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A B S T R A C T   

L-serine generated in astrocytes plays a pivotal role in modulating essential neurometabolic processes, while its 
enantiomer, D-serine, specifically regulates NMDA receptor (NMDAR) signalling. Despite their physiological 
relevance in modulating cerebral activity, serine enantiomers metabolism in Parkinson’s disease (PD) remains 
elusive. Using High-Performance Liquid Chromatography (HPLC), we measured D- and L-serine levels along with 
other amino acids known to modulate NMDAR function, such as L-glutamate, L-aspartate, D-aspartate, and 
glycine, in the post-mortem caudate putamen (CPu) and superior frontal gyrus (SFG) of PD patients. Moreover, we 
examined these amino acids in the cerebrospinal fluid (CSF) of de novo living PD, Alzheimer’s disease (AD), and 
amyotrophic lateral sclerosis (ALS) patients versus subjects with other neurological disorders (OND), used as 
control. We found higher D-serine and L-serine levels in the CPu of PD patients but not in the SFG, a cerebral 
region that, in contrast to the CPu, is not innervated by nigral dopaminergic terminals. We also highlighted a 
significant elevation of both serine enantiomers in the CSF samples from PD but not in those of AD and ALS 
patients, compared with control subjects. By contrast, none or only minor changes were found in the amount of 
other NMDAR modulating amino acids. Our findings identify D-serine and L-serine level upregulation as a 
biochemical signature associated with nigrostriatal dopaminergic degeneration in PD.   
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DAAO, D-amino acid oxidase; Gly, glycine; H&Y, Hoehn & Yahr; HPLC, High-Performance Liquid Chromatography; IQR, interquartile range; L-Asp, L-aspartate; L- 
Glu, L-glutamate; L-Ser, L-serine; LB, Lewy bodies; MMSE, Mini-Mental State Examination; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NMDAR, ionotropic 
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1. Introduction 

In addition to the canonical neurotransmitters L-glutamate (L-Glu), 
L-aspartate (L-Asp), and glycine (Gly) (Andersen et al., 2021; Curtis and 
Watkins, 1960; Zhou and Danbolt, 2014), the activation of gluta-
matergic ionotropic N-methyl-D-aspartate (NMDA) receptors (NMDAR) 
is also modulated by the atypical D-amino acids, D-serine (D-Ser) and D- 
aspartate (D-Asp), which regulate synaptic transmission/plasticity and 
cognition (Errico et al., 2011; Krashia et al., 2016; Martineau et al., 
2006; Sacchi et al., 2012; Sasabe and Suzuki, 2019; Usiello et al., 2020; 
Wolosker et al., 2016). However, our understanding regarding the role 
and possible alterations in D-amino acid metabolism in aging and 
neurodegenerative disorders is still limited and requires comprehensive 
research. In particular, findings obtained in humans and animal models 
indicate that abnormally high D-Ser levels may produce either harmful 
or beneficial effects depending on the neuropathological context 
(Seckler and Lewis, 2020; Singh and Singh, 2011; Wolosker and Balu, 
2020). 

D-ser acts as an endogenous obligatory co-agonist at the glycine 
modulatory site on GluN1 subunit of NMDAR (Sasabe and Suzuki, 2019; 
Wolosker et al., 2016). Elevated D-Ser levels have been reported to cause 
motor neurons death (Sasabe et al., 2012, 2007) in the G93ASOD-1 
transgenic mouse model of amyotrophic lateral sclerosis (ALS) (Sasabe 
et al., 2007; Thompson et al., 2012), and in mice expressing inactive D- 
amino acid oxidase (DAAO) (Sasabe et al., 2012), the enzyme involved 
in D-Ser degradation (Pollegioni et al., 2018; Wolosker et al., 2016). 
Similarly, transgenic mice expressing the R199W mutant DAAO enzyme, 
previously identified in familial ALS patients (Mitchell et al., 2010), 
exhibited motor impairments and loss of lumbar spinal cord motor 
neurons (Kondori et al., 2017). 

D-Ser variations have also been documented in the post-mortem 
brain, cerebrospinal fluid (CSF), and serum of individuals diagnosed 
with Alzheimer’s disease (AD) (Madeira et al., 2015; Maffioli et al., 
2022; Piubelli et al., 2021), and frontotemporal dementia (FTD) (Palese 
et al., 2020). However, inconsistencies across independent studies have 
been revealed, calling for further investigations aimed at addressing the 
association between central D-Ser variations and AD pathophysiology 
(Biemans et al., 2016; Nuzzo et al., 2020; Orzylowski et al., 2021). 
Although the occurrence of D-Ser metabolism modification in the brain 
of AD patients remains puzzling, a recent study utilizing the 3xTg mouse 
model of AD showed that oral administration of both D-Ser and L-serine 
(L-Ser) rescued deficits in hippocampal synaptic plasticity and spatial 
memory (Le Douce et al., 2020). 

In contrast to its D-enantiomer, which is selectively involved in 
NMDAR occupancy, L-Ser regulates a plethora of metabolic processes in 
the central nervous system (CNS) (Holm and Buschard, 2019; Murtas 
et al., 2020), as a precursor of sphingolipids, purine nucleotides, anti-
oxidants, and endogenous NMDAR co-agonists, such as Gly and D-Ser 
(Metcalf et al., 2018; Murtas et al., 2020; Zhou et al., 2017). Consistent 
with its essential role in the biosynthesis of vital molecules, a deficiency 
in L-Ser levels, resulting from a genetic mutation in one of the enzymes 
involved in its production or trafficking (Damseh et al., 2015; El-Hattab, 
2016; Heimer et al., 2015; Srour et al., 2015), compromises brain 
development and functioning, leading to severe neurological impair-
ments in infants (e.g. microcephaly, psychomotor retardation, and sei-
zures) (De Koning et al., 2003; Maugard et al., 2021; Metcalf et al., 
2018). Recently, L-Ser supplementation has demonstrated remarkable 
anti-inflammatory, and neuroprotective properties in various animal 
models of brain injury, neuropathies, and neurodegenerative diseases 
(Le Douce et al., 2020; Handzlik et al., 2022; Ye et al., 2021), and pre-
liminary clinical trials (Bradley et al., 2018; Fridman et al., 2019; Levine 
et al., 2017). 

Structural and functional changes impacting NMDAR have been 
documented in patients and animal models of Parkinson’s disease (PD), 
contributing to the development of motor and non-motor symptoms 
associated with this neurological condition (Campanelli et al., 2022; 

Gardoni et al., 2006; Gardoni and Di Luca, 2015; Hallett et al., 2005). 
However, the precise involvement of D-Ser and D-Asp metabolism in 
these NMDAR-related alterations remains unknown. Despite this 
knowledge gap, the pharmacological blockade of the glycine 
transporter-1 and the subsequent increased stimulation at GluN1 
NMDAR subunit was found to improve several parkinsonian features in 
dopamine-depleted 6-hydroxydopamine (6-OHDA)-lesioned mice and 
rats, and in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)- 
treated marmosets (Frouni et al., 2022, 2021; Schmitz et al., 2013). 

Consistent with preclinical findings, a clinical investigation carried 
out on a small cohort of PD patients has shown that D-Ser supplemen-
tation, given as an adjuvant to PD medications, ameliorates both motor 
and non-motor symptoms, as indicated by significantly improved 
UPDRS, Starkstein Apathy Scale, and positive and negative syndrome 
scale (PANS) scores (Gelfin et al., 2012; Heresco-Levy et al., 2013). 

In the present study, to gain insight into the occurrence of D-Ser and 
D-Asp, as well as of the primary neuroactive amino acids modulating 
glutamatergic transmission, including L-Glu, Gly, and L-Asp, in the PD 
brain, we measured by High-Performance Liquid Chromatography 
(HPLC) the levels of these molecules in the post-mortem caudate putamen 
(CPu) and Superior Frontal Gyrus (SFG) of PD patients compared to non- 
demented controls. Moreover, we determined the concentrations of 
these amino acids in the CSF samples of a large cohort of de novo living 
patients diagnosed with PD, AD and ALS compared to controls with 
other neurological disorders (OND). Our findings identified increased D- 
Ser and L-Ser concentrations in the post-mortem CPu and in the CSF of de 
novo living PD patients as a biochemical signature associated with 
nigrostriatal dopaminergic degeneration. 

2. Material and methods 

2.1. Human post-mortem tissue collection 

Post-mortem CPu and SFG tissue samples were obtained from The 
Netherlands Brain Bank (Netherlands Institute for Neuroscience, 
Amsterdam, open access: www.brainbank.nl, accessed on 27 January 
2022) and derived from two different cohorts of PD patients and relative 
non-demented control subjects. We used post-mortem CPu tissues from 
27 PD patients, characterized by Braak LB stage 3–4 (n = 13) and Braak 
Lewy bodies (LB) stage 6 (n = 14). Due to the limited number of 
available CPu samples of non-demented controls from the Netherlands 
Brain Bank, PD patients were compared to 6 non-demented controls 
which were matched for age, sex, and post-mortem interval (PMI) to limit 
the effects of confounding factors in the statistical analysis. The post- 
mortem SFG samples collected from PD patients (Braak LB stage ≥4) (n 
= 10) were comparable in number to the samples obtained from non- 
demented controls (n = 10). These two groups were also age, sex, and 
PMI matched. 

Non-demented controls were selected from adult individuals without 
cognitive decline and Braak LB ≤ 3 in accordance with the Braak and 
Braak criteria (Braak and Braak, 1991). Demographic characteristics of 
PD patients and non-demented controls are described in Table 1 (CPu) 
and Table 2 (SFG). Control subjects had no known clinical history of 
neurological disorders as confirmed by the neuropathological evalua-
tion of their samples. Clinical diagnosis of PD was based on diagnostic 
procedure according to the UK Brain Bank criteria for PD (Hughes et al., 
1992) and confirmed by neuropathological findings (Braak and Braak, 
1995). CPu and SFG frozen tissues were pulverized in liquid nitrogen 
and stored at − 80 ◦C for subsequent processing. 

2.2. Patients enrollment and cerebrospinal fluid collection 

A group of 33 consecutive de novo PD patients was enrolled in the 
study between 2017 and 2019. PD patients were admitted to the 
Neurology Unit of IRCCS Neuromed in Pozzilli (IS, Italy) and later 
diagnosed. After their admittance, all patients underwent blood tests for 
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diagnostic purposes, complete neurological evaluation, brain and spinal 
MRI scan and CSF withdrawal within 24 h. Patients were drug-free 
before CSF withdrawal and neurophysiological assessment. PD-specific 
therapies were initiated later. 

The diagnosis of PD was performed according to current diagnostic 
criteria by a neurologist expert in movement disorders (Postuma et al., 
2015). All of patients had been submitted to TC/MRI during the 

diagnostic workup. 
The following features of PD patients were considered: (a) sex, (b) 

age at lumbar puncture (LP), (c) disease duration, calculated as the time 
interval between the first motor symptoms and the time of diagnosis, (d) 
disease stage, according to the Hoehn & Yahr (H&Y) scale (Hoehn and 
Yahr, 1967), (e) parts II and III of the Unified Parkinson’s Disease Rating 
Scale (UPDRS-II, to evaluate patient perceptions of motor experiences of 
daily living, and UPDRS-III, to evaluate motor activities) (Antonini et al., 
2013), Non-Motor Symptoms Scale (NMSS) to evaluate non-motor 
symptoms of PD (Chaudhuri et al., 2007), the Mini-Mental State Ex-
amination (MMSE) to evaluate global cognitive functioning (Measso 
et al., 1993), Beck Depression Inventory–Second Edition (BDI-II) was 
used to assess the presence of depressive symptom (Sica and Ghisi, 
2007). 

For AD patients, the diagnosis of probable Alzheimer’s Disease was 
based on the current criteria of the International Working Group (Dubois 
et al., 2014). For ALS patients, the diagnosis of ALS was made according 
to the revised El Escorial criteria (Brooks et al., 2000). 

Demographic and clinical characteristics of the AD, PD, ALS and 
OND controls are summarized in Table 3. PD, AD, ALS and OND patients 
differed for age (p = 0.001, Kruskal Wallis test), while sex was equally 
distributed among groups (χ2 = 3.45; p = 0.327; Chi-square test). 

We also collected CSF samples from OND control group comprised 43 
patients with non- inflammatory/non-degenerative central nervous 
system disorders or peripheral nervous system disorders (Supplemental 
table 3). 

The study was conducted according to the Declaration of Helsinki 
and with informed written consent provided by all subjects. The study 
was approved by the ethics committee of the IRCCS NEUROMED 
(Approval N. 06/17). All procedures were carried out in accordance 
with approved guidelines. 

CSF samples were collected according to international guidelines 
(Del Campo et al., 2012; Teunissen et al., 2009; Vanderstichele et al., 
2012). LP was performed between 8:00 to 10:00, after an overnight 
fasting. CSF was immediately collected in sterile polypropylene tubes 
(Sarstedt® tubes, codes: 62.610.210) and gently mixed to avoid possible 
gradient effects. All samples were centrifuged at 2000 x g for 10 min at 
room temperature and then aliquoted in 0.5 ml aliquots in sterile 
polypropylene tubes (Sarstedt® tubes, codes: 72.730.007). Aliquots 
were frozen at − 80 ◦C pending analysis, avoiding freeze/thaw cycles. 
CSF Amyloid beta 1–40 (Aβ40) and Amyloid beta 1–42 (Aβ42) were 

Table 1 
Demographic and clinical characteristics of Parkinson’s disease patients and 
non-demented control subjects from post-mortem caudate putamen tissue 
collection.  

Characteristics Control Parkinson’s disease  

N Median [IQR] N Median [IQR] 

Sex (male/female) 1 / 5  16 / 11  

Age (years)  
83.00 
[74.50–86.00]  

74.50 
[67.00–81.00] 

PMI (hours)  5.42 [4.86–6.69]  6.00 [5.09–7.37] 

Braak LB stage (0-II/ 
III/IV/V/VI) 

0/0/ 
0/0/ 
0  

0/3/ 
10/0/ 
14  

Number of subjects is indicated as (n). Values are expressed as median (inter-
quartile range, IQR). Abbreviations: PMI = post-mortem interval; Braak LB =
Braak Lewy body. 

Table 2 
Demographic and clinical characteristics of Parkinson’s disease patients and 
non-demented control subjects from post-mortem superior frontal gyrus tissue 
collection.  

Characteristics Control Parkinson’s disease 

N Median [IQR] N Median [IQR] 

Sex (male/female) 10/0  10/0  

Age (years)  85.00 
[79.00–88.25]  

85.00 
[81.75–86.00] 

PMI (hours)  5.87 [5.62–6.58]  5.79 [4.42–6.45] 
Braak LB stage (0-II/ 

III/IV/V/VI) 
4/0/ 
0/0/0  

0/0/ 
2/2/6  

Number of subjects is indicated as (n). Values are expressed as median (inter-
quartile range, IQR). Abbreviations: PMI = post-mortem interval; Braak LB =
Braak Lewy body. 

Table 3 
Demographic and clinical characteristics of Parkinson’s disease, Alzheimer’s disease and amyotrophic lateral sclerosis patients, and control subjects enrolled in the 
cerebrospinal fluid sample collection.  

Demographic/clinical 
characteristic 

OND (N = 43) Parkinson’s disease (N = 33) Alzheimer’s disease (N = 50) Amyotrophic lateral sclerosis 
(N = 29) 

N Median [IQR] N Median [IQR] N Median [IQR] N Median [IQR] 

Sex (male/female) 
24 / 
19  

23 / 
10  

25 / 
25  

18 / 
11  

Age (years) 43 
58.00 
[49.00–66.00] 33 61.00 [55.50–67.00] 50 69.00 [58.75–73.00] 29 

63.00 
[59.00–71.00] 

Disease duration (months)   32 12.00 [8.50–24.00]     
MMSE   28 26.49 [25.35–28.25] 46 17.01 [8.99–21.11]   
UPRDS-I   28 9.00 [6.00–13.00]     
UPRDS-II   28 6.00 [3.00–8.00]     
UPRDS-III   33 19.00 [12.50–25.50]     
H&Y (1/1.5/2/2.5/3/4/5)   32 16 / 1 / 15 / 0 / 0 / 0 / 0     
Non-motor symptoms   25 27.00 [20.00–36.50]     
BDI-II   29 13.00 [4.00–17.50]     

Amyloid beta p40 (pg/ml)     37 186.50 
[136.90–304.40]   

Amyloid beta p42 (pg/ml)     50 284.30 
[191.50–423.10]   

TAU (pg/ml)     50 
454.30 
[285.80–670.60]   

Number of subjects is indicated as (n). Values are expressed as median (interquartile range, IQR). Abbreviations: OND = other neurological disorders; MMSE = Mini- 
Mental State Examination; UPDRS = Unified Parkinson’s Disease Rating Scale; H&Y = Hoehn-Yahr scale; BDI = Beck Depression Inventory; CSF = cerebrospinal fluid. 

A. Di Maio et al.                                                                                                                                                                                                                                



Neurobiology of Disease xxx (xxxx) xxx

4

measured with commercially available enzyme-linked immunosorbent 
assays (ELISAs) purchased from Euroimmun (EUROIMMUN AG, Lübeck, 
Germany), while total tau was detected using INNOTEST kits (Fujirebio 
Europe, Gent, Belgium). Internal quality controls were assayed in each 
run. Operators blinded to the diagnosis performed the measurements. 
Blood-contaminated samples were excluded from the analysis (cutoff of 
50 red blood cells per microliter). 

2.3. Western blotting 

Frozen, powdered samples from post-mortem tissues were sonicated 
in 1% sodium dodecyl sulfate and boiled for 10 min. Aliquots (2 μl) of 
the homogenate were used for protein determination using a Bio-Rad 
Protein Assay kit. Equal amounts of total proteins (30 μg) for each 
sample were loaded on precast 4–20% gradient gels (BioRad Labora-
tories, Hercules, CA, USA). Proteins were separated by sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis and transferred to PVDF 
membranes (GE Healthcare, Chicago, IL, USA) via the Trans Blot Turbo 
System (BioRad Laboratories). A primary antibody against tyrosine hy-
droxylase (1:2000, MAB318; Merck Sigma) was used to assess the 
dopaminergic neurons degeneration. Immunodetections were accom-
plished by using the following primary antibodies: serine racemase 
(1:500, sc-5751; Santa Cruz), D-amino acid oxidase (1:1000, EB11100; 
Everest Biotech), 3-phosphoglycerate dehydrogenase (1:1000, 13428S; 
Cell Signaling), alanine serine cysteine transporter 1 (1:1000, 8442; Cell 
Signaling) and β-actin (1:10000, A5441; Merk Sigma). Optical density 
values were normalized to β-actin for variations in loading and transfer. 
Blots were then incubated with anti-mouse or anti-goat horseradish 
peroxidase conjugated secondary antibodies. Immunoreactivity was 
detected by enhanced chemiluminescence (GE-Healthcare) and quanti-
fied by Quantity One software (Bio-Rad). 

2.4. HPLC analysis of amino acids content 

Brain tissue samples were homogenized in 1:20 (w/v) 0.2 M TCA, 
sonicated (3 cycles, 10 s each) and centrifuged at 13,000 ×g for 20 min. 
All the precipitated protein pellets from brain samples were stored at 
− 80 ◦C for protein quantification. CSF samples (100 μl) were mixed in a 
1:10 dilution with HPLC-grade methanol (900 μl) and centrifuged at 
13,000 ×g for 10 min; supernatants were dried and then suspended in 
0.2 M TCA. TCA supernatants from brain and CSF samples were then 
neutralized with 0.2 M NaOH and subjected to precolumn derivatization 
with o-phthaldialdehyde /N-acetyl-L-cysteine in 50% methanol. Amino 
acids derivatives were resolved on a UHPLC Nexera X3 system (Shi-
madzu) by using a Shim-pack GIST C18 3-μm reversed-phase column 
(Shimadzu, 4.0 × 150 mm) under isocratic conditions (0.1 M sodium 
acetate buffer, pH 6.2, 1% tetrahydrofuran, and 1 ml/min flow rate). A 
washing step in 0.1 M sodium acetate buffer, 3% tetrahydrofuran and 
47% acetonitrile, was performed after every run. Identification and 
quantification of amino acids were based on retention times and peak 
areas, compared with those associated with external standards. The 
identity of the D-Asp peak was further evaluated by selective degrada-
tion catalyzed by a recombinant human D-aspartate oxidase enzyme 
(hDDO) (Katane et al., 2018). hDDO enzyme (12.5 μg) was added to the 
samples, incubated at 30 ◦C for 3 h, and subsequently derivatized. For 
tissue samples, total protein content of homogenates was determined by 
Bradford assay method, after re-solubilization of the TCA precipitated 
protein pellets. The detected amino acids concentration in tissue ho-
mogenates was normalized by the total protein content and expressed as 
nmol/mg protein; amino acids levels in the CSF were expressed as μM. 

2.5. Statistical analyses 

The normality distribution was tested using the Kolmogor-
ov–Smirnov test. Continuous variables were shown as median (inter-
quartile range, IQR). HPLC data from CSF samples were analyzed by 

ANCOVA considering the effect of age as confounding factor. In the CPu 
and SFG, differences in continuous variables between PD patients and 
control subjects were evaluated by non-parametric Mann-Whitney test. 
Spearman’s non-parametric correlations were used to test possible as-
sociations between continues variables. Benjamini-Hochberg procedure 
was used to decrease the false discovery rate and avoid type I errors 
(false positives). 

3. Results 

3.1. L-aspartate and D-serine concentrations are increased in the post- 
mortem caudate putamen of PD patients 

First, we determined by HPLC the levels of the neuroactive amino 
acids modulating glutamatergic NMDAR neurotransmission, namely L- 
Glu, D-Ser, Gly, L-Asp and D-Asp, in the post-mortem CPu of PD subjects 
and non-demented controls (Fig. 1; Table 1). The post-mortem PD brains 
were divided into two groups according to their Braak LB score (Braak 
LB 3–4, n = 13; Braak LB 6, n = 14). 

Mann-Whitney test revealed no significant changes in L-Glu, D-Asp 
and Gly levels between PD patients and control subjects, although a 
clear trend towards D-Asp increase was observed in PD brains (L-Glu: 
Ctrl vs PD Braak LB 3–4, p = 0.179; Ctrl vs PD Braak LB 6, p = 0.178; D- 
Asp: Ctrl vs PD Braak LB 3–4, p = 0.071; Ctrl vs PD Braak LB 6, p = 0.152; 
Gly: Ctrl vs PD Braak LB 3–4, p = 0.179; Ctrl vs PD Braak LB 6, p = 0.178; 
Fig. 1C,E,G). Interestingly, L-Asp content was significantly increased in 
the CPu of both Braak LB 3–4 and LB 6 PD patients (median [IQR] of 
nmol/mg protein, L-Asp: Ctrl = 12.59 [8.13–21.67] vs PD Braak LB 3–4 
= 24.25 [16.34–31.52], p = 0.028; Ctrl = 12.59 [8.13–21.67] vs PD 
Braak LB 6 = 29.80 [17.17–36.03], p = 0.015; Fig. 1D). Similarly, we 
found significantly higher levels of the NMDAR co-agonist, D-Ser, in the 
CPu of PD patients, independently of their disease severity (median 
[IQR] of nmol/mg protein, Ctrl = 1.38 [0.81–1.71] vs PD Braak LB 3–4 
= 1.80 [1.54–2.29], p = 0.046; Ctrl = 1.38 [0.81–1.71] vs PD Braak LB 6 
= 1.91 [1.41–2.58], p = 0.041; Fig. 1F). 

Taken together, our HPLC measurements show a marked elevation of 
L-Asp and D-Ser in the post-mortem CPu of PD patients, irrespective of the 
stage of disease. 

3.2. Excitatory D- and L-amino acids levels are unaltered in the post- 
mortem superior frontal gyrus of PD patients 

We next explored whether the upregulation of D-Ser and L-Asp levels 
observed in the post-mortem CPu of PD patients also occurs in the SFG, a 
region that is not innervated by nigral dopaminergic terminals but re-
ceives dopaminergic afferences from the ventral tegmental area (Coenen 
et al., 2018). Accordingly, we performed the HPLC analysis in another 
cohort of PD patients (n = 10) and non-demented control subjects (n =
10) (Fig. 2, Table 2). We selected the SFG due to its critical involvement 
in the regulation of response inhibition and impulsive behaviors (Sharp 
et al., 2010), which are impaired in a considerable subset of PD patients 
(Gatto and Aldinio, 2019), and because structural and functional ab-
normalities have been recently reported in this brain area in PD patients 
(Guimarães et al., 2017; Li et al., 2022; Shen et al., 2020). 

We found no significant difference in D-Ser and L-Asp levels between 
PD patients and non-demented controls (L-Asp, p = 0.353; D-Ser, p =
0.684; Fig. 2D, F). Similarly, we detected comparable L-Glu, D-Asp and 
Gly concentrations between PD patients and controls (L-Glu, p = 0.970; 
D-Asp, p = 0.684; Gly: p = 0.912; Fig. 2C,E,G). 

Our results are consistent with a previous report indicating that there 
were no significant changes in excitatory amino acids levels in cortical 
regions (i.e. precentral gyrus, postcentral gyrus, and frontal cortex) of 
the PD brain (Gerlach et al., 1996), and indicate that the alterations of D- 
Ser and L-Asp levels observed under DA denervation are located in a 
dopaminoceptive region innervated by nigral dopaminergic neurons, 
specifically the CPu. 
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3.3. Abnormally high D-serine levels in the cerebrospinal fluid of de novo 
living PD patients 

Next, we investigated the levels of L-Glu, L-Asp, Gly, D-Ser and D- 
Asp, in the CSF samples collected from de novo living PD patients (n =
33) and control subjects with OND (n = 43) (Fig. 3; Table 3). Addi-
tionally, given that prior investigations measuring CSF D-Ser levels in 
AD patients have provided contrasting results (Biemans et al., 2016; 
Madeira et al., 2015; Nuzzo et al., 2020), and that mutations in genes 
regulating D-Ser catabolism have been causally associated with a 
familiar form of ALS (Mitchell et al., 2010), here we also examined CSF 
samples of de novo living patients affected by AD (n = 50) and ALS (n =
29) as comparative groups with distinct neurodegenerative pathologies. 

Considering a significant main effect of the age among PD, AD, ALS, 
and OND control patients (Table 3), we used a multivariate ANCOVA 

model to analyse our data. This analysis demonstrated significant al-
terations in the CSF levels of L-Glu and D-Ser among the different disease 
conditions (L-Glu: F(3,154) = 3.075, p = 0.030; D-Ser: F(3, 154) = 8.305, p 
< 0.0001; Fig. 3B,D; Supplemental Table 1). Bonferroni post-hoc 
multiple comparisons indicated a significant reduction of L-Glu levels in 
PD patients, compared to OND controls (median [IQR] of nmol/mg 
protein, OND = 8.10 [6.68–9.93] vs PD = 6.16 [5.37–7.28], p = 0.018; 
Fig. 3B; Supplemental Table 1). This result is consistent with those of 
previous investigations (Jiménez-Jiménez et al., 2020; Kuiper et al., 
2000; Mally et al., 1997; Tohgi et al., 1991; Wu et al., 2016); nonethe-
less, the precise neurochemical and metabolic implications of this 
alteration remain to be fully elucidated, given the multifaceted roles of 
L-Glu in energy homeostasis and excitatory neurotransmission (Ander-
sen et al., 2021; Yelamanchi et al., 2016). 

In contrast, a significant increase of D-Ser content was found in the 

Fig. 1. Analysis of free L-glutamate, L-aspartate, D-aspartate, D-serine and glycine levels in the post-mortem caudate putamen of PD patients. (a) Representative 
image showing a Nissl-stained coronal human brain section evidencing the caudate (Ca) and putamen (Put) regions (from the open-source Allen Adult Human Brain 
Atlas and Allen Reference Atlas – atlas.brain-map.org (Ding et al., 2016)). (b) Representative HPLC chromatogram illustrating L-glutamate (L-Glu), L-aspartate (L- 
Asp), D-aspartate (D-Asp), L-serine (L-Ser), D-serine (D-Ser), and glycine (Gly) peaks obtained from a post-mortem caudate putamen sample. (c-g) Content of (c) L-Glu, 
(d) L-Asp, (e) D-Asp, (f) D-Ser and (g) Gly detected by HPLC analysis in the caudate putamen of PD patients divided into two groups according to their Braak Lewy 
bodies (LB) scores: Braak LB stage 3–4 (PD 3–4, n = 13) and Braak LB stage 6 (PD 6, n = 14), compared to non-demented controls (Ctrl, n = 6). In each sample, free 
amino acids were detected in a single run and expressed as nmol/mg of protein. Dots represent the single subjects’ values while bars illustrate the median with 
interquartile range. *p < 0.05, compared to Ctrl (Mann-Whitney test). 
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CSF of de novo living patients diagnosed with PD compared to OND, AD, 
and ALS subjects (median [IQR] of nmol/mg protein, OND = 4.07 
[3.52–4.67] vs PD = 5.05 [4.76–5.68], p < 0.0001; AD = 4.22 
[3.68–4.88] vs PD = 5.05 [4.76–5.68], p = 0.0011; ALS = 4.18 
[3.48–5.14] vs PD = 5.05 [4.76–5.68], p = 0.0077; Bonferroni post-hoc 
multiple comparisons; Fig. 3D). In support of the involvement of the 
observed neurochemical variations in PD, CSF D-Ser levels observed in 
the current cohort of OND subjects from the Neuromed Hospital align 
with those reported in previous investigations conducted by our 
research group on OND subjects from other hospitals, such as the Center 
for Memory Disturbances, University Hospital of Perugia (Nuzzo et al., 
2019), and the Brescia Hospital (Palese et al., 2020). 

Moreover, ANCOVA analysis indicated no significant difference in 
the content of L-Asp (F(3, 154) = 2.869, p = 0.038; OND vs PD, p = 1.000, 
OND vs AD p = 0.087, OND vs ALS p = 1.000; Bonferroni post-hoc 
multiple comparisons; Fig. 3C; Supplemental Table 1) and Gly (F(3, 87) 
= 0.209, p = 0.890; Fig. 3E; Supplemental Table 1) among PD, AD, ALS 
patients and OND controls. D-Asp levels were found below the limit of 
HPLC detection (Nuzzo et al., 2019). 

The unaltered CSF D-Ser levels observed in de novo living AD patients 
corroborate previous findings in independent cohorts of AD patients 
(Biemans et al., 2016; Nuzzo et al., 2020). Therefore, in contrast to 
recent observations in the serum (Piubelli et al., 2021), our results 
suggest that, at least in the CSF, the content of D-Ser may not serve as a 
reliable biomarker for AD and cognitive deterioration, as postulated in a 
previous report conducted on a limited cohort of patients receiving 
various medications (Madeira et al., 2015). Finally, our results indi-
cating unaltered D-Ser levels in the CSF of de novo living ALS patients 
suggest that central alterations in its metabolism may not be a patho-
logical feature common to all ALS patients. 

Overall, HPLC findings highlighted a substantial and selective 
upregulation in the levels of D-Ser in CSF samples of de novo living PD 
patients compared to OND controls, and de novo patients with other 
neurodegenerative diseases, such as AD and ALS. 

Fig. 2. Analysis of free L-glutamate, L-aspartate, D-aspartate, D-serine and glycine levels in the post-mortem superior frontal gyrus of PD patients. (a) Representative 
image showing a Nissl-stained coronal human brain section evidencing the Superior Frontal Gyrus (SFG) (from the open-source Allen Adult Human Brain Atlas and 
Allen Reference Atlas – atlas.brain-map.org (Ding et al., 2016)). (b) Representative HPLC chromatogram illustrating L-glutamate (L-Glu), L-aspartate (L-Asp), D- 
aspartate (D-Asp), L-serine (L-Ser), D-serine (D-Ser), and glycine (Gly) peaks obtained from a post-mortem superior frontal gyrus sample. (c-g) Levels of (c) L-Glu, (d) 
L-Asp, (e) D-Asp, (f) D-Ser and (g) Gly in the SFG of PD patients (n = 10) and non-demented control subjects (Ctrl, n = 10). In each sample, free amino acids were 
detected in a single run and expressed as nmol/mg of protein. Data points represent values of each subject while bars illustrate the median with interquartile range. 
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3.4. Cerebrospinal fluid levels of D-serine do not correlate with 
demographic and clinical features of PD patients 

We investigated whether the variations in D-Ser levels are correlated 
with specific demographic and clinical features characterizing our 
cohort of de novo living PD patients. We performed a linear regression 
between D-Ser levels and disease duration, and motor and non-motor 
symptoms evaluated by UPDRS (Antonini et al., 2013), NMSS (Chaud-
huri et al., 2007), BDI (Sica and Ghisi, 2007), and MMSE (Measso et al., 
1993). Spearman’s correlation analyses followed by Benjamini- 
Hochberg correction for multiple comparisons indicated that CSF D- 
Ser levels of de novo living PD patients were not correlated with any 
assessed demographic or clinical parameters (Table 4). A similar lack of 
correlation was also found when the linear regression analysis was 
extended to the other neuroactive amino acids detected in PD patients’ 
CSF (Supplemental Table 2). Similar to PD, in de novo AD patients, we 
observed no significant correlation between the CSF levels of D-Ser or 

the other NMDAR-related amino acids with the clinical and biochemical 
features of AD patients, such as MMSE, levels of Aβ40, Aβ42 or the 
microtubule-associated protein tau (Table 4; Supplemental Table 2). 

