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Targeting the dopaminergic midbrain 
in Alzheimer’s disease: Therapeutic 
potential of focusing on specific 
neural circuits rather than single 
molecular pathways

Alzheimer’s disease (AD) remains one of the most 
unyielding challenges in neurology. Its complexity 
and heterogeneity underscore a critical need 
to explore additional mechanisms that can be 
targeted in the early stages of the disease to 
prevent the worsening of functional decline.

Converging basic-science and emerging clinical 
evidence now implicates progressive degeneration 
of the mesocorticolimbic dopamine (DA) system, 
particularly neurons in the ventral tegmental 
area (VTA), as a newly recognized event that 
predicts the onset of memory loss and occurs 
well before amyloid-β (Aβ) plaque deposition 
(Sala et al., 2021), as demonstrated in the Tg2576 
mouse model of AD (Nobili et al., 2017; Cordella 
et al., 2018; La Barbera et al., 2022; Spoleti et 
al., 2024). In this context, our recent work shows 
that repetitive anodal transcranial direct current 
stimulation (tDCS) over the prefrontal cortex 
(Figure 1) can boost the firing of the residual VTA 
dopaminergic neurons, re-establish dopaminergic 
signaling in VTA projecting areas, and thus 
ameliorate a wide range of AD hallmarks (De Paolis 
et al., 2025).

These f indings argue for  a  shift  from the 
traditional view of AD as a purely cortico-centric 
proteinopathy toward a circuit-centric model 
in which subcortical hubs shape both cognitive 
and non-cognitive/neuropsychiatric trajectories. 
Neuroimaging studies in AD patients reveal that 
VTA volume loss and disrupted connectivity 
correlate with apathy and depression, symptoms 
that frequently emerge in prodromal stages, as 
well as with an acceleration of cognitive decline 
(Serra et al., 2018; Sala et al., 2021). In Tg2576 
mice, prefrontal tDCS restored the dopaminergic 
tone in the hippocampus and nucleus accumbens, 
boosted synaptic plasticity, reduced microglial 
activation and Aβ burden, and even enhanced 
recognition memory and motivational drive (De 
Paolis et al., 2025). Such multifaceted effects 
highlight the therapeutic promise of targeting 
specific neural circuits rather than single molecular 
pathways.

Mechanistic insights: Prefrontal tDCS is a non-
invasive brain stimulation (NIBS) technique, 
already approved or under investigation for 
major depression and age-related cognitive 
deficits because it is safe and inexpensive. In 
our experiments, c-Fos mapping demonstrated 
that clinically relevant stimulation parameters 
selectively activated tyrosine-hydroxylase-positive 
(TH+) VTA neurons without recruiting those of 
the locus coeruleus. Enhanced DA release–
detected upon KCl-induced depolarization–was 
accompanied by stronger hippocampal long-term 
potentiation, the electrophysiological cornerstone 
of declarative memory, and measurable behavioral 
improvements, despite the ongoing neuronal loss 
(De Paolis et al., 2025). These findings indicate that 
tDCS does not directly restore baseline DA levels. 
Instead, it amplifies the responsiveness of surviving 
neurons to depolarizing inputs, reinforcing and 
stabilizing memory and reward circuits during 
engagement. This mechanism may be especially 
beneficial in prodromal AD. However, because AD 
is heterogeneous, clinical responses are expected 
to vary. Supporting this, functional magnetic 
resonance imaging studies delineate a subgroup 
of patients with early VTA disconnection who 
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adaptive protocols and integration with adjunctive 
therapies, such as dopaminergic agents, physical 
exercise, or structured cognitive training.

Protocol considerations: (1) Intensity: 1.5–2.0 mA 
(titrated to 2.5–3.0 mA if tolerated); (2) Duration: 
20–30 minutes with 15–30-second ramps; (3) 
Electrodes: 25–35 cm² sponge pads (≤0.08 mA/
cm²); (4) Induction: 5 sessions/week for 2–4 weeks 
(10–20 total); (5) Maintenance: 1–3 sessions/week 
for 3–6 months; (6) Montage: left dorsolateral 
prefrontal cortex (F3) or medial prefrontal cortex 
(PFC) as anode; contralateral supraorbital/deltoid 
cathode; high-definition tDCS for cortical atrophy. 

Integration: Deliver tDCS online with cognitive 
training or prior to exercise to leverage plasticity 
windows. For patients on dopaminergic drugs, 
align sessions with therapeutic “on” periods.

Personalization and safety: Adjust montage and 
dose based on imaging and symptom severity. 
Monitor adverse events (scalp erythema, tingling, 
and headache) systematically. Contraindications 
include active skin lesions, unstable seizures, or 
implanted stimulators without clearance.

Monitoring and long-term assessment: Combine 
magnet ic  resonance imaging  (st ructura l , 
diffusion),  functional  magnetic resonance 
imaging/electroencephalogram (connectivity and 
plasticity), and magnetic resonance spectroscopy 
or positron emission tomography where feasible. 
Baseline, post-induction, and follow-ups every 4–8 
weeks are recommended. Home-based delivery 
should include remote safety check-ins.

C o m p a rat i ve  p o s i t i o n i n g :  C o m p a re d  to 
symptomatic pharmacotherapies, which act 
globally with modest and transient benefit, 
tDCS targets circuit plasticity directly and avoids 
systemic side effects. Relative to disease-modifying 
Aβ/tau therapies, it is inexpensive, portable, and 
scalable, with a complementary mechanism. 
Compared to deep brain stimulation, tDCS is non-
invasive, deployable earlier, and feasible for home 
use, though effect sizes may be smaller and state-
dependent. Practically, tDCS can be positioned as: 
(1) an adjunct to pharmacological regimens; (2) 
a bridge before invasive neuromodulation; (3) a 
maintenance tool between clinical visits. 

Future directions and outlook: To translate 
these findings, systematic validation is essential. 
Clinical trials must confirm that feasible protocols 
can reliably activate deep midbrain regions, and 
must define optimal dosing schedules to avoid 
paradoxical sensitization or desensitization. 
Biomarker-driven stratification is critical to avoid 
dilution of effects in heterogeneous populations.

L o n g - te r m  s t u d i e s  s h o u l d  a l s o  exa m i n e 
whether repeated stimulation confers durable 
neuroprotective effects and alters disease 
trajectory. Combining tDCS with dopaminergic 
agents or behavioral interventions is a promising 
strategy (Sárkány et al., 2025).

In summary, mounting evidence positions the 
mesocorticolimbic DA pathway not as a passive 
bystander but as a driving force in AD pathology. 
Non-invasive, circuit-specific neuromodulation of 
VTA via prefrontal tDCS holds promise to slow or 
even partially reverse both molecular hallmarks 
and behavioral deficits. The next critical step is to 
translate these insights into precision-medicine 
protocols, using imaging biomarkers to stratify 
patients, optimize stimulation settings, and track 
circuit-level recovery, to deliver truly personalized 
interventions that ease AD burden on patients and 
their families.

Moreover, because dopaminergic dysfunction 
underlies both AD and Parkinson’s disease, 
another common neurodegenerative disease 
worldwide, similar tDCS approaches could be 
adapted to the nigrostriatal system. By targeting 
residual substantia nigra output and the basal 
ganglia circuits, NIBS may improve motor and 
non-motor symptoms and potentially slow the 
disease progression. This opens new frontiers 
for DA-focused, non-invasive therapies across 
neurodegenerative disorders.

progress rapidly from mild cognitive impairment to 
dementia (Serra et al., 2021). Quantitative imaging 
of VTA structure, connectivity, or ligand uptake 
could thus guide patient selection and serve as 
surrogate markers for monitoring, paving the way 
for precision neuromodulation.

Evidence from preclinical and human studies: 
Mechanistic preclinical studies further show that 
prefrontal tDCS restores CA3-to-CA1 long-term 
potentiation, normalizes DA transporter expression 
in mesol imbic c ircuits,  reduces microgl ial 
activation, and lowers Aβ plaque burden (De Paolis 
et al., 2025)—effects consistent with the ability of 
DA to mitigate neuroinflammation and disrupt Aβ 
aggregation (Watamura et al., 2024).

In humans, small randomized studies support 
fe a s i b i l i t y  a n d  p o te nt i a l  b e n ef i t .  A c u te 
improvements in recognition memory were 
observed after anodal stimulation over prefrontal 
or temporoparietal targets (Ferrucci et al., 2008; 
Khedr et al., 2014; Im et al., 2019). A 10-session 
double-blind trial over the left dorsolateral 
prefrontal cortex showed Mini-Mental State 
Examination gains and reduced P300 latency, 
persisting up to two months (Khedr et al. , 
2014). Conversely, a six-session trial over the 
left temporal cortex did not show benefits, 
underscoring the importance of montage, dosing, 
and disease stage (Ferrucci et al., 2008). Notably, a 
6-month home-based daily dorsolateral prefrontal 
cortex protocol in early AD improved Mini-Mental 
State Examination and Boston Naming scores 
versus sham and attenuated fluorodeoxyglucose-
positron emission tomography metabolic decline, 
highlighting scalability (Im et al., 2019). Ongoing 
trials are testing caregiver-delivered and combined 
paradigms with exercise (NCT04855643). Replace 
across studies with importantly, adverse effects 
were mild (e.g., tingling, transient scalp burning) 
and tDCS was well tolerated (Khedr et al., 2014).

Neural versus structural regeneration: We use 
neural regeneration to denote functional recovery 
via synaptic plasticity, network reweighting, and 
compensatory recruitment, without requiring 
new neurons.  Structural  regeneration,  by 
contrast, implies lasting anatomical repair such 
as neurogenesis, tract-level axonal sprouting, 
remyelination, or measurable gray-matter gains.
Current tDCS findings in AD and aging align more 
with neural than structural regeneration. Reported 
volumetric or microstructural changes are 
heterogeneous and often small, likely reflecting 
hemodynamic or glial modulation rather than 
neuron replacement. Moreover, adult hippocampal 
neurogenesis remains debated, cautioning against 
strong claims of structural repair. Together, these 
data suggest that tDCS should be framed as a 
circuit-level modulator that preserves or enhances 
function in vulnerable networks, while definitive 
structural regeneration remains unproven. Blinded, 
multimodal studies are needed to adjudicate this 
issue.
A roadmap for clinical translation: A practical 
roadmap begins with imaging-based screening 
for VTA atrophy or hypofunction, followed by 
detailed phenotyping of memory and motivational 
disturbances, and implementation of anodal 
prefrontal  tDCS. Ongoing reassessment of 
biomarkers and cognitive outcomes enables 
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Figure 1 ｜ Hypothetical neural mechanisms of tDCS over the PFC in AD.
Dopaminergic neurons in the VTA receive excitatory glutamatergic transmission directly and/or indirectly from the 
PFC. Thus, tDCS stimulation of the PFC, which projects to midbrain dopaminergic neurons, may enhance dopaminergic 
activity in the VTA. Furthermore, tDCS over the PFC may reorganize the functional connectivity of both the hippocampus 
and nucleus accumbens via the VTA. The blue line indicates direct and/or indirect projections from the PFC, while the 
red lines represent dopaminergic projections. Created with BioRender.com. AD: Alzheimer’s disease; Aβ: amyloid-β; DA: 
dopamine; DAT: dopamine transporter; LTP: long-term potentiation; NAc-Hp: nucleus accumbens-hippocampus; PFC: 
prefrontal cortex; tDCS: transcranial direct current stimulation; TH: tyrosine-hydroxylase; VTA: ventral tegmental area.


