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Abstract
Background Preclinical and pathology evidence suggest an involvement of brain dopamine (DA) circuitry
in Alzheimer’s Disease (AD). We in vivo investigated, if, when and in which target regions, DA signaling
and molecular connectivity are damaged along the AD course. Methods We retrospectively selected 16
amyloid-positive subjects with mild cognitive impairment due to AD (AD-MCI), 22 amyloid-positive
patients with probable AD dementia (AD-D) and 74 healthy controls, all with available [123I]FP-CIT-SPECT
imaging. We tested whether nigrostriatal vs. mesocorticolimbic dopaminergic targets present binding
potential loss, via MANCOVA, and alterations in molecular connectivity, via partial-correlation analysis.
Results were deemed signi�cant at p<0.05, after Bonferroni correction for multiple comparisons. Results
We found signi�cant reductions of dopamine transporter density in both AD-MCI and AD-D compared to
controls. Dopaminergic de�cits were prominent in the major targets of the ventrotegmental-
mesocorticolimbic pathway, namely the ventral striatum and the hippocampus, in both clinical groups,
and in the cingulate gyrus, in patients with dementia only. Within the nigrostriatal projections, only the
dorsal caudate nucleus showed reduced dopaminergic transporter density, in both groups. Molecular
connectivity assessment revealed a widespread loss of inter-connections among subcortical and cortical
targets of the mesocorticolimbic network only (poor overlap with the control group as expressed by a Dice
coe�cient < 0.25), and no alterations of the nigrostriatal network (high overlap with controls, Dice
coe�cient = 1). Conclusion Local and system-level alterations of the mesocorticolimbic dopaminergic
circuitry characterize AD, already in prodromal disease phases. These results might foster new
therapeutic strategies for AD. The clinical correlates of these �ndings deserve to be carefully considered
within the emergence of both neuropsychiatric symptoms and cognitive de�cits.

Background
The role of dopaminergic neurotransmission circuits in the pathophysiology of Alzheimer’s disease (AD)
is currently debated. Evidence of dopaminergic dysfunction in AD traces back to a pivotal binding study,
reporting decreased bindings of [3H]Spiroperidol in the caudate nucleus of six brains of patients with
autopsy-con�rmed AD[1]. Several post-mortem studies subsequently showed alterations in the substantia
nigra (SN)[2–6] and ventral tegmental area (VTA)[3], and both pre-[7–11] and post-synaptic[5, 12–18]
neurotransmission alterations in several dopaminergic targets [5, 7, 8, 10, 11, 14–16, 18]. These
pathology results were complemented, more recently, by more limited neuroimaging evidence, reporting
alterations in the striatal[19–23] and hippocampal[24]dopaminergic function limitedly to patients with
overt AD dementia (AD-D).

Several questions remained unanswered. First, it is unclear whether dopaminergic dysfunction represents
an early vs. late occurrence along the AD course. Second, it is unknown whether the nigrostriatal and the
mesocorticolimbic dopaminergic pathways are differently affected in AD, and whether speci�c targets are
more vulnerable than others. Lack of comprehensive information about dopaminergic de�cits in AD
hinders the discovery and application of neurotransmission-targeting therapeutic strategies along the AD
course.Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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In the present study, we aimed to assess (i) the extent of presynaptic dopaminergic dysfunction in AD; (ii)
when it takes place along the disease course; (iii) which speci�c dopaminergic afferents in the
dopaminergic pathways are affected. We used complementary analytical strategies, namely the
evaluation of regional alterations in dopamine transported (DAT) density in each dopaminergic target and
an assessment of network alterations in the molecular architecture of the dopaminergic circuitry[25].

Methods

Study design
Participants with AD-D [26], with mild cognitive impairment due to AD [27] (AD-MCI) and healthy controls
(HC) were retrospectively collected from three clinical centres: University of Brescia (Brescia, Italy),
Geneve University Hospital (Geneve, Switzerland), and University Hospital of Rome Tor Vergata (Rome,
Italy).

All patients underwent structural imaging (MRI or CT scan) and standardized neurological examinations.
The following conditions were excluded: 1) atypical parkinsonism/dementia; 2) frontotemporal dementia;
3) prominent cortical or subcortical infarcts; 4) other neurologic or psychiatric diseases or medical
conditions potentially associated with cognitive de�cits; 5) history of drug or alcohol abuse, use of
antipsychotics.

