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Abstract: The aim of our study was to investigate regional glucose metabolism with 18F-FDG positron
emission tomography/computed tomography in a population of patients with Alzheimer’s disease
(AD) in relation to cerebrospinal (CSF) levels of striatal dopamine transporter (DAT). All patients
underwent lumbar puncture and received a biomarker-based diagnosis of AD. Differences in regional
brain glucose metabolism were assessed by Statistical Parametric Mapping version 12 with the use
of age, gender, and MMSE as covariates in the analysis. A positive correlation between CSF DAT
levels and glucose metabolism at the level of two brain areas involved in the pathophysiological
process of Alzheimer’s disease, the substantia nigra and the posterior cingulate gyrus, has been
highlighted. Results indicate that patients with higher CSF DAT levels have a better metabolic
pattern in two key zones, suggesting less advanced disease status in patients with more conserved
dopaminergic systems.
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1. Introduction

Alzheimer’s disease (AD) is a progressive and incurable neurological disorder with
complex etiology leading to cognitive decline and dementia. The main histopathological
hallmarks are extracellular accumulation of neuritic plaques of amyloid-f (Ap) peptides
and intracellular deposition of tau protein aggregates, which cause progressive synaptic
and neuronal damage that primarily affects the hippocampus and cerebral cortex [1-7].

Scientific advances allow us to study these alterations in vivo, and brain glucose
hypometabolism, measured with ['8F]-FDG PET, is held as a marker of neurodegenera-
tion in AD. This technique measures regional glucose consumption related to local gluta-
matergic synaptic and astrocyte activity, identifying the location and extension of areas of
hypometabolism reflecting local neuronal dysfunction [8,9].

Numerous studies have taken place over the years, allowing us to identify, with good
certainty, brain areas that show early reduction in glucose metabolism even before clinically
evident AD and, likewise, those areas which are later involved or even spared during
disease course [10-13].

The involvement of subcortical structures is also an important player in AD, which
may be reflected by findings of altered levels of dopamine (DA) [14], possibly responsible
for the psycho-behavioral alterations typical of the disease, such as depression and apathy.
Over a third of AD patients can also develop extrapyramidal signs, supporting the presence
of degenerative changes in dopamine-containing neurons [15]. However, motor symptoms
are usually present only in late stages of the disease, while recent literature highlights an
early involvement of dopaminergic transmission in AD, determining cognitive impairment
itself [16-22].
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At the synaptic level, DA levels are regulated by the dopamine transporter (DAT), a
transmembrane sodium chloride-dependent protein selectively expressed on the presy-
naptic membrane of dopaminergic cells. It is responsible for dopamine reuptake, thus
terminating its activity in the synapse [23-25], and modulates quantal DA release at end-
plates, regulating also its storage within synaptic vesicles [26].

The expression of DAT on presynaptic terminals reflects striatal dopaminergic inner-
vation, implying a direct relationship between its reduction and dopaminergic cell loss [27].
Cerebrospinal (CSF) levels of DAT can reflect its synaptic levels and, therefore, can be held
as a proxy of the dopaminergic function throughout the whole cortex.

Our study fits into this context, with the role of the dopaminergic system still at the
center of the scientific debate to clarify its involvement in the pathogenesis of Alzheimer’s
disease, especially in the earliest stages of the disease.

We aimed to investigate the possible bond between CSF levels of DAT and regional
brain metabolism studied with 18F-FDG positron emission tomography/computed tomog-
raphy (PET/CT) in a population of patients with AD, in order to deepen the knowledge on
the role of dopaminergic degeneration in the pathogenesis of the disease.

2. Results

Our study documented a correlation between CSF levels of DAT and regional brain
metabolism measured with 18F-FDG PET/CT in patients with AD.

In particular, the analysis of the data shows that within the AD population a higher
CSF value of DAT is associated with a relative less glucidic hypometabolism at the level of
the substantia nigra and the Brodmann area 31, known as dorsal posterior cingulate area.
Detailed results are provided in Table 1 and Figure 1.

Table 1. Regression analysis showing the CSF DAT levels-related areas of increased 18F-FDG brain uptake.

Analysis Cluster Level Voxel Level
Cluster P Cluster Cluster Cortical Z Score of Talairach Cortical Region BA
(FWE-Corr) p(FDR-Corr) Extent Region Maximum  Coordinates
Positive 4 0o 0.000 21570 Mid Brain 365 ~ —6,-16—14  Substantia
correlation Nigra
R Limbic 3.43 16, —36, 40 Posterior 31
cingulate

In the ‘cluster level” section on left, the number of voxels, the corrected p value of significance and the cortical
region where the voxel is found, are all reported for each significant cluster. In the ‘voxel level’ section, all of the
coordinates of the correlation sites (with the Z-score of the maximum correlation point), the corresponding cortical
region and BA are reported for each significant cluster. BA: Brodmann'’s area. In the case that the maximum
correlation is achieved outside the gray matter, the nearest gray matter (within a range of 5 mm) is indicated with
the corresponding BA. L, left; R, right; FWE: familywise error; FDR: false discovery rate.

Figure 1. Magnetic resonance superimposition of the data presented in Table 1 showing an increased
glucose consumption in the substantia nigra and in the posterior cingulate cortex (sagittal view).
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3. Discussion

Although very debated, the involvement of the dopaminergic system in the patho-
physiology of AD is at the center of the scientific debate, with the latest studies seemingly
confirming this hypothesis. Notably, although it has been recently demonstrated that the
dopaminergic system is altered predominantly within the mesocorticolimbic system [19],
several findings also partially support the involvement of the nigrostriatal pathway [28]. In
line with this, in the present work we found a significant association between CSF DAT
levels and both glucose metabolism of the SN, starting hub of the nigro-striatal pathway;,
and of the PCC, key hub of the DMN with an early and specific vulnerability in AD pathol-
ogy. It is possible that CSF DAT values are representative of the good functionality of
both pathways.

Indeed, dopaminergic dysfunction may be linked to lower DAT levels, as suggested
by a study showing reduced dopamine release in mice with low DAT [29]. Over time,
several studies have been conducted with different results regarding the alterations of DAT
in AD. DAT levels decline by age 50, suggesting an age-related reduction of its levels [30].
Although some studies show no differences in DAT levels between AD and control, several
papers reported reduced levels of DAT synthesis in AD compared to controls [31,32].

Some neuroimaging studies have partially supported these data, showing dopaminer-
gic alterations in the striatum and hippocampus in patients with overt AD dementia. In
one paper, ['!C]B-CFT, a cocaine analogue, was used as a radioligand to investigate striatal
dopamine reuptake sites in AD patients by PET method, and a reduction of about 20% of
radioligand uptake in both the putamen and the caudate nuclei was identified in these
patients compared to controls. Furthermore, the greater the reduction in tracer fixation in
these areas, the more severe the extrapyramidal symptoms [33].

The striatum, with its portions represented by the caudate and putamen nuclei, is the
arrival station of the fibers coming from the pars compacta of the substantia nigra (SN),
the nigro-striatal pathway [34,35]. The SN is a midbrain dopaminergic nucleus that has
a critical role in modulating motor movement and reward functions as part of the basal
ganglia circuitry.

These are a multiplicity of interconnected subcortical nuclei that govern numerous
bodily functions, from voluntary movement, cognitive planning, emotion and reward
function, and even cognition. The SN is considered the primary input of the basal ganglia
circuits and consequently an element of fundamental importance for all regulated func-
tions [36], and can be functionally and morphologically divided into two portions, the pars
compacta characterized by the prevalent presence of dopaminergic neurons and the pars
reticulata with the prevalent presence of inhibitory GABAergic neurons [37].

The nigro-striatal pathway, in synergy with the cortico-striatal glutamatergic projec-
tions, is responsible for the control of voluntary movements [34,35], critically involved in
the extrapyramidal motor deficits typical of Parkinson’s disease [36].

The prevalence of motor symptoms in AD increases with disease progression [38].
Although the underlying neuropathological substrate has not yet been fully elucidated,
several clinicopathological studies indicate that the onset of extrapyramidal signs in AD
may be related to heterogeneous pathologies involving the substantia nigra and the related
extrapyramidal system [38-40].

Alterations of the SN are frequently present in AD and the involvement of the dopamin-
ergic system has been confirmed by some post-mortem studies which have shown alter-
ations at the level of the midbrain, specifically in the SN itself and in the ventral tegmental
area (VTA) [41-45]. The latter represents the beginning of the mesocortical-limbic pathway,
directed to the hippocampus, cerebral cortex, and the nucleus accumbens; dopaminergic
terminals along with glutamatergic projections from the amygdala, hippocampus, and
prefrontal cortex, are involved in the control of volition and reward [28,46].

Neurons of these areas, involved in the formation of the nigrostriatal and meso-cortico-
limbic pathways, show typical histopathological changes such as the presence of NFT,
surrounding A3 deposition, neuropil threads, cellular death, and also a decrease in DA
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content, suggesting an active role of dopaminergic alterations in the pathophysiology of
AD [15,42,45,47-51].

Neuronal loss is known to be associated with zonal hypometabolism in ["8F[FDG-PET
images. This method allows an in vivo evaluation of the regional brain glucose metabolism,
which is a proxy of synaptic function and density [52-54].

Numerous studies conducted over the years have confirmed this, agreeing in noting a
constant reduction in brain glucose metabolism in the areas most characterized by atrophy
and neuronal loss in subjects with Alzheimer’s disease. In particular, the initial stages of
the disease are distinguished by a glucose hypometabolism predominantly at the level of
the precuneus, the posterior cingulate, and the temporal and parietal cortical areas while,
as the disease progresses, hypometabolism extends to the frontal cortex to affect the entire
brain, sparing only some specific areas [10-13].

The relative local brain hypermetabolism investigated with the ['®F][FDG-PET method
at the level of the SN identified in our study in AD patients with higher CSF DAT levels
suggests a relative well-being of the specific area, less affected by degenerative processes
and neuronal loss. The minor involvement of the substantia nigra in neurodegenerative
processes is a result in agreement with the higher CSF DAT levels, indicating relative
conservation of dopaminergic function at the level of striatal circuits.

Conversely, assuming a progressive decrease of DAT in AD, we could speculate
the presence of a parallel alteration of the dopaminergic functions at the level of striatal
circuits [26,29].

The well-being of the nigro-striatal pathway might be associated with a lower incidence
of extrapyramidal motor deficits, typical of Parkinson’s disease, but also present in AD in
its more advanced stages [36,38]. None of the AD patients in our study had extrapyramidal
signs, but a vulnerability of the extrapyramidal system cannot be excluded and longitudinal
follow-ups are needed to evaluate the future appearance of movement disorders.

The suggestion of an earlier disease stage in patients with higher CSF DAT levels
may also be supported by the second result of our study, the finding in these patients of
a relative less glucidic hypometabolism at the level of the dorsal portion of the posterior
cingulate gyrus, corresponding to the Brodmann area 31.

The posterior cingulate cortex (PCC) is a highly anatomically and functionally con-
nected region in the brain that represents an important hub in the default mode net-
work [55,56], which is early disrupted in AD [57-59]. Decreased uptake of 18F-FDG in the
posterior cingulate cortex (PCC) is a specific feature of AD [60,61], and is established as an
important discriminating signature feature to distinguish AD from other dementias.

Indeed, PCC hypometabolism has been shown to be highly sensitive and specific even
in the early stages of the disease, and thus forms the core of the FDG-PET hypometabolic
pattern of AD [62-65].

It is known that a progressive reduction of regional cerebral glucose metabolism in
specific areas occurs years before the onset of clinical symptoms in patients with AD [65-69].
Of all the areas typically involved in pathology, the posterior cingulate cortex appears to
represent the most sensitive marker for predicting which patients will progress from a state
of MCI to AD [65,69,70].

The finding of relatively more conserved glucose metabolism at the level of the poste-
rior cingulate gyrus in patients with higher CSF DAT levels leads us to hypothesize a less
advanced disease status in patients with a more conserved dopaminergic system as if to
suggest a protective role of the latter against the progression of the disease.

In contrast to what has just been hypothesized, a second interpretation could correlate
the increased uptake of FDG found at substantia nigra and posterior cingulate gyrus level
in patients with higher CSF DAT levels to an inflammatory state of these areas.

Although the involvement of neuroinflammatory processes in Alzheimer’s disease
is known, the actual role in the pathogenesis has not yet been clarified and is being
studied [71-74]; advances in molecular imaging using PET have provided insights into the
time course of neuroinflammation and its relation to Alzheimer’s disease.
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A recent study has shown that in AD brains the absorption of FDG and TSPO (the most
widely investigated neuroinflammation target for PET imaging [75]) are correlated, with
higher levels in the more conserved regions. Furthermore, the FDG signal is reduced in
proportion to the neuronal loss in the most affected regions, losing correlation with TSPO.

These results suggest that both neurons and microglia contribute to the FDG signal in
neurodegenerative diseases with their relative contribution depending on how advanced
the disease is in each brain region.

In the early stages, with a predominantly healthy brain, the FDG signal of microglia
predominates, which can mask the initial decline in neuronal metabolism; the latter becomes
predominant in the advanced stages [76].

In consideration of this, the patients in which a greater uptake of FDG was found
in the substantia nigra and in the posterior cingulate cortex would represent the part of
the population in an earlier pathophysiological stage, with the high carbohydrate content
sustained by microglial activation to compensate for the initial neuronal loss and the high
CSF DAT levels confirming a still poorly compromised dopaminergic system.

This hypothesis should be confirmed with new PET studies that use specific tracers
for neuroinflammation and correlate CSF levels of DAT to the PET fixation of these tracers
in specific brain areas.

We are aware that this study has several limitations. Specifically, it could be considered
a preliminary study, conducted within a single AD population; to acquire greater value,
it should be replicated in the future by comparing the values of local cerebral glucose
metabolism of AD patients with those of a population of healthy individuals.

Furthermore, the sample under study should be numerically enlarged in order to
obtain more significant data, and follow-up longitudinal clinical data could be implemented
to explore the relationship between our findings and the development of extrapyramidal
signs in AD.

4. Materials and Methods
4.1. Subjects’ Enrolment

The study retrospectively included 28 consecutive patients evaluated at the UOSD
Centro Demenze of the University Hospital “Policlinico Tor Vergata” in Rome between
December 2020 and June 2022. After a complete diagnostic work-up—including medical
history, neurological examination, blood screening, neuropsychological assessment, mag-
netic resonance imaging and lumbar puncture—all patients received a biomarker-based
diagnosis of AD according to the NIA-AA research framework [77]. All selected patients
had previously undergone PET/CT brain scan as part of the diagnostic assessment at the
Nuclear Medicine Unit of the same facility.

Exclusion criteria were history of manifest acute stroke—Hachinski scale score > 4 or
radiological evidence of focal ischemic lesions-, the presence of another diagnosed neu-
rodegenerative or psychiatric disorder, signs of extrapyramidal disorder, and treatment
with antipsychotic or antiparkinsonian drugs. No patient was treated with memantine or
acetylcholinesterase inhibitors until the end of the screening. Demographics from the study
cohort are reported in Table 2.

Table 2. Demographic data from the study cohort.

Study Cohort (n = 28)

Age (yo) 70.64 + 6.16
Sex (M:F) 13:15
CSF AR42 (pg/mL) 379.07 + 98.02
CSF p-tau (pg/mL) 68.29 + 27-28
CSF t-tau (pg/mL) 501.61 £ 251.82
CSF DAT (pg/mL) 2.86 +1.32

DAT: Dopamine transporter; p-Tau: phosphorylated tau; t-Tau: total tau.
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All participants or their legal guardian provided written informed consent after re-
ceiving an extensive description of the study. The study was conducted according to the
Declaration of Helsinki.

4.2. CSF Collection and Analysis

All lumbar punctures were performed with sterile technique between 8 and 10 a.m.,
a total of 10 mL per patient CSF sample was collected in polypropylene tubes. A mea-
surement of 2 mL of all samples was used for biochemical routine analysis, including cell
and protein count, the remaining sample was centrifuged at 2000 g at +4 °C for 10 min,
aliquoted in 1 mL portions, and frozen at —80 °C for further analysis of levels of A4,
p-tau phosphorylated at Thr181, t-tau, and DAT dosing. Blood samples were also drawn
for complementary analysis.

Commercially available kits were used to carry out biochemical analysis (Flex reagent
cartridge, Dimension Vista System, Siemens Healthcare Diagnostics GmbH, Munich, Ger-
many); CSF ARy, p-tau, and t-tau were determined using a sandwich enzyme-linked
immunosorbent assay (EUROIMMUN A[31-42 levels ELISA®, EUROIMMUN Total tau
ELISA®, EUROIMMUN p-Tau (181) ELISA®). DAT CSF contents were determined using
Luminex Multiplex Assay (Thermo Fisher Scientific, Waltham, MA, USA), according to
the manufacturer’s instructions. Concentration of analytes was calculated according to a
standard curve and expressed as picograms per milliliter.

4.3. '8F-FDG PET Scanning Protocol

['8F]JFDG PET/CT brain scan was performed after overnight fasting (at least 6 h).
Lv. radiopharmaceutical injection (['®F] FDG) was performed after checking the blood
glucose values, to ensure they were within the range proposed by the guidelines of the
European Association of Nuclear Medicine. All subjects were injected intravenously with
185-215 MBq of ['8F]FDG and were hydrated with 500 mL of NaCl 0.9%. The PET system
Discovery VCT (GE Medical System—PET/CT scanner) was used to assess ['®F]FDG brain
distribution in all patients. PET/CT scanner acquisition was started 30 & 5 min after ['8F]
FDG injection and lasted 10 min in all the subjects. The following reconstruction parameters
have been set: ordered subsets expectation maximization, 4 subsets and 12 iterations; matrix
256 x 256; full width at half maximum (FWHM): 5 mm.

4.4. Statistical Analysis

Statistical parametric mapping 12 (SPM12) implemented in Matlab 2018a was used
for the analysis of PET scans in this study (https://www.fil.ion.ucl.ac.uk/spm/software/
spml12/—accessed on 27 December 2022). PET data were converted from DICOM to
Nifti format using Mricron software v 1.0.20190902 available at https:/ /www.nitrc.org/
projects/mricron—accessed on 27 December 2022—and then subjected to a normalization
process. A bias regularization was applied (0.0001) in order to limit biases due to smooth,
spatially varying artifacts that modulate the intensity of the image and that can impede
the automating processing of the images. FWHM of Gaussian smoothness of bias (to
prevent the algorithm from trying to model out intensity variation due to different tissue
types) was set at 60 mm cutoff; tissue probability map implemented in SPM12 was used
(TPM.nii). A mutual information affine registration with the tissue probability maps was
used to achieve approximate alignment to ICBM space template—European brains [78,79].
Warping regularization was set with the following 1 by 5 array (0, 0.001, 0.5, 0.05, 0.2);
smoothness (to cope with functional anatomical variability that is not compensated by
spatial normalization and to improve the signal to noise ratio) was set at 5 mm; sampling
distance (that encodes the approximate distance between sampled points when estimating
the model parameters) was set at 3.

We applied an 8 mm isotropic Gaussian filter to blur the individual variations (espe-
cially gyral variations) and to increase the signal-to-noise ratio. We used the following
parameters and post-processing tools before regression analysis was applied: global nor-
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malization (that escalates images to a global value) = 50 (using proportional scaling);
masking threshold (that helps to identify voxels with an acceptable signal in them) was set
to 0.8; transformation tool of statistical parametric maps into normal distribution; correc-
tion of SPM coordinates to match the Talairach coordinates, subroutine implemented by
Matthew Brett (http:/ /www.mrc-cbu.cam.ac.uk/Imaging, accessed on 27 December 2022).
Brodmann areas (BA) were identified at a range from 0 to 3 mm from the corrected Ta-
lairach coordinates of the SPM output isocenter by using a Talairach client available at
http:/ /www.talairach.org/index.html, accessed on 27 December 2022. As proposed by
Bennett et al. [80], SPM t-maps have been corrected for multiple comparisons with the
false discovery rate (p < 0.05) and corrected for multiple comparisons at the cluster level
(p < 0.001). The level of significance was set at 100 (5 x 5 x 5 voxels, i.e., 11 x 11 x 11 mm)
contiguous voxels. We performed a regression analysis with CSF DAT values, using a
‘multiple regression” design model available in SPM12 as in another similar report of our
group in this field [81]. We used sex, age, and MMSE as covariates in the analyses.

5. Conclusions

The results of our study suggest that the positive correlation found between CSF
DAT levels and cerebral glucose metabolism studied with FDG-PET at the level of the
substantia nigra and posterior cingulate gyrus may indicate a less advanced stage of disease
in subjects with a dopaminergic system less compromised. The hypothesis can be advanced
both by considering the better glucose content of the two brain areas mentioned as an
expression of a degenerative process still in the initial stages, and by associating the relative
hypermetabolism with phenomena of an inflammatory nature, with the FDG signal of
activated microglia which predominates in the initial stages of the disease, masking the
initial decline in neuronal metabolism.
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