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Optogenetic stimulation of midbrain dopaminergic neurons
rescues hippocampal synaptic plasticity deficits in a mouse
model of Alzheimer’s disease
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We previously demonstrated that the Tg2576 mouse model of Alzheimer’s Disease (AD) exhibits degeneration of midbrain
dopaminergic neurons, resulting in reduced dopamine (DA) outflow in the hippocampus. These impairments temporally coincide
with synaptic plasticity deficits at CA3-CA1 synapses. Notably, systemic administration of dopaminergic agents/drugs rescues the
hippocampal deficits in Tg2576 mice. However, whether direct stimulation of the remaining midbrain dopaminergic neurons can
restore glutamatergic transmission and rescue plasticity dysfunctions in the context of AD remains unexplored. Here, using both
6-hydroxydopamine (6-OHDA) neurotoxic lesion and optogenetic stimulation in C57BL/6N and DATCre/Tg2576 mice, respectively,
we demonstrate that midbrain DA is essential for hippocampal High-Frequency Stimulation-induced Long-Term Potentiation (HFS-
LTP) in CA3-CA1 synapses. Indeed, lesioning midbrain DA neurons with 6-OHDA abolishes HFS-LTP and impairs novel object
recognition memory. Conversely, optogenetic activation of the midbrain-hippocampal dopaminergic pathway in DATCre/Tg2576
mice enhances glutamatergic transmission and rescues plasticity deficits. Our results highlight the phase-specific role of DA in HFS-
LTP, since 6-OHDA lesion affects the late but not the early phase, aligning with prior studies on D1/D5 receptor involvement in
protein synthesis-dependent plasticity. Furthermore, we provide novel insights into midbrain DA neuron regulation, demonstrating
that phasic, but not prolonged, optogenetic stimulation effectively engages DA neuron activity, restoring hippocampal function in
Tg2576 mice. Notably, phasic DA release induces “DA-LTP” via D1/D5 receptors, and restores HFS-LTP in CA3-CA1 synapses of AD
mice, underscoring a potential compensatory mechanism counteracting plasticity deficits induced by DA neuron degeneration in
Tg2576 mice. These findings support targeting the dopaminergic midbrain as a promising strategy for AD treatment,
complementing pharmacological and non-invasive neuromodulatory approaches.
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INTRODUCTION
It is well established that the dopaminergic neurotransmission
from the midbrain is fundamental for motivation and reward via
its projections to mesolimbic targets like the Nucleus Accumbens
and Striatum [1]. Additionally, dopamine (DA) released from the
midbrain is implicated in memory and learning processes via
projections from the Ventral Tegmental Area and Substantia Nigra
pars compacta (VTA/SNpc) to the dorsal hippocampus [2–6].
Indeed, the midbrain was long thought to be the sole source of
DA in the dorsal hippocampus. Yet, recent studies have
challenged this conventional view by suggesting that the Locus
Coeruleus (LC) represents the predominant source of dopaminer-
gic input to this brain area [7–9]. Building on these findings, a
refined view on the roles of the midbrain dopaminergic
innervation of the hippocampus has emerged, in which VTA/
SNpc-derived DA is primarily involved in reinforcement learning,

in formation of contextual or aversive learning and in modulating
reward-related memory functions [2–6]. These works collectively
underscore the crucial role of midbrain DA in regulating
hippocampal activity under distinct physiological conditions.
Despite these insights, a critical question remains unanswered:

is the enhancement of the DA signalling from the VTA/SNpc
sufficient to rescue hippocampal function under pathological
conditions marked by VTA degeneration? In this regard, our recent
findings indicate that the VTA DA neurons progressively
degenerate in the Tg2576 mouse model of Alzheimer’s Disease
(AD), and that this neuronal loss is concomitant with impairments
in hippocampal neuron function, deficits in Long-Term Potentia-
tion (LTP) at CA3-CA1 synapses of the dorsal hippocampus and in
memory defects [10–16]. Systemic pharmacological interventions,
including L-DOPA and monoamine oxidase inhibitors (e.g., selegi-
line), can fully restore LTP deficits and improve hippocampus-
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dependent memory performance in Tg2576 mice and other AD
mouse models [14, 15, 17–21]. Yet, these treatments primarily act
at the postsynaptic level. Whether direct activation of the
presynaptic VTA/SNpc dopaminergic fibres during the ongoing
neurodegeneration can effectively rescue hippocampal LTP
remains an open question. This is particularly pressing given the
already sparse dopaminergic innervation of the dorsal hippocam-
pus from the midbrain [5–7, 22].
To address this, we first aimed to confirm the necessity of

midbrain-derived DA for dorsal hippocampal LTP. Thus, in the first
part of our study we used direct infusion of 6-hydroxydopamine
(6-OHDA) into the VTA/SNpc to selectively lesion dopaminergic
neurons and assess the consequent effects on CA3-CA1 synaptic
plasticity and novel object recognition (NOR) memory. Subse-
quently, in the second part, we employed optogenetic stimulation
of VTA/SNpc dopaminergic projections in the dorsal hippocampus
of Tg2576 mice at an advanced stage of midbrain DA neuron
degeneration to determine whether this experimental approach is
sufficient to potentiate the glutamatergic neurotransmission and
restore LTP deficits.
This study elucidates the critical role of midbrain-derived DA in

regulating hippocampal synaptic plasticity, establishing a mechan-
istic foundation for the development of targeted therapeutic
strategies to mitigate deficits associated with dopaminergic
neurodegeneration. Such therapies, if proven effective in activat-
ing the VTA dopaminergic neurons, could hold promise against
cognitive decline and neuropsychiatric symptoms associated with
DA loss, including anxiety and apathy, which often characterise
the early stages of the disease [23]. Beyond its implications for AD,
our findings also extend to non-motor symptoms of Parkinson’s
Disease, where disruptions in mesocorticolimbic DA transmission
contribute to cognitive decline, affective disturbances and
impaired hippocampal-dependent memory, symptoms that may
be ameliorated following mesocorticolimbic stimulation. By
refining our understanding of the dopaminergic modulation of
hippocampal circuits, this work paves the way for innovative
interventions aimed at restoring synaptic integrity and cognitive
function in neurodegenerative disorders.

METHODS
Animals
C57BL/6N mice (Charles River, Italy) were used at 2–3 months of age.
Heterozygous DATCreIRES female mice (The Jackson Laboratory, Strain
#006660) were crossed with heterozygous Tg2576 males (Taconic, APPSWE
- Model #1349) to generate DATCre/WT and DATCre/Tg2576 mice that
were used at 5–6 months of age. Animals were housed with ad libitum
food and water (12 h light/dark cycle). For electrophysiological experi-
ments we used both male and female mice; for all other experiments only
male mice were used. Experiments complied with the ARRIVE guidelines
and were carried out according to ethical guidelines of the European
Council (2010/63/EU). Authorization was approved by the Italian Health
Ministry.

Stereotaxic injections
Mice were anaesthetized with Rompun (20mg/mL, 0.5 mL/kg; Bayer) and
Zoletil (100mg/mL, 0.5 mL/kg; Virbac; intraperitoneally, i.p.) and positioned
in a stereotaxic apparatus.
C57BL/6N mice were injected in the left midbrain with 6-OHDA (Sigma-

Aldrich) prepared at 7.6mg/mL (calculated as free-base), dissolved in 0.2mg/
mL ascorbic-acid (Tocris) prepared in 0.9% sterile saline, and continuously
kept on ice. Each mouse was injected with 2.5 μg in 0.4 µL (flow-rate 40 nL/
min). Thirty minutes before stereotaxic injection, mice received 10mL/kg
(2.85mg/mL as free base, i.p.) of desipramine-hydrochloride (Sigma-Aldrich),
a norepinephrine (NE) reuptake-inhibitor, to prevent midbrain-projecting NE
fibre degeneration. Control mice were injected with 0.9% sterile saline
solution (Saline mice). C57BL/6N mice were injected at 2 months of age and
analysed one-month post-lesion. The accuracy of the injection was
controlled by counting of Tyrosine Hydroxylase-positive (TH+) cells in the
midbrain; mice without lesion were excluded.

For optogenetic stimulation, DATCre/WT and DATCre/Tg2576 mice were
injected in the midbrain with the adeno-associated virus (AAV) expressing
the Cre-dependent Channelrhodopsin2-eYFP fusion protein (AAV-EF1a-
DIO-hChR2(H134R)-eYFP, gift from Karl Deisseroth (UNC Vector Core). Mice
were injected bilaterally with 1 μL/hemisphere of AAV (flux 80 nL/min) at
5 months of age and used 30 days later, to ensure viral expression. Control
mice underwent the same surgery procedure with the same AAV, but
during experiments we did not apply the optogenetic stimulation (Sham
mice). The accuracy of midbrain injection was controlled by eYFP signal;
the results obtained from mice showing misplaced injection were
discarded.
Overall, midbrain injections were performed in the VTA (AP: −3.2, ML:

±0.35, DV: −4.4) [24]. For infusions we used 1 μL Hamilton syringes
(Neuros7001 model) mounted on a Harvard Apparatus Pump-11 Elite-
Nanomite.

Immunofluorescence
Mice were anaesthetized with Rompun/Zoletil and perfused transcardially
with phosphate buffer (PB; 0.1 M, pH 7.4) followed by 4% paraformalde-
hyde in PB. Brains were postfixed in 4% paraformaldehyde overnight (4 °C)
and immersed in 30% sucrose solution (4 °C) until sinking. Coronal sections
(thickness = 30 μm) were obtained using a cryostat and collected in 0.02%
PB-Sodium Azide. Analysis of 6-OHDA or Saline mice was performed in the
hemisphere ipsilateral to the lesion.
Slices from 6-OHDA/Saline and DATCre mice containing the midbrain or

LC were incubated with mouse anti-TH antibody in PB containing 0.3%
Triton X-100 (PB-TX 0.3%) overnight at 4 °C.
For hippocampal TH and NET fibres, sections were incubated in citrate

buffer (10mM Sodium citrate, pH 6.0, containing 0.05% Triton X-100;
20min, 75 °C), rinsed in PB, immersed in blocking solution (5% donkey
serum, 0.2% Triton X-100 in PB; 1 h, RT) and incubated with primary
antibody in the same solution (overnight at 4 °C) [12].
For Aβ staining, sections were pretreated with M.O.M. (1:1000; 2 h, at RT)

diluted in permeabilization solution (PB with 0.3% Triton X-100), and
incubated with primary antibodies overnight at 4 °C in permeabilization
solution.
To confirm the midbrain expression of AAV-EF1a-DIO-hChR2(H134R)-

eYFP in DATCre/WT and DATCre/Tg2576 mice, slices used for electro-
physiological recordings were fixed in 4% paraformaldehyde overnight,
washed three times in PB, immersed in PB-Sodium Azide 0.02% and then
visualised under a confocal microscope for eYFP expression.
After primary antibodies and washes with PB, sections were incubated

with secondary antibodies in the same solution of primary antibody (2 h,
RT), then counterstained with NeuroTrace 435/455 or DAPI (1:1000, Serva),
and mounted with anti-fade medium (Fluoromount, Sigma Aldrich).
Slices were examined using a Nikon Eclipse-Ti2 confocal microscope.

The specificity of the immunofluorescence labelling was confirmed by
omission of primary antibodies and use of normal serum instead (negative
controls). All images were exported in TIFF.
For fibre density analysis, images were acquired with a 20x-objective by

Z-stacks, then processed by maximum-intensity projection. Samples were
captured with identical Z-stack thickness and laser settings. 3D-images
were collected from at least 4–5 slices processed simultaneously. The fibre
density was quantified manually from the different hippocampal subfields
(CA1, CA3, Dentate Gyrus; DG) and was expressed as number of fibres/
250 µm [12]. Fibre density for the total hippocampus was obtained by
averaging the density of each subfield per animal.
Primary antibodies: TH (1:1000, Millipore; MAB318; RRID: AB_2201528

and 1:1000, Abcam; #AB112; RRID: AB_297840); NET (1:500; Atlas
Antibodies #AMAb91116; RRID: AB_2665806); hAPP695 (6E10; 1:500,
BioLegend #803001; RRID: AB_2564653).
Secondary antibodies: Alexa Fluor-488 donkey anti-mouse (1:200;

#R37114; RRID: AB_2556542), Alexa Fluor-488 donkey anti-rabbit (1:200;
#A-21206; RRID: AB_2535792), NeuroTrace 435/455 Blue Fluorescent Nissl
Stain (1:200, #N21479), NeuroTrace 640/660 Deep-Red Fluorescent Nissl
Stain (1:200, #N21483; RRID: AB_2572212).
Exclusively for the representative confocal images, after the quantitative

analysis, LUTs were equally increased at the same level for all groups of a
given experiment. Quantitative analysis was performed on raw images.

Stereological cell counting
Sections processed for immunofluorescence were used for counting the
number of TH+ neurons in the VTA, SNpc (every second slice) and LC (every
third slice) of 6-OHDA/Saline mice ipsilateral to the lesion, or in the total
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VTA and unilateral SNpc in DATCre mice. The area boundaries were
delineated by TH staining, in accordance to Paxinos guidelines [24]. We
applied an optical fractionator stereological design using the Stereo
Investigator System (2023 v, MicroBrightField). A stack of MAC5000
controller modules (Ludl Electronic Products, Ltd) was interfaced with a
Zeiss Microscope (Axio Imager KMAT) with a motorized stage and a Zeiss
Axiocam 506-mono with a working high-end computer. We applied a 3D
optical fractionator counting probe (x, y, z dimension of 50 × 50 × 25 μm).
The brain areas were outlined using the 5x objective; neurons were
marked with a 100x-oil-immersion (VTA and SNpc) or a 40x-objective (LC).
The total TH+ neuron number was estimated according to Equation 1:

N ¼ SQ ´ ð1=ssfÞ ´ ð1=asfÞ ´ ð1=tsfÞ

where SQ represents the number of neurons counted in all optically
sampled fields of the area of interest, ssf is the section sampling fraction,
asf is the area sampling fraction and tsf is the thickness sampling fraction.

High performance liquid chromatography (HPLC)
Hippocampal catecholamines (DA and NE) and their metabolites (DOPAC
and HVA for DA; MOPEG for NE) were quantified using an HPLC system
(UltiMate® 3000, ThermoFisher) coupled with a Coulochem electrochemi-
cal detector (6011RS Ultra Coulometric Analytical Cell, ThermoFisher).
Following cervical dislocation and decapitation, the left hippocampus of
6-OHDA or Saline mice was dissected on ice and stored at −80 °C until
analysis. On the day of analysis, frozen samples were homogenized on ice
with a 4:1 mix of 0.05 M HClO4 and antioxidant solution (containing, in mM:
Na2-EDTA 0.27, acetic acid 100, ascorbic acid 0.0125). The homogenate was
lysed mechanically, sonicated on ice and centrifuged at 10.000 rpm
(20min, 4 °C). The supernatant was transferred to a new tube and the
pellet was weighed. For each sample, 20 µL were injected into the HPLC-
ECD system (runtime: 60 min; flow-rate: 0.6 mL/min). Standards were
prepared fresh using the same solutions and quantities as for tissue
samples. The chromatographic separation was performed using a Hypersil
GOLD aQ-C18 column (150 × 3mm, 5 µm) kept at 37 °C and fitted with an
aQ-C18 drop-in guard pre-column (10 × 3mm, 5 µm). The mobile phase
consisted of 5% methanol and buffer solution (0.1 M Na-Phosphate,
0.1 mM Titriplex® III and 0.5 μM 1-Octanesulfonic-Acid Na-salt, pH 3.6
adjusted with 85% Ortho-Phosphoric-acid), filtered through a 0.22 µm
cellulose-ester membrane. We applied a potential of +450mV to the dual-
inline flow-through micro-porous graphitic carbon-working electrodes,
with 1 nA-gain for ECRS1 and 10 nA-gain for ECRS2. The chromatograms
were processed using Chromeleon™ Software (v7.0 ThermoFisher). The
concentration of metabolites in the samples was determined based on the
corresponding peak heights and then normalized to the pellet weight.

Brain slicing
After mouse dislocation, the brain quickly removed and parasagittal slices
containing the dorsal hippocampus [10], or horizontal slices containing the
midbrain [25],were cutwith a Leica VT1200Svibratome (thickness: 300μm) in ice-
coldoxygenated (95%O2, 5%CO2) sucrose-basedsolution (inmM:KCl3,NaH2PO4

1.25, NaHCO3 26, MgSO4 10, CaCl2 0.5, glucose 25, sucrose 185; ~300mOsm, pH
7.4). Brain slices were incubated for 40min in oxygenated artificial Cerebro-Spinal
Fluid (aCSF, containing, inmM: 124NaCl, 1.25NaH2PO4-H2O, 26NaHCO3, 3 KCl, 10
glucose, 1 MgSO4, 2 CaCl2, pH 7.3–7.4) at 32 °C and then transferred at room
temperature in aCSF for at least 30min before recordings.

Optogenetic stimulation
Ex-vivo optogenetic stimulation was achieved via delivery of blue-green
light (λ: ~527 nm) using the laser source by a Lambda421 (Sutter
Instruments) beam combiner, controlled by the MetaFluor software via
pClamp11 (Molecular Devices). Phasic and prolonged light stimulation
was used to excite ChR2-expressing dopaminergic neurons in the VTA.
Dopaminergic fibres in the hippocampus were stimulated by the same
phasic protocol applied to the VTA. The phasic protocol consisted of a
train of three 5 ms-long light square pulses, each separated by 15 ms
(intra-burst frequency 66.66 Hz). The total duration was 1 s long (inter-
burst frequency 1 Hz) and was delivered 25 times [26]. For prolonged
light stimulation a single 800 ms-long light pulse was delivered.

Electrophysiology
A brain slice was placed under an upright microscope (BX51WI Olympus)
and continuously perfused with oxygenated aCSF (29–30 °C; 3–4mL/min).

Recordings were performed using a MultiClamp-700B Amplifier, digitized
with Digidata-1550B and computer-saved with pClamp11 (Molecular
Devices). Pipettes (2-3 MΩ) were pulled from borosilicate thin-wall
filamented capillaries (TW150F-4, World Precision Instruments).

Extracellular recordings: VTA. Acute horizontal midbrain slices were used
to record spontaneously active dopaminergic neurons in the lateral VTA
[27]. DA neurons were visually identified by the eYFP fluorescence. The
accurate position of the recorded cells in the lateral VTA was assessed by
checking the position of the electrode under a 4x objective at the end of
each experiment.
Single unit activity was recorded with aCSF-filled glass pipettes by

moving the electrode towards the neuron surface until firing was detected.
Traces were recorded using the amplifier’s I= 0 mode, filtered on-line with
high-pass (1 Hz) and low-pass filtering (0.5 kHz) and digitized at 20 kHz.
Once firing was detected, baseline activity was recorded for at least 3 min,
after which the optogenetic protocols (phasic and prolonged) were
applied. Between protocols, the neuron’s baseline activity was recorded to
monitor cell activity.

Field excitatory postsynaptic potentials (fEPSPs): dorsal hippocampus. For
recording of CA3-to-CA1 fEPSPs in parasagittal hippocampal slices, the
recording and stimulating electrodes were placed in the stratum radiatum
at a ~ 300 μm distance apart. Electrodes were filled with aCSF. fEPSPs were
evoked by Schaffer collateral stimulation (100 μs square pulses), acquired
at 20 kHz and filtered off-line with a 10 kHz low-pass Bessel. Input-output
curves of fEPSP slopes were obtained at 10 μA steps of increasing
stimulation every 30 s.
For ex-vivo pharmacological treatment, the D1/D5 receptor antagonist

SCH-23390 (20 μM, purchased from Selleck Chemicals) was added to the
aCSF solution via bath perfusion. Photostimulation was applied after at
least 10 min of stable fEPSP responses in the presence of the antagonist, to
ensure that a steady-state level of D1/D5 receptor antagonism was
reached.
For LTP, after at least 10min of baseline responses at half-maximal

intensity to assess fEPSP slope stability, the slice was challenged by two
pulse trains at 100 Hz (1 s duration each, 20 s interval) followed by test
stimulation for at least 1 h. The LTP magnitude was evaluated as the fEPSP
mean slope during the final 5 min, normalized to the mean slope of the
final 5 min during baseline.
To test the effect of the optogenetic stimulation on fEPSP slope in

DATCre mice, stable fEPSP responses were recorded for at least 10min at
half-maximal stimulation, before applying the phasic light stimulation
protocol immediately prior to the high-frequency train of electric
stimulation.

Open field and novel object recognition (NOR) tests
Behavioural testing was conducted in a dimly-lit (25 lux) open field
plexiglass arena (60 × 60 × 30 cm), consisting of dark-grey walls and a
white floor. On Day1 (D1), each mouse was placed in the centre of the
arena and allowed to freely-explore for 10min, during which movements
were recorded. We analysed the total distance travelled (in cm) and time
spent (in s) in the centre and periphery of the arena.
The NOR test followed, comprising three phases: habituation, training

and testing. During habituation (D1), mice were familiarized with the
empty arena for 10min. On the following day (D2), during the training
phase, mice were exposed for 10min to two identical objects (yellow
wooden spheres) placed in the centre of the arena, equidistant from the
arena centre and walls. Afterward, mice were returned to their home
cages. On Day 3 (D3), mice were reintroduced into the arena for 10min to
perform the test phase. One of the objects was replaced with a novel,
unfamiliar object (a light-grey wooden cone). During both the training and
testing phases, mice were left to freely-explore the objects, and the
exploration time was recorded. The latter (in s) was defined as the time
touching or climbing on an object or sniffing it at a distance of at least
2 cm. Object placement was randomized and counterbalanced across
experimental groups. To minimize olfactory cues between sessions or
mice, both the arena and objects were cleaned with 5% ethanol after each
session.

Power analysis, randomization, blinding
We performed power analysis using the G*Power software (3.1.9.7 v) to
determine the sample numbers for the experimental groups. Input
parameters were: power of 0.8; errors of 0.05; standard deviations were
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obtained from previous publications where similar experiments were
performed on naïve Tg2576 mice [10, 12, 13]. The experimental units are
specifically described in each figure legend.
Animal randomization (i.e. how mice born from the same litter were

‘destined’ for each experimental group) was performed with a random
number table, matched by sex.

All researchers were blinded to the genotype/treatment; un-blinding
occurred after analysis.

Statistical analysis
Analyses were performed using Prism8.01 (GraphPad). Data were checked
for normality using the Shapiro-Wilk and D’Agostino-Pearson tests. Data
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from two groups (i.e. Saline vs 6-OHDA or DATCre/WT vs DATCre/Tg2576)
were analysed with 2-tailed parametric unpaired (t-test or Welch’s t-test) or
paired t-test since they all followed Gaussian distribution. One-way ANOVA
was used for analysis of data involving more than two groups, followed by
Sidak’s multiple comparisons test. For I/O curves we used Two-way
repeated measures ANOVA with stimulus intensity as the repeated factor.
This was followed by Sidak’s multiple comparisons tests.
When possible, data from male and female animals were compared

using 2-tailed parametric unpaired t-tests. No significant differences were
found across sexes, and data from all animals were pooled together.
Precise details for each experiment are found in figure legends. A value of
p ≤ 0.05 indicates statistical significance. In box-and-whisker plots, the
central horizontal line denotes the median, the edges show upper and
lower quartiles, the whiskers show minimum and maximum values and the
points depict individual experiments. In figures, empty dots refer to female
mice, while full dots to males. All other data are presented as mean ± s.e.m.

RESULTS
Midbrain lesion with 6-OHDA induces loss of dopaminergic
innervation and LTP deficits in the dorsal hippocampus, as
well as memory impairments
The midbrain dopaminergic inputs to the dorsal hippocampus
arise from the lateral VTA and medial SNpc [6, 28]. The first part of
our study sought to confirm that loss of the midbrain-
hippocampus dopaminergic pathway can affect CA3-CA1 LTP. To
this aim, we used 6-OHDA, a catecholaminergic neurotoxin, to
selectively lesion midbrain DA neurons (thereafter, 6-OHDA mice).
Two-month-old C57BL/6N mice were stereotaxically injected in
the left midbrain with 6-OHDA or Saline (thereafter, Saline mice)
and examined 1-month post lesion (Fig. 1A). Stereological counts
of TH+ neurons in the VTA and SNpc ipsilateral to the lesion
confirmed the strong loss of DA neurons in 6-OHDA mice (Fig. 1B).
Consequently, the TH+

fibre density was significantly reduced in
the hippocampus ipsilateral to the 6-OHDA lesion (Fig. 1C; see also
Supplementary Fig. 1A) whereas no significant changes were
detected in the total TH+

fibre density in the contralateral
hippocampus, despite a reduction in CA3 (Supplementary Fig. 1B).
Consistent with the loss of hippocampal dopaminergic fibres, the
HPLC analysis of ipsilateral hippocampal tissue revealed decreased
levels of DA and its relative metabolites (DOPAC and HVA), in 6-
OHDA-treated mice compared to Saline controls (Fig. 1D).
To prevent retrograde lesioning of LC DA-releasing neurons,

6-OHDA mice were intraperitoneally injected with the NE reuptake
inhibitor desipramine before the intracranial inoculation of
6-OHDA (Fig. 1A). Stereological analysis confirmed that the
number of TH+ neurons in the ipsilateral LC was unchanged in
6-OHDA mice (Supplementary Fig. 1C), and the density of fibres
expressing the NE transporter (NET) in both the total hippocam-
pus and its subregions remained intact (Supplementary Fig. 1D).

Additionally, we did not observe differences in the hippocampal
levels of NE and its metabolite MOPEG (Supplementary Fig. 1E),
indicating that the 6-OHDA lesion did not retrogradely affect the
LC neurons.
The DA released from the VTA/SNpc to the hippocampus plays

an important role in modulating hippocampal glutamatergic
transmission, synaptic plasticity and memory [2, 4–6, 26]. How-
ever, this role has been questioned since the publication of works
showing that the main dopaminergic innervation in the dorsal
hippocampus originates from the LC and acts via D1/D5 receptors
[3, 7, 8, 29]. To verify whether the depletion of VTA/SNpc DA
neurons can induce deficits in CA3-CA1 synaptic plasticity, we
measured the LTP magnitude in the dorsal hippocampus of
6-OHDA mice. Two trains of high-frequency stimulation (HFS;
2×100 Hz) induced a field EPSP (fEPSP) slope potentiation of
134 ± 8% in Saline mice, but only 114 ± 4% in 6-OHDA mice after
60min of recording (Fig. 1E). Of note, the initial (post-tetanic)
phase of HFS-LTP appeared intact in 6-OHDA mice. Instead, the
late-phase of the HFS-LTP was affected by the lesion. On the other
hand, the input-output relationship was similar across groups,
indicating no changes in the responsiveness of the glutamatergic
fibres to electrical stimulation (Supplementary Fig. 1F).
We next investigated the role of midbrain DA in the NOR test.

Consistent with the reduction of dopaminergic innervation in the
hippocampus, 6-OHDA-treated mice failed to discriminate
between the familiar and novel objects, in contrast to Saline-
treated mice that exhibited a robust preference for the novel
object (Fig. 1F). These findings support the notion that midbrain
derived DA is critical for spatial exploration and object recognition
memory. Instead, the time spent in the centre versus the periphery
of the arena, as well as the total distance travelled in the open
field arena, remained unchanged in 6-OHDA-treated mice
(Supplementary Fig. 1G, H).

Crossing of DATCre mice with the Tg2576 mouse model of AD
recapitulates VTA DA neuron degeneration
In the first part of our work, through the injection of 6-OHDA, we
demonstrated that midbrain DA depletion can impair hippocam-
pal CA3-CA1 LTP. Building upon this, we sought to determine
whether selective midbrain dopaminergic stimulation could
restore hippocampal glutamatergic transmission and LTP deficits
in the Tg2576 mouse model of AD. Our prior work has established
that this mouse model exhibits selective degeneration of VTA DA
neurons as early as 2–3 months of age, culminating in
hippocampal neuronal and synaptic plasticity dysfunctions by
6–7 months of age [10, 12, 14, 15]. Systemic administration of
dopaminergic drugs has been shown to rescue the LTP deficits in
Tg2576 mice; however, such interventions may exert their effects

Fig. 1 Midbrain 6-OHDA causes loss of DA in the dorsal hippocampus, inducing LTP and behavioural deficits in 3-month-old mice. A 2-
month-old C57BL/6N mice were unilaterally infused in the midbrain with 6-OHDA or Saline. 30min before stereotaxic injection, mice received
an i.p injection of the NE reuptake inhibitor desipramine. Mice were used for experimental sessions 1 month after the midbrain lesion.
B Representative coronal sections of the midbrain, showing immunofluorescence for TH+ neurons in Saline and 6-OHDA 3-month-old mice
(scale bar: 500 µm), and stereological TH+ cell count in the ipsilateral VTA (n= 4 mice / group. Welch’s t-test: ****p < 0.0001) and SNpc (n= 4
mice / group. Unpaired t-test: ****p < 0.0001). C Confocal images and plots showing TH+

fibre density in the ipsilateral dorsal hippocampal
(expressed as fibres / 250 μm; scale bar: 50 µm) in 3-month-old Saline and 6-OHDA mice (n= 4 mice / group. Unpaired t-test: ***p= 0.0002).
Nuclei are counterstained with DAPI. D Schematic representation of the experimental procedure for HPLC analysis of total hippocampal levels
of DA, NE and relative metabolites in the ipsilateral hippocampus from 3-month-old Saline and 6-OHDA mice. The plots show tissue levels of
DA, DOPAC and HVA, expressed as pg in 20 μL of supernatant (n= 5 mice / group. DA: Unpaired t-test: *p= 0.0294; DOPAC: Unpaired t-test:
*p= 0.0242; HVA: Unpaired t-test: **p= 0.0022). E Representative traces showing fEPSPs elicited in the dorsal hippocampus at half maximal
Schaffer collateral stimulation in acute slices from 3-month-old Saline and 6-OHDA mice during baseline (1) and 1 h (2) after two HFS trains
(scale bar: 2 ms; 0.2 mV). The plots on the right show the time-course of normalized, average fEPSP slope ( ± s.e.m.) and the pooled data
(Saline: n= 11 slices / 3 mice; 6-OHDA: n= 12 slices / 4 mice. Unpaired t-test: *p= 0.0243). The vertical arrow indicates the timing of the HFS
protocol. Empty dots refer to female mice, while full dots to males. F Graphical representation of the training and test (24 h later) phases of the
NOR test performed for 3-month-old Saline and 6-OHDA mice, and plots showing the exploration time spent with the left/right and old/new
object during the training and test, respectively (n= 15 mice / group; for Saline, Paired t-test: **p= 0.0025). [Schematics were created using
BioRender (https://biorender.com)].
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indirectly by modulating other brain regions functionally con-
nected with the hippocampus [30]. We therefore sought to
investigate whether selectively stimulation of the residual, non-
degenerated midbrain dopaminergic fibres within the dorsal
hippocampus would be sufficient to rescue LTP deficits in
Tg2576 mice.
To enable precise optogenetic activation of midbrain DA

neurons, while preserving the characteristic neurodegeneration
and hippocampal DA depletion of naïve Tg2576 mice, we
generated a modified mouse model. Heterozygous Tg2576 mice
were crossed with DATCre mice, that express the Cre
recombinase gene under control of the endogenous DA
transporter (DAT) promoter, to obtain DATCre/Tg2576 and
control littermates (DATCre/WT; Fig. 2A). In line with what
reported for naïve Tg2576 mice [31], we observed that F1
DATCre/Tg2576 offspring at 6 months of age do not exhibit
parenchymal Aβ plaques in the hippocampus, yet they display
elevated intracellular Aβ levels compared to their DATCre/WT
littermates, consistent with the AD phenotype (Fig. 2B).
Stereological analysis further revealed a significant reduction
in TH+ neurons within the VTA at 6 months of age (Fig. 2C),
mirroring the DA neurodegeneration previously reported in
naïve Tg2576 mice [13, 15]. In agreement with this, TH+

fibre
density was also reduced in the dorsal hippocampus (Fig. 2E,
Supplementary Fig. 2A). Notably, and in line with previous
findings [15], DATCre/Tg2576 mice did not display degeneration
of dopaminergic neurons in the SNpc (Fig. 2D).

Phasic and prolonged optogenetic stimulation of VTA/SNpc
dopaminergic neurons differentially modulate DA
neuron firing
The nature of midbrain DA neuron firing is such that these
neurons cannot sustain prolonged high-frequency spiking, and
may undergo depolarization-induced block of firing [32–34].
Therefore, optogenetic stimulation of midbrain dopaminergic
neurons may induce differential results depending on the protocol
of photostimulation. To establish a protocol that can maintain a
sustained activation of VTA/SNpc DA neurons, but preclude
depolarization block, we tested two different protocols – phasic
and prolonged stimulation – in the VTA of DATCre/WT mice
during recordings of spontaneous neuronal firing in acute
midbrain slices. 5-month-old DATCre/WT mice received bilateral
stereotaxic injections into the VTA of AAV-EF1a-DIO-
hChR2(H134R)-eYFP (Fig. 2F, G). eYFP-positive immunofluores-
cence in parasagittal slices of 6-month-old DATCre/WT used for
electrophysiological recordings confirmed the expression of the
ChR2-eYFP fused protein in the midbrain TH+ neurons (Fig. 2G),
also showing slight but evident labelling of eYFP-positive fibres in
the dorsal hippocampus (Fig. 2H).
Then, we performed extracellular recordings from ChR2-eYFP-

expressing neurons in the lateral VTA, that projects to the dorsal
hippocampus [5]. The single-unit recordings confirmed the
identity of dopaminergic neurons based on their slow and
regular pacemaking, with firing in the range of 1–8 Hz (Fig. 2I). In
these neurons, we applied both a phasic and a prolonged
photostimulation protocol: the first one was a burst of three
5-ms long light pulses at 66.66 Hz (15 ms interval) administered
for 25 times, while the second protocol consisted of a single,
continuous 800 ms-long light pulse. As shown in Fig. 2I, the
phasic protocol synchronized the firing of VTA DA neurons and
allowed a rapid recovery of pacemaking activity right after
photostimulation. Conversely, the prolonged protocol induced
an initial burst firing that was followed by long-lasting neuron
silencing, indicating that this protocol could not be used for
reliable DA neuron excitation. Based on these results, we
decided to use the phasic optogenetic stimulation for the
following experiments.

The phasic optogenetic stimulation of hippocampal
dopaminergic fibres potentiates the CA3-CA1 synaptic
transmission and rescues LTP in Tg2576 mice
We next performed optogenetic stimulation of VTA/SNpc dopa-
minergic fibres in the dorsal hippocampus to investigate whether
the activation of the midbrain-hippocampus dopaminergic path-
way is sufficient to rescue glutamatergic synaptic deficits in CA3-
CA1 synapses of Tg2576 mice. We first delivered the phasic
photostimulation protocol in DATCre/WT and DATCre/Tg2576
hippocampal slices during basal electrical stimulation of the
Schaffer collaterals with single square pulses (Fig. 3A). We
observed that the photostimulation induced an increase in the
slope of fEPSPs in both experimental groups, which developed
progressively over at least 30 min (Fig. 3B). Notably, this form of
synaptic plasticity did not require HFS and was much more
pronounced in DATCre/WT (157 ± 12%) compared to DATCre/
Tg2576 slices (123 ± 5%; Fig. 3B). This smaller effect in DATCre/
Tg2576 mice was not surprising given the reduced hippocampal
dopaminergic innervation in 6-month-old DATCre/Tg2576. Yet,
the potentiation of fEPSPs from DATCre/Tg2576 mice was clearly
mediated by midbrain DA as the effect of photostimulation was
blocked by the presence of bath-applied SCH-23390, a D1/D5
receptor antagonist. Indeed, SCH-23390 completely prevented the
effect of photostimulation on fEPSP and induced a mild, yet
significant depression of responses compared to baseline (Fig. 3B).
These results confirm that midbrain DA can effectively potentiate
the CA3-CA1 glutamatergic transmission in DATCre/Tg2576 mice,
despite the reduced dopaminergic innervation in the Tg2576
hippocampus.
We next examined the ability of phasic dopaminergic photo-

stimulation to rescue CA3-CA1 synaptic plasticity dysfunctions in
DATCre/Tg2576 mice. In absence of optogenetic stimulation
(Sham condition), DATCre/Tg2576 mice show pronounced deficits
in HFS-induced synaptic plasticity (HFS-LTP) in comparison to
DATCre/WT mice (Fig. 3C; Supplementary Fig. 2B), confirming our
previous results from naïve Tg2576 mice [15]. Instead, the
dopaminergic fibre photostimulation (Opto condition), applied
just before the two HFS trains, could fully rescue HFS-LTP in
DATCre/Tg2576 Opto mice (Fig. 3C). Notably, the photostimulation
did not further increase HFS-LTP in DATCre/WT mice (Supple-
mentary Fig. 2C).
Taken together, our data demonstrate that the phasic

optogenetic stimulation of VTA/SNpc-derived dopaminergic fibres
in the hippocampus of Tg2576 mice potentiates the glutamatergic
CA3-CA1 synaptic transmission and rescues plasticity dysfunctions.

DISCUSSION
Using opposing approaches applied to C57BL/6N mice and to the
Tg2576 mouse model of AD, this study provides direct evidence
that VTA/SNpc DA neurons are crucial for dorsal hippocampus-
dependent plasticity. On one hand, the selective lesion of these
neurons, induced by 6-OHDA, indicates the importance of
midbrain DA for hippocampal HFS-LTP and memory performance.
On the other hand, the direct optogenetic excitation of the
midbrain-hippocampal pathway in Tg2576 mice proves that DA is
both necessary and sufficient to restore glutamatergic transmis-
sion and rescue plasticity dysfunctions associated with VTA
neurodegeneration in the context of AD.
This work indicates that the 6-OHDA-driven depletion of

midbrain dopaminergic neurons causes a reduction of HFS-LTP
in the CA1 region of C57BL/6N mice, in line with earlier works
performed in vivo or in brain slices [35, 36]. Further, we observed
deficits in NOR memory, in line with the importance of midbrain
DA in memory performances. Notably, the neurotoxin did not
affect TH+ neurons in the LC, indicating a targeted effect on
midbrain DA neurons. Of note, the loss of hippocampal HFS-LTP in
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6-OHDA mice might result indirectly from DA deprivation in brain
regions that regulate hippocampal pyramidal neuron activity,
including the amygdala, ventral hippocampus and prefrontal
cortex. Although we cannot entirely rule out that impairments in
NOR memory in these mice may be influenced by motor deficits

due to lesioning of the SNpc DA neurons, potentially affecting
object interaction and encoding, the absence of significant
differences in the total distance travelled in the open field test
argues against the presence of substantial locomotor impair-
ments. Importantly, the observed reduction of TH+ innervation
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within the hippocampus, alongside the decreased DA levels
following 6-OHDA, support the notion that HFS-LTP and memory
impairments are a direct consequence of local DA loss. Interest-
ingly, our results show that only the late phase of the HFS-LTP was
affected by the lesion, leaving intact the early post-tetanic phase.
This is in agreement with previous works showing that D1/D5
receptor antagonists can spare the early phase of LTP while
blocking the late phase, a process associated with de novo protein
synthesis downstream of dopaminergic signalling [2, 37–39].
Additionally, our results provide further insights into the

regulation of midbrain DA neuron firing under external manipula-
tions; this knowledge should be taken into consideration when
chemogenic or optogenetic stimulation is used in experimental
settings. Indeed, we showed that prolonged DA neuron activation
by optogenetic stimulation is unable to maintain neuronal firing,
probably due to over-excitation and depolarization block.
Similarly, others observed that chronic chemogenetic DA neuron
stimulation in a mouse model of Parkinson’s Disease paradoxically
leads to a decline in motor function, while chronic inhibition
increases locomotor activity [40–42]. Conversely, the phasic
optogenetic stimulation effectively synchronized firing to the
light pulses, mimicking the natural bursting activity of midbrain
DA neurons, while allowing a prompt recovery of pacemaking
activity when photostimulation was over. A similar phasic
photostimulation protocol on hippocampal midbrain-derived
dopaminergic fibres had been useful for studying the precise role
of midbrain DA for place preference, contextual memory encoding
and spatial memory persistence, and for deciphering how the
midbrain controls hippocampal excitatory glutamatergic transmis-
sion in CA3-CA1 synapses [4, 5, 26, 43].
To our knowledge, this study provides the first demonstration

that selective activation of the midbrain dopaminergic pathway
modulates the hippocampal glutamatergic transmission in the
context of AD. While previous studies, including our own, have
shown that dopaminergic drugs rescue neuronal and plasticity
deficits in AD mouse models [14, 15, 20], direct evidence that
targeted activation of midbrain DA neurons alone is sufficient to
elicit such rescue was lacking. Here, we show that DA release from
VTA/SNpc upon phasic optogenetic stimulation is both necessary
and sufficient to potentiate CA3-CA1 glutamatergic transmission
and fully restore HFS-LTP deficits in Tg2576 mice. The present
work builds upon our previous findings showing that LTP deficits
in 6-month-old Tg2576 mice are strictly correlated with the early
and selective degeneration of DA neurons in the VTA since
2–3 months, in contrast to SNpc and LC neurons that remain intact
[15], suggesting a higher vulnerability of VTA DA neurons. Our
new findings indicate that, despite the ongoing degeneration in
the VTA and the reduced anatomical connectivity with the

hippocampus, the remaining neurons can be functionally
recruited to compensate for the loss of DA, thus engaging in
plasticity mechanisms in the dorsal hippocampus.
Our findings align with the emerging concept that the

dopaminergic input from the VTA can elicit “DA-LTP”, a form of
LTP characterized by enhanced CA3-CA1 glutamatergic transmis-
sion in the absence of HFS or other classical electrical LTP-
inducing paradigms [5]. Consistent with previous reports [26], we
demonstrate that DA-LTP can be fully prevented by the D1/D5
receptor antagonist SCH-23390, thereby confirming that this HFS-
independent form of potentiation is mediated by phasic DA
release acting on D1/D5 receptors in CA1 pyramidal neurons.
Notably, the slow progression of DA-LTP and the absence of post-
tetanic potentiation further support the involvement of D1/D5
receptors, as similar slow-onset potentiation can be induced by
direct hippocampal infusion of D1/D5 receptor agonists [44, 45].
Of note, the potentiation we observed was largely lower in
DATCre/Tg2576 mice, in line with the degeneration of most
dopaminergic fibres innervating the hippocampus. Yet, it was
sufficient to induce a mild potentiation that, when combined with
HFS, could completely rescue HFS-LTP in these mice.
The ability of phasic dopaminergic stimulation to increase the

HFS-LTP in Tg2576 mice is in striking contrast to the lack of HFS-
LTP increase in WT mice. It is likely that, in non-AD conditions, the
LTP is already saturated by the phasic DA released by
photostimulation, and the subsequent tetanic stimulation cannot
induce further increase in synaptic response. This is in agreement
with the experiments of Sayegh et al., showing that their DA-LTP
occluded further plasticity triggered by theta-burst stimulation,
indicating a ‘saturability’ of the LTP phenomenon, which the
authors explained as the result of common mechanisms of
potentiation by DA and theta-burst stimulation [5]. In Tg2576
mice, in absence of photostimulation, the low basal DA levels do
not permit the potentiation of synaptic responses, resulting in
HFS-LTP deficits even though the Schaffer collaterals are normally
responsive to electrical stimulation (see unchanged input-output
curve between DATCre/WT and DATCre/Tg2576 sham mice;
Supplementary Fig. 2B). In contrast, the photostimulation in these
mice permits full recovery of HFS-LTP, further proving the
necessity of DA for this process.
Notably, our work does not challenge the established role of LC-

derived DA in normal hippocampal synaptic plasticity, nor does it
downplay the contribution of LC deficits to AD progression.
Numerous studies have demonstrated the importance of LC-
derived hippocampal DA in regulating attention, memory
retrieval, contextual memory linking and spatial memory, even
in the absence of reward [7–12]. Consistent with these functions,
LC deficits (i.e., functional disconnection with cortical regions, tau

Fig. 2 Validation of DATCre-Tg2576 model, a new mouse model for optogenetic stimulation of VTA in 6-month-old Tg2576 mice.
A Heterozygous DATCre female mice were crossed with heterozygous Tg2576 males to obtain DATCre/WT and DATCre/Tg2576 (Tg) mice for
optogenetic stimulation of VTA DA neurons. B 6E10 immunostaining of intracellular Aβ levels in the hippocampus of 6-month-old DATCre/WT
and DATCre/Tg2576 mice. Nuclei are counterstained with DAPI and neurons with NeuroTrace (scale: 250 µm; inset 25 µm). C-D Representative
coronal sections of the midbrain showing immunofluorescence for TH+ neurons in DATCre/WT and DATCre/Tg mice at 6 months of age (n= 4
mice / group; scale bar: 100 µm; inset 50 µm) and stereological TH+ cell count in total VTA (Unpaired t-test: **p= 0.0015) and unilateral SNpc (D;
scale bar: 50 µm). E Confocal images and plot showing TH+

fibre density (expressed as fibres / 250 μm; scale bar: 50 µm) in the dorsal
hippocampus of DATCre/WT and DATCre/Tg mice at 6 months of age (n= 4 mice / group. Unpaired t-test: **p= 0.0080). Nuclei are
counterstained with DAPI. F 5-month-old DATCre/WT mice were bilaterally infused in the midbrain with AAV-EF1a-DIO-hChR2(H134R)-eYFP for
selective expression of the ChR2-eYFP fused protein in the mouse midbrain. Mice were used for experiments 1-month post-injection.
G Representative confocal images show eYFP fluorescence in a brain slice used for electrophysiology. The square indicates the midbrain (scale
bar: 500 µm). The images on the right show the co-labelling of eYFP and TH (scale bar: 10 µm). H Representative confocal images of eYFP
fluorescence in the dorsal hippocampus of a 6-month-old DATCre/WTmouse injected with the viral construct in the midbrain (scale bar: 25 µm).
Nuclei are counterstained with DAPI and neurons with NeuroTrace. I Schematic representation of optogenetic stimulation of dopaminergic
(eYFP+) neurons in VTA of 6-month-old DATCre/WT applied during electrophysiology recordings. Representative traces of spontaneous firing of
a DA neuron in the lateral VTA at 6 months of age before photostimulation, and during phasic (shown in detail in the inset) and prolonged light
stimulation (scale bar: 100ms). Note how the spontaneous pacemaking activity is restored following the end of phasic stimulation, but the
neuron remains silent during the prolonged stimulation. [Schematics were created using BioRender (https://biorender.com)].
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tangle accumulation and/or neuronal degeneration) have been
implicated since the early phases of clinical AD [46–51] and may
contribute to disease progression [52, 53]. Nonetheless, our
previous work in the Tg2576 mouse model has shown that the
number of LC TH+ neurons, as well as the noradrenergic outflow in

the hippocampus, remain intact at least up to 6 months of age.
This stands in sharp contrast to the VTA, which degenerates earlier
[15]. Therefore, based on these previous findings, investigating the
effect of LC stimulation on synaptic plasticity in Tg2576 mice falls
outside the scope of the present study.
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Our findings hold significant clinical implications, particularly in
light of the growing recognition of midbrain dopaminergic
dysfunction as a critical contributor to AD pathology from its
earliest stages. Emerging evidence underscores the strong
association between the VTA integrity and hippocampal function,
with structural and functional connectivity of the VTA correlating
with cognitive performance in healthy individuals [54, 55].
Notably, the mesocorticolimbic dopaminergic circuit exhibits early
vulnerability in AD, as indicated by VTA atrophy, reduced
functional VTA connectivity with target areas, hypometabolism
and neuroinflammatory changes within mesocorticolimbic brain
targets [54–63]. Indeed, disruptions in mesocorticolimbic path-
ways are detectable as early as the mild cognitive impairment
(MCI) stage and are associated with an accelerated transition from
MCI to dementia [23, 55, 56, 58, 60–66].
Our findings in the Tg2576 model indicate that selectively

enhancing the midbrain dopaminergic signalling may constitute a
novel therapeutic strategy that can work as an alternative to
systemic pharmacological interventions. As such, this circuit-
specific approach may offer advantages over traditional, systemic
DA-replacement therapies that lack anatomical precision and
often induce important off-target effects. Indeed, while systemic
administration of L-DOPA or other DA-enhancing agents may be
advantageous against motor, cognitive or motivational deficits,
the non-selective and widespread activation of DA circuits
frequently results in adverse effects (i.e. psychomotor agitation,
autonomic nervous system dysregulation, mood changes and
altered reward processing). These complications reflect the
indiscriminate stimulation of both vulnerable and intact DA
pathways. In Parkinson’s Disease, DA neuron loss predominantly
affects the nigrostriatal pathway, yet systemic DA therapies also
activate relatively preserved mesocorticolimbic projections to the
prefrontal and occipital cortex, Nucleus Accumbens and hippo-
campus from the VTA. This off-target stimulation contributes to
well-known complications like impulse control disorders, disin-
hibition, and levodopa-induced dyskinesia.
In an even manner, the nigrostriatal pathway remains largely

preserved in the prodromal and MCI stages of AD, despite the
early vulnerability of the mesocorticolimbic dopaminergic circuit.
Accordingly, systemic DA enhancement in this context may lead
to overactivation of circuits involved in motor control, potentially
precipitating extrapyramidal signs or disrupting homeostasis
within the basal ganglia.
Although optogenetic approaches provide key insights into

the functional connectivity and behavioral relevance of VTA
hippocampal projections, their translational applicability is
limited. In this context, non-invasive neuromodulatory techni-
ques with growing clinical applicability such as transcranial
electrical, magnetic stimulation or vagal nerve stimulation have

shown efficacy in improving cognitive function in AD [67–70].
These interventions are thought to exert their beneficial effects
by modulating mesocorticolimbic DA circuits, thereby restoring
hippocampal synaptic plasticity and cognitive resilience [71]. In
line with this notion, we have recently shown that transcranial
direct current stimulation (tDCS) selectively increases the
excitability of VTA DA neurons, enhances hippocampal DA
release and potentiates LTP without inducing widespread
dopaminergic activation [72]. These effects were associated
with improved memory, attenuated microglia-mediated neu-
roinflammation and significant reduction in amyloid load. Such
an approach may be well-suited for individuals with MCI or early
AD. By preferentially engaging vulnerable mesocorticolimbic
circuits in AD, tDCS offers a targeted, safer means of modulating
synaptic plasticity and cognitive function. Ultimately, such
circuit-level precision may not only avoid the off-target effects
seen with conventional DA therapies but also provide a means
toward slowing disease progression through selective neuro-
modulatory engagement.
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