We included only subjects belonging to the AD continuum (i.e. amyloid-positive), in agreement with the
recently proposed NIA-AA research framework[28]. Amyloid positivity was established based on CSF-
Aβ42 in N = 25 cases and on amyloid-PET in the remaining N = 13 cases, in accordance with the CSF cut-
offs used in each clinical center or based on amyloid-PET positivity.

Patients underwent [123I]FP-CIT SPECT imaging for research purposes (University of Brescia) or for
clinical purposes (Geneve University Hospital; University Hospital of Rome Tor Vergata), i.e. to exclude a
dementia with Lewy bodies (DLB) diagnosis. In all the included clinical cases, [123I]FP-CIT-SPECT scans
were rated as negative according to a prede�ned ranking scale[29].

A group of 74 healthy volunteers was included in the study as HC (Table 1). They presented a negative
medical history for neurological disease and were not taking psychoactive medication. All subjects
presented with a con�rmed clinical diagnosis of isolated action or rest tremor syndromes over a 4-year
follow-up and normal DAT binding. See Fig. 1 for a �ow diagram depicting the included/excluded
individuals.

Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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Table 1
Descriptive demographic and clinical features of the study groups

  AD-D AD-MCI HC Test value; p

N 22 16 74 -

Sex, N (M/F) 10/12 11/5 31/43 -

Age, mean ± SD 72.18 ± 6.27 71.38 ± 10.53 67.15 ± 13.87 F = 1.84; p = 0.16

MMSE, mean ± SD* 17.92 ± 6.70 26.88 ± 1.20 - T = 4.75; p < 0.001

CDR, mean ± SD* 1.84 ± 0.77 0.50 ± 0.00 - T=-7.65; p < 0.001

*Neither MMSE nor CDR were available in 3 ADD patients, who were tested by means of Montreal
Cognitive Assessment test (total MoCA score = 11; 12; 19, respectively)

Abbreviations: AD-D = Alzheimer’s disease dementia; CDR = Clinical dementia Rating; HC = healthy
controls; AD-MCI = MCI due to Alzheimer’s disease; MMSE = Mini-Mental State Examination.

Demographic differences between groups were evaluated by means of ANOVA and Chi-squared tests.

[123I]FP-CIT SPECT
Intravenous administration of 110–185 MBq of [123I]FP-CIT was performed 30 min after thyroid
blockade (800 mg of KClO4) in all subjects. Brain SPECT acquisitions were performed 3 to 4 hours after
injection with the following protocols: (i) at University of Brescia, and (ii) at University of Rome Tor
Vergata using a dual-head gamma-camera (Discovery 630, General Electric, Milwaukee, WI) accepting
events in a 159 KeV photopeak ± 10% energy window. Data were reconstructed by �ltered back-projection,
with Butterworth 3-dimensional (3D) post-�lter (order 10.0; cut-off 0.50 cycle/cm) and corrected for
attenuation (Chang’s method coe�cient 0.15 cm− 1)); (iii) at Geneva University Hospitals acquisitions
were performed based on a three head camera (Toshiba GCA-9300A) with fan beam collimators using a
triple energy window for scatter correction. Data were reconstructed using �ltered back projection with a
Shepp-Logan �lter at the Nyquist frequency and corrected for attenuation (Chang's method, uniform
attenuation coe�cient of 0.12/cm− 1, accounting for the scatter corrections). A single reconstruction
protocol was used for the centers 1 and 2, in order to produce comparable data. For the Geneva center
this was not possible as the gamma camera used had different (and improved) physical proprieties.
Reconstruction method was introduced as a covariate in the following analysis. As this center provides
both patients and control subjects this is not expected to affect the results of the analysis.

Image pre-processing and quanti�cation were centralized at San Raffaele Hospital (Milan). Molecular
images were normalized based on a high-resolution [18F]DOPA template
(http://www.nitrc.org/projects/spmtemplates)[30]. Patients' images were spatially normalized using
Statistical Parametric Mapping 12 (SPM12, http://www.�l.ion.ucl.ac.uk/spm/software/spm12).
Parametric images were generated for each subject using the Image Calculator (ImCalc) function in
SPM12. Speci�cally, speci�c binding ratios (SBRs) were calculated using the following formula:Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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SBR =
voxeli

occipitallobe − 1

where DAT count of three occipital lobe slices was used as reference region [29]. 

For the dopaminergic system analysis, we considered regions of interest (ROIs) pertaining to the
nigrostriatal and the mesocorticolimbic dopaminergic pathways, as described elsewhere (cfr.[31]). The
VTA and SN, were not included in the analysis, due to the limited spatial resolution of SPECT imaging.
 The mesocorticolimbic targets consisted of the ventral striatum, anterior and middle cingulate cortices,
ventral and medial frontal areas, as well as the amygdala and parahippocampal cortex; the nigrostriatal
targets consisted of the dorsal caudate nucleus and dorsal putamen, frontal premotor, motor, executive
dorsolateral frontal regions, and somatosensory cortex.

Each ROI mask was convolved with an 8mm FWHM Gaussian kernel in order to minimize partial volume
effect.

Statistical analysis 

Mean [123I]FP-CIT SBR within each ROI was extracted from each normalized parametric image. The
subcortical/cortical dopaminergic targets that showed signi�cant tracer binding, as compared to the
reference region, were selected for further analysis (one-sample T-test, p<0.05, Bonferroni corrected for
multiple comparisons). This procedure resulted in a pool of N=10 ROIs belonging to the
mesocorticolimbic dopaminergic pathway (L/R ventral striatum, L/R hippocampus, L/R amygdala, L/R
anterior cingulate cortex, L/R middle cingulate cortex) and N=4 ROIs belonging the nigrostriatal
dopaminergic pathway (L/R dorsal caudate nucleus, L/R dorsal putamen).

Univariate analysis - Regional differences in [123I]FP-CIT SBR between participants with AD-D, AD-MCI
and HC were tested via MANCOVA. The mean SBRs obtained from each ROI were included as dependent
variables; age, gender and reconstruction method were included as nuisance covariates. Results of the
MANCOVA were deemed signi�cant at p<0.05, following Bonferroni-correction for multiple comparisons
(N=14). Pairwise post-hoc analyses were subsequently run on signi�cant MANCOVA results, setting the
signi�cance threshold at p<0.05, Bonferroni-corrected for multiple comparisons (N=3). Statistical
analyses were performed using Statistical Package for the Social Sciences (SPSS19). In order to further
characterize the results of the regional analysis, a complementary voxel-based analysis was run,
assessing the voxel-wise distribution of [123I]FP-CIT SBR differences obtained in the previous analytical
step. [123I]FP-CIT SBR parametric images of AD-D vs. HC, and AD-MCI vs. HC were compared by means
of a two-sample T-test in SPM12, running in MATLAB (Mathworks Inc., Sherborn, Mass.,USA). Resulting T-
maps were converted into Cohen’s d effect size maps by the following formula: 

D =
2T

√df
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Multivariate analysis - Molecular connectivity was estimated following the principle that neurotransmitter
release is correlated among territories receiving dopaminergic projections from the same afferents (cf.
[25]). Investigation of these patterns of molecular connectivity has provided, in vivo, results consistent
with the known biochemical architecture of the dopaminergic system in normal subjects[25]. Assessment
of molecular connectivity between targets of each dopaminergic pathway (nigrostriatal;
mesocorticolimbic) was performed via partial-correlation analysis (cfr.[25]). This procedure resulted in
estimation of the molecular structure of each dopaminergic pathway in each group.  In order to estimate
the molecular connectivity strength between dopaminergic nodes, a partial correlation matrix was
computed for each clinical group by means of MATLAB’s parrcorr function. Partial correlations allow to
investigate the relationship between two regions, while factoring out the contributions of all other
regions(cf. [25]).  Gender, age and reconstruction method were included as nuisance covariates. The
resulting dopaminergic networks were formed by nodes, represented by the aforementioned ROIs, and by
edges, represented by the estimated partial correlation coe�cients. Partial correlation coe�cients were
deemed signi�cant at p<0.01, uncorrected for multiple comparisons and at p<0.05, Bonferroni-corrected
for multiple comparisons. In order to provide an estimate of the overall degree of integrity of each
molecular dopaminergic network, we computed an index of similarity between clinical groups and HC, by
means of Dice coe�cient.

Results
We included 22 patients diagnosed with probable AD-D, 16 subjects with AD-MCI, in accordance with
current clinical/research criteria [26, 27] and 74 age-matched HC, all with available [123I]FP-CIT SPECT
imaging. AD-D and AD-MCI subjects were comparable for age and sex distribution, differing for MMSE
and CDR (p < 0.001) (Table 1).

Univariate analysis – Results of the MANCOVA, comparing [123I]FP-CIT SBR in the major
subcortical/cortical dopaminergic targets among AD-D, AD-MCI and HC, are shown in Fig. 2A-3A and
Table A.1. Molecular imaging assessment demonstrated signi�cant reduction of DAT density in both AD-
MCI and AD-D, predominantly in the regions belonging to the mesocorticolimbic dopaminergic pathway.

As for the mesocorticolimbic pathway, AD-D showed a decreased DAT density in the main subcortical and
cortical targets of the VTA, namely the ventral striatum and hippocampus, bilaterally, and the right middle
cingulate gyrus, compared to control subjects. Similar alterations were reported in AD-MCI compared to
HC, with decreased DAT density in the ventral striatum, bilaterally, and the right hippocampus. No
signi�cant differences in DAT density were detected between AD-D and AD-MCI in any mesocorticolimbic
target (p < 0.05, Bonferroni-corrected for multiple comparisons).

As for the nigrostriatal pathway, only the dorsal caudate nucleus showed decreased DAT density,
bilaterally, in both the AD-D and AD-MCI compared to HC. No differences in DAT density were detected in
any other nigrostriatal target.

Voxel-wise analysis, independently assessing differences between each clinical group vs. HC, showed
that the strongest alterations in DAT density (Cohen’s d > 1) were localized in the ventral striatum (peakLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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MNI coordinates: x=-6; y = 8; z=-6 [AD-MCI]; x = 8; y = 14; z=-4 [AD-D]), for the mesocorticolimbic pathway
and in the caudate head (peak MNI coordinates: x=-8; y = 8; z = 0 [AD-MCI]; x=-12; y = 12; z = 12 [AD-D]) for
the nigrostriatal pathway (Fig. 2B-3B)

Multivariate analysis – Results of the multivariate analysis are summarized in Fig. 4. Molecular
connectivity assessment demonstrated a widespread loss of inter-connections between subcortical and
cortical targets of the mesocorticolimbic pathway, in AD-D and AD-MCI (p < 0.01, uncorrected for multiple
comparisons; p < 0.05, Bonferroni-corrected for multiple comparisons). No connectivity alterations were
found within the nigrostriatal pathway, with preserved caudate and putaminal inter-connections in both
clinical groups (p < 0.01, uncorrected for multiple comparisons). Quantitative assessment of the overall
integrity of each dopaminergic pathway, by means of Dice coe�cient, con�rmed that molecular
connectivity was severely altered within the mesocorticolimbic network (Dice coe�cient = 0 [AD-MCI]; 0.25
[AD-D], indicating poor to fair similarity): Molecular connectivity appeared to be preserved in AD-D and
AD-MCI within the nigrostriatal network (Dice coe�cient = 1 [AD-MCI]; 1 [AD-D], indicating excellent
overlap) (p < 0.01, uncorrected for multiple comparisons).

Discussion
In vivo research studies on neurotransmission alterations are crucial to provide biological-based evidence
of molecular alterations in neurodegenerative diseases, supporting available symptomatic therapeutic
strategies and fostering drug discovery. In this study, we provide unique in vivo evidence for speci�c
alterations of the dopaminergic pathways along the AD stages in a well-characterized sample of amyloid-
positive individuals with AD-D and AD-MCI. We demonstrated that the dopaminergic projections arising
from the VTA are the most vulnerable in AD, with signi�cant reduction of DAT density in the major
mesocorticolimbic targets, since the prodromal disease phases (Fig. 2). We also found extensive
alterations of the molecular architecture of the mesocorticolimbic pathway (Fig. 4). The dopaminergic
projections arising from the SN were instead spared, with loss of DAT density limited to the head of the
caudate nucleus (Fig. 3), and no network alteration in its molecular circuitry (Fig. 4).

The �rst �nding of this study pertains to the presence of signi�cant loss of DAT density in several
dopaminergic targets in AD (Fig. 2–3). These results are supported by recent results obtained on a
validated mouse model of AD[32, 33] and corroborated by previous post-mortem[2, 7–11] and in vivo
imaging evidence[19, 34], reporting pre-synaptic dopaminergic dysfunction in AD-D. We also provide a
new remarkable �nding of system-level dopaminergic alterations, with disruption of the pattern of
regional connectivity observed in HC (Fig. 4). Abnormal patterns of dopaminergic connectivity were
previously reported in neurodegenerative disease characterized by known dopaminergic de�cits, such as
Parkinson’s disease and DLB, showing prominent alterations within the nigrostriatal system (cf.[25]). The
present fnew in vivo �ndings demonstrate alterations of the neurotransmission architecture in AD as well,
but within the mesocorticolimbic system.

Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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The second main �nding of this study pertains to the disease stages according to which dopaminergic
de�cits occur in AD. Available in vivo studies provided evidence for dopaminergic alterations exclusively
in advanced disease stages[19–23]. No in vivo studies are available directly assessing dopamine
pathophysiology in AD-MCI. Here, we found, already at the stage of MCI, a signi�cant loss of DAT density,
at a degree comparable to that observed in patients with dementia, in several dopaminergic targets
(Fig. 3). The lack of signi�cant differences in regional DAT density between participants with AD-MCI vs.
AD-D, suggests that dopaminergic dysfunction is an early event, also plateauing early along the disease
course. Subjects with AD-MCI showed extensive alterations in the molecular architecture of the
mesocorticolimbic dopaminergic circuitry, with loss of inter-connections at the level of the ventral
striatum, amygdala, hippocampus and anterior and middle cingulate gyri. The widespread derangement
of molecular connectivity, exceeding the loss of local DAT density (Fig. 5), indicates an early dysfunction
of the dopaminergic circuitry in AD, possibly contributing to its pathophysiology, also at consistency with
previous structural and functional connectivity studies[31, 35, 36].

The third main �nding of this study pertains to the different vulnerability of the two main dopaminergic
pathways in AD. Previous in vivo and post mortem studies focused mainly on the nigrostriatal
dopaminergic pathway, reporting alterations in the SN[2–6] and in its major subcortical targets, i.e.
putamen[8, 11, 15, 16, 23, 37] and caudate nucleus[7, 11, 16, 23, 37]. There are however several studies
reporting lack of alterations in the aforementioned regions[1, 5, 8–10, 12, 13, 17, 23, 34]. Of note, most of
the available evidence reports dopaminergic alterations without partitioning the striatum into its ventral
and dorsal components, with few exceptions[21]. Our �ndings partially support the involvement of the
nigrostriatal pathway in AD, with loss of DAT density limited to the caudate nucleus, but no alterations in
molecular connectivity (Fig. 3–4). The caudate nucleus, part of the “associative-cognitive loop”, receives
its major dopaminergic input from the dorsomedial portions of the SN pars compacta[38]. Notably,
previous post mortem evidence reported alterations in pre-synaptic dopaminergic function speci�cally in
the dorsal tier of SN pars compacta in AD, at difference to what is observed in Parkinson’s disease, where
the ventral portion of the SN pars compacta (and relative projections) are mainly affected[2]. Altogether,
this evidence suggests a certain degree of vulnerability of the nigrostriatal pathway in AD, with a very
different topography compared to Parkinson’s disease.

Compared to the nigrostriatal pathway, the mesocorticolimbic pathway has been far less studied in AD.
Previous post mortem and in vivo neuroimaging evidence suggests an involvement of the VTA[3] and of
its targets, i.e. nucleus accumbens[5, 10, 16], limbic striatum[21], hippocampus[18, 23], amygdala[8, 11,
18] and cingulate gyrus[11], with some studies reporting however negative results[1, 8, 10, 12, 23, 37].
Alterations of the mesocorticolimbic targets have been associated with neuropsychiatric symptoms in
AD[21, 31], present in up to 90% of patients with dementia[39]. Depression and apathy are the most
frequently reported symptoms in both AD-MCI and AD-D[40]. Results from the current study further and
strongly support the involvement of the mesocorticolimbic pathway in AD, with loss of DAT activity and
molecular connectivity in its major targets. Speci�cally, we observed loss of DAT activity in the ventral
striatum and hippocampus, and in the middle cingulate gyrus, receiving dopaminergic input from the
ventral and dorsal portions of VTA, respectively[41] (Fig. 5). Widespread molecular connectivityLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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alterations affect both subcortical and cortical targets, indicating involvement of the major VTA
projections, including the meso-limbic, meso-cortical, meso-hippocampal and meso-amygdala routes (cf.
[31]) (see Fig. 5). The �nding of a prominent involvement of the mesocorticolimbic system in AD is
particularly relevant, as some of the VTA targets, and most prominently the ventral striatum, represent
crucial hubs in the complex feed-forward organization of the dopaminergic circuitry. Notably, the ventral
striatum, while receiving inputs from a relatively small populations of neurons in the VTA, sends back
widespread projections to both the VTA and the SN, hence being able to affect dopaminergic activity in
widespread portions of the dorsal striatum, particularly in its associative regions (cf. [38]). This evidence
raises the question of whether our �ndings of altered dopaminergic activity in the caudate nucleus might
be consequential to the �nding of altered dopaminergic function in the ventral striatum.

While our �ndings show a prominent involvement of the mesocorticolimbic system and a very limited
involvement of the nigrostriatal targets, namely the caudate, the pathogenic mechanisms underlying
dopaminergic vulnerability in AD remain unknown. Some authors have suggested that the peculiar
physiology of midbrain ventrategmental dopaminergic neurons, per se, might render those dopaminergic
neurons particularly vulnerable to amyloid pathology in AD[32].

A link between dopaminergic dysfunction and tau pathology has also been hypothesized (cf.[35]). In this
direction, a recent post-mortem study on human brain tissue reported an association between tau
pathology and dysregulation of genetic pathways linked to dopaminergic neurotransmission[42]. Notably,
the earliest tau-site in AD, namely the locus coeruleus (LC), sends substantial noradrenergic afferents to
midbrain dopaminergic nuclei, providing trophic support to both the VTA and the medial portions of SN
pars compacta[43]. While the hypothesis that tau pathology in the LC is at the basis of the dopaminergic
de�cits observed in AD remains speculative, it is worth noting that the topography of dopaminergic
alteration detected in our cohorts, speci�cally encompassing projections from the VTA and the medial
portions of the SN pars compacta (Fig. 5), closely matches that of the noradrenergic projections from the
LC to the midbrain dopaminergic nuclei[44]. Alternatively, it can also be hypothesized a direct effect of LC
on the dopaminergic function of mesocorticolimbic targets, such as the hippocampus, that receive
substantial dopaminergic input directly from LC’styrosine hydroxylase -immunoreactive neurons[45].

This study has some limitations. While all participants were within the AD spectrum and underwent an
extensive biomarker assessment[28], we do not have post mortem pathology con�rmation. Thus, we
cannot exclude that some of them had additional co-pathologies. We also acknowledge that while
[123I]FP-CIT primarily measures DAT density, bindings to the serotonergic transporter should be
considered in the extra-striatal regions. However, since we limited our analysis exclusively to regions
belonging to the nigrostriatal and mesocorticolimbic structures and pathways, very rich in dopamine
transporters [46], we believe the interpretation of our �ndings in terms of alterations in DAT density is
solid. Last, we acknowledge the absence of correction for partial volume effects might represent a limit,
however, the combined use of: i) anatomical and functional probabilistic atlases for ROIs segmentation,
ii) the strategy of picking only the center of each volume, and iii) non-smoothed SPECT images, should

Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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minimize the in�uence of partial volume effects. This strategy represents in addition the only solution
that can be applied without the need of structural MRI, not available for all our subjects.

Conclusions
Our study provides biological in vivo evidence for a signi�cant derangement of the mesolimbic
dopaminergic system in AD, already plateauing in the prodromal stages. Our data, strongly supported by
statistical analyses of both in vivo dopaminergic binding density and molecular connectivity, point to
different degrees of vulnerability of the dopaminergic afferents from speci�c dopaminergic nuclei. The
mechanisms underlying the vulnerability of the dopaminergic circuitry in AD and the relationship with
speci�c clinical aspects need to be investigated with integrated multidisciplinary approaches, to foster
results that might be relevant for new perspectives in early diagnosis, symptomatic treatment and drug
discovery in AD.
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Tegmental Area; SN, Substantia Nigra; DAT, Dopamine Transporter.
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Figure 1

Flow diagram showing the number of subjects/patients who underwent [123I]FP-CIT PET imaging and
were initially screened for the present study. Red arrows indicate those individuals that were excluded.
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Figure 2

Regions of interest within the mesocorticolimbic pathway showing signi�cant decreases in pre-synaptic
dopaminergic activity in AD (A) Violin plots represent distribution of SBR in ROIs with signi�cantly
decreased DAT density (p<0.05, Bonferroni-corrected for multiple comparisons. Asterisks denote post-hoc
comparisons, Bonferroni-correction for multiple comparisons, at p<0.05 (*), p<0.01 (**) and p<0.001 (***).
Brain renderings were obtained from BrainNet Viewer toolbox[47]. (B) Brain renderings showing theLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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distribution of voxel-wise differences in [123I]FP-CIT BPs in each clinical group, resulting from statistical
comparison with HC. The magnitude of the difference is reported by means of Cohen’s d effect size. Only
ROIs showing signi�cantly decreased [123I]FP-CIT BP in association with Alzheimer’s disease are shown.
Abbreviations: AD-D: Alzheimer’s disease dementia; AD-MCI: mild cognitive impairment due to Alzheimer’s
disease; HC: healthy controls.

Figure 3

Regions of interest within the nigrostriatal pathway showing signi�cant decreases in pre-synaptic
dopaminergic activity in AD (A) Violin plots represent distribution of SBR in ROIs with signi�cantly
decreased DAT activity (p<0.05, Bonferroni-corrected for multiple comparisons. Asterisks denote post-hoc
comparisons, Bonferroni-correction for multiple comparisons, at p<0.05 (*), p<0.01 (**) and p<0.001 (***).Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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Brain renderings were obtained from BrainNet Viewer toolbox[47]. (B) Brain renderings show the
distribution of voxel-wise differences in [123I]FP-CIT BP in each clinical group, resulting from statistical
comparison with healthy controls. The magnitude of the difference is reported by means of Cohen’s d
effect size. Only ROIs showing signi�cantly decreased [123I]FP-CIT BP in association with Alzheimer’s
disease are shown. Abbreviations: AD-D: Alzheimer’s disease dementia; AD-MCI: mild cognitive
impairment due to Alzheimer’s disease; HC: healthy controls.

Figure 4

Molecular connectivity of dopaminergic networks in healthy controls and AD. Brain renderings show the
molecular structure of the nigrostriatal and mesocorticolimbic dopaminergic networks at p<0.05,
Bonferroni-corrected for multiple comparisons (red edges) and p<0.01, uncorrected for multiple
comparisons (orange edges). Overlap between molecular connectivity networks in healthy controls and
each clinical group is also shown on the right, as computed by means of Dice coe�cient. Brain
renderings were obtained from BrainNet Viewer toolbox[47]. Abbreviations: AD-D: Alzheimer’s disease
dementia; AD-MCI: mild cognitive impairment due to Alzheimer’s disease; HC: healthy controls.
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Figure 5

Summary representation of dopaminergic dysfunction in early AD. Brain renderings show dopaminergic
targets presenting with decreased DAT activity (orange), loss of molecular connectivity (yellow) or both
(red) in prodromal AD. Alterations in these target regions can be deemed indicative of pre-synaptic
dopaminergic dysfunction in speci�c afferents from the ventral and dorsal VTA and from the medial SN,
pars compacta. For the purpose of ensuring a clear visualization, dopaminergic projections are
represented only for each target region on the ipsilateral side. Brain renderings were obtained from
BrainNet Viewer toolbox[47]. Abbreviations: SNc, substantia nigra pars compacta; VTA, ventral tegmental
area
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