3.5. Unaltered expression of serine racemase in the caudate putamen of 
PD patients 

We investigated whether the increased D-Ser levels observed in the 
CPu of PD patients depend on the altered striatal expression of enzymes 
involved in its metabolism. Hence, we analyzed the protein levels of the 
enzymes regulating D-Ser biosynthesis and catabolism, serine racemase 
(SR) and DAAO, respectively (Martineau et al., 2006; Pollegioni and 
Sacchi, 2010; Sasabe and Suzuki, 2019; Wolosker et al., 2016). Previous 
investigations demonstrated a remarkable DAAO gene and protein 
expression in the hindbrain but not in the forebrain regions of mice, 
monkeys, and humans (Cuomo et al., 2019; Gonda et al., 2022; Keller 
et al., 2018; Nuzzo et al., 2019; Suzuki et al., 2017; Wang and Zhu, 

Fig. 3. Analysis of free L-glutamate, L-aspartate, D-serine and glycine in the cerebrospinal fluid of patients affected by PD and other neurological diseases. (a) 
Representative HPLC chromatogram illustrating L-glutamate (L-Glu), L-aspartate (L-Asp), D-serine (D-Ser), L-serine (L-Ser) and glycine (Gly) peaks obtained from a 
cerebrospinal fluid sample. (b-e) Levels of (b) L-Glu, (c) L-Asp, (d) D-Ser and (e) Gly in the cerebrospinal fluid of patients affected by PD (n = 33; n = 7 for Gly 
detection), Alzheimer’s disease (AD, n = 50; n = 21 for Gly detection), and amyotrophic lateral sclerosis (ALS, n = 29) compared to control subjects affected by other 
neurological disorders (OND, n = 43; n = 31 for Gly detection). In each sample, free amino acids were detected in a single run. Dots represent the single subjects’ 
values expressed as μM concentration, while bars illustrate the median with interquartile range. *p < 0.05, ***p < 0.0001, compared to OND; ##p < 0.01, compared 
to PD (Bonferroni post-hoc multiple comparison). 
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2003). In agreement with this, we failed to detect by WB a measurable 
DAAO protein amount in all CPu specimens tested. Conversely, SR was 
detected in all tested CPu samples of PD patients and non-demented 
controls (Fig. 4A,B). In this regard, we found a slight but non- 
significant increase of SR protein in the post-mortem CPu of PD pa-
tients versus non-demented control subjects (p = 0.158; Mann–Whitney 
test; Fig. 4B). 

Last, we measured the tyrosine hydroxylase (TH) protein levels in the 
CPu of PD patients and control subjects. As expected, data showed a 
dramatic decrease of TH protein expression in all PD patients compared 
to non-demented controls (Ctrl vs PD Braak LB 3–4, p < 0.0001; Ctrl vs 
PD Braak LB 6, p < 0.0001; Fig. 4D). 

3.6. Increased L-serine content in the caudate putamen and cerebrospinal 
fluid of PD patients 

To clarify the origin of the D-Ser upregulation found in the post- 
mortem CPu and CSF of de novo living PD patients, we measured the 
levels of its precursor, L-Ser, in the same specimens. Similar to D-Ser 
results, we found increased L-Ser content in the CPu of PD patients 
regardless of their Braak LB stages (median [IQR] of nmol/mg protein, 
L-Ser: Ctrl = 7.14 [5.68–11.49] vs PD Braak LB 3–4 = 14.64 

[9.53–20.35], p = 0.009; Ctrl = 7.14 [5.68–11.49] vs PD Braak LB 6 =
13.84 [8.80–18.43], p = 0.041; Mann-Whitney test; Fig. 5A). 
Conversely, no alterations in L-Ser levels were found in the post-mortem 
SFG of PD patients compared to non-demented controls (p = 0.887; 
Kruskal-Wallis test; Fig. 5B). ANCOVA analysis (considering the effect of 
age as a covariate) and Bonferroni post-hoc tests revealed significantly 
higher L-Ser levels in the CSF of de novo PD compared to OND, AD, and 
ALS subjects (F(3, 154) = 8.402, p < 0.0001; OND = 52.22 [45.04–59.44] 
vs PD = 70.04 [54.62–76.07], p < 0.0001; AD = 55.22 [47.30–66.55] vs 
PD = 70.04 [54.62–76.07], p = 0.0260; ALS = 51.96 [43.64–58.05] vs 
PD = 70.04 [54.62–76.07], p = 0.0003; Fig. 5C). As reported for D-Ser 
(Table 4), L-Ser levels were not correlated with demographic or clinical 
features of PD patients (Table 5). Likewise, CSF L-Ser levels in de novo 
AD patients were not significantly associated with Aβ40, Aβ42 and tau 
levels or with MMSE (Table 5). To investigate the molecular de-
terminants leading to the L-Ser levels alteration in the CPu of PD pa-
tients, we measured the striatal protein levels of 3-phosphoglycerate 
dehydrogenase (PHGDH), the astrocytic rate-limiting enzyme of the 
phosphorylated pathway regulating the de novo L-Ser synthesis (Murtas 
et al., 2021). Western blotting analysis revealed unchanged PHGDH 
protein levels in the post-mortem CPu of the whole cohort of PD patients 
compared to controls (p = 0.9064; Mann-Whitney test; Fig. 5D,E). 

In addition, we measured the protein levels of the astrocytic alanine 
serine cysteine transporter 1 (ASCT1), also known as SLC1A4 (Hofmann 
et al., 1994), which is primarily involved in Ser enantiomers trafficking 
between neurons and astrocytes (Kaplan et al., 2018). Notably, we found 
a significant downregulation of ASCT1 expression in the post-mortem 
CPu of the entire cohort of PD patients compared to controls (p =
0.0353; Mann-Whitney test; Fig. 5D,F). 

Overall, HPLC determinations indicated abnormally higher L-Ser 
availability in the post-mortem CPu and CSF of de novo living PD patients, 
compared to their respective controls. In addition, the neurochemical 
alterations of Ser enantiomers in the CPu of PD patients were accom-
panied by a remarkable ASCT1 reduction. 

4. Discussion 

Altered striatal NMDAR transmission following dopamine denerva-
tion contributes to the onset and progression of motor and non-motor PD 
symptoms (Campanelli et al., 2022; Cenci et al., 2022; Gardoni and Di 
Luca, 2015). Hence, identifying specific molecules mirroring the state of 
NMDAR activation during the disease progression may contribute to 
new approaches for PD diagnosis and therapy. To date, most studies 

Table 4 
Correlation analysis between cerebrospinal fluid D-serine content and clinical 
characteristics of Parkinson’s disease and Alzheimer’s disease patients.  

Diagnosis Clinical parameter D-Serine 

r p value N 

Parkinson’s disease 

Months of disease − 0.190 0.299 32 
UPDRS-I 0.006 0.977 28 
UPDRS-II − 0.118 0.550 28 
UPDRS-III 0.009 0.962 33 
Non-motor symptoms 0.128 0.542 25 
BDI-II − 0.269 0.158 29 
MMSE − 0.228 0.244 28 

Alzheimer’s disease 

Aβ 40 (pg/ml) 0.221 0.428 15 
Aβ 42 (pg/ml) 0.087 0.550 50 
TAU (pg/ml) 0.311 0.02a 50 
MMSE 0.040 0.791 46 

Number of subjects is indicated as (n). Statistical analyses are performed by 
Spearman’s correlations. (a) p value is not significant after correction with 
Benjamini-Hochberg multiple comparisons. Abbreviations: UPDRS = Unified 
Parkinson’s Disease Rating Scale; MMSE = Mini-Mental State Examination; BDI 
= Beck Depression Inventory. 

Fig. 4. Protein expression levels of serine racemase and tyrosine hydroxylase in the post-mortem caudate putamen of PD patients. (a) Representative blots of serine 
racemase (SR), tyrosine hydroxylase (TH), and β-actin immunodensity obtained in the post-mortem caudate putamen lysates by Western blotting. Quantification of (b) 
SR (Ctrl, n = 6; PD, n = 25) and (c) TH protein levels in the post-mortem caudate putamen of PD patients with Braak LB stage 3–4 (PD 3–4, n = 13) and Braak LB stage 
6 (PD 6, n = 14), compared to non-demented controls (Ctrl, n = 6). Proteins variations are expressed as a percentage relative to the control group. β-actin was used to 
normalize variations in the loading and transfer procedures. Dots represent the single subjects’ values while bars illustrate the median with interquartile range. ***p 
< 0.0001, compared to Ctrl (Mann–Whitney test). 
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have focused on the modifications affecting the expression, structure, 
and function of NMDAR in PD. Surprisingly, little is known about the 
cerebral levels of the D- and L- amino acids that contribute to NMDAR 
activation. 

Here we report for the first time a significant increase of the 
endogenous NMDAR co-agonist D-Ser in the post-mortem CPu of PD 
patients, compared to non-demented control subjects. In addition, we 

show a significant enhancement of the striatal levels of L-Asp and a trend 
towards the increase of its D-enantiomer, D-Asp, both acting as NMDAR 
agonists. This evidence corroborates previous data indicating abnormal 
aspartate content in the post-mortem CPu of PD patients (Rinne et al., 
1988). Importantly, the concomitant increase of striatal L-Asp and D-Ser 
levels in the PD brain supports the notion that midbrain dopaminergic 
degeneration elicits enhanced NMDAR signaling (Campanelli et al., 
2022), which may be due to a loss of dopaminergic regulation of cortico- 
striatal synaptic activity (Bamford et al., 2018; Wong et al., 2015). 
Interestingly, the present findings demonstrate that the increase of both 
NMDAR agonists similarly occur in patients with different Braak LB 
stages (3–4 vs 6). Further investigations are required to evaluate the 
striatal D-Ser and L-Asp levels in the very early stages of the disease 
(Braak LB 1–2). Similarly, it will be important to assess whether striatal 
levels of these NMDAR stimulating amino acids are influenced by PD 
medication. 

Studies conducted in rodents have previously shown that the cere-
bral concentration of various amino acids, including D-Ser, can be 
influenced by the PMI (Hashimoto et al., 2003; Kumashiro et al., 1995). 
However, in the present work, this is not a confounding factor as there 
are comparable PMI values with control and PD post-mortem samples 
(Tables 1–2). 

HPLC analysis did not reveal abnormal D-Ser and L-Asp amounts in 
the SFG of PD patients, suggesting that the selective alteration observed 
in the CPu is a specific consequence of the dysfunctional dopaminergic 
nigrostriatal pathway in the PD brain. 

As an independent confirmation of alteration in homeostatic D-Ser 
levels in PD pathology, we document a significant and selective increase 

Fig. 5. Evaluation of L-serine levels in the post-mortem caudate putamen, superior frontal gyrus and cerebrospinal fluid of PD patients. (a-c) HPLC detection of L- 
serine in the post-mortem (a) caudate putamen of PD patients with Braak LB stage 3–4 (PD 3–4, n = 13), Braak LB stage 6 (PD 6, n = 14), compared to non-demented 
control subjects (Ctrl, n = 6), (b) superior frontal gyrus of PD patients (n = 10) and non-demented control subjects (Ctrl, n = 10), (c) cerebrospinal fluid of PD (n =
33), Alzheimer’s disease (AD, n = 50), and Amyotrophic Lateral Sclerosis (ALS, n = 29) patients, compared to control subjects with other neurological disorders 
(OND, n = 43). In each sample, all free amino acids were detected in a single run. Dots represent the single subjects’ values, expressed as nmol/mg protein for post- 
mortem tissues or μM concentration for cerebrospinal fluid, while bars illustrate the median with interquartile range. *p < 0.05, **p < 0.01, compared to Ctrl 
(Mann–Whitney test), ***p < 0.0001, compared to OND; #p < 0.05, ##p < 0.01, compared to PD (Bonferroni post-hoc multiple comparison). (d) Representative blots 
of 3-phosphoglycerate dehydrogenase (PHGDH), alanine serine cysteine transporter 1 (ASCT1) and β-actin immunodensity obtained in the post-mortem caudate 
putamen lysates by western blotting. (e,f) Quantification of (e) PHGDH and (f) ASCT1 protein levels in the post-mortem caudate putamen of PD patients (PHGDH, n =
26; ASCT1, n = 27), compared to non demented controls (Ctrl, n = 6). Variations are expressed as a percentage relative to the control group. β-actin was used to 
normalize variations in the loading and transfer procedures. Dots represent the single subjects’ values while bars illustrate the median with interquartile range. *p <
0.05, compared to Ctrl (Mann–Whitney test). 

Table 5 
Correlation analysis between cerebrospinal fluid L-serine content and clinical 
characteristics of Parkinson’s disease and Alzheimer’s disease patients.  

Diagnosis Clinical parameter L-Serine 

N r p value 

Parkinson’s disease 

Months of disease 32 0.047 0.796 
UPDRS-I 28 0.042 0.832 
UPDRS-II 28 − 0.216 0.271 
UPDRS-III 33 − 0.137 0.447 
Non-motor symptoms 25 − 0.027 0.898 
BDI-II 29 − 0.344 0.068 
MMSE 28 − 0.188 0.339 

Alzheimer’s disease 

Aβ 40 (pg/ml) 15 0.325 0.237 
Aβ 42 (pg/ml) 50 − 0.107 0.461 
TAU (pg/ml) 50 0.093 0.519 
MMSE 46 0.184 0.221 

Number of subjects is indicated as (n). Statistical analyses are performed by 
Spearman’s correlations. Abbreviations: UPDRS = Unified Parkinson’s Disease 
Rating Scale; BDI = Beck Depression Inventory; MMSE = Mini-Mental State 
Examination. 
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in the levels of this NMDAR co-agonist in the CSF of de novo living PD 
patients, compared to OND controls, whose concentrations were in the 
range of de novo living AD and ALS patients. Interestingly, we found that 
CSF D-Ser concentrations were not significantly correlated with disease 
duration and clinical severity scales of patients, including UPDRS, 
NMSS, BDI, and MMSE, suggesting that variations in the central levels of 
this atypical amino acid in PD may represent an early primary mani-
festation of PD pathophysiology. Nonetheless, it remains unclear 
whether the increased CSF levels of D-Ser may represent per se a reliable 
neurochemical signature of PD. In our previous study involving a very 
limited cohort of nine PD patients, we observed a slight decrease in the 
CSF levels of D-Ser (Nuzzo et al., 2019). To reconcile these apparent 
divergent observations, it is essential to recognize the complexity of D- 
Ser measurement in the CSF, which involves factors such as precursor 
availability, SR and DAAO expression/ activity, and transport dynamics 
between the CNS and CSF. Furthermore, discrepancies between the two 
clinical investigations may arise from variations in age, gender, disease 
duration, sample sizes, medication, nutrition, and enrolment criteria for 
subjects with OND used as controls. Consequently, well-controlled 
studies involving larger cohorts of PD patients and controls are 
warranted. 

Importantly, our findings highlight the presence of higher L-Ser 
levels in the post-mortem CPu of PD patients compared to their respective 
controls. This observation, along with the unaltered SR protein levels 
found in the CPu of PD patients, strongly suggests that the elevation in 
D-Ser amount observed in the same post-mortem cerebral specimens may 
directly reflect the abnormally higher occurrence of its L-precursor. 
However, striatal protein levels of PHGDH, the astrocytic rate-limiting 
enzyme of the de novo L-Ser biosynthesis (Grant, 2018; Murtas et al., 
2021, 2020), did not differ between PD and control subjects, thus 
indicating that the overall increased amount of Ser enantiomers likely 
mirror an upstream perturbation in the glycolytic flux of astrocytes. In 
keeping with this, previous in vitro and in vivo studies showed the exis-
tence of a cross-talk between the aerobic glycolytic flux in astrocytes and 
the production of L-Ser (Le Douce et al., 2020) and D-Ser (Suzuki et al., 
2015). 

Additionally, the pronounced astrogliosis reported in the CPu of both 
animal models and patients with PD (Charron et al., 2014), may offer 
insight into the cellular origin of increased Ser enantiomers levels, 
considering that a net shift in SR expression and D-Ser production from 
neurons to astrocytes have been previously reported under pathological 
conditions (Coyle et al., 2020; Wolosker et al., 2016). 

In addition to the abnormalities in D-Ser and L-Ser concentrations in 
the PD brain, we documented a significant reduction of ASCT1 expres-
sion in the CPu of patients compared to controls, which could ultimately 
reflect a negative-feedback response caused by abnormally greater 
concentration of Ser enantiomers. Previous findings demonstrated that 
ASCT1, expressed in astrocytes, modulates NMDAR-dependent trans-
mission, by controlling D-Ser availability in the synaptic clefts (Kaplan 
et al., 2018; Krishnan and Billups, 2023); thus, we cannot rule out that 
the downregulation of this transporter found in the post-mortem CPu of 
PD patients could impact on extracellular D-Ser availability, influencing 
NMDAR signalling within the basal ganglia circuitry. 

However, our HPLC analysis in homogenized post-mortem brain 
samples does not allow us to distinguish intracellular from extracellular 
compartments or to identify a specific cellular population responsible 
for Ser changes. Therefore, future neurochemical (e.g., microdialysis) 
and neuroanatomical examinations in animal models will be required to 
assess the effect of decreased ASCT1 expression on striatal D-Ser avail-
ability at extracellular site. However, irrespectively of the precise 
mechanism, our results indicate a significant disruption in Ser enantio-
mers homeostasis along with a substantial downregulation of ASCT1 in 
the post-mortem CPu of patients and envisage a direct implication of 
astrocytes, reported highly activated in PD (Booth et al., 2017; Charron 
et al., 2014). 

We argue that higher D-Ser occurrence found in the post-mortem CPu 

and in the CSF of de novo living PD patients represents a compensatory 
mechanism aimed at enhancing GluN1 NMDAR subunit activation, 
previously reported to elicit neuroprotective and antiparkinsonian ef-
fects in rodent and macaque models of PD (Frouni et al., 2022, 2021; 
Schmitz et al., 2013). 

The strengths of our study include the following points: i) CSF 
samples of controls and those of de novo living PD, AD, and ALS patients 
were collected at the same Medical Center (Neuromed Hospital) under 
standardized experimental conditions, minimizing pre-analytical errors 
unrelated to the patient’s diagnosis; ii) access to a comprehensive set of 
clinical and biochemical measurements for all diagnosed PD and AD 
patients; iii) this is the first HPLC analysis evaluating all the main 
neuroactive amino acids, in the D- and L-configuration, acting on 
NMDAR neurotransmission in post-mortem CPu samples from PD brain at 
different stages of disease severity. Limitations of the study include a 
limited number of post-mortem CPu controls and the fact that the post- 
mortem CPu and SFG human tissues were obtained from two indepen-
dent cohorts of PD patients and age-matched non-demented controls. 

5. Conclusion 

Our findings suggest that the concomitant augmentation of both D- 
Ser and L-Ser observed in the CPu and CSF of PD patients may represent 
an adaptive biochemical event aimed at contrasting the ongoing 
degeneration of midbrain dopaminergic neurons. We propose that cen-
tral changes in Ser enantiomers metabolism and transport found in PD 
patients may provide a disease-specific signature associated with 
midbrain dopaminergic degeneration. Further investigations are war-
ranted to clarify the underlying mechanisms contributing to D-Ser 
changes and the complex interactions between midbrain dopaminergic 
degeneration and NMDAR mediated neurotransmission. 
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Katane, M., Homma, H., Calabresi, P., Errico, F., Parnetti, L., Usiello, A., 2020. 
Cerebrospinal fluid and serum D-serine concentrations are unaltered across the 
whole clinical spectrum of Alzheimer’s disease. Biochim. Biophys. Acta, Proteins 
Proteomics 1868. https://doi.org/10.1016/j.bbapap.2020.140537. 

Orzylowski, M., Fujiwara, E., Mousseau, D.D., Baker, G.B., 2021. An overview of the 
involvement of d-serine in cognitive impairment in normal aging and dementia. 
Front. Psychiatry. https://doi.org/10.3389/fpsyt.2021.754032. 

Palese, F., Bonomi, E., Nuzzo, T., Benussi, A., Mellone, M., Zianni, E., Cisani, F., 
Casamassa, A., Alberici, A., Scheggia, D., Padovani, A., Marcello, E., Di Luca, M., 
Pittaluga, A., Usiello, A., Borroni, B., Gardoni, F., 2020. Anti-GluA3 antibodies in 
frontotemporal dementia: effects on glutamatergic neurotransmission and synaptic 
failure. Neurobiol. Aging 86. https://doi.org/10.1016/j. 
neurobiolaging.2019.10.015. 

Piubelli, L., Murtas, G., Rabattoni, V., Pollegioni, L., 2021. The role of D-amino acids in 
Alzheimer’s disease. J. Alzheimers Dis. https://doi.org/10.3233/JAD-201217. 

Pollegioni, L., Sacchi, S., 2010. Metabolism of the neuromodulator D-serine. Cell. Mol. 
Life Sci. https://doi.org/10.1007/s00018-010-0307-9. 

Pollegioni, L., Sacchi, S., Murtas, G., 2018. Human D-amino acid oxidase: structure, 
function, and regulation. Front. Mol. Biosci. https://doi.org/10.3389/ 
fmolb.2018.00107. 

Postuma, R.B., Berg, D., Stern, M., Poewe, W., Olanow, C.W., Oertel, W., Obeso, J., 
Marek, K., Litvan, I., Lang, A.E., Halliday, G., Goetz, C.G., Gasser, T., Dubois, B., 
Chan, P., Bloem, B.R., Adler, C.H., Deuschl, G., 2015. MDS clinical diagnostic criteria 
for Parkinson’s disease. Mov. Disord. https://doi.org/10.1002/mds.26424. 

A. Di Maio et al.                                                                                                                                                                                                                                

https://doi.org/10.1017/S1461145711001015
https://doi.org/10.1016/S0006-8993(96)00915-8
https://doi.org/10.1016/S0006-8993(96)00915-8
https://doi.org/10.1002/1873-3468.14417
https://doi.org/10.3389/fmolb.2018.00110
https://doi.org/10.3389/fmolb.2018.00110
https://doi.org/10.3389/fneur.2016.00243
https://doi.org/10.3389/fneur.2016.00243
https://doi.org/10.1016/j.neuropharm.2004.11.008
https://doi.org/10.1016/j.neuropharm.2004.11.008
https://doi.org/10.1038/s41586-022-05637-6
https://doi.org/10.1038/s41586-022-05637-6
https://doi.org/10.1001/ARCHPSYC.60.6.572
https://doi.org/10.1001/ARCHPSYC.60.6.572
https://doi.org/10.1111/cge.12637
https://doi.org/10.1002/mds.25306
https://doi.org/10.1002/mds.25306
https://doi.org/10.1212/wnl.17.5.427
https://doi.org/10.1006/geno.1994.1577
https://doi.org/10.1111/apm.12987
http://refhub.elsevier.com/S0969-9961(23)00218-8/rf0220
http://refhub.elsevier.com/S0969-9961(23)00218-8/rf0220
http://refhub.elsevier.com/S0969-9961(23)00218-8/rf0220
https://doi.org/10.1111/ene.14470
https://doi.org/10.1111/ene.14470
https://doi.org/10.1073/pnas.1722677115
https://doi.org/10.1073/pnas.1722677115
https://doi.org/10.1016/j.bbapap.2017.12.009
https://doi.org/10.1016/j.bbapap.2017.12.009
https://doi.org/10.1038/s41598-018-28332-x
https://doi.org/10.1371/journal.pone.0188912
https://doi.org/10.1371/journal.pone.0188912
https://doi.org/10.1016/j.neuropharm.2015.12.013
https://doi.org/10.1016/j.neuropharm.2015.12.013
http://refhub.elsevier.com/S0969-9961(23)00218-8/rf0255
http://refhub.elsevier.com/S0969-9961(23)00218-8/rf0255
https://doi.org/10.1007/s007020050016
https://doi.org/10.1016/0006-8993(95)00307-C
https://doi.org/10.1016/J.CMET.2020.02.004
https://doi.org/10.1016/J.CMET.2020.02.004
https://doi.org/10.1080/21678421.2016.1221971
https://doi.org/10.1371/journal.pone.0269787
https://doi.org/10.1038/TP.2015.52
https://doi.org/10.1016/J.CELREP.2022.111271
https://doi.org/10.1016/J.CELREP.2022.111271
https://doi.org/10.1016/S0022-510X(97)00119-6
https://doi.org/10.1016/j.tins.2006.06.008
https://doi.org/10.1016/j.pneurobio.2020.101896
https://doi.org/10.1016/j.pneurobio.2020.101896
http://refhub.elsevier.com/S0969-9961(23)00218-8/rf0315
http://refhub.elsevier.com/S0969-9961(23)00218-8/rf0315
http://refhub.elsevier.com/S0969-9961(23)00218-8/rf0315
https://doi.org/10.1007/s12640-017-9814-x
https://doi.org/10.1007/s12640-017-9814-x
https://doi.org/10.1073/pnas.0914128107
https://doi.org/10.1007/s00018-020-03574-z
https://doi.org/10.1007/s00018-020-03574-z
https://doi.org/10.3390/ijms22084231
https://doi.org/10.1038/s41598-019-45419-1
https://doi.org/10.1038/s41598-019-45419-1
https://doi.org/10.1016/j.bbapap.2020.140537
https://doi.org/10.3389/fpsyt.2021.754032
https://doi.org/10.1016/j.neurobiolaging.2019.10.015
https://doi.org/10.1016/j.neurobiolaging.2019.10.015
https://doi.org/10.3233/JAD-201217
https://doi.org/10.1007/s00018-010-0307-9
https://doi.org/10.3389/fmolb.2018.00107
https://doi.org/10.3389/fmolb.2018.00107
https://doi.org/10.1002/mds.26424


Neurobiology of Disease xxx (xxxx) xxx

13

Rinne, J.O., Halonen, T., Riekkinen, P.J., Rinne, U.K., 1988. Free amino acids in the brain 
of patients with Parkinson’s disease. Neurosci. Lett. 94 https://doi.org/10.1016/ 
0304-3940(88)90292-3. 

Sacchi, S., Caldinelli, L., Cappelletti, P., Pollegioni, L., Molla, G., 2012. Structure- 
function relationships in human D-amino acid oxidase. Amino Acids. https://doi. 
org/10.1007/s00726-012-1345-4. 

Sasabe, J., Suzuki, M., 2019. Distinctive roles of d-Amino acids in the homochiral world: 
Chirality of amino acids modulates mammalian physiology and pathology. Keio J. 
Med. https://doi.org/10.2302/kjm.2018-0001-IR. 

Sasabe, J., Chiba, T., Yamada, M., Okamoto, K., Nishimoto, I., Matsuoka, M., Aiso, S., 
2007. D-Serine is a key determinant of glutamate toxicity in amyotrophic lateral 
sclerosis. EMBO J. 26 https://doi.org/10.1038/sj.emboj.7601840. 

Sasabe, J., Miyoshi, Y., Suzuki, M., Mita, M., Konno, R., Matsuoka, M., Hamase, K., 
Aiso, S., 2012. D-Amino acid oxidase controls motoneuron degeneration through D- 
serine. Proc. Natl. Acad. Sci. U. S. A. 109 https://doi.org/10.1073/ 
pnas.1114639109. 

Schmitz, Y., Castagna, C., Mrejeru, A., Lizardi-Ortiz, J.E., Klein, Z., Lindsley, C.W., 
Sulzer, D., 2013. Glycine transporter-1 inhibition promotes striatal axon sprouting 
via NMDA receptors in dopamine neurons. J. Neurosci. 33, 16778–16789. https:// 
doi.org/10.1523/JNEUROSCI.3041-12.2013. 

Seckler, J.M., Lewis, S.J., 2020. Advances in D-Amino acids in neurological research. Int. 
J. Mol. Sci. 21, 7325. https://doi.org/10.3390/IJMS21197325. 

Sharp, D.J., Bonnelle, V., De Boissezon, X., Beckmann, C.F., James, S.G., Patel, M.C., 
Mehta, M.A., 2010. Distinct frontal systems for response inhibition, attentional 
capture, and error processing. Proc. Natl. Acad. Sci. U. S. A. 107 https://doi.org/ 
10.1073/pnas.1000175107. 

Shen, Y.T., Yuan, Y.S., Wang, M., Zhi, Y., Wang, J.W., Wang, L.N., Ma, K.W., Si, Q.Q., 
Zhang, K.Z., 2020. Dysfunction in superior frontal gyrus associated with diphasic 
dyskinesia in Parkinson’s disease. npj Park. Dis. 6 https://doi.org/10.1038/s41531- 
020-00133-y. 

Sica, C., Ghisi, M., 2007. The Italian versions of the Beck Anxiety Inventory and the Beck 
Depression Inventory-II: Psychometric properties and discriminant power. Leading- 
edge Psychol. tests Test. Res. 01, 27–50. 

Singh, S.P., Singh, V., 2011. Meta-analysis of the efficacy of adjunctive NMDA receptor 
modulators in chronic schizophrenia. CNS Drugs 25. https://doi.org/10.2165/ 
11586650-000000000-00000. 

Srour, M., Hamdan, F.F., Gan-Or, Z., Labuda, D., Nassif, C., Oskoui, M., Gana-Weisz, M., 
Orr-Urtreger, A., Rouleau, G.A., Michaud, J.L., 2015. A homozygous mutation in 
SLC1A4 in siblings with severe intellectual disability and microcephaly. Clin. Genet. 
88 https://doi.org/10.1111/cge.12605. 

Suzuki, M., Sasabe, J., Miyoshi, Y., Kuwasako, K., Muto, Y., Hamase, K., Matsuoka, M., 
Imanishi, N., Aiso, S., 2015. Glycolytic flux controls D-serine synthesis through 
glyceraldehyde-3-phosphate dehydrogenase in astrocytes. Proc. Natl. Acad. Sci. U. S. 
A. 112 https://doi.org/10.1073/pnas.1416117112. 

Suzuki, M., Imanishi, N., Mita, M., Hamase, K., Aiso, S., Sasabe, J., 2017. Heterogeneity 
of D-serine distribution in the human central nervous system. ASN Neuro. 9 https:// 
doi.org/10.1177/1759091417713905. 

Teunissen, C.E., Petzold, A., Bennett, J.L., Berven, F.S., Brundin, L., Comabella, M., 
Franciotta, D., Frederiksen, J.L., Fleming, J.O., Furlan, R., Hintzen, R.Q., Hughes, S. 
G., Johnson, M.H., Krasulova, E., Kuhle, J., Magnone, M.C., Rajda, C., Rejdak, K., 

Schmidt, H.K., Van Pesch, V., Waubant, E., Wolf, C., Giovannoni, G., Hemmer, B., 
Tumani, H., Deisenhammer, F., 2009. A consensus protocol for the standardization 
of cerebrospinal fluid collection and biobanking. Neurology. https://doi.org/ 
10.1212/WNL.0b013e3181c47cc2. 

Thompson, M., Marecki, J.C., Marinesco, S., Labrie, V., Roder, J.C., Barger, S.W., 
Crow, J.P., 2012. Paradoxical roles of serine racemase and D-serine in the G93A 
mSOD1 mouse model of amyotrophic lateral sclerosis. J. Neurochem. 120, 598–610. 
https://doi.org/10.1111/J.1471-4159.2011.07601.X. 

Tohgi, H., Abe, T., Hashiguchi, K., Takahashi, S., Nozaki, Y., Kikuchi, T., 1991. 
A significant reduction of putative transmitter amino acids in cerebrospinal fluid of 
patients with Parkinson’s disease and spinocerebellar degeneration. Neurosci. Lett. 
126 https://doi.org/10.1016/0304-3940(91)90542-2. 

Usiello, A., Di Fiore, M.M., De Rosa, A., Falvo, S., Errico, F., Santillo, A., Nuzzo, T., 
Baccari, G.C., 2020. New evidence on the role of d-aspartate metabolism in 
regulating brain and endocrine system physiology: From preclinical observations to 
clinical applications. Int. J. Mol. Sci. https://doi.org/10.3390/ijms21228718. 

Vanderstichele, H., Bibl, M., Engelborghs, S., Le Bastard, N., Lewczuk, P., Molinuevo, J. 
L., Parnetti, L., Perret-Liaudet, A., Shaw, L.M., Teunissen, C., Wouters, D., 
Blennow, K., 2012. Standardization of preanalytical aspects of cerebrospinal fluid 
biomarker testing for Alzheimer’s disease diagnosis: A consensus paper from the 
Alzheimer’s Biomarkers Standardization Initiative. Alzheimers Dement. https://doi. 
org/10.1016/j.jalz.2011.07.004. 

Wang, L.Z., Zhu, X.Z., 2003. Spatiotemporal relationships among D-serine, serine 
racemase, and D-amino acid oxidase during mouse postnatal development. Acta 
Pharmacol. Sin. 24. 

Wolosker, H., Balu, D.T., 2020. d-Serine as the gatekeeper of NMDA receptor activity: 
implications for the pharmacologic management of anxiety disorders. Transl. 
Psychiatry. https://doi.org/10.1038/s41398-020-00870-x. 

Wolosker, H., Balu, D.T., Coyle, J.T., 2016. The rise and fall of the D-serine-mediated 
gliotransmission hypothesis. Trends Neurosci. https://doi.org/10.1016/j. 
tins.2016.09.007. 

Wong, M.Y., Borgkvist, A., Choi, S.J., Mosharov, E.V., Bamford, N.S., Sulzer, D., 2015. 
Dopamine-dependent corticostriatal synaptic filtering regulates sensorimotor 
behavior. Neuroscience 290. https://doi.org/10.1016/j.neuroscience.2015.01.022. 

Wu, J., Wuolikainen, A., Trupp, M., Jonsson, P., Marklund, S.L., Andersen, P.M., 
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