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g IRCCS Neuromed, 86077, Pozzilli, Italy 
h Section of Neuroscience and Cell Biology, Department of Experimental and Clinical Medicine, Università Politecnica delle Marche (UNIVPM), 60020, Ancona, Italy 
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A B S T R A C T   

What happens precociously to the brain destined to develop Alzheimer’s Disease (AD) still remains to be 
elucidated and this is one reason why effective AD treatments are missing. Recent experimental and clinical 
studies indicate that the degeneration of the dopaminergic (DA) neurons in the Ventral Tegmental Area (VTA) 
could be one of the first events occurring in AD. However, the causes of the increased vulnerability of DA neurons 
in AD are missing. 

Here, we deeply investigate the physiology of DA neurons in the VTA before, at the onset, and after onset of 
VTA neurodegeneration. We use the Tg2576 mouse model of AD, overexpressing a mutated form of the human 
APP, to identify molecular targets that can be manipulated pharmacologically. We show that in Tg2576 mice, DA 
neurons of the VTA at the onset of degeneration undergo slight but functionally relevant changes in their 
electrophysiological properties and cell morphology. Importantly, these changes are associated with accumu-
lation of autophagosomes, suggestive of a dysfunctional autophagy, and with enhanced activation of c-Abl, a 
tyrosine kinase previously implicated in the pathogenesis of neurodegenerative diseases. 

Chronic treatment of Tg2576 mice with Nilotinib, a validated c-Abl inhibitor, reduces c-Abl phosphorylation, 
improves autophagy, reduces Aβ levels and – more importantly – prevents degeneration as well as functional and 
morphological alterations in DA neurons of the VTA. Interestingly, the drug prevents the reduction of DA outflow 
to the hippocampus and ameliorates hippocampal-related cognitive functions. 

Our results strive to identify early pathological brain changes in AD, to provide a rational basis for new 
therapeutic interventions able to slow down the disease progression.   
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1. Introduction 

Alzheimer’s disease (AD) is a neurodegenerative disorder with a slow 
progression and devastating outcomes. AD is characterized by a gradual 
loss of memory and cognition (D’Amelio and Rossini, 2012) and by 
comorbidities such as epilepsy, sleep disorders, and neuropsychiatric 
symptoms like apathy, anxiety, depression and aggressivity (Alves et al., 
2017; Ismail et al., 2016; Lyketsos et al., 2011; Masters et al., 2015; 
Musiek et al., 2018; Noebels, 2011). The main neuropathological hall-
marks of AD are extracellular amyloid β (Aβ) deposits, intracellular 
neurofibrillary tangles, inflammation, neuronal dysfunction, and brain 
atrophy. The classical amyloid hypothesis, which states that the accu-
mulation and deposition of oligomeric or fibrillar Aβ peptides are the 
primary cause of AD, has been the most widespread theory in the 
medical and scientific community for over 20 years (Chételat, 2013; 
Hardy and Selkoe, 2002; Herrup, 2015; Tanzi and Bertram, 2005). 
However, all attempts to develop Aβ-targeting drugs to reverse deficits 
in memory and cognition have ended in failure, despite being successful 
in reducing the Aβ load (Canter et al., 2016; Huang et al., 2020). 

In the last years, increasing evidence has underlined the importance 
of dopamine (DA) in the progression of AD. In compliance with its 
importance for hippocampal-dependent memory performances (Bethus 
et al., 2010; Broussard et al., 2016; Lisman and Grace, 2005; McNamara 
et al., 2014; Rosen et al., 2015; Rossato et al., 2009; Yang et al., 2017), it 
was not surprising that multiple studies established an early link be-
tween AD and deficits in mesocorticolimbic DA signalling (Allard et al., 
1990; Costa et al., 2016; Gibb et al., 1989; Joyce et al., 1997; Kemp-
painen et al., 2003; Koch et al., 2014; Kumar and Patel, 2007; Murray 
et al., 1995; Rinne et al., 1986a, 1986b; Storga et al., 1996). Notably, 
several dopaminergic drugs may help reduce temporarily some symp-
toms in AD patients, thus ameliorating the quality of life (Koch et al., 
2020, 2014, 2011; Martorana and Koch, 2014; Monteverde et al., 1990). 
More importantly, in the context of this research paper, the increase of 
DA drive – evoked by dopaminergic drugs or stimulation of the dopa-
minergic neurotransmission – improves synaptic plasticity dysfunctions, 
cognitive impairment and memory deficits in different experimental 
models of AD (Ambrée et al., 2009; Guzmán-Ramos et al., 2012; Hao 
et al., 2015; Himeno et al., 2011; Jürgensen et al., 2011; Pazini et al., 
2013; Tsunekawa et al., 2008). This evidence supports the notion that 
the mesocorticolimbic DA system undergoes profound changes since the 
early phases of the disease (Martorana and Koch, 2014). 

In line with this concept, we have recently reported an early, pro-
gressive, and selective loss of the Ventral Tegmental Area (VTA) DA 
neurons in the Tg2576 mouse model of familiar AD, long before Aβ 
plaque deposition (Nobili et al., 2017). The VTA is a deep brainstem 
nucleus containing DA neurons that project diffusively to the prefrontal 
cortex, hippocampus, nucleus accumbens (NAc), olfactory bulb, and 
amygdala (Björklund and Dunnett, 2007; Gasbarri et al., 1994). In the 
Tg2576 mouse model, the degeneration of DA neurons results in a lower 
DA outflow to the projection areas, including the hippocampus and NAc 
shell, and correlates with the impairment of the VTA-hippocampus-NAc 
circuit and with deficits in memory and reward performances (Cordella 
et al., 2018; Nobili et al., 2017). In line with our data obtained in Tg2576 
mice, loss of neurons that contain tyrosine-hydroxylase (TH), the 
rate-limiting enzyme of catecholamine biosynthesis, has also been 
observed in two other commonly-used AD models, the 3×Tg-AD and 
APPswe/PS1ΔE9 mice (Liu et al., 2008; Moreno-Castilla et al., 2016). 
Importantly, the observations in Tg2576 mice led to several indepen-
dent clinical studies focused on the alterations occurring in the VTA of 
mild-cognitive impairment (MCI) and AD patients. In particular, these 
works pinpoint the functional, structural and metabolic changes 
affecting the VTA and its projection areas in the mesocorticolimbic 
pathway since the early stages of the disease (Caligiore et al., 2020; 
D’Amelio et al., 2018b; De Marco and Venneri, 2018; Iaccarino et al., 
2020; Serra et al., 2018), and highlighted the VTA volume or connec-
tivity alterations as prodromal clinical markers to predict conversion 

from a healthy state to clinical AD (D’Amelio et al., 2018a; Venneri and 
De Marco, 2020). 

Despite these clinical advances, however, the causes of the increased 
vulnerability of VTA DA neurons in AD are still unknown. 

Here, we provide an in-depth investigation of DA neurons in the VTA 
of Tg2576 mice with the aim of investigating features that might make 
these neurons particularly susceptible to degeneration. To address this 
objective, we focused on three different stages of the disease progres-
sion: before onset, at the onset and at an advanced state of neuronal 
degeneration. We show that, while in 1-month-old Tg2576 mice DA 
neurons behave normally, at the onset of neurodegeneration (3 months 
of age) these neurons undergo important changes in electrophysiolog-
ical properties, accompanied by autophagic deficits. Dysfunctions in 
neuronal excitability further worsen in 6-month-old Tg2576 mice, an 
age-point characterized by pronounced DA cell death (Nobili et al., 
2017), when we also observe significant changes in neuronal 
morphology. Interestingly, from 3 months of age, at the beginning of the 
neurodegenerative events, we also observed an enhanced c-Abl activa-
tion, restricted to the midbrain of Tg2576 mice. Accumulating evidence 
indicate that c-Abl is one of the factors involved in neurodegenerative 
diseases (Cancino et al., 2011; Imam et al., 2011; Jiang et al., 2005; Jing 
et al., 2009; Ko et al., 2010; Schlatterer et al., 2011; Tremblay et al., 
2010) and its activation in AD and Parkinson’s disease (PD) mouse 
models results in neurodegeneration by inhibition of the autophagic 
process. Thus, in an attempt to delay or block DA neuronal loss, we 
evaluated the efficacy of Nilotinib, a potent c-Abl inhibitor. Nilotinib has 
been effectively used to reverse the loss of DA neurons in PD models and 
to improve cognitive and motor performances via autophagic degrada-
tion of Aβ and α-synuclein in models of AD and PD, respectively (Hebron 
et al., 2013a; Lonskaya et al., 2013b). Importantly, clinical trials showed 
that Nilotinib can reduce disease-related biomarkers in both AD and PD 
patients (Pagan et al., 2016, 2019; Turner et al., 2020). In accordance 
with these reports, here we show that an early and chronic in- vivo 
administration of Nilotinib in Tg2576 mice mitigates disease progres-
sion by reducing Aβ load, blocking DA neuron degeneration and pre-
venting morphological alterations in the VTA. The protection of DA 
neurons in the VTA of Tg2576 mice prevents the loss of DA outflow to 
the hippocampus and ameliorates cognitive functions. 

Overall, the present data pinpoint the need of a deeper knowledge of 
the molecular bases of DA cell death and the identification of new 
pathways involved in the disease, to provide a framework for the design 
of new drugs and therapeutic strategies aimed at delaying or blocking 
the pathogenic events in AD. 

2. Material and Methods 

2.1. Animals and pharmacological treatment 

Heterozygous Tg2576 mice (Hsiao et al., 1996) and WT littermates of 
either sex were used at 1, 3 and 6 months of age, as described in the text. 
All animal experiments were carried out in accordance with the ethical 
guidelines of the European Council Directive (2010/63/EU). Experi-
mental approval was obtained from the Italian Ministry of Health 
(protocol #926/2018PR). 

Nilotinib treatment started at 45 days of age. Animals were injected 
intraperitoneally (i.p.) with 1mg kg− 1 Nilotinib (Abcam; #ab142019) 
dissolved in 5% DMSO in saline, or with saline containing 5% DMSO 
alone (vehicle), on alternate days. All the experiments after treatment 
were performed at 3 and 6 months of age. 

2.2. Brain slicing 

Brain slicing was performed with as described in (Ting et al., 2018). 
All extracellular solutions were meant to better preserve neuronal 
morphology and function. The solutions were freshly prepared, then 
kept at 4◦C for at most 5 days. All were saturated with a mixture of 95 % 
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O2, 5% CO2 prior to usage; pH was checked daily to be between 7.3 and 
7.4. 

Acute brain slices were obtained following halothane anesthesia and 
transcardiac perfusion with a solution containing (in mM): 92 NMDG, 
2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 Glucose, 5 Na- 
Ascorbate, 2 Thiourea, 3 Na-Pyruvate, 10 MgSO4, 0.5 CaCl2. The brain 
was rapidly removed and horizontal slices (260 μm) containing the 
midbrain were cut with a vibratome (VT1200S, Leica) in chilled (4◦C) 
perfusion solution. After cutting, brain slices were transferred to a 
holding chamber with 150 mL of the NMDG-based solution, and left to 
recover at 34◦C. Recovery time was assigned to each animal based on its 
age and following Table 2 in (Ting et al., 2018), to gradually increase 
sodium concentration in order to preserve membrane integrity. 

After the recovery procedure, slices were transferred to a long- term 
holding chamber containing the following solution (in mM): 92 NaCl, 
2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 Glucose, 5 Na- 
Ascorbate, 2 Thiourea, 3 Na-Pyruvate, 2 MgSO4, 2 CaCl2, where they 
were kept for the entire experimental session at room temperature. 

2.3. Electrophysiological recordings 

A single slice was placed into a recording chamber of an upright 
microscope (Axioskop 2-FS; Zeiss) and continuously perfused (3 mL 
sec− 1, 32◦C) with a solution containing (in mM): 124 NaCl, 2.5 KCl, 1.2 
NaH2PO4, 24 NaHCO3, 5 HEPES, 12.5 Glucose, 2 MgSO4, 2 CaCl2. 

The VTA was identified with infrared differential interference 
contrast (DIC) at a 4x magnification; neurons were visualized using a 
magnification of 60x. 

Whole-cell patch-clamp and single-unit extracellular recordings 
were performed from DA neurons located in the VTA, subdivided in 
lateral and intermediate parts as in (Krashia et al., 2017; Zhang et al., 
2010). 

For whole-cell recordings, the target cell was approached with a glass 
capillary (TW-150F-4, World Precision Instruments, Germany) with a 
resistance of 3.5–4.5 MΩ and filled with a filtered solution containing (in 
mM): 120 K-Glu, 20 KCl, 0.2 EGTA, 10 HEPES, 2 MgCl2, 4 Mg-ATP, 0.3 
Na-GTP, 10 Phosphocreatine, 0.2 % Biocytin, pH 7.30. After the for-
mation of a giga-seal and membrane rupture, the following protocols 
were applied starting from a holding membrane potential of -60 mV:  

- A voltage-clamp protocol consisting of a single -5 mV step (200 ms 
duration), for the evaluation of Cm. 

- A 1-minute long recording in I=0 to evaluate AP shape. The pa-
rameters were calculated with a custom-written MATLAB® script. 
The rise time and the decay time were calculated as the x-axis dis-
tance between the threshold potential and the peak potential, and 
between the peak potential and the minimum value reached during 
the hyperpolarization phase, respectively. The amplitude was 
calculated as the y-axis distance between the threshold and the peak. 
The width was defined as the duration between the threshold and the 
equipotential point found on the repolarization phase of the AP.  

- A 1 s voltage-clamp protocol with 4 hyperpolarizing steps from -60 to 
-120 mV (Δ=20 mV), to study the amplitude of the Ih current. The 
absolute Ih current was calculated as the difference between the peak 
current value and the steady-state current reached during the -120 
step, whereas the current density was obtained by dividing the ab-
solute current to the respective Cm.  

- A voltage-clamp protocol consisting of a 100 ms depolarization from 
-60 to 0 mV to study the SK current, expressed as a peak right after 
the depolarizing current. Current density was obtained by dividing 
the absolute current value to Cm.  

- A voltage-clamp protocol made up of 4 hyperpolarizing steps lasting 
500 ms from a holding potential of -25 mV, to study the inward 
KCNQ current relative to the steady state current. 

For current-clamp recordings, cells were kept at -60 mV by direct 

current injection. We applied a current-clamp protocol with steps of 50 
pA lasting 600 ms, starting from -200 pA up to +200 pA, to evaluate the 
I/V relationship at sub-threshold potentials, the number of APs at above- 
threshold potentials, and the threshold and hyperpolarization potentials 
from the first action potential elicited by the +200 pA injection. Mem-
brane resistance (Rm) was calculated from the slope of the linear 
regression of I/V curves. The Sag amplitude was calculated as the dif-
ference between the lowest potential and the steady-state potential 
reached during the -200 pA hyperpolarizing step. 

For post-synaptic spontaneous GABAergic currents (sIPSCs) the in-
ternal solution was switched to one containing (in mM): 130 CsCl, 1 
EGTA, 10 HEPES, 2.5 QX-314- Cl, 2 Mg-ATP, 0.2 Na-GTP, 10 Phos-
phocreatine; pH 7.30. These currents were recorded in voltage- clamp at 
-70 mV, in the presence of (in μM): 10 NBQX-Na2, 50 AP-V, 1 CGP- 
55845, to block the activity of AMPA/Kainate, NMDA, and GABAB re-
ceptors, respectively. 

Extracellular recordings were performed by filling the pipette with 
extracellular solution; the electrode was then moved towards a neuron’s 
surface until firing was detected. Spikes were recorded on the I=0 mode, 
with high-pass (0.5 Hz) and low-pass filtering (1 kHz). DC components 
were also highpass-filtered by enabling 300 Hz AC coupling. 

All signals were amplified with an Axon 700B amplifier, digitized at 
20 kHz with a Digidata 1400A and computer-saved using Clampex 10.3 
(all from Molecular Devices, Sunnyvale, CA). 

During all experiments, the membrane access resistance was 
repeatedly monitored and recordings in which it exceeded over 25 % 
were discarded. No liquid junction potential correction was applied. 

2.4. Adeno-associated virus (AAV) vector and stereotaxic injection 

To monitor the autophagy flux, we utilized an adeno-associated virus 
(AAV2/9) carrying a monomeric tandem mCherry-GFP-LC3 (AAV2/9- 
mCherry-GFP-LC3) as a reporter construct (Castillo et al., 2013). 

The virus was delivered via stereotaxic injection. Male mice were 
anaesthetized with Rompun (20 mg ml− 1, 0.5 mL kg− 1; Bayer) and 
Zoletil (100 mg ml− 1, 0.5 mL kg− 1; Virbac; i.p.) and positioned in a 
stereotaxic apparatus, before a burr hole was made under aseptic con-
ditions. The viral vector (0.4 μL) was injected into the left VTA (- 3.2 AP, 
±0.35 ML, -4.4 DV; Paxinos and Franklin, 2012). 

The virus (7.62 × 1013 particles ml− 1) was infused via 1 μl Hamilton 
syringe (Neuros7001; Hamilton; #65458− 01) by slow pressure lasting 
10 min using a Pump 11 Elite Nanomite Syringe Pump (Harvard 
Apparatus; flux 40 nl min-1) to allow for diffusion into the target brain 
area. Following infusion, the needle remained in place for at least an 
additional 8 min to prevent solution backflow, before being slowly 
retracted. After surgery the skin was sutured, and mice were returned to 
their home cage and monitored during recovery. Each animal was 
injected at postnatal day 70 (P70) and analyzed with immunofluores-
cence 21 days after surgery (P91). Data from animals showing misplaced 
injection site were discarded. 

2.5. Immunohistochemistry and immunofluorescence 

Mice were anaesthetized with Rompun (20 mg ml− 1, 0.5 mL kg− 1, i. 
p., Bayer) and Zoletil (100 mg ml− 1, 0.5 mL kg− 1, Virbac) and perfused 
transcardially with 50 mL saline followed by 50 mL of 4 % para-
formaldehyde in Phosphate Buffer (PB; 0.1 M, pH 7.4). 

The brains were removed and post-fixed in paraformaldehyde at 4◦C 
and then immersed in 30 % sucrose solution at 4◦C until sinking. 

Brain sections for immunohistochemistry (TH/Nissl and c-Abl) were 
cut into 40 μm-thick coronal sections using a cryostat, and the slices 
were collected in PB. The sections (every second slice for a total of 9 
sections) were incubated with primary antibody. The endogenous 
peroxidase was neutralized with a 0.3 % H2O2 solution in PB. The sec-
tions were incubated overnight at 4◦C with the primary antibody diluted 
in PB containing 0.3 % Triton X-100. After three washes in PB, sections 
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were incubated with a biotinylated secondary antibody followed by the 
avidin-biotin-peroxidase method (Vectastain, ABC kit, Vector) and using 
the chromogen 330-diaminobenzidine (Sigma-Aldrich). Finally, sections 
were counterstained with Nissl staining, dehydrated and coverslipped 
with Entellan (Sigma-Aldrich). Immunohistochemistry brain sections 
were used for morphological analysis, c-Abl staining and cell counting 
(see below). 

For TH/mCherry-GFP-LC3 immunofluorescent labelling, brains were 
cut into 30 μm-thick coronal sections using a cryostat and the slices were 
collected in PB. The sections selected were processed with the primary 
anti-TH antibody in PB containing Triton 0.3 % over night. After three 
washes in PB, sections were incubated with a secondary antibody. For 
3D reconstruction, images were taken as Z-stacks and these Z-stack 
images were then processed by maximum intensity projection. All 
samples were acquired with the same laser settings. For quantitative 
analysis, images were collected from at least 3–4 slices processed 
simultaneously from VTA and exported for analysis with ImageJ 
software. 

For Aβ quantification, slices were incubated for 2 nights with pri-
mary antibodies in PB containing Triton 0.3 % and then incubated for 2 
h at room temperature with secondary antibodies. Quantification of Aβ 
expression level in the different experimental groups was performed off- 
line on confocal images by densitometric analyses. After background 
subtraction, the Aβ-associated signal of neurons of specific brain regions 
was quantified by manually outlining individual neurons and measuring 
cell associated fluorescence intensity with the ImageJ software (http://r 
sb.info.nih.gov/ij/). The F/A ratio defines mean fluorescence of indi-
vidual cells (F) normalized to total cellular surface (A). Quantification 
was done on 35 cells per region/mice (n=4 mice per group) and was 
conducted blind to the animal’s experimental group. 

For c-Abl visualization, slices were incubated for 2 nights with pri-
mary antibodies in PB containing Triton 0.3 % and then incubated for 2 
h at room temperature with secondary antibodies. 

Immunofluorescence analysis was also used for post hoc labeling of 
the recorded cells filled with biocytin (see “Electrophysiological re-
cordings” section). Horizontal slices from electrophysiological re-
cordings were fixed overnight in 4 % paraformaldehyde in PB, followed 
by 3 washes in PB and transferred to a 30 % sucrose solution at 4◦C until 
sinking. The slices were cut into 50 μm-thick using a freezing microtome 
and collected in PB. The sections were incubated overnight at 4◦C with 
primary antibody and streptavidin red dye conjugate in PB containing 
0.3 % Triton X-100. After three washes in PB, sections were incubated 
with a secondary antibody. 

Primary antibodies: TH (1:1000, Millipore; MAB318; RRID: 
AB_2201528); hAPP695 (6E10; 1:500, BioLegend; #803001; RRID: 
AB_2564653); c-Abl (1:200, Santa Cruz; sc-56887; RRID: AB_781732); 
NeuroTrace-405 (1:200, Thermo Fisher Scientific; #N21479). 

Secondary antibodies: Alexa Fluor 488 donkey anti-mouse IgG 
(1:200; Thermo Fisher Scientific; #R37114; RRID: AB_2556542), Alexa 
Fluor 405 goat anti-Mouse IgG (1:200; Thermo Fisher Scientific; #A- 
31553; RRID: AB_221604), biotinylated secondary antibody (Jackson 
Immunoresearch Laboratories; #AP132B; RRID: AB_11212148), strep-
tavidin red dye (Alexa Fluor-546 conjugate, Thermo Fisher Scientific; 
#S11225; RRID: AB_2532130). 

Sections for immunofluorescence were coverslipped with Aqueous 
Mounting Media (Sigma-Aldrich) and examined under a confocal laser- 
scanning microscope (LSM700, Zeiss). The specificity of the immuno-
fluorescence labelling was confirmed by the omission of primary anti-
bodies and the use of normal serum instead (negative controls). 

2.6. Morphological analysis 

Sections processed for immunohistochemistry were used for 
morphological analysis of DA neurons. The VTA was divided into lateral 
and intermediate subregion, as described in the text. TH+ cells were 
imaged with an optical microscope (DMLB; Leica) equipped with a 

motorized stage and a camera connected to Neurolucida 7.5 software 
(MicroBright-Field) that allowed for quantitative 3D analysis of the 
entire cell body. For the measurement of neuronal cross-sectional area, 
Nissl staining was performed on TH stained sections. Only TH+ neurons 
identified by a clear nuclear profile were included for analysis. Cell body 
area and perimeter were evaluated (Latini et al., 2014). Overall, 
twenty-five cells per lateral VTA and twenty-five cells per intermediate 
VTA per animal were selected randomly for analysis, and all data were 
subsequently averaged per subfield for each mouse. 

2.7. Stereological analysis 

Sections processed for immunohistochemistry were used for 
obtaining unbiased estimates of numbers of TH+ neurons in the lateral 
VTA (the count refers to one hemisphere - see Fig. 3D) and for total 
number of TH+ neurons in the entire VTA (Fig. 6B). The boundaries of 
the areas used for counting were defined by TH staining, and area 
distinction was performed according to Paxinos published guidelines 
(Paxinos and Franklin, 2012) and as described in the text. We applied an 
optical fractionator stereological design (bilateral count) using the Ste-
reo Investigator System (MicroBrightField Europe e.K.). A stack of MAC 
5000 controller modules (Ludl Electronic Products, Ltd) was interfaced 
with an Olympus BX50 microscope with a motorized stage and a HV-C20 
Hitachi digital camera with a Pentium II PC workstation. A 
three-dimensional optical fractionator counting probe (x, y, z dimension 
of 50 × 50 × 25 μm) was applied. The brain area of interest was outlined 
using the 5x objective and neuronal cells were marked with a 100x 
oil-immersion objective. Neurons were considered TH+ if they showed 
cytoplasmatic TH immunoreactivity. 

The total TH+ neuron number was estimated according to the for-
mula (Eq. 1): 

N = SQ ×
1

ssf
×

1
asf

×
1

tsf
(1)  

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. 

2.8. Transmission Electron Microscopy 

Mice were anesthetized (as for immunohistochemistry studies) and 
perfused transcardially with a flush of saline solution followed by 4% 
freshly depolymerized paraformaldehyde and 0.2 % glutaraldehyde in 
0.1 M phosphate buffer (PB; pH 7.4). Brains were removed, post-fixed in 
the same fixative for 30 days, cut on a Vibratome in 50 μm serial hori-
zontal sections from the midbrain and collected in PB until processing 
(Melone et al., 2019). Horizontal sections were obtained through the 
dorso-ventral extent of the VTA, resulting in 12–13 sections per series. 
To verify the dorso-ventral extension of VTA, the first and the last sec-
tion from all series were processed for immunoperoxidase detection of 
TH using an anti-TH primary antibody (1:400; Millipore, #AB1542; 
RRID:AB_90755; Murphy and Deutch, 2018), followed by the embed-
ding procedure as previously described (Melone et al., 2019). 

2.8.1. Post-embedding procedure 
Sections were processed for an osmium-free embedding method 

(Melone et al., 2019; Phend et al., 1995). Dehydrated sections were 
immersed in propylene oxide, infiltrated with a mixture of Epon/Spurr 
resins, sandwiched between Aclar films, and polymerized at 60 ◦C for 48 
h. After polymerization, chips from the intermediate VTA (Krashia et al., 
2017; Morales and Margolis, 2017) were cut from the wafers, glued to 
blank resin blocks and sectioned with an ultramicrotome. Thin sections 
(60–80 nm) were cut and mounted on 300 mesh nickel grids and pro-
cessed for immunogold labeling (Melone et al., 2019; Phend et al., 
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1995). In brief, after treatment with 4 % para-phenylenediamine in 
Tris-buffered saline (0.1 M Tris, pH 7.6, with 0.005 % Tergitol NP-10; 
TBST), grids were washed in TBST (pH 7.6), transferred for 15 min in 
0.25 % NDS in TBST (pH 7.6) and then incubated overnight (28◦C) in a 
solution of TBST (pH 7.6) containing anti-TH primary antibody (1:200; 
Abcam; #AB1542; RRID:AB_90755). Grids were subsequently washed in 
TBST (pH 8.2), transferred for 10 min in 0.5 % NDS in TBST (pH 8.2), 
incubated for 2 h (28◦C) in TBST (pH 8.2) containing secondary anti-
bodies conjugated to 18 nm gold particles (1:20; Jackson, 713− 215-147; 
RRID: AB_2340734), washed in distilled water, and then stained with 
uranyl acetate and Sato’s lead. The optimal concentration of antibodies 
was sought by testing several dilutions; the concentration yielding the 
lowest level of background labeling and still immunopositive elements 
was used to perform the final studies. Gold particles were not detected 
when primary antiserum was omitted. When normal serum was 
substituted for immune serum, sparse and scattered gold particles were 
observed, but they did not show any specific relationship to subcellular 
compartments. Ultrathin sections were examined with a Philips CM10 
electron microscope coupled to a MegaView-II high resolution CCD 
camera (Soft Imaging System). Identification of ultrastructural profiles 
was based on established morphological criteria (Peters et al., 1991). 

2.8.2. Data collection and analysis 
Immunogold labeled cytoplasm of neurons were randomly acquired 

from 12 ultrathin sections/animal. For determining the density of gold 
particles of labeled fields, particles were counted and areas were 
calculated using ImageJ software. Background was calculated by esti-
mating labeling density over neuronal nuclei (Melone et al., 2019). In 
each cytoplasmic fields, double- membraned autophagosomes were 
identified according to well established criteria (Eskelinen, 2008; 
Klionsky et al., 2021; Ylä-Anttila et al., 2009), and their density 
calculated. 

2.9. Total protein extraction 

The midbrain was dissected from the entire brain. Tissue was ho-
mogenized in RIPA buffer containing (in mM): 50 Tris− HCl pH 7.5, 150 
NaCl, 5 MgCl2, 1 EDTA, 1% Triton X-100, 0.25 % sodium deoxycholate, 
0.1 % SDS, 1 sodium orthovanadate, 5 b-glycerophosphate, 5 NaF and 
protease inhibitor cocktail, and incubated on ice for 30 min (Nobili 
et al., 2018). The samples were centrifuged at 15,000g for 20 min and 
the protein concentration of the supernatant was determined by the 
Bradford method. 

2.10. Immunoblotting analysis 

Proteins were applied to SDS–PAGE and electroblotted on a poly-
vinylidene difluoride (PVDF) membrane. Immunoblotting analysis was 
performed using a chemiluminescence detection kit. The relative levels 
of immunoreactivity were determined by densitometry using the ImageJ 
software. 

Primary antibodies: p-c-Abl Tyr 412 (1:500; Santa Cruz, #sc- 
293130; RRID: AB_2220986); c-Abl (1:500; Santa Cruz; #sc-56887; 
RRID:AB_781732); GAPDH (1:50000; Calbiochem; #CB1001; RRID: 
AB_2107426); LC3 (1:500; Cell Signaling; #4108; RRID: AB_2137703). 

Secondary antibodies: goat anti-mouse IgG (1:3,000; Bio-Rad; 
#1706516; RRID: AB_11125547), goat anti-rabbit IgG (1:3,000; Bio- 
Rad; #1706515; RRID: AB_2617112). 

Membranes were stripped using Re-Blot Plus Strong Solution (Mil-
lipore) for 15 min at room temperature. 

2.11. Microdialysis 

Male mice, anaesthetized with Rompun (20 mg ml− 1, 0.5 mL kg− 1, i. 
p., Bayer) and Zoletil (100 mg ml− 1, 0.5 mL kg− 1, Virbac), were 
mounted on a stereotaxic frame and implanted unilaterally with 

microdialysis probes 24–36 h before experiments. The concentric dial-
ysis probes (AN69 fibres, Hospal Dasco) were implanted vertically at the 
level of the hippocampus (AP -3.0, ML ±2.7 from bregma). The probe 
lengths were 5 mm (3 mm membrane). 

Each probe was fixed and the skin was sutured. Mice were returned 
to their home cages and the outlet and inlet probe tubing were protected 
by locally applied parafilm. Membranes were tested for in vitro recovery 
before surgery. On the day of the experiment each animal was placed in 
a circular cage containing microdialysis equipment: the microdialysis 
probe was connected to a CMA/100 pump (Carnegie Medicine) through 
PE-20 tubing and an ultralow torque multichannel power-assisted 
swivel (Model MCS5, Instech Laboratories) to allow free movement. 
Artificial cerebrospinal fluid (in mM: NaCl 140; KCl 4; CaCl2 1.2; MgCl2 
1) was pumped through the dialysis probe (2.1 μL min− 1). Following the 
start of the dialysis perfusion, mice were left undisturbed for ~1 h before 
the collection of six baseline samples. Dialysate samples were collected 
every 20 min for 120 min. Brains were then post-fixed in 4% para-
formaldehyde, cut in coronal slices (100 μm) and processed for methy-
lene blue staining. The correct positioning of the probes was confirmed 
under a microscope. Data from animals not showing proper placement 
were discarded. 

Each dialysate sample (20 μL) was analyzed by ultra- performance 
liquid chromatography. Concentrations (pg 20 μL− 1) were not corrected 
for probe recovery. The ultra-performance liquid chromatography 
apparatus (ACQUITY, Waters Corporation) was coupled to an ampero-
metric detector (Decade II, Antec Leyden) containing an in-situ Ag/AgCl 
reference electrode and an electrochemical flow-cell (VT-03, Antec 
Leyden) with a 0.7 mm glassy carbon electrode, mounted with a 25 mm 
spacer. The electrochemical flow-cell, set at a potential of 400 mV, was 
positioned immediately after a BEH C18 column (2.1 × 50 mm, 1.7 μm 
particle size; Waters Corporation). The column was kept at 37◦C (0.07 
mL min− 1 flow rate). The composition of the mobile phase was (in mM): 
50 phosphoric acid, 8 KCl, 0.1 EDTA, 2.5 1-octanesulfonic acid sodium 
salt, 12 % MeOH and pH 6.0 adjusted with NaOH. Peak height obtained 
by oxidation of DA was compared with that produced by a standard. The 
detection limit was 0.1 pg. 

2.12. Novel Object Recognition Test (NORT) 

The NORT is a validated test to measure recognition memory in ro-
dents by exploiting their natural tendency to explore novel items (Cohen 
and Stackman, 2015), and it is strictly dependent on hippocampal 
integrity (Jessberger et al., 2009; Squire et al., 2007). 

Mice were tested individually in a Plexiglass arena (56 × 42 × 21 cm) 
not directly illuminated. The NORT encompasses three main sessions: 
habituation, training, and tests (Bardgett et al., 2011; Cutuli et al., 2014; 
Gerenu et al., 2013). 

In the habituation session, mice were familiarized with the empty 
arena for 5 min. In the training session (after a 3-min delay spent in their 
home cages following habituation), mice were allowed to explore two 
identical objects (i.e., white plastic spheres), placed in the middle of the 
arena, equidistant from the center, for 5 min. After 1 h and 24 h, the test 
sessions were performed by replacing one of the two identical objects 
with an unfamiliar novel object (i.e., a light grey wooded cone or a black 
plastic spool, respectively) and observing animals’ exploration of the 
objects (i.e., when they touched them with the snout or sniffed them) for 
5 min. Objects and arena were cleaned with 30 % ethanol between 
sessions to minimize olfactory signals. 

The NORT parameters considered were the contact time (s) with 
objects during training and test sessions and the number of defecation 
boluses during each session of the task. 

2.13. Sample size, randomization and blinding 

The number of samples in each group and for each experiment was 
determined based on published studies. All randomization was 
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performed by assigning a random number to each animal and using a 
random number table. All data were collected by researchers that were 
blind to the genotype or pharmacological treatment of each animal. 

2.14. Statistical analysis 

All statistical analysis was performed with GraphPad Prism (v7.00), 
except for the three-way analysis of variances (ANOVA), which was 
performed with MATLAB® (R2019b, Mathworks, Inc.). 

TH+ stereological cell count and cell morphology in naïve animals 
were analyzed by Two-Way ANOVA with genotype (WT vs Tg) and VTA 
subregions (lateral vs intermediate) as independent factors. 

Following Nilotinib treatment, cell count and cell morphology were 
analyzed by two-way ANOVA for genotype (WT vs Tg) and treatment 
(Veh versus Nil). Microdialysis data were analyzed by ordinary two-way 
ANOVA for time vs treatment. 

Two-way repeated measures ANOVA was used to analyze neuron 
excitability data (number of action potentials, with genotype as an in-
dependent factor, and drive current as a repeated factor) and the M 
Current (with genotype as an independent factor, and membrane po-
tential as a repeated factor). 

The change in weight the animals endured during the pharmaco-
logical treatment was analyzed with a three-way ANOVA; accordingly, 
the factors were treatment (Veh vs Nil), genotype (WT vs Tg), and weight 
(once per week). 

All post hoc comparisons following ANOVAs were assessed with 
Tukey’s or Sidak’s tests. 

The rest of the data were checked for normality by using the D’Ag-
ostino and Pearson or Shapiro-Wilk normality tests and analyzed 
accordingly with two- tailed parametric (Student’s t-test, Welch’s t-test, 
Paired t-test) or non-parametric tests (Mann–Whitney, Kolmogorov- 
Smirnov or Kruskal-Wallis tests). 

See figure legends for more details. Values of p ≤ 0.05 were 
considered to be statistically significant. 

In the box-and-whisker plots, the center line denotes the median 
value, edges are upper and lower quartiles, whiskers show minimum and 
maximum values and points are individual experiments. 

All other data are presented as mean ± s.e.m. 

3. Results 

3.1. Increased excitability of DA neurons in the VTA of Tg2576 mice 

Degeneration of VTA DA neurons in the Tg2576 mouse model of AD 
is detectable since the age of 3 months, and it worsens over time. Loss of 
tyrosine hydroxylase positive (TH+) terminals in the dorsal hippocam-
pus and NAc shell results in a prominent drop of DA outflow to these 
projection areas and in a deficit of synaptic plasticity, followed by im-
pairments in memory and reward performance in 6-month-old Tg2576 
mice (Cordella et al., 2018; Nobili et al., 2017). As a functional readout 
of neuronal status, we performed electrophysiological recordings from 
DA neurons in the VTA of 1-, 3- and 6-month-old Tg2576 and 
age-matched wild-type (WT) mice to study the functional properties of 
these cells before the onset, at the onset and at an advanced phase of 
neuronal degeneration, respectively. 

Since DA cells in the VTA are spontaneously active, we first per-
formed extracellular single-unit recordings from midbrain slices to 
compare spontaneous action potential (AP) firing frequency and pace-
making regularity between the two genotypes. While at 1 month of age 
no differences could be seen between WT and Tg2576 neurons, DA 
neurons from 3- month-old Tg2576 mice displayed an increased spon-
taneous firing frequency, that became even more prominent at 6 months 
of age (Fig. 1A). These data suggest that firing alterations in DA neurons 
of Tg2576 mice are just beginning at 3 months of age and worsen with 
age. Firing regularity, as measured by the coefficient of variation of the 
interspike interval (CV-ISI), was unchanged at all ages (Fig. 1A). 

To further investigate the excitability of Tg2576 DA neurons, we 
studied the active and passive properties of identified neurons by 
combining patch-clamp techniques with confocal TH-labelling of 
biocytin-filled neurons (Fig. 1B). Given the high degree of variability in 
the firing properties of VTA neurons along the medio-lateral axis (Kra-
shia et al., 2017; Morales and Margolis, 2017; Roeper, 2013; Zhang 
et al., 2010), we analysed separately the results from lateral vs inter-
mediate neurons. Overall, irrespective of genotype or age, intermediate 
VTA neurons showed a higher propensity to fire APs in response to 
depolarizing currents compared to lateral VTA DA neurons (compare 
Fig. 1C with Supplementary Fig. 1A). In 1- and 3-month-old Tg2576 
mice the ability of DA neurons to fire APs was unchanged compared to 
WT neurons, yet the firing rate was particularly enhanced in 6-month--
old Tg2576 mice (Fig. 1C; Supplementary Fig. 1A). These results suggest 
an increased excitability of DA neurons in 6-month-old Tg2576 mice, 
and an increased functional output both during spontaneous pace-
making and in response to current input. The increased excitability of 
6-month-old Tg2576 DA neurons, pooled together from both VTA sub-
regions, was not due to differences in cell capacitance or membrane 
resistance (Supplementary Table 1, see also Supplementary Fig. 1B). On 
the other hand, it was strongly correlated with a significant shift of the 
AP threshold to more negative values in 6-month-old Tg2576 neurons 
(Fig. 1D,E), while we also observed a faster deactivation of the AP 
(Supplementary Table 1). Additionally, though not significant, the 
after-hyperpolarization potential reached during pacemaking was less 
negative in Tg2576 neurons compared to WT cells (Fig. 1E), suggesting a 
reduction in the after-hyperpolarization current. Indeed, depolarization 
to 0 mV induced a smaller after-hyperpolarization current in 6-month 
old Tg2576 mice (Fig. 2A), known to be mediated mainly by 
Small-Conductance Calcium-Activated K+ (SK) channels (Krashia et al., 
2019a). Even though the reduction in the SK-mediated conductance 
would be compatible with the increased excitability of DA neurons in 
6-month-old Tg2576 mice, the difference between genotypes was too 
small. Indeed, when the SK current was plotted as the current density 
relative to cell size, we found no difference compared to WT neurons at 3 
or 6 months of age (Fig. 2A) and only a small reduction in neurons of 
younger Tg2576 animals (Supplementary Fig. 2A). 

Next, we examined other characteristic DA neuron conductances, 
namely the hyperpolarization-activated current (Ih) mediated by HCN 
channels (Mercuri et al., 1995; Neuhoff et al., 2002; Seutin et al., 2001) 
and the non-inactivating M-Current mediated by the KCNQ channel 
family (Koyama and Appel, 2006). The Ih is an inward K+/Na+ current 
while KCNQ channels are voltage-gated K + channels. Together with SK 
channels, these conductances play an essential role in regulating action 
potential repolarization, synaptic plasticity and synchronous activity in 
neurons (Engel and Seutin, 2015; Gasselin et al., 2015; He et al., 2014; 
Huang et al., 2011; Koyama and Appel, 2006; Masi et al., 2015). We did 
not observe any difference between genotypes in the magnitude of the Ih 
current at 1 and 3 months of age (Supplementary Fig. 2B), while in 
6-month-old Tg2576 DA cells the Ih current was reduced compared to 
WT neurons (Fig. 2B). In line with the reduction in Ih, the voltage ‘sag’ 
observed during cell hyperpolarization was also reduced in 6-month-old 
Tg2576 mice (Supplementary Fig.1B). However, similarly to SK cur-
rents, a closer look at the Ih current density relative to cell size indicated 
no difference compared to WT neurons (Fig. 2B). Additionally, the 
M-Current (Im), measured with voltage steps from − 35 mV to − 65 mV 
showed no differences between genotypes for any of the three age 
groups (Fig. 2C and Supplementary Fig. 2C). 

Overall, the subtle alterations in Ih- and SK- mediated conductances 
and the early changes in the spontaneous and evoked excitability of 
Tg2576 DA neurons are all indications of cellular dysfunction. Given 
that the majority of afferents onto DA neurons of the VTA – as much as 
70 % of synaptic inputs – are GABAergic and have a major impact on the 
activity of DA cells (Henny et al., 2012; Mathon et al., 2003; White, 
1996; Yang et al., 2018), we next examined whether alterations in the 
GABAergic input on Tg2576 DA neurons could contribute to the 
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Fig. 1. Increased firing of DA neurons in the VTA from Tg2576 mice. 
A. Spontaneous firing recorded from DA neurons of the VTA (scale: 1 s; 2 mV) in 1-, 3- and 6-month-old WT and Tg2576 (Tg) mice and respective plots showing 
instantaneous firing frequency and the coefficient of variation of the interspike interval (1 month: WT: n = 60 neurons, 5 mice; Tg: n = 69 neurons, 5 mice; Unpaired t- 
test for frequency, p = 0.465; Mann-Whitney test for CV-ISI, p = 0.830; 3 months: WT: n = 59 neurons, 11 mice; Tg: n = 55 neurons, 10 mice; Unpaired t-test for 
frequency, *p = 0.044; Mann-Whitney test for CV-ISI, p = 0.871; 6 months: WT: n = 48 neurons, 9 mice; Tg: n = 31 neurons, 7 mice. Mann-Whitney test for frequency, 
***p = 0.0007; Kolmogorov-Smirnov test for CV-ISI, p = 0.538). 
B. Confocal images (scale: 10 μm) showing TH-positive labelling (in green) of two recorded, biocytin-filled neurons (in red). 
C. APs recorded in current-clamp following 50 pA-stepped positive current injections (scale: 100 ms; 20 mV; 100 pA) in lateral DA neurons held at -60 mV and plots 
demonstrating the average number of action potentials (± s.e.m.) elicited at each depolarizing step (1 month: WT: n = 8 neurons, 4 mice; Tg: n = 5 neurons, 3 mice; 
Two-Way repeated-measures ANOVA for Genotype vs Depolarization: Interaction: F4,44 = 0.4136, p = 0.798; Genotype: F1,11 = 0.016, p = 0.856; Depolarization: 
F4,44 = 27.41, p < 0.0001; 50 pA: p = 0.953; 100 pA: p = 0.998; 150 pA: p > 0.999; 200 pA, p = 0.998 with Sidak post-hoc test; 3 months: WT: n = 22 neurons, 7 
mice; Tg: n = 22 neurons, 9 mice; Two-Way repeated-measures ANOVA: Interaction: F4,168 = 0.248, p = 0.911; Genotype: F1,42 = 0.105, p = 0.748; Depolarization: 
F4,168 = 69.79, p < 0.0001; 50 pA: p = 0.986; 100 pA: p > 0.999; 150 pA: p = 0.999; 200 pA, p = 0.986 with Sidak post-hoc test; 6 months: WT: n = 7 neurons, 6 
mice; Tg: n = 11 neurons, 5 mice; Two-Way repeated-measures ANOVA: Interaction: F4,64 = 3.39, p = 0.014; Genotype: F1,16 = 4.498, p = 0.049; Depolarization: 
F4,64 = 7.189, p < 0.0001; 50 pA: p = 0.820; 100 pA: p = 0.170; 150 pA: p = 0.064; 200 pA, *p = 0.023 with Sidak post-hoc test). 
D. Threshold potential measured from the first AP elicited by a +200 pA depolarizing step (1 month: WT: n = 34 neurons, 5 mice; Tg: n = 37 neurons, 5 mice; 
Unpaired t-test, p = 0.857; 3 months: WT: n = 40 neurons, 7 mice; Tg: n = 46 neurons, 9 mice; Unpaired t-test, p = 0.628; 6 months: WT: n = 30 neurons, 9 mice; Tg: n 
= 33 neurons, 7 mice; Unpaired t- test, *p = 0.032). 
E. The traces show representative APs from a WT and a Tg DA neuron at 6 months of age (scale: 2 ms; 10 mV). Dashed lines show the threshold potential and the 
after-hyperpolarization potential. The graph shows the lowest point reached during the repolarizing phase in 6-month old mice (WT: n = 26 neurons, 7 mice; Tg: n =
14 neurons, 7 mice; Mann-Whitney test, p = 0.162). 
In this and all other Figures, in box-and-whisker plots the centre line shows the median value, edges are upper and lower quartiles, whiskers show minimum and 
maximum values, and each point is an individual experiment. 

Fig. 2. Characteristic conductances and GABAergic input of VTA DA neurons in Tg2576 mice. 
A. Traces show SK-mediated currents measured after depolarization from -60 to 0 mV (traces scale: 20 ms; 50 mV, protocol scale: 100 ms; 60 mV). The plots show 
peak SK current amplitude (WT: n = 36 neurons, 8 mice; Tg: n = 34 neurons, 9 mice; Kolmogorov-Smirnov test, *p = 0.020) and SK current density (WT: n = 33 
neurons, 8 mice; Tg: n = 34 neurons, 9 mice; Welch’s t-test, p = 0.888) at 6 months of age. 
B. Ih current traces obtained with -20 mV-stepped hyperpolarizations from -60 mV to -120 mV (scale: 100 ms; 100 pA; 60 mV). The plots show Ih current amplitude at 
-120 mV (WT: n = 47 neurons, 8 mice; Tg: n = 40 neurons, 9 mice; Kolmogorov-Smirnov test, *p = 0.026) and Ih density (WT: n = 39 neurons, 8 mice; Tg: n = 38 
neurons, 9 mice; Kolmogorov-Smirnov test, p = 0.629) at 6 months of age. 
C. M-current traces (scale: 100 ms; 100 pA; 40 mV) recorded after four 10 mV-hyperpolarizing steps from a holding potential of − 25 mV. The plot show mean current 
amplitude (± s.e.m.) at the different membrane potentials (WT: n = 15 neurons, 4 mice; Tg: n = 21 neurons, 5 mice; Two-Way repeated-measures ANOVA: 
Interaction: F3,99 = 0.941, p = 0.424; Genotype: F1,33 = 0.806, p = 0.376; Potential: F3,99 = 27.2, p < 0.0001; − 35 mV – − 65 mV: p > 0.05 with Sidak post-hoc test) 
in 6-month old mice. 
D. Sample traces of sIPSCs recorded from 3-month-old DA neurons (held at -70 mV) in WT and Tg mice (scale: 500 ms; 20 pA). The plots show amplitude, 
instantaneous frequency, and total charge transfer of sIPSCs (Amplitude: WT: n = 12 neurons, 4 mice; Tg: n = 10 neurons, 5 mice; Unpaired t-test: p = 0.577; 
Frequency: WT: n = 12 neurons, 4 mice; Tg: n = 10 neurons, 5 mice; Mann-Whitney test for Frequency: p = 0.059; Total Change Transfer: WT: n = 11 neurons, 4 mice; 
Tg: n = 10 neurons, 5 mice; Unpaired t-test, p = 0.439). 
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increased spontaneous firing activity we observed at 3 months of age 
(see Fig. 1A). However, analysis of spontaneous inhibitory post-synaptic 
currents (sIPSCs) recorded from WT and Tg2576 neurons showed no 
difference across genotypes for either current amplitude, event fre-
quency, or total charge transfer (Fig. 2D), overall suggesting that 
changes in the inhibitory input do not appear to be responsible for the 
increased firing frequency of Tg2576 DA neurons. 

3.2. DA cell soma alterations in the VTA of 6-month-old Tg2576 mice 

We next sought to determine how the progressive DA neuron 
degeneration occurring in the VTA of Tg2576 mice (Nobili et al., 2017) 
could be correlated with morphology alterations. To this aim, we 
investigated the soma area and perimeter of DA neurons in the VTA of 
mice at 3 and 6 months of age. DA neurons are not only functionally 
heterogeneous, but also show differences in size along the medio-lateral 
axis, such that the smallest neurons are located within the intermediate 
region, and the largest neurons in the lateral part (Krashia et al., 2017). 
For this reason, we subdivided the VTA into intermediate and lateral 
parts for a more detailed analysis of soma parameters (Fig. 3A). 

We confirmed that at 3 and 6 months of age the soma size of WT DA 
neurons differs depending on the location along the medio-lateral axis. 
By comparing the two genotypes, we saw that at 3 months of age there 
were no differences between WT and Tg2576 neurons in soma area or 
perimeter in both the lateral and intermediate VTA (Fig. 3B). Even 
though no differences were noticed in the intermediate subregion 
compared to WT neurons at 6 months of age, we observed a strong 
reduction of both area and perimeter in Tg2576 cells in the lateral part 
of the VTA (Fig. 3C). These data could suggest that lateral neurons in 6- 
month-old Tg2576 mice undergo shrinkage and/or that larger neurons 
degenerate so that the surviving neurons we studied are smaller. We 
therefore used stereology to quantify the survival of DA neurons at 3- 
and 6-months of age, this time by focusing only on the lateral subfield of 
the VTA rather than on the entire area (Nobili et al., 2017). As shown in 
Fig. 3D, we observed a strong tendency for reduction in the number of 
lateral DA neurons at 6 months of age that was, however, not significant 
but might suggest that the reduction in cell size/perimeter of lateral VTA 
neurons in 6-month-old Tg2576 mice could be correlated with 
degeneration. 

3.3. Autophagy alterations in DA neurons in the VTA of Tg2576 mice 

DA neurons have physiological characteristics that make them 
particularly vulnerable (Chan et al., 2010), such as long axons, poorly or 
completely unmyelinated, that provide massive projections in the target 
areas (Braak et al., 2006). In addition, these cells have an autonomous 
pacemaker activity which could contribute to their vulnerability due to 
the high metabolic demand and need of efficient mitochondrial func-
tion. Therefore, efficient axonal transport and autophagy mechanisms 
are needed for the removal of damaged mitochondria and the regener-
ation of synaptic components. In support of the importance of the 
autophagic process in DA neurons, autophagy impairment has been 
strongly linked to the degeneration of SNpc DA neurons in PD (Hunn 
et al., 2019; Isidoro et al., 2009; Sato et al., 2018), yet any link between 
autophagy deficits and degeneration of VTA neurons in AD is still 
missing. To this aim, we used transmission electron microscopy (TEM) 
in 3-month-old mice to investigate potential alterations in autophagy 
processes in Tg2576 mice (Fig. 4A). In TH post-embedded material from 
WT and Tg2576 animals, DA neurons were identified based on the 
density of cytoplasmic TH-coding particles (Fig. 4A,B). In the cytoplasm 
of both WT and Tg2576 neurons we detected double-membraned 
autophagosomes (Fig. 4A) characterized by electron dense material at 
different stages of degradation (Klionsky et al., 2021). In line with our 
hypothesis, VTA DA neurons from Tg2576 mice showed an increased 
density of autophagosomes in their cytoplasm compared to cells from 
WT mice (Fig. 4C). 

Therefore, in order to analyse the autophagy flux in TH + neurons 
from 3-month-old Tg2576 mice, we inoculated the VTA of mice with an 
adeno- associated virus (AAV) carrying the dynamic fluorescent reporter 
mCherry-GFP-LC3 (AAV2/9- mCherry-GFP-LC3; Castillo et al., 2013). 
LC3 is a cytosolic protein that plays a crucial role in the formation of 
autophagosomes (Tanida et al., 2005). The GFP fluorescence produced 
by this AAV is sensitive to the acidic and/or proteolytic conditions of the 
lysosome lumen, while mCherry retains its fluorescence even at acidic 
pH (Matus et al., 2014). Therefore, the co-localization of both mCherry 
and GFP fluorescence (visualized as yellow puncta) stains a vesicular 
compartment that has not yet fused with lysosomes (phagophores or 
autophagosomes), whereas an mCherry vesicle (red puncta) corresponds 
to an autophagolysosome. In the TH+ neurons of Tg2576 mice we 
observed an increase in total puncta, suggesting an increase in LC3 in all 
the compartments of the autophagy-lysosomal pathway (Fig. 4D), con-
firming our TEM results (see Fig. 4C). Quantification of yellow puncta in 
VTA TH+ cells showed a significant increase in Tg2576, indicating an 
increase in autophagosome numbers, while the number of autophago-
lysosomes (red puncta) was invariant. Moreover, the analysis of the 
dynamics of LC3 vesicles (mCherry/yellow ratio) suggests that the 
autophagosome clearance is impaired in DA neurons from 3-month-old 
Tg2576 mice. These alterations were also confirmed by western blotting 
analysis showing an increase of the LC3II/LC3I ratio in the midbrain of 
Tg2576 mice (Fig. 4E). 

Given that numerous proteins regulate the autophagic process, we 
next focused on the expression levels of c-Abl, with the aim of examining 
further the basis for autophagy dysfunctions in Tg2576 neurons. c-Abl is 
a tyrosine kinase whose increased activity can lead to failure of auto-
phagic protein clearance through the lysosome, resulting in the accu-
mulation of toxic substrates (Abushouk et al., 2018; Lonskaya et al., 
2014). Indeed, emerging evidence shows that alterations in c-Abl ac-
tivity play a central role in several neurodegenerative diseases, 
including PD and AD (Gonfloni et al., 2012; Hebron et al., 2013a; Imam 
et al., 2011; Jing et al., 2009; Karuppagounder et al., 2014; Ko et al., 
2010; Lindholm et al., 2016; Schlatterer et al., 2011). By using light and 
confocal microscopy we first confirmed that c-Abl is highly expressed in 
VTA DA neurons (Supplementary Fig. 3A,B). Next, we evaluated c-Abl 
activity by measuring the levels of its phosphorylated form in the 
midbrain of 3- month-old WT and Tg2576 animals. Particularly, we 
examined the phosphorylation of tyrosine residue 412 (p-c-Abl Y412) 
that has been shown to be important for c-Abl activation and colocali-
zation with degenerating hippocampal neurons in AD subjects (Jing 
et al., 2009). Although the basal (total) midbrain levels of c-Abl were 
unchanged between WT and Tg2576, we observed an increased phos-
phorylation of c-Abl in Tg2576 mice (Fig. 4E). Interestingly, the 
increased phosphorylation appears to be restricted to the midbrain, 
since no changes in c-Abl phosphorylation was observed in other brain 
regions such as the hippocampus, amygdala, and cortex (Supplementary 
Fig. 3C-E). Furthermore, we did not observe any changes in LC3II/LC3I 
ratio in these regions (Supplementary Fig. 3), indicating no alterations in 
the autophagic process, at least at this age. 

These data prove an increased activity of the c-Abl tyrosine kinase in 
the midbrain of 3-month-old Tg2576 mice, that might contribute to the 
autophagy alterations observed in DA neurons. 

3.4. Nilotinib improves autophagy flux and reduces Aβ load in 3-month- 
old Tg2576 mice 

Since c-Abl has been identified as an important pathogenic mediator 
of neurodegenerative diseases (Alvarez et al., 2004; Imam et al., 2011; 
Jing et al., 2009; Ko et al., 2010; Schlatterer et al., 2011), many studies 
have successfully investigated the therapeutic potential of c-Abl in-
hibitors (Cancino et al., 2011, 2008). One of these – Nilotinib (com-
mercial name Tasigna) – a potent c-Abl inhibitor approved by the U.S. 
FDA for adults with chronic myeloid leukemia, has been shown to 
reverse the loss of DA neurons in PD models and to improve 
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performances in AD and PD models via autophagic degradation of Aβ 
and α-synuclein, respectively (Hebron et al., 2018, 2013a; Lonskaya 
et al., 2014, 2013b). 

To test the efficacy of this drug in blocking or delaying the functional 
deficits of DA neurons in Tg2576 mice, we intraperitoneally (i.p.) 
administered Nilotinib (1 mg kg− 1) or vehicle on alternate days starting 
from 1.5 months of age (i.e. prior to cell death onset; see Supplementary 
Fig. 4A for treatment scheme). 

First, to confirm that Nilotinib inhibits c-Abl activity in the midbrain 
of 3-month-old Tg2576 mice, we checked basal and phosphorylated 
levels of c-Abl upon drug treatment. Thus, we probed protein prepared 
from the midbrain of Tg2576 mice treated with vehicle or Nilotinib, 
using antibodies against c-Abl and its phosphorylated form. We found 
that Nilotinib reduced c-Abl phosphorylation in the midbrain from 
Tg2576 mice (Fig. 5A), while no changes were observed in basal c-Abl 
levels (Fig. 5A). Importantly, Nilotinib-treated Tg2576 mice showed a 
reduction of LC3II/LC3I ratio (Fig. 5A), suggesting that the drug can 
promote the autophagic clearance of the accumulated autophagosome 
vesicles in midbrain neurons. To investigate this further, we quantified 
the number and the dynamics of autophagic vesicles in 3-month-old 
Tg2576 mice injected with the AAV2/9-mCherry-GFP-LC3 construct 
and treated by vehicle or Nilotinib. Interestingly, in TH+ neurons from 
Nilotinib-treated Tg2576 mice we observed a reduction of yellow puncta 
(Fig. 5B), suggestive of a reduced accumulation of autophagosome 
vesicles, while red puncta per cell remained unchanged. In strict 
compliance, the analysis of the dynamics of LC3 vesicles revealed an 
increased ratio (red/yellow puncta), thus confirming that the autopha-
gosome clearance is improved with Nilotinib treatment (Fig. 5B, 
compare with Fig. 4D). 

Since autophagy facilitates Amyloid Precursor Protein (APP) degra-
dation and Aβ clearance (Son et al., 2012; Zhou et al., 2011), we next 
assessed whether Nilotinib could reduce the Aβ load in Tg2576 mice, at 
an age-point when no Aβ-plaque were detected, as previously demon-
strated (Nobili et al., 2017). By confocal microscopy we quantified the 
intracellular Aβ load in VTA DA neurons and found that 
Nilotinib-treated Tg2576 mice showed decreased Aβ levels when 
compared to control mice (vehicle-treated Tg2576; Fig. 5C; see Sup-
plementary Fig. 4C for antibody specificity). Importantly, reduction in 
Aβ levels was also observed in neurons from other brain regions, indi-
cating a global effect of Nilotinib in Tg2576 mice (see Supplementary 
Fig. 4D). 

3.5. Nilotinib prevents DA neuron degeneration in Tg2576 mice 

Given the improvement in autophagy function and the reduction in 
the Aβ load in VTA DA neurons of Tg2576 mice, we next analysed the 
firing properties, viability, and morphology of these neurons, to evaluate 

the potential neuroprotective effect of Nilotinib. 
Nilotinib treatment induced a significant functional improvement in 

3-month-old Tg2576 DA neurons, evident as recovery of the sponta-
neous firing frequency (Fig. 6A). Importantly, stereological counting of 
DA neurons in 6-month-old mice confirmed that Nilotinib could protect 
these cells from degeneration (Fig. 6B). These data prove that, similarly 
to what observed in PD animals (Hebron et al., 2013a; Karuppagounder 
et al., 2014), Nilotinib succeeds in preventing DA neuron degeneration 
also in Tg2576 mice. 

Additional observations performed on age-matched WT mice showed 
that treatment with Nilotinib had no adverse effect on neuronal survival 
(Fig. 6B), and the drug was well-tolerated by the animals despite the 
long treatment regime, with no apparent differences on animal weight 
(Supplementary Fig. 4B). 

Of note, Nilotinib treatment could also prevent the alterations in 
soma area and perimeter of lateral DA neurons in Tg2576 mice (Fig. 6C), 
which are indicative of neurodegeneration. Conversely, Nilotinib had no 
effect in the DA neurons of the intermediate subfield of the VTA, where 
no morphological differences were observed between WT and Tg2576 
neurons (Supplementary Fig. 4E, see also Fig. 3C). 

3.6. Nilotinib prevents memory deficits in 6-month-old Tg2576 mice 

VTA degeneration in Tg2576 mice results in lower DA innervation in 
the dorsal hippocampus, leading to lower DA outflow (Cordella et al., 
2018; Nobili et al., 2017). We had previously demonstrated that this 
reduction in DA levels was associated with deficits in pyramidal neuron 
excitability and synaptic plasticity, and with dysfunctional hippocam-
pal- related memory performance in Tg2576 mice. All these deficits 
could be rescued by systemic treatment with the DA precursor levodopa 
(Cordella et al., 2018; Nobili et al., 2017). 

Given that Nilotinib treatment prevented the degeneration of DA 
neurons of the VTA in Tg2576 mice, we wondered whether this effect 
could be translated as recovery of hippocampal DA levels. Indeed, 
microdialysis experiments on freely-moving animals showed that the 
chronic Nilotinib administration increased the DA tone in 6 month-old 
Tg2576 mice compared to vehicle-treated ones (Fig. 6D), in line with 
the neuroprotective effect exerted on DA neurons. 

DA release in the hippocampus promotes spatial memory, reward- 
associated memory, novel-object recognition and memory consolida-
tion (Broussard et al., 2016; Kempadoo et al., 2016; Mamad et al., 2017; 
McNamara et al., 2014; Rosen et al., 2015; Rossato et al., 2009; Takeuchi 
et al., 2016). Thus, we asked whether the impaired memory function 
observed in Tg2576 mice could be ameliorated by Nilotinib treatment. 
To test different phases of learning and memory in mice, we performed 
the Novel Object Recognition Test (NORT) given the repeatedly 
demonstrated defects in object recognition memory of Tg2576 mice 

Fig. 3. DA neuron soma alterations in the VTA of 6-month-old Tg2576 mice. 
A. Coronal midbrain section showing the lateral and intermediate VTA subregions used for the morphological and stereological analysis of TH+ neurons (scale: 500 
μm). 
B. Representative images of DA neurons (brown) from lateral (lat) and intermediate (int) subregions of the VTA in 3-month-old WT and Tg mice (scale: 10 μm). The 
plots show soma area and perimeter of DA neurons (n = 4 mice per genotype. Soma area: Two-way ANOVA for Subregion vs Genotype: Interaction: F1,12 = 0.672, p =
0.428; Genotype: F1,12 = 0.023, p = 0.882; Subregion: F1,12 = 21.38, p = 0.0006; WT lat vs Tg lat: p = 0.900; WT lat vs WT int: *p = 0.011; WT lat vs Tg int: *p =
0.025; Tg lat vs WT int: *p = 0.036; Tg lat vs Tg int: p = 0.081; WT int vs Tg int: p = 0.964 with Tukey’s post-hoc test. Soma perimeter: Two-way ANOVA: Interaction: 
F1,12 = 0,054, p = 0.820; Genotype: F1,12 = 0.110, p = 0.746; Subregion: F1,12 = 15.73, p = 0.002; WT lat vs Tg lat: p = 0.999; WT lat vs WT int: p = 0.088; WT lat vs 
Tg int: *p = 0.044; Tg lat vs WT int: p = 0.098; Tg lat vs Tg int: *p = 0.050; WT int vs Tg int: p = 0.978 with Tukey’s test). 
C. Same as in B but showing data from 6 -month-old mice (n = 7 mice per genotype. Soma area: Two-way ANOVA for Subregion vs Genotype: Interaction: F1,24 =

9.283, p = 0.006; Genotype: F1,24 = 8.595, p = 0.007; Subregion: F1,24 = 13.39, p = 0.0012; WT lat vs Tg lat: **p = 0.002; WT lat vs WT int: ***p = 0.0004; WT lat vs 
Tg int: ***p = 0.0005; Tg lat vs WT int: p = 0.955; Tg lat vs Tg int: p = 0.972; WT int vs Tg int: p = 0.999 with Tukey’s test. Soma perimeter: Two-way ANOVA: F1,24 =

8.403, p = 0.008; Genotype: F1,24 = 8.989, p = 0.006; Subregion: F1,24 = 6.992, p = 0.014; WT lat vs Tg lat: **p = 0.002; WT lat vs WT int: **p = 0.003; WT lat vs Tg 
int: **p = 0.003; Tg lat vs WT int: p = 0.994; Tg lat vs Tg int: p = 0.998; WT int vs Tg int: p = 0.999 with Tukey’s test). 
D. The plot shows stereological quantification of TH+ cell numbers in the lateral VTA of WT and Tg mice at 3- and 6- months of age (3 months: n = 4 mice per 
genotype; 6 months: n = 7 mice per genotype. Two-way ANOVA for Age vs Genotype: Interaction: F1,18 = 0.220, p = 0.645; Age: F1,18 = 0.799, p = 0.383; Genotype: 
F1,18 = 5.127, p = 0.036; WT 3 m vs Tg 3 m: p = 0.679; WT 3 m vs WT 6 m: p = 0.990; WT 3 m vs Tg 6 m: p = 0.152; Tg 3 m vs WT 6 m: p = 0.768; Tg 3 m vs Tg 6 m: p 
= 0.771; WT 6 m vs Tg 6 m: p = 0.143 with Tukey’s test). 
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(Corsetti et al., 2020; Taglialatela et al., 2009). During the training 
session, mice were left to freely explore two identical objects. Irre-
spective of genotype and treatment, all animals spent equal amounts of 
time with the objects, showing no preference for a given object (Sup-
plementary Fig. 4F). During the test sessions, performed 1 and 24 h after 
training, the exposure to a novel object resulted in a significant increase 
in the time spent for its exploration for vehicle-treated and Nilotinib- 
treated WT animals, but not for vehicle-treated Tg2576 mice. Impor-
tantly, Nilotinib-treated Tg2576 mice behaved similarly to WT animals, 
showing no deficits in novel object recognition memory (Fig. 6E). No 
significant differences were found in the number of defecation boluses, 
indicating similar emotional reactivity in all mice (Supplementary Fig. 
4G). Thus, we conclude that the neuroprotective effect of Nilotinib on 
DA neurons can prevent memory deficits by increasing the availability 
of DA in the hippocampus of Tg2576 mice. 

4. Discussion 

We report here that the Tg2576 mouse model of AD exhibits early 
alterations in the function, morphology and autophagic process of VTA 
dopaminergic neurons. These deficits temporally coincide with the onset 
of neuronal degeneration (3 months; Nobili et al., 2017), and worsen 
with age. Importantly, they are associated with increased c-Abl activa-
tion via phosphorylation at residue Y412 and can be prevented by an 
early-starting chronic treatment with Nilotinib. Indeed, Nilotinib can 
improve autophagy, reduce the levels of Aβ, and prevent the degener-
ation of Tg2576 DA neurons in the VTA, resulting in a rescue of DA 
levels in the hippocampus and in improvements in novel object recog-
nition memory. 

The present data confirm the hypothesis that multiple functional 
alterations in Tg2576 DA neurons contribute to cell vulnerability and 
eventually lead to progressive degeneration and overt cognitive and 
non-cognitive deficits in older animals (Cordella et al., 2018; Nobili 
et al., 2017). These functional deficits include increased spontaneous 
firing, increased excitability in response to depolarizing currents, and 
subtle changes in underlying neuronal conductances. The increased 
firing of Tg2576 DA neurons starts at 3 months of age since younger 
animals show normal neuronal function, and it becomes steeply pro-
nounced at 6 months of age, suggesting that DA neuron firing rates in-
crease along with disease progression. Many factors could contribute to 
the increased firing of DA neurons, including our evidence of a slight 
reduction in the K+-underlying SK-mediated conductance that would be 
compatible with increased excitability and reduced after- hyper-
polarisation (Iyer et al., 2017; Ji et al., 2009). However, lack of changes 
in SK current densities and lack of changes in the regularity of firing (Ji 
and Shepard, 2006; Waroux et al., 2005) show that differences, if any, 
between genotypes are too small to be detectable. Alternatively, the 
hyper-excitable state of DA neurons could be a compensatory 

mechanism to oppose the reduction of DA outflow to the projection 
areas (Nobili et al., 2017; see also Fig. 6D) via enhancement of 
DA-loading of synaptic vesicles (Aguilar et al., 2017). Changes in cell 
excitability might also be a direct or indirect effect of the increased Aβ 
load in Tg2576 neurons (Ciccone et al., 2019) or of the observed auto-
phagy impairment on voltage-gated Na+ and/or K+ conductances (Lie-
berman et al., 2020; Subramaniam et al., 2014). Nonetheless, although 
the mechanisms linking the hyper-excitable state with degeneration in 
Tg2576 DA neurons remain to be defined, the increased firing of these 
neurons might constitute one of the first acquired pathophysiological 
stages of the dopaminergic system in AD, right at the onset of midbrain 
neurodegeneration. Indeed, it is likely that this picture in Tg2576 mice is 
symmetrical to what many studies have described in PD models, refer-
ring to the ‘stressful pacemaker theory’ (Chan et al., 2009; Sulzer, 2007), 
whereupon enhancement of spontaneous firing and delayed action po-
tential repolarization of substantia nigra DA neurons could contribute to 
PD progression by enhancing activity-dependent Ca2+ loading and 
oxidative stress. 

Importantly, the above-mentioned functional changes observed in 3- 
month-old Tg2576 mice coincide with the autophagy impairment 
observed with western blotting, electron and confocal microscopy. 
Autophagy is a catabolic process crucial for neuronal survival as it 
prevents the accumulation of unfolded proteins or damaged organelles, 
including mitochondria (Cavallucci et al., 2013a, 2013b; Nixon, 2013; 
Nobili et al., 2016; Viscomi and D’Amelio, 2012). Moreover, the higher 
pacemaker activity and massive axonal arborization of Tg2576 DA 
neurons could contribute to their vulnerability, because of the high 
metabolic demand and need of increased mitochondrial efficiency 
(Giguère et al., 2018; Krashia et al., 2019b). Indeed, TEM analysis on 
post-mortem AD brains revealed the presence of accumulated auto-
phagic vacuoles in dystrophic neurites that are surrounded by neuronal 
fibrillary tangles (Nixon et al., 2005; Nixon and Cataldo, 2006), and 
similar evidence have been also found in AD models (Yang et al., 2011; 
Yu et al., 2005), although none of these studies have been performed on 
DA neurons. Here, in the Tg2576 mouse model of AD, we observed an 
increased accumulation of autophagosomes in 3-month-old DA neurons, 
suggesting an alteration in the autophagic mechanism. The accumula-
tion of autophagosomes in Tg2576 DA neurons might be due to either an 
increase in their production or to a shortfall in the process of fusion with 
the endosomal-lysosomal system (Berg et al., 1998; De Duve and Wat-
tiaux, 1966; Klionsky et al., 2021). Our TEM and confocal microscopy 
data suggest that in Tg2576 mice the alteration of the autophagic flux is 
likely not due to a block in the autophagosome-lysosome fusion; instead, 
the autophagosome accumulation would suggest that their clearance 
mechanism in Tg2576 neurons is less able to compensate for an 
increased production, leading to an imbalance in the autophagic flux. 

Although the earliest effects on DA neurons we could detect in 
Tg2576 mice were the above-mentioned functional and autophagic 

Fig. 4. Autophagy changes in DA neurons of the VTA from 3-month-old Tg2576 mice. 
A. TEM images of TH+ neurons from post-embedded VTA of 3-month-old WT and Tg mice. The blue arrowheads point to TH gold particles (18 nm) in the cytoplasm 
(cyt) of neurons. Red arrows indicate representative autophagosomes (a) with degraded amorphous electron dense material (arrow in WT and in the first microscopic 
field of Tg), and with mixed electron dense and electron translucent contents (arrows in the second field of Tg); n, nucleus; v, vacuole (scale: 300 nm). 
B. The plots show density of gold particles illustrating that in TH+ neurons the cytoplasmic density is significantly higher than that of background (backg; WT: n = 53 
neurons sampled for background level; 268 cytoplasmic TEM fields, 3 mice; Tg: n = 51 neurons sampled for background, 269 cytoplasmic TEM fields, 3 mice; Mann- 
Whitney tests for WT ****p < 0.0001, for Tg *p = 0.016). 
C. Density of autophagosomes showing increased numbers per μm2 in Tg neurons (n = 53 WT and 51 Tg neurons, from 3 mice per genotype; Mann-Whitney test **p 
= 0.0013). 
D. Analysis of confocal Z-stack triple immunofluorescent labelling for TH (blue), mCherry (red) and GFP (green) LC3 puncta in VTA coronal sections from 3-month- 
old WT and Tg mice (scale: 5 μm). Inserts show high magnification of single dots (scale bar: 1 μm). Box and whisker plots show the quantification of total (WT: n = 33 
cells, Tg: n = 41 cells; 3 mice per genotype; Mann-Whitney test ****p < 0.0001), red, and yellow puncta (merge of red and green, indicated by white circles) dots per 
TH+ cell (WT: n = 32 cells, Tg: n = 40 cells; 3 mice per genotype; mCherry: Mann-Whitney test p = 0.402; yellow: Mann-Whitney test ****p < 0.0001) and mCherrry/ 
yellow ratio (WT: n = 33 cells, Tg: n = 41 cells; 3 mice per genotype; Mann-Whitney test ***p < 0.001). 
E. Representative western blot from the midbrain of 3-month-old WT and Tg mice and plots showing the levels (expressed as % of WT) of total c-Abl normalized to 
GAPDH used as loading control (n = 8 mice per genotype; Unpaired t-test, p = 0.370), p-c-Abl(Y412)/c-Abl (n = 8 WT and 7 Tg mice; Unpaired t-test, *p = 0.039) 
and LC3II/LC3I ratio (WT: n = 6; Tg: n = 7 mice; Welch t-test, *p = 0.025). 
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deficits, we also observed age- dependent morphological changes in DA 
neurons, with both soma area and perimeter being reduced in 6-month- 
old Tg2576 mice. Surprisingly, this effect was only evident in lateral 
VTA neurons, whereas cells in the intermediate VTA were unaltered. 
Our data could suggest that lateral neurons undergo shrinkage and/or 
that larger neurons degenerate. In fact, stereological counting showed a 
trend towards DA neuron reduction in the lateral subfield of the VTA, 
although this result was not significant, suggesting that the overall ~40 
% reduction of DA neurons in 6-month-old Tg2576 mice (Nobili et al., 
2017) is the result of degeneration in more than one single subregion 
(see also Fig. 6B). Neuronal death in the central nervous system has 
always been an arduous process to decipher and cell shrinkage is 
considered one of the main morphological features of apoptosis (Bortner 
and Cidlowski, 2002). Although the relationship between neuronal 
shrinkage and apoptosis has been neglected for decades, several studies 
show that it is a challenging area of study, particularly with regard to its 
relation with signal transduction pathways, cellular metabolism, and 
gene expression (Bortner and Cidlowski, 1998; McCarthy and Cotter, 
1997). The mechanisms leading to cell shrinkage in a specific VTA 
subregion remain obscure, and further studies are needed to identify the 
intracellular and extracellular stimuli related to this event. Yet, 
considering that cell shrinkage is a hallmark of a specific VTA subregion, 
a more detailed investigation of the interplay between the morpholog-
ical features of a given neuron and the area to which it projects would be 
of great interest, particularly given the high heterogeneity of VTA DA 
neurons (Lammel et al., 2008; Margolis et al., 2008; Roeper, 2013). 

Of note, in line with the changes in the autophagic process in Tg2576 
DA neurons, we observed an increase in the phosphorylated form of c- 
Abl in the midbrain at 3 months of age. Interestingly, the increase in 
phosho-c-Abl appears to be restricted to the midbrain whereas c-Abl 
phosphorylation levels and autophagy activity remain unchanged in 
other brain regions that are particularly relevant to the disease (hippo-
campus, amygdala, and cortex). c-Abl is an important regulator of the 
autophagic process (Abushouk et al., 2018) and of other pathways that 
set the choice between survival and cell death, thus the observation of an 
increase in c-Abl phosphorylation in Tg2576 mice is consistent with 
other studies that identify c-Abl as a pathogenesis mediator in AD 
(Alvarez et al., 2004; Jing et al., 2009). 

Importantly, the present data show that treatment of Tg2576 mice 
with Nilotinib can reduce the activation of c-Abl in DA neurons, thus 
improving the autophagy activity and Aβ clearance. Closely related to 
these events, Nilotinib prevents the loss as well as the functional and 
morphological alterations of DA neurons. Moreover, Nilotinib treatment 
prevents the reduction of DA levels in the hippocampus of Tg2576 mice 
and the memory deficits related to novel object recognition. These data 
are in strict compliance with numerous other studies demonstrating that 
c-Abl inhibitors, like Nilotinib, have exceptionally positive effects in PD 
mouse models. Indeed, it was shown that Nilotinib is able to cross the 
blood-brain barrier, degrade α- synuclein via autophagy, prevent DA 
neuron loss and improve motor and cognitive behaviour (Hebron et al., 
2018, 2014, [Hebron et al., 2013a] 2013a, 2013b; Imam et al., 2011; 
Karuppagounder et al., 2014; Ko et al., 2010; Lonskaya et al., 2015, 

2014, [Lonskaya et al., 2013b] 2013b, 2013a; Mahul-Mellier et al., 
2014). Of note, the recovery of DA levels in the hippocampus, and the 
improvement of hippocampal memory functions observed in Nilotinib- 
treated Tg2576 mice, is highly compatible with the direct neuro-
protective effect of the drug on the survival of midbrain DA neurons. 
However, we cannot exclude that the beneficial effect of the drug might 
also involve additional brain regions. Indeed, Nilotinib evoked a global 
reduction of Aβ levels on all the brain areas we checked. On the other 
hand, we are fairly confident that cognitive impairments in our Tg2576 
model, at least until 6 months of age, are not related to dysfunctions in 
other DA-releasing neurons such as those in the locus coeruleus, given 
that this nucleus still appears to be intact and the levels of noradrenaline 
in the hippocampus are normal (Nobili et al., 2017). This of course does 
not exclude that in a more advanced stage of the disease (Guérin et al., 
2009; Krashia et al., 2019b; Liu et al., 2008), reduced DA release from 
locus coeruleus neurons to the hippocampus could worsen DA-related 
cognitive functions. 

Our experiments do not permit to discern how the levels of phos-
phorylated c-Abl are increased in the midbrain of Tg2576 mice or what 
the precise mechanism linking c-Abl with the selective degeneration of 
DA neurons is. Additionally, whether the selective degeneration at 3 
months of age starts locally in the midbrain and/or is the result of a 
dying-back mechanism starting from the axonal terminals (Liu et al., 
2008; Moreno-Castilla et al., 2016), is yet to be defined. Nonetheless, we 
can affirm that, at the early stage of the disease, among all the brain 
areas we studied, only the midbrain shows alterations in c-Abl activity 
and autophagy, two factors relevant to degeneration. In the same line of 
thinking, the intracellular accumulation of Aβ per se does not appear to 
be sufficient to induce cell death in the other brain regions we studied, at 
least at this age-point. Thus, we can hypothesize that the selective 
degeneration of VTA DA neurons at 3 months of age might be due to the 
cumulative effect of various insults to the neuron (such as increased 
phospho-c-Abl, autophagic deficits, Aβ accumulation and/or oxidative 
stress), making these cells more susceptible than others to degeneration. 
In line with our hypothesis, the combined reduction of Aβ and 
phospho-c-Abl levels, together with the rescue of the autophagic flow in 
Tg2576 DA neurons treated with Nilotinib, is particularly effective in 
preventing degeneration. Of note, the positive effect of Nilotinib on DA 
neuron survival in our AD mice is particularly relevant given that at 
doses lower than the FDA-approved ones for chronic myeloid leukemia 
(Deremer et al., 2008; Mahon et al., 2008; Skorski, 2011), the drug can 
reduce disease-related biomarkers in phase-2 clinical trials – including 
amyloid levels and hippocampal volume in AD patients and α-synuclein 
levels in PD patients (Pagan et al., 2016, 2019; Turner et al., 2020) 

5. Conclusions 

Our data confirm the very recent clinical evidence from MCI and AD 
patients showing that functional, structural and metabolic changes 
affecting the VTA and its projection areas in the mesocorticolimbic 
pathway occur at the earlier stages of the disease (De Marco and Ven-
neri, 2018; Iaccarino et al., 2020; Serra et al., 2018). These preclinical 

Fig. 5. Nilotinib ameliorates autophagy alterations in Tg2576 mice. 
A. Representative western blot from the midbrain of 3-month-old Tg mice after treatment with either vehicle (Veh) or Nilotinib (Nil) and plots showing the levels 
(expressed as % of Tg Veh) of total c-Abl normalized to GAPDH used as loading control (Tg Veh: n = 5; Tg Nil: n = 7 mice; Unpaired t-test, p = 0.603), as well as p-c- 
Abl(Y412)/c-Abl (Tg Veh: n = 5; Tg Nil: n = 7 mice; Unpaired t-test, ***p < 0.001) and LC3II/LC3I ratio (Tg Veh: n = 4; Tg Nil: n = 3 mice; Unpaired t-test, *p =
0.034). 
B. Analysis of confocal Z-stack triple immunofluorescent labelling for TH (blue), mCherry (red) and GFP (green) LC3 puncta in VTA coronal sections from 3-month- 
old Tg mice after treatment with either Veh or Nil (scale: 5 μm). Inserts show high magnification of single dots (scale bar: 1 μm). Box and whisker plots show the 
quantification of red and yellow puncta (merge of red and green, indicated by white circles) dots per TH+ cell (Tg Veh: n = 34 cells, Tg Nil: n = 40 cells; 3 mice per 
treatment; mCherry: Mann-Whitney test, p = 0.321; yellow: Mann-Whitney test, **p = 0.002) and mCherrry/yellow ratio (Tg Veh: n = 34 cells, Tg Nil: n = 40 cells; 3 
mice per treatment; Mann-Whitney test, **p = 0.004). 
C. Analysis of confocal Z-stack double immunofluorescent labelling for TH (blue) and Aβ (red) in VTA coronal sections from 3-month- old Tg mice after treatment 
with either Veh or Nil (scale: 50 μm). Inserts show high magnification of single cells (scale: 15 μm). Box and whisker plots show the quantification of Aβ signal in VTA 
TH+ neurons (n = 4 mice per treatment; Unpaired t-test, **p = 0.004). 
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findings suggest that pharmacological interventions targeting the mes-
ocorticolimbic system, such as Nilotinib treatment, would have better 
chances of succeeding if started at the earliest stage of diagnosed MCI, to 
prevent the earliest effects occurring onto DA neurons of the VTA. 
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