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Abstract

The lysosomal cysteine hydrolase N-acylethanolamine acid amidase (NAAA) deactivates 

palmitoylethanolamide (PEA), a lipid-derived PPAR-α agonist that is critically involved in the 

control of pain and inflammation. In this study, we asked whether NAAA-regulated PEA signaling 

might contribute to dopamine neuron degeneration and parkinsonism induced by the mitochondrial 

neurotoxins, 6-hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP). In vitro experiments showed that 6-OHDA and MPTP enhanced NAAA expression 

and lowered PEA content in human SH-SY5Y cells. A similar effect was observed in mouse 

midbrain dopamine neurons following intra-striatal 6-OHDA injection. Importantly, deletion of 

the Naaa gene or pharmacological inhibition of NAAA activity substantially attenuated both 

dopamine neuron death and parkinsonian symptoms in mice treated with 6-OHDA or MPTP. 

Moreover, NAAA expression was elevated in postmortem brain cortex and premortem blood-

derived exosomes from persons with Parkinson’s disease compared to age-matched controls. The 

results identify NAAA-regulated PEA signaling as a molecular control point for dopaminergic 

neuron survival and a potential target for neuroprotective intervention.
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Introduction

The lysosomal cysteine hydrolase, N-acylethanolamine acid amidase (NAAA) [1,2], 

deactivates the lipid-derived mediator palmitoylethanolamide (PEA), an endogenous agonist 

of the ligand-operated transcription factor, peroxisome proliferator-activated receptor-α 
(PPAR-a)[3]. In peripheral organs, NAAA is primarily expressed in immune cells such 

as circulating monocytes, B-lymphocytes and tissue-resident macrophages [4], though its 

presence in first-order sensory neurons was also reported [Bonezzi, Khasabova]. Consistent 

with this cellular localization, NAAA-regulated PEA signaling at PPAR-a has been 

implicated in the control of inflammation and peripheral nociception [2,5]. In the spinal cord 

– where NAAA is found in neurons, microglia and oligodendrocytes [6, 7] – NAAA activity 

may contribute to autoimmune neuroinflammation [6,8,9] and enable the progression from 

acute to chronic pain after tissue injury [7].

Despite the known neuroprotective effects of PEA [10,11], thus far, investigations on 

the functions served by the NAAA-PEA signaling complex in the brain have been 

primarily focused on dopamine signaling [12] and substance use [13,14]. Interestingly, 

however, a large-scale study of three independent cohorts of persons with late-onset 

Alzheimer’s disease uncovered a strong and unexpected association between elevated 

Naaa transcription and neuronal loss [15], which is suggestive of a possible pathogenic 

role for NAAA in neurodegeneration. Prompted by these findings, in the present study 

we examined whether NAAA-regulated PEA signaling might contribute to dopaminergic 

neuron loss induced by the mitochondrial neurotoxins, 6-hydroxydopamine (6-OHDA) and 

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). The results show that (i) 6-OHDA 

and MPTP stimulate NAAA expression in mouse nigrostriatal dopaminergic neurons 

and human SH-SY5Y cells; and (ii) deletion of the Naaa gene and pharmacological 

inhibition of intracellular NAAA activity strongly attenuate dopamine neuron death and 

parkinsonian symptoms caused in mice by either of the two toxins. Finally, pointing 

to a possible relevance to human neurodegenerative pathologies, we found that NAAA 

expression is significantly elevated in postmortem brain cortex specimens and premortem 

blood-derived exosomes of persons with Parkinson’s disease, relative to age-matched control 

subjects. The results identify NAAA-regulated PEA signaling as a previously unrecognized 

molecular checkpoint for dopaminergic neuron survival and a potential therapeutic target for 

neurodegeneration.

Results

Dopaminergic neurotoxins stimulate NAAA expression in human SH-SY5Y cells

We first asked whether 6-OHDA and 1-methyl-4-phenylpyridinium (MPP+, the bioactive 

metabolite of MPTP) –– two neurotoxins that cause parkinsonian symptoms in rodents 

and humans [16,17] –– might influence NAAA expression in human SH-SY5Y cells, 

which express the catecholamine-producing enzyme tyrosine hydroxylase (TH) (Fig. 1B, C). 

Incubation with 6-OHDA (100 μM) reduced cell viability (Fig. 1A) and produced substantial 

increases in Naaa mRNA (Fig. 1D) and NAAA protein levels (Fig. 1E, F), which were 

accompanied by a concomitant decrease in cellular PEA content (Fig. 1G). An apparent 
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increase in TH fluorescence intensity was also observed (3.6 × 106 ± 1.2 × 106 ??, Fig. 1B, 

C) but not further investigated. Of note, 6-OHDA stimulated the release into the cell culture 

medium of NAAA-containing CD63 and Alix positive vesicles (Fig. 1H, I). Similarly, 

exposing SH-SY5Y cells to MPP+ (2 mM) lowered cell viability (Fig. 1J) and stimulated 

NAAA expression (Fig. 1K–M). A trend toward decreased PEA content was also noted, 

which did not reach statistical significance (Fig. 1N). The shared ability of 6-OHDA and 

MPP+ to induce NAAA expression in SH-SY5Y cells is consistent with an involvement of 

this enzyme in dopaminergic neuron survival. To further evaluate this possibility, we turned 

to in vivo mouse models.

6-OHDA enhances NAAA expression in mouse nigrostriatal dopamine neurons

Unilateral striatal injections of 6-OHDA produced in male mice a rapid and persistent 

increase of NAAA immunoreactivity in dopaminergic TH-positive (TH+) neurons of 

the ipsilateral substantia nigra (SN) pars compacta (Fig. 2A–D; separate channels: 

Supplementary Fig. 1, 2). Within 48 h of toxin administration, NAAA protein levels in 

the SN rose by approximately 30% (Fig. 2E), while the fraction of TH+ cells that also 

expressed the enzyme rose from <1% to >15% and remained significantly elevated (≈6% 

of total) for the following 12 days (Fig. 2F; representative images and colocalization 

analysis: Supplementary Fig. 3). Unbiased proteomic profiling of nigral tissue at the 

48-h time-point revealed that heightened NAAA expression was part of a broad reaction 

to the toxin that involved changes in 417 quantifiable proteins (from a total of 1164 

detected; Supplementary Table 1 and Supplementary Fig. 4), most of which (378/417) 

were underrepresented in damaged SN (Supplementary Table 2). Consistent with the 

mechanism of action of 6-OHDA, which is known to impair mitochondrial complex I 

function [18,19] analysis of downregulated proteins revealed enrichment in components of 

oxidative phosphorylation (particularly complex I) as well as pathways of fatty-acid and 

glycan metabolism (Supplementary Fig. 5). Parallel lipid analyses showed that the early 

surge in NAAA expression was accompanied by a ≈30% decrease in nigral PEA content 

(Fig. 2G), whereas levels of the less-preferred NAAA substrate, oleoylethanolamide (OEA) 

[20,21], were only marginally affected (Fig. 2H).

Two weeks after 6-OHDA injection, when inflammation had spread to the dorsolateral 

striatum – as evidenced by enhanced transcription of inflammatory cytokines (Fig. 3A) and 

damage to striatal TH+ fibers (Supplementary Fig. 6) – NAAA levels rose sharply in cells 

expressing the microglia/macrophage marker, ionized calcium-binding adaptor molecule 

1-positive (Iba-1+) (Fig. 3 B–D). NAAA+ microglia were primarily found in proximity of 

damaged nigral TH+ neurons (Fig. 2C, D; separate channels: Supplementary Fig. 2) and 

striatal TH+ fibers (Fig. 3E, F; separate channels: Supplementary Fig. 6). The results are 

consistent with those reported above for SH-SY5Y cells (Fig. 1C–F) and indicate that 

enhanced NAAA expression in midbrain dopamine neurons may be an early component of 

the toxic response to 6-OHDA in mice. As neuroinflammation develops, NAAA induction 

may extend to reactive microglia mobilized to damaged neural structures.
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Genetic and pharmacological NAAA ablation attenuate 6-OHDA-induced neurotoxicity

To investigate NAAA’s possible roles in 6-OHDA-induced neurotoxicity, we used 

genetically modified mice that express the protein in a frame-shifted catalytically inactive 

form (Naaa−/− mice). The mutants constitutively lack Naaa mRNA as well as NAAA protein 

and activity (Supplementary Fig. 7), and do not compensate for this absence with altered 

transcription of isofunctional enzymes (fatty acid amide hydrolase) [22], PEA-producing 

enzymes (N-acyl-phosphatidylethanolamine phospholipase D) [23] or other lysosomal lipid 

hydrolases (acid ceramidase and β-glucocerebrosidase) [22,23] (Supplementary Fig. 7). As 

shown in Figure 4, homozygous NAAA deletion protected male mice from the cellular, 

neurochemical, and behavioral consequences of 6-OHDA injection. Three weeks after toxin 

administration, comparison with wild-type littermates showed that Naaa−/− mice had (i) 
improved survival of nigral TH+ neurons (Fig. 4A); (ii) higher striatal levels of dopamine 

(Fig. 4B) and dopamine metabolites (Supplementary Fig. 8); and (iii) greater density of 

striatal TH+ fibers (Fig. 4C). Moreover, Naaa−/− mice displayed (iv) prolonged latency to 

fall in the rotarod performance test (Fig. 4D); (v) attenuated motor responses (contralateral 

rotations) to the dopaminergic agonist apomorphine (0.1 mg/kg, subcutaneous; Fig. 4E); 

and (vi) lower mortality rate (Fig. 4F). Importantly, heterozygous Naaa+/− mice were also 

resistant to 6-OHDA, but less so than their homozygous littermates (Fig. 4A–F). The gene-

dose-dependent neuroprotection caused by NAAA deletion points to a role for this enzyme 

in the control of dopamine neuron survival.

Supporting this conclusion, we found that subchronic treatment with the systemically 

active NAAA inhibitor ARN19702 [8] phenocopied genetic NAAA deletion. In male 

wild-type mice exposed to 6-OHDA, a 3-week twice-daily regimen with ARN19702 (30 

mg/kg, intraperitoneal, starting on the day of 6-OHDA administration) exerted a set of 

neuroprotective effects that included, in the SN, enhanced survival of TH+ neurons (Fig. 

4G) and, in the dorsolateral striatum, increased dopamine and dopamine metabolite content 

(Fig. 4H, Supplementary Fig. 9) and density of TH+ fibers (Fig. 4I). Additionally, the 

NAAA inhibitor prolonged the latency to fall in the rotarod test (Fig. 4J), attenuated motor 

responses to apomorphine (Fig. 4K) and decreased animal mortality (Fig. 4L). Thus, as 

seen with Naaa deletion, pharmacological inhibition of NAAA activity enhances dopamine 

neuron survival and improves the behavioral repertoire of mice treated with 6-OHDA.

Genetic or pharmacological NAAA ablation attenuates MPTP-induced neurotoxicity

Next, we asked whether the neuroprotective effects of NAAA removal generalize to MPTP-

induced neurotoxicity [24]. Within 7 days of administration, MPTP produced in female 

wild-type mice a substantial loss of SN dopamine neurons (Fig. 5A and Supplementary 

Figure 10) and a decrease in striatal dopamine and dopamine metabolite levels (Fig. 5B and 

Supplementary Fig. 11) and TH+ fiber density (Fig. 5C and Supplementary Fig.12). These 

morphological and neurochemical events were accompanied by a worsened performance 

in the rotarod test (Fig. 5D) and by marked animal mortality (Fig. 5E). Importantly, the 

effects of MPTP were substantially attenuated in Naaa−/− mice (Fig. 5A–E). As seen in the 

6-OHDA model, treatment with ARN19702 (30 mg/kg, twice daily, intraperitoneal, starting 

the day before MPTP administration) phenocopied Naaa deletion, improving dopamine 

neuron survival (Fig. 5F and Supplementary Fig. 10), increasing striatal dopamine content 
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(Fig. 5G) and fiber number (Fig. 5H and Supplementary Fig. 12), normalizing behavior in 

the rotarod test (Fig. 5I) and curbing animal mortality (Fig. 5J). Collectively, the results 

suggest that NAAA-regulated PEA signaling protects nigral dopamine neurons against 6-

OHDA- and MPTP-induced toxicity. Both male and female mice appear to be protected.

Mechanistic insights

To gain insights into possible mechanisms through which NAAA might influence neuronal 

survival, we compared the nigral proteomes of Naaa−/− and wild-type mice 48 h after 

6-OHDA administration, when NAAA expression is maximal in dopamine neurons but 

still undetectable in microglia. Analyses of lesioned SN tissue identified 607 differentially 

expressed proteins, most of which (603) were overrepresented in Naaa−/− mice compared 

to wild-type controls (Supplementary Table 7). Interrogation of the data using the Database 

for Annotation, Visualization, and Integrated Discovery (DAVID) [25] showed that proteins 

upregulated in Naaa−/− mice included many components of oxidative phosphorylation (Fig. 

6A), carbon metabolism (Fig. 6C) and lipid and glycan metabolism (Fig. 6D). Similarly, 

Gene Ontology (GO) analysis revealed a substantial enrichment in proteins that are (i) part 

of the Krebs’ cycle, oxidative phosphorylation, and glycolysis (GO category ‘biological 

process’); (ii) involved in ATP synthesis, proton transport and redox function (‘molecular 

function); and (iii) localized to the mitochondrial inner membrane and cytoskeleton 

(‘cellular component’) (Supplementary Fig. 14). In contrast with the profound changes 

observed in lesioned SN, parallel studies of intact SN found only minor differences between 

Naaa−/− and wild-type mice (Fig. 6B, E, F).

The marked impact of NAAA deletion on cellular bioenergetic pathways led us to 

hypothesize that members of the PGC-1 family, which are crucial upstream regulators of 

those pathways and have been implicated in dopamine neuron survival [26,27,28,29], might 

be involved in the neuroprotective effects of NAAA ablation. Supporting this conclusion, a 

closer inspection of the proteomics data identified type-β peroxisome proliferator-activated 

receptor-γ coactivator-1 (PGC-1β) as one of the proteins deregulated by 6-OHDA (Fig. 8A, 

Supplementary Table 7: replicate 2, line 641). Western blot analyses confirmed that PGC-1β 
is overrepresented in lesioned SN of Naaa−/− mice, relative to lesioned SN of wild-type 

controls (Fig. 7 B, C), and further showed that another key member of the PGC-1 family, 

PGC-1α, is also subject to NAAA regulation (Fig. 7 D, E). It is noteworthy that PGC-1α 
and β were both underrepresented in lesioned SN of wild-type mice – as seen in persons 

with Parkinson’s disease [27] – whereas, in Naaa−/− mutants, they were constitutively 

elevated and did not change in response to 6-OHDA (Fig. 7 B–E).

NAAA expression is abnormally elevated in persons with Parkinson’s disease

Since mitochondrial dysfunction and respiratory chain impairment are established 

pathological features of sporadic Parkinson’s disease [30,31], we explored the possible 

implication of NAAA in this neurodegenerative disorder. Naaa mRNA and NAAA 

protein levels were significantly elevated in postmortem specimens of brain cortex from 

persons with Parkinson’s disease (n=43) relative to age-matched controls (n=46) (Fig. 

8A, B; demographic and clinical data are reported in Supplementary Table 15). Because 

postmortem conditions influence the quality of results obtained with human brain tissue 
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[32], we also measured NAAA protein levels in blood-derived extracellular vesicles 

from a separate small cohort of patients with Parkinson’s disease (n=11; average age at 

collection: 54.7 ± 14.8 years, disease stage I-II; mean ± SD) and age-matched control 

subjects (n=12; average age: 49.2 ± 10.7 years) (demographic and clinical data are 

shown in Supplementary Table 16). In this pilot study too, we observed a marked 

NAAA elevation in persons with Parkinson’s disease compared to controls (Fig. 8C, D). 

Immunohistochemical analyses of brain cortex from a female Parkinson’s patient showed 

a primary localization of immunoreactive NAAA in neurons and microglia (Fig. 8E and F; 

separate channels: Supplementary Fig. 15). As previously reported for mouse spinal cord 

[6], NAAA immunoreactivity was undetectable in astrocytes (Fig. 8G; separate channels: 

Supplementary Fig. 15) even though these cells are thought to contain relatively high levels 

of Naaa mRNA (http://neuroexpresso.org).

Discussion

NAAA catalyzes the hydrolytic deactivation of the lipid-derived PPAR-α agonist, PEA, an 

important regulator of nociception and inflammation [1,2]. The objective of the present 

study was to determine whether this enzyme might also contribute to the neurodegenerative 

effects of 6-OHDA and MPTP, two neurotoxins that cause parkinsonian symptoms by 

disrupting the mitochondrial respiratory chain in nigrostriatal dopaminergic neurons [16,17]. 

We carried out three experiments to test this idea. First, we investigated the effects of 

6-OHDA and MPTP on NAAA expression. Incubation of human SH-SY5Y cells in cultures 

with either toxin produced a substantial increase in Naaa mRNA and NAAA protein. 

Similar changes were observed in mouse midbrain, where intrastriatal injections of 6-OHDA 

stimulated NAAA expression, first in nigrostriatal dopamine neurons and subsequently in 

microglia recruited to the sites of injury. These observations motivated a second set of 

experiments, in which we examined whether removal of the Naaa gene or inhibition of 

NAAA activity might attenuate dopamine neuron death caused in mice by administration 

of 6-OHDA or MPTP. We found that both genetic and pharmacological NAAA ablation 

increased dopamine neuron viability and countered the motor dysfunction elicited by the 

toxins. Finally, we measured NAAA mRNA and protein levels in premortem blood-derived 

vesicles and postmortem brain cortex specimens of persons with Parkinson’s disease. The 

analyses uncovered evidence for elevated NAAA expression in these subjects, compared 

to age- and sex-matched controls. Collectively, the results identify NAAA as a molecular 

control point for the survival of nigrostriatal dopamine neurons and a potential therapeutic 

target for neurodegenerative pathologies such as Parkinson’s disease.

It is plausible that NAAA-regulated PEA signaling influences dopamine neuron viability 

by modulating neuroinflammation [6,8,9]. Our findings point, however, to a more complex 

scenario. In mice treated with 6-OHDA, the rise in NAAA expression is initially confined 

to dopamine neurons (Fig. 2) and only later extends to reactive microglia (Fig. 3). The 

‘neuronal’ phase of NAAA induction begins within 24 h of exposure to the toxin (Fig. 

2 and Supplementary Fig. 3) – that is, well before the appearance of overt signs of 

neuroinflammation – and is part of a broad program that includes the suppression of protein 

networks responsible for mitochondrial biogenesis and cellular respiration (Supplementary 

Fig. 4 and 5). This suggests that PEA-mediated signaling at PPAR-α may protect dopamine 
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neurons, at least in part, by preserving their bioenergetic potential – as recently proposed 

for spinal cord neurons after peripheral organ injury [7] – and that pathological NAAA 

induction might undermine this protection. Supporting this view, our results also indicate 

that NAAA deletion (i) prevents the disruptive effects of 6-OHDA on cellular bioenergetic 

pathways (Fig. 6); and (ii) normalizes expression of the transcription coactivators, PGC-1α 
and PGC-1β, which are suppressed after 6-OHDA challenge (Fig. 7 C). PGC-1α and 

PGC-1β serve pivotal functions in metabolic control and, importantly, have been implicated 

in dopamine neuron survival [26] and the pathogenesis of Parkinson’s disease [27,33]. 

Similar roles have been ascribed to PPAR-α [34,35], PEA’s primary receptor and obligatory 

PGC-1α partner.

The possible relevance of our results to sporadic Parkinson’s disease in humans requires 

consideration. First, the animal studies presented here relied on two toxin models which, 

though well-characterized and widely used, do not recapitulate the slow progressive nature 

of sporadic Parkinson’s disease [36]. A possible alternative, which will be evaluated in 

future work, is offered by the α-synuclein pre-formed fibril model, which is gaining traction 

after its recent standardization [37]. Second, due to limited availability, our human studies 

included a relatively small number of premortem subjects and postmortem samples, and 

focused on cortex rather than basal ganglia. Additional work is clearly needed. However, 

despite these limitations, our results do suggest that NAAA expression may be elevated in 

postmortem brain cortex from persons with advanced Parkinson’s disease (average age of 

death: 76.5 ± 4.9 years; disease duration: 15.3 ± 8.3 years) as well as in blood-derived 

vesicles from persons at stages I and II of the disease, according to Hoehn and Yahr (average 

age at collection: 54.7 ± 14.8 years; disease duration: 3.58 ± 2.6 years). This finding raises 

two critical questions, namely, what genetic or environmental stimuli might be responsible 

for triggering NAAA elevation? And, when could such elevation occur in an individual’s 

lifespan and in which organ system(s)? The heterogeneous etiology, long prodromic phase, 

and slow progression of Parkinson’s disease [38] make answering these questions especially 

arduous. One possible scenario, however, is that risk factors for Parkinson’s disease (e.g. 

exposure to pollutants, etc.) [38], may directly or indirectly enhance NAAA expression, as 

suggested by the enzyme’s inducible nature [7]. Alternatively, or possibly complementarily, 

NAAA upregulation may result from neuronal damage caused by accumulation of insoluble 

α-synuclein aggregates, a neuropathological hallmark of Parkinson’s disease [39]. Given the 

multisystem spread of Parkinson’s disease pathology [40], both events might take place in 

brain, peripheral organs, or both.

In conclusion, the present report provides multiple lines of evidence suggesting that NAAA 

may contribute to the control of nigrostriatal dopamine neuron survival and might thus offer 

a druggable target for therapeutic intervention in neurodegenerative pathologies.

Materials and methods

Ethics statement

Investigations were conducted in accordance with the Declaration of Helsinki as well as with 

relevant international guidelines. They were approved by each of the authors’ institutional 

review boards. Human studies were approved by the Ethical Committee of I.R.C.C.S. Santa 
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Lucia Foundation (CE-AG4-Prog.149). All the participants or related caretakers gave their 

written consent to the enrollment.

Chemicals

6-OHDA hydrochloride, MPP+ iodide, chloral hydrate, ketamine, xylazine, 

paraformaldehyde, MPTP, dopamine, serotonin, homovanillic acid (HVA), 3,4-

dihydroxyphenylacetic acid (DOPAC), ascorbic acid, and [2H5]-benzoyl chloride were 

purchased from Sigma Aldrich (Saint Louis, MO). [2H4]-PEA and [2H4]-OEA were from 

Cayman Chemical (Ann Arbor, MI, USA). Tandem Mass Tag™ 6-plex (TMTsixplex™) 

reagents kits for isotopic labeling were from Thermo Fisher Scientific (Waltham, MA, 

USA). All analytical solvents were of the highest grade, and were obtained from Honeywell 

(Muskegon, MI) or Sigma-Aldrich. ARN19702 was synthetized as described [8].

Cell cultures

SH-SY5Y cells were purchased from Sigma Aldrich and cultured at 37°C and 5% CO2 

in Dulbecco’s Modified Eagle’s Medium (DMEM) (Euroclone, Milan, Italy) supplemented 

with 10% fetal bovine serum (FBS, Thermo Fisher Scientific), L-glutamine (2 mM) and 

antibiotics (Euroclone). Cells were incubated with 6-OHDA (100 μM), MPP+ (2 mM) or 

their respective vehicles (6-OHDA: saline containing 0.2% ascorbic acid; MPP+: complete 

DMEM) for the indicated times.

Postmortem human brain specimens

Postmortem brain cortex samples were obtained from the Banner Sun Health Research 

Institute [41, 42] Specimens from 46 control subjects and 43 patients with postmortem 

interval 1.25 – 4.83 h were used to prepare mRNA and protein extracts and to conduct 

morphological analyses, as described below. Detailed demographic and clinical information 

are provided in Supplementary Table 15.

Human study subjects

Potential study participants were assessed at the Laboratory of Neuropsychiatry of the 

I.R.C.C.S. Santa Lucia Foundation in Rome. Inclusion criteria for Parkinson’s disease 

patients were: (i) diagnosis of idiopathic Parkinson’s disease according to the international 

guidelines [43] (ii) Mini-Mental State Examination (MMSE) score ≥26 and no dementia 

according to the Movement Disorder Society (MDS) clinical diagnostic criteria [44]. 

Exclusion criteria were (i) presence of major non stabilized medical illnesses; (ii) known 

or suspected history of alcoholism, psychoactive drug dependence, head trauma, and mental 

disorders (apart from mood or anxiety disorders) according to the DSM-IV criteria [45]; 

(iii) history of neurological diseases other than idiopathic Parkinson’s disease; (iv) unclear 

history of chronic dopaminergic treatment responsiveness; and (v) MRI scans lacking signs 

of focal lesions as computed according to a semi-automated method [46]. All patients 

included in the study were under stable dopaminergic therapy and were at stage I or II 

of the disease. Furthermore, they were not receiving Deep Brain Stimulation and were not 

under continuous dopaminergic stimulation by subcutaneous apomorphine or intrajejunal 

L-DOPA. Inclusion criteria for control subjects were: (i) vision and hearing sufficient 
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for compliance with testing procedures; (ii) laboratory values within the appropriate 

normal reference intervals; and (iii) neuropsychological domain scores above the cutoff 

scores, corrected for age and educational level, identifying normal cognitive level in the 

Italian population. Exclusion criteria were: (i) dementia diagnosis, according with DSM-

V criteria or MCI according with Petersen criteria and confirmed by a comprehensive 

neuropsychological battery; and (ii) MMSE score < 26 according with standardized norms 

for the Italian population [47]. Sociodemographic and clinical characteristics of study 

participants are reported in Supplementary Table 16. Blood samples (10 mL) were collected 

after overnight fasting (11 ± 1 h).

Animals

All procedures were performed in accordance with the Ethical Guidelines of the European 

Union (directive 2010/63/EU of 22 September 2010), National Institutes of Health 

guidelines and the Italian Ministry of Health and were approved by the Institutional 

Animal Care and Use Committee of the University of California, Irvine. C57BL/6 mice 

(20–35 g) were purchased from Charles River (Wilmington, MA, USA). Male mice 

were used for 6-OHDA experiments, female mice were used for MPTP studies. B6N-

Atm1BrdNaaatm1a(KOMP)wtsi/WtsiH mice (Naaa−/−) were generated at the Welcome 

Trust Sanger Institute and obtained from Jackson Labs (Bar Harbor, ME, USA) [6]. All mice 

were group-housed in ventilated cages and had free access to food and water. They were 

maintained under a 12h light/dark cycle (lights on at 8:00 am) at controlled temperature 

(21 ± 1°C) and relative humidity (55% ± 10%). All efforts were made to minimize animal 

suffering and to use the minimal number of animals required to produce reliable results.

6-OHDA and MPTP-induced neurotoxicity

6-OHDA administration was performed as previously described [48] (for further details see 

Supplementary). MPTP was dissolved at the concentration of 18 mg/kg in ice cold saline 

and administered by i.p. injection every 2h for a total of 4 doses over an 8-h period in a 

single day, as previously described [24].

Drug treatments

ARN19702 was dissolved in a vehicle composed of sterile saline containing PEG-400 (15%, 

vol/vol) and Tween (15%). The drug (30 mg/kg, i.p.) or its vehicle was injected twice 

a day at approximately 8:00 a.m. and 6:00 p.m. Treatment started either on the day of 

6-OHDA injection and was continued for the following 3 weeks, or the day before MPTP 

administration and lasted 7 days.

Mouse tissue processing and immunohistochemistry

Mice were anaesthetized and perfused transcardially with ice-cold saline, followed by ice-

cold paraformaldehyde (PFA, 4%). The brains were excised and stored in sucrose (25% in 

PBS) at 4°C. Three series of sections (thickness 40 µm) were collected in the coronal plane 

using a cryostat and stored at −20°C. Double and triple immunostaining protocols were 

performed by sequential incubation with primary antibodies (1:200; Abcam, Cambridge, 

UK, Supplementary Table 14) followed by secondary Alexa Fluor 488 antibodies (1:1000; 
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Invitrogen). Images were collected using a Nikon A1 confocal microscope with a 60 × 

1.4 numerical aperture objective lens. The assessment of colocalization was performed 

using the NIH ImageJ Just Another Colocalization plug-in (JACoP) (available at http://

rsb.info.nih.gov/ij/plugins/track/jacop.html).

Human tissue processing and immunohistochemistry

Postmortem human cortex samples were sectioned (thickness 40 µm) using a cryostat and 

stored at −20°C. Slices were fixed in ice-cold PFA (4% in PBS) and double immunostaining 

protocols were performed by sequential incubation with previously validated [7] primary 

antibodies (Supplementary Table 14) followed by secondary Alexa Fluor antibodies (1:1000; 

Invitrogen). Images were collected using an Olympus (Tokyo, Japan) FV3000 confocal 

microscope with a 40 × 1.25 numerical aperture objective lens.

Stereological measurements

Dopamine neurons of the SN count was performed as described [48]. Briefly, unbiased 

sampling and blinded stereological counting were performed using the optical fractionator 

probe of the Stereo Investigator software (MBF Bioscience, Williston, VT, USA). 

Parameters used included a 60x oil objective, a counting frame size of 60 × 60, a sampling 

site of 100 × 100, a dissector height of 15 μm, 2 μm guard zones. The Gunder’s coefficient 

of error was less than 0.1. A total of 5 animals per group were used and 5 to 8 sections per 

animal were counted in the red/green channel.

Cell viability

The CellTiter-Glo® luminescent cell viability assay (Promega, Milan, Italy) was used to 

determine the number of viable cells in the culture.

Exosome isolation

One mL of human plasma was incubated with 0.5 mL of Invitrogen total exosome isolation 

reagent (Thermo Fisher Scientific) overnight at 4°C, then centrifuged at 10,000 x g for 1h 

at 4°C. Pellets were resuspended in 2 volumes of radioimmunoprecipitation assay buffer 

(RIPA, 150 μL, 50 mM Tris-HCI pH 7.4, 1% NP40, 0.5% Na-deoxycholate, 0.1% SDS, 150 

mM NaCI, 2mM EDTA), homogenized and sonicated. Thirty μg of protein was used for 

western blot analyses. Cell media from 6-OHDA- or vehicle-treated SH-SY5Y cells were 

collected after 8 h of incubation and centrifuged at 800 x g for 10 min at 4°C. Supernatants 

were filtered using a 0.22 μm filter and centrifuged at 100,000 x g for 90 min at 4°C. 

Pellets were resuspended in 0.5 mL PBS containing a proteinase inhibitor cocktail (Thermo 

Fisher Scientific) and centrifuged again at 100,000 x g for 90 min at 4°C. Supernatants 

were collected and 30 μg of protein were used for western blot analyses to verify exosome 

markers (CD63 and Alix).

Western blot analyses

Human or mouse tissues were homogenized in RIPA buffer (150 μL). PGC1-α was 

identified and quantified in nuclear-enriched fractions. Briefly, brain tissue dissected from 

control and lesioned hemispheres was homogenized in buffer [v/w=5:1; 10 mM Hepes-
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KOH (pH 7.4), 0.25 M sucrose, proteinase inhibitor cocktail (Sigma)]. Homