groups, showing significantly higher exploration
of the novel object compared to the familiar one, as an
index of the restored recognition memory (Fig. 3a).
Based on the known role of DA in driving motiva-
tion and reward via the VTA-NAc pathway, and the
fact that the VTA takes part in locomotion in novel
environments [89], we tested mice’s locomotor activ-
ity and depressive-like state through the open field test
and TST, dysregulated in Tg2576 mice [90]. In the open
field test, Tg Sham mice demonstrated increased loco-
motor activity, covering a significantly greater distance
compared to WT controls. However, prefrontal tDCS
treatment normalized the locomotor behaviour in Tg
mice, reducing the total distance travelled (Fig. 3b). In

the TST, unexpectedly Tg Sham mice showed no dif-
ferences in both passive and active behaviours when
compared with WT controls (Fig. 3c), indicating an
apparent lack of depressive-like behaviours. This result
may be attributable to the hyperlocomotion observed
in this model (Fig. 3b), which could mask poten-
tial depressive-like immobility in this test. Instead,
tDCS-treated Tg mice exhibited a strong reduction in
immobility time and an increase in active movements
compared to Tg Sham mice (Fig. 3c). Considering the
reduced locomotor activity observed in Tg tDCS mice
in the open field test, the increased active behaviours in
the TST likely reflect a genuine improvement in moti-
vation rather than an exacerbation of hyperactivity. To
reinforce this hypothesis, we examined dopaminergic
fibres in NAc core and shell regions. As expected, Tg
Sham mice showed a strong reduction in DAT levels
compared to WT animals in both NAc regions (Fig. S2),
mirroring the reduction in DA levels in naive Tg2576
mice [16, 18]. Importantly, the prefrontal tDCS induced
an increase in DAT levels in both NAc subregions of Tg
tDCS mice, in line with an enhancement of the dopa-
minergic drive to the NAc.

Together, these data indicate that the neurochemi-
cal and functional changes induced by prefrontal tDCS
contribute directly to the observed restoration of cog-
nitive and non-cognitive symptoms in the Tg2576
mouse model.
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Fig. 3 Prefrontal tDCS restores cognitive and non-cognitive functions in 7-month-old Tg2576 mice. a The graph shows the total time spent
exploring objects (novel and/or familiar) during the NOR test, conducted 24 h after the training phase, by 7-month-old WT and Tg2576 mice
receiving tDCS or Sham stimulation (WT Sham: n=8; WT tDCS: n= 6; Tg Sham: n=10; Tg tDCS: n=9; WT Sham *p = 0.0391 with Wilcoxon
matched-pairs test; WT tDCS *p= 0.0285, Tg tDCS *p= 0.0425 both with Paired t-test). b The plot represents the total locomotor activity, quantified
as the distance travelled during the exploration of a novel environment in the open field test, by 7-month-old WT and Tg2576 mice following Sham
or tDCS treatment (WT Sham: n= 10; WT tDCS: n= 12; Tg Sham: n=13; Tg tDCS: n= 13; WT Sham-Tg Sham *p = 0.0246; WT tDCS-Tg Sham *p=
0.0129; Tg Sham-Tg tDCS *p= 0.0444, all with 2-tailed Welch'’s t-test). ¢ The two box-and-whisker plots show antidepressant-like responses in the TST,
quantified by the time spent in passive (immobility, left) and active (right) behaviours, reflecting coping strategies in 7-month-old WT Sham (n=

8), WTtDCS (n=9), Tg Sham (n=10) and Tg tDCS (n= 8) mice (2-way ANOVA: interaction F, 3; = 3.968, p= 0.0552. Tg Sham~-Tg tDCS *p= 0.0303
unpaired t-test, for both active and passive behaviours). [Figure created using BioRender.com]

Prefrontal tDCS ameliorates neuroinflammation and AB pro-inflammatory cytokines [43]. Given the importance
plaque accumulation in Tg2576 mice of DA in blunting neuroinflammation, we next investi-
Dopaminergic receptors are expressed by different glia  gated whether prefrontal tDCS, by activating DA neurons
cells and their DA-mediated activation was demonstrated  in the VTA and restoring DA levels in the hippocampus,
to inhibit reactive neuroimmune states and the release of  could reduce neuroinflammatory responses in Tg2576



De Paolis et al. Alzheimer’s Research & Therapy (2025) 17:94

mice at both pre-plaque stage (7 months of age) and at
an age marked by A plaque accumulation (12 months of
age).

7-month-old Tg Sham mice showed an increased
number of hippocampal Ibal™ microglial cells com-
pared to WT mice, with markedly altered morphology
as demonstrated by increased somatic area and higher
complexity of dendritic branching, typical of reactive
microglia. The prefrontal tDCS protocol determined a
significant decrease in the number of Ibal* cells in Tg
tDCS mice (Fig. 4a,b) and, at the same time, changes in
morphology toward a less reactive phenotype (Fig. 4c,d;
Fig. S3a). Even at 12 months of age, tDCS effectively
reduced hippocampal microglia-mediated neuroinflam-
mation in Tg2576 mice. Indeed, stereological cell count
revealed a significant reduction of Ibal™ cell number in
Tg tDCS mice compared to all other experimental groups
(Fig. 4e,f). Additionally, prefrontal tDCS application in
Tg mice was effective in reducing both microglial somatic
area and branching complexity (Fig. 4g,h; Fig. S3b), indi-
cating a suppression of microglial response even at an
advanced disease stage.

Finally, we investigated the impact of prefrontal
tDCS on AP load. Analysis of intracellular AP levels at
7 months of age showed no differences in Tg tDCS mice
compared to Tg Sham mice (Fig. 5a). Yet, Tg tDCS mice
at 12 months showed a significant reduction in the num-
ber of hippocampal AP plaques compared to Tg Sham
mice, while plaque size remained unchanged (Fig. 5b).

(See figure on next page.)
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This suggests that prefrontal tDCS can be a promising
tool for reducing AP plaque deposition.

Discussion

This study significantly advances the understanding of
prefrontal tDCS as a tool for deep modulation of subcor-
tical brain regions, particularly the dopaminergic VTA,
with potential applications in AD therapy. Our results
highlight the efficacy of prefrontal tDCS in enhancing
dopaminergic neurotransmission in the Tg2576 mouse
model of AD, by selectively activating VTA TH* neurons.
In fact, prefrontal tDCS did not activate TH* neurons in
the LC, indicating a targeted effect on VTA DA neurons.
The observed activation leads to a consequent increase
in hippocampal DA outflow, an upregulation of DAT
expression in the NAc and improvement of pathophysi-
ological markers and AD-like symptoms.

Prefrontal tDCS studies in different transgenic mouse
models of AD generally show improvements in synaptic
plasticity, spatial learning, object recognition memory
and AD hallmarks like AP, ,, levels and neuroinflam-
mation [91-93]. Our work further adds to these findings
in that it offers a potential explanation for the observed
improvements, by demonstrating the engagement of the
mesocorticolimbic circuit and the potentiation of the DA
signalling. Indeed, considering the early and progressive
VTA dopaminergic neuronal loss of the Tg2576 model,
our results underscore the capability of prefrontal tDCS
to effectively circumvent extensive neurodegenerative

Fig. 4 Prefrontal tDCS mitigates hippocampal microglia-mediated neuroinflammation in 7- and 12-month-old Tg2576 mice. a Confocal

images (scale: 50 um) of Iba1* cells in the hippocampus of 7-month-old WT and Tg2576 mice receiving tDCS or Sham stimulation. Nuclei are
counterstained with DAPI. b Stereological count of Iba1* cells (WT Sham: n= 7; WT tDCS: n= 5;Tg Sham: n= 4; Tg tDCS: n= 4; 2-way RM-ANOVA:
interaction, F 1= 6.166, p=0.0245; treatment, F, ;o= 9.375, p= 0.0075; genotype, F, ;= 4.763, p= 0.0443. WT Sham-Tg Sham *p= 0.0167; WT tDCS-
Tg Sham *p=0.0118; Tg Sham-Tg tDCS *p = 0.0116, with Tukey's post hoc). ¢ Somatic area of microglia (n=4 mice/group, 2 males and 2 females;
2-way RM-ANOVA: interaction, sz =9.344, p=0.0100; treatment, sz =2947,p=0.1117; genotype, sz =12.86, p=0.0037; WT Sham-Tg Sham
**p=0.0025, WT tDCS-Tg Sham *p=0.0128, Tg Sham-Tg tDCS *p= 0.0246, with Tukey's post hoc). d 3D-reconstruction of microglia (scale: 10 pm)
and Sholl analysis (changes are marked by * for WT Sham vs. Tg Sham and by ° for Tg Sham vs. Tg tDCS; n= 4 mice/group, 2 males and 2 females;
2-way RM-ANOVA: Intersection (genotype): interaction, F6’36 =9.002, p< 0.0001; distance, Fésé =396.2, p< 0.0001; genotype, Flyé =12.18,p=0.0130;
WT Sham-Tg Sham ****p < 0.0001 at 10-20 um, *p=0.0152 at 30 um; Intersection (treatment): interaction, Fg 3= 2.129, p= 0.0737; distance, F¢ 35 =
295.0, p< 0.0001; treatment, F, g = 2.752, p= 0.1482;Tg Sham-Tg tDCS: °p= 0.0140 at 20 um; Process length (genotype): interaction, Fg 3= 14.33,

p < 0.0001; distance, Fg 35=599.5, p< 0.0001; genotype, F, = 13.18, p= 0.0110; WT Sham-Tg Sham ****p < 0.0001 at 20-30 um; Process length
(treatment): interaction, Fg 3= 3.057, p= 0.0160; distance, F 3= 314.0, p < 0.0001; treatment, F, ;= 3.523, p=0.1096; Tg Sham-Tg tDCS *°p= 0.0085
at 20 um, °p=0.0349 at 30 um, with Sidak’s). e—f Iba1 staining (scale: 50 pm) and plot showing microglia number in 12-month-old WT and Tg2576
mice (WT Sham/WT tDCS/Tg Sham: n= 5 mice/group; Tg tDCS: n= 4 mice; 2-way RM-ANOVA: interaction, Fm: 9.072, p=0.0088; treatment, Fm5:
13.51, p=0.0023; genotype, F; ;5= 7.581, p= 0.0148; WT Sham~-Tg tDCS **p=0.0025, Tg Sham-Tg tDCS **p=0.0018, WT tDCS-Tg tDCS **p= 0.0061).
g Somatic area of microglia (n= 4 mice/group, 2 males and 2 females. 2-way RM-ANOVA: interaction, F, ,,= 4.654, p= 0.0520; treatment, F, ;,=
1045, p=0.0072; genotype, F, 1, = 11.10, p= 0.0060; WT Sham~Tg Sham *p= 0.0102, WT tDCS-Tg Sham **p=0.0028, Tg Sham-Tg tDCS *p=0.0115).
h 3D microglia reconstruction and Sholl analysis (n= 4 mice/group, 2 males and 2 females; 2-way RM-ANOVA: Intersection (genotype): interaction,
Fe36= 2414, p=0.0460; distance, F¢ 3= 281.1, p< 0.0001; genotype, F; s = 0.5911, p= 0.4712; WT Sham-Tg Sham **p = 0.0065 at 10 pm; Intersection
(treatment): interaction, F(,Sé: 5.130, p=0.0007; distance, FQ%: 436.1, p< 0.0001; treatment, Fm: 23.63, p=0.0028; Tg Sham-Tg tDCS ***°p < 0.0001
at 10 um, *p=0.0051 at 20 um. Process length (genotype): interaction, Fy ;s = 3.616, p= 0.0066; distance, Fy 3= 397.1, p< 0.0001; genotype, F; ;=
04088, p=0.5462; WT Sham-Tg Sham *p= 0.0123 at 20 um; Process length (treatment): interaction, F 3= 6.156, p= 0.0002; distance, F 3= 6824,
p < 0.0001; genotype, F, s= 12.90, p= 0.0115; Tg Sham~Tg tDCS °p=0.0426 at 10 um, ***°p < 0.0001 at 20 pm, with Sidak’s)
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Fig. 5 Prefrontal tDCS reduces AR plaque burden in 12-month-old Tg2576 mice. a Representative confocal images showing intracellular AR levels
(6E10, green) in the hippocampal CA1 region of 7-month-old Tg Sham and Tg tDCS mice (scale bar: 50 um). Plot displays intracellular AB levels,
measured as mean fluorescence intensity for 6E10 (n= 4 mice/group). b Representative confocal images of extracellular A plaques (6E10, green)

in the hippocampus of 12-month-old Tg2576 mice receiving Sham or tDCS stimulation (scale bar: 200 um). Nuclei are counterstained with DAPI.
The insets (scale bar: 50 um) show individual plaques. The plots on the right report the number of AR plaque (left) and plaque area (right) (Plaque
number. Tg Sham: n= 5 mice; Tg tDCS: n= 4 mice; *p= 0.0453 unpaired t-test; Plaque area: Tg Sham: n= 30 plaques/5 mice; Tg tDCS: n= 22 plaques/4

mice)

barriers, driving the activation of the remaining neu-
rons. This observation raises pertinent mechanistic
questions regarding the ability of cortical stimulation to
recruit dopaminergic activity within pathologically com-
promised regions. However, it is important to clarify
that the stimulation does not necessarily prevent neu-
rodegeneration nor reverse neuronal loss, but likely lev-
erages intact afferent projections from the PFC to the
midbrain. Indeed, the PFC significantly influences the
VTA and NAc through extensive projections, with PFC
terminals synapsing on DA and non-DA neurons in the
VTA and affecting DA release in the hippocampus and
NAc. Functional coupling between the PFC and VTA
indicates a dynamic exchange of excitatory and inhibi-
tory inputs [94-96]. Our study suggests that prefrontal
tDCS enhances excitatory input to the DA neurons of the
VTA, resulting in increased dopaminergic output to the
hippocampus and NAg, in line with the multiple studies
attributing the effects of prefrontal tDCS to the engage-
ment of the mesocorticolimbic circuit and the enhance-
ment of DA availability in both animal models and

humans [58, 60, 61, 63, 64, 66, 69]. Furthermore, anatom-
ical studies reveal that projections from the PFC inner-
vate the entire midbrain, including both the VTA and
the Substantia Nigra pars compacta (SNpc), albeit with a
relatively sparse distribution [97]. This cortical innerva-
tion suggests that tDCS applied over the PFC potentially
engages not only surviving VTA neurons, but also dopa-
minergic populations within the SNpc, which are not
affected by neurodegeneration in the Tg2576 model [16].
While the SNpc is traditionally linked to motor function
via its projections to the dorsal striatum, it also provides
dopaminergic afferents to limbic structures, including
the hippocampus [98]. Thus, the observed behavioural
and neurochemical effects may not be exclusively VTA-
dependent but rather indicative of a broader, coordinated
activation of the entire midbrain dopaminergic system.
Our findings also align with previous evidence demon-
strating that prefrontal tDCS can enhance dopaminer-
gic signalling even in the context of Parkinson’s Disease
(PD). Indeed, in an MPTP mouse model, tDCS prevents
the loss of TH* neurons in the SNpc, thereby preserving
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dopaminergic content in the striatum [64]. Collectively,
these results highlight a dual therapeutic potential of pre-
frontal tDCS: neuroprotection in earlier stages and func-
tional modulation in advanced neurodegeneration. This
raises the question of whether early tDCS application in
the Tg2576 model could have similar neuroprotective
effects as seen in the PD mouse model.

In the hippocampus, basal DA levels remained
unchanged following prefrontal tDCS. Nonetheless, a sig-
nificant increase in DA release was observed in Tg2576
mice post-KCl-induced depolarization, indicating dopa-
minergic terminals became more responsive to stimu-
lation. Mechanistically, this suggests that tDCS exerts a
priming effect, augmenting presynaptic excitability and
calcium influx, which collectively facilitates vesicular DA
release. Repeated depolarization events, such as those
induced by tDCS, may lower the threshold for activity-
dependent release or promote synaptic vesicle mobiliza-
tion, resulting in a more readily releasable DA pool. A
similar mechanism may be involved in the facilitation of
LTP observed in our electrophysiological experiments,
where Tg tDCS mice exhibited a marked enhancement of
synaptic plasticity in CA3-CA1 synapses. In both para-
digms—KCl perfusion during microdialysis and HFS in
electrophysiology experiments—the system appears to
respond with a potentiated dopaminergic output, which
is crucial for gating long-term synaptic adaptations. This
mechanism aligns with well-established models of dopa-
minergic modulation of hippocampal plasticity, where
D1-like receptor activation in CAl pyramidal neurons
promotes intracellular signalling cascades essential for
the induction and maintenance of LTP and memory
consolidation [99, 100]. While our study did not directly
investigate the long-term consequences of enhanced DA
release, extensive evidence support the role of dopamin-
ergic facilitation of LTP in strengthening memory traces,
particularly in novelty and emotionally tagged learning.
Given that DA signalling is typically impaired in AD con-
text [16, 17], pharmacological treatments targeting D1/
D5 receptors have been shown to rescue hippocampal
plasticity and cognitive function [16, 17, 26—34]. There-
fore, the capacity of tDCS to enhance the DA neuron
responsiveness may have important implications for
re-establishing the permissive neurochemical environ-
ment required for plasticity and learning. The improve-
ments in synaptic function and cognitive performance
observed in tDCS-treated Tg2576 mice likely reflect a
direct re-engagement of mesocorticolimbic dopamin-
ergic circuits in response to salient input. In addition to
the mechanisms proposed here, previous studies [52, 54,
101, 102] have identified other pathways through which
tDCS may facilitate synaptic plasticity, including modu-
lation of NMDA receptor activity, promotion of BDNF
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expression and rebalancing of excitatory/inhibitory neu-
rotransmission. These complementary mechanisms may
also contribute to creating a neurochemical environment
conducive to plasticity.

Several lines of evidence suggest that tDCS enhances
cognitive functions in both healthy populations and ani-
mal models without neuropathology. However, in AD,
clinical studies have shown mixed results, highlighting
the need for robust preclinical research to refine and
optimize tDCS protocols [103]. Our study, the first to
investigate prefrontal tDCS in the Tg2576 model, reveals
the potential of this non-invasive treatment in restor-
ing object recognition memory, normalizing locomotion
and reducing depressive-like behaviours. This indicates
that the neuromodulatory effects of prefrontal tDCS
extend beyond cognitive enhancement, modulating non-
cognitive behaviours such as locomotion and affective
responses. Specifically, prefrontal tDCS normalized the
hyperlocomotion observed in Tg2576 mice in the open
field test, highlighting its capacity to regulate activity
levels through the modulation of mesolimbic circuitry,
in line with the established role of the VTA in motivated
behaviour. The involvement of the VTA in locomotor
control is further supported by studies on the medial
NAc inputs to the VTA, where optogenetic stimula-
tion of medial NAc terminals induces a sustained post-
stimulation reduction in general locomotor activity. This
suggests that reciprocal interactions between the medial
NAc and the VTA dynamically shape locomotor behav-
iour through mechanisms linked to motivational states
and post-stimulation adaptations [104]. Similarly, Tg
tDCS mice exhibited reduced immobility and increased
active behaviours in the TST, indicating antidepressant-
like effects and an enhanced motivational drive, aligning
with the central role of DA in these processes [105, 106].
These observations support the notion of a presynaptic
priming mechanism wherein tDCS lowers the thresh-
old for dopaminergic activation, preferentially engaging
DA neurons projecting to the NAc. This enhanced DA
release in the NAc likely amplifies motivational drive,
facilitating behavioural engagement. Notably, this inter-
pretation is reinforced by the observed upregulation of
DAT levels in both NAc core and shell—areas crucial for
goal-directed behaviours, reward processing and affec-
tive regulation. Collectively, our findings suggest that
the recovery of the midbrain dopaminergic signalling via
prefrontal tDCS extends its functional impact across its
downstream targets, integrating motivational, cognitive
and affective processes.

Importantly, prefrontal tDCS could mitigate neuroin-
flammation in Tg2576 hippocampi. Neuroinflammation
is a key feature of early AD that worsens disease progres-
sion and symptom severity, and the fact that prefrontal
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tDCS treatment in Tg2576 mice reduces microglial
reactivity further emphasizes its therapeutic potential.
This is in line with existing literature showing that tDCS
modulates neuroinflammation by reducing pro-inflam-
matory cytokine release and glial cell activation [56, 57,
107]. Although not directly proven, the ability of pre-
frontal tDCS to ameliorate microglia-mediated neuroin-
flammation in Tg2576 mice could result from increased
hippocampal DA outflow, given the well-established anti-
inflammatory role of DA [42-45].

Despite decades of research, effective disease-mod-
ifying therapies remain limited. Recent advancements
have emerged with the development of monoclonal anti-
bodies targeting AP [108, 109]. While these treatments
represent important progress in the field, their effective-
ness is limited to early disease stages, and they require
regular intravenous administration and careful monitor-
ing through Magnetic Resonance Imaging scans [110].
Additional challenges, such as patient ineligibility, lack of
clinically relevant improvements after therapy, high costs
and significant side effects, underscore the ongoing limi-
tations in AD therapeutics. These include the need for
early intervention, broader patient inclusion, less inva-
sive treatment options and a therapeutic approach that
targets multiple pathological mechanisms beyond A
accumulation [111-114]. These limitations underscore
the need for complementary therapeutic approaches that
could address broader aspects of AD pathophysiology.
In this framework, prefrontal tDCS offers a non-invasive
alternative: beyond the ability to activate the mesocorti-
colimbic system and attenuate the neuroinflammatory
response, prefrontal tDCS is effective in reducing AP
burden in Tg2576 mice. Intriguingly, tDCS might reduce
AP plaques either by promoting a pro-phagocytic micro-
glia response or by enhancing DA tone, given the emerg-
ing role of DA in facilitating enzymatic clearance and
disaggregation of extracellular amyloid deposits [46, 48].
Nonetheless, further investigation is warranted to delin-
eate the temporal dynamics and molecular mediators
involved in these processes.

Additionally, prefrontal tDCS can be a valid alternative
to Deep Brain Stimulation (DBS) and Transcranial Mag-
netic Stimulation (TMS) for AD treatment. While DBS
is highly effective, it is invasive and costly. TMS, though
non-invasive, can be uncomfortable due to high-intensity
pulses and is operative-dependent, limiting its home-
based application. Instead, tDCS, with its low-intensity
currents, is painless, cost-effective and portable, allowing
for continuous stimulation and broader clinical applica-
tions, including the possibility of safe home-based treat-
ment protocols. By using a stimulation protocol without
anaesthesia in Tg2576 mice, our study enhances the
physiological relevance of the findings, ensuring that the
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neural and behavioural responses accurately reflect the
effects of tDCS.

Limitations

Despite the promising results of our study, limitations
must be acknowledged. The Tg2576 model represents
a specific aspect of AD pathology and it does not fully
recapitulate the complexity of human AD. The extent
to which our findings translate to clinical populations
remains uncertain, necessitating further validation in
additional preclinical models and, ultimately, in human
trials. Moving toward human translation, it will be criti-
cal to refine stimulation protocols to align with the clini-
cal parameters—particularly optimizing current density
delivered and electrode configuration—while adher-
ing within established safety guidelines. Future research
should prioritize this translational approach to system-
atically evaluate the efficacy and tolerability of prefrontal
tDCS in MCI and AD patients. Furthermore, the devel-
opment of precisely calibrated and individualized pro-
tocols will be essential to facilitate its integration into
clinical practice, ensuring both therapeutic efficacy and
patient safety. Another noteworthy aspect is our focus
on short-term outcomes following tDCS treatment. The
long-term sustainability of its effects, as well as poten-
tial compensatory mechanisms that may arise over time,
remain unexplored. This keeps open the possibility of
future longitudinal assessments to determine the persis-
tence of tDCS-induced benefits and potential long-term
safety concerns. These limitations notwithstanding, our
findings provide a strong foundation for further research
into tDCS as a non-invasive neuromodulatory interven-
tion for AD, supporting its potential integration into
multimodal treatment strategies.

Conclusions

Despite these limitations, our study provides compelling
evidence for the therapeutic potential of prefrontal tDCS
in AD, highlighting its effects on dopaminergic modula-
tion, synaptic plasticity and behaviour, as well as its role
in reducing neuroinflammation and amyloid pathology.
These findings lay the groundwork for future research
and clinical applications, with the potential to transform
the landscape of non-invasive treatments for neurode-
generative disorders.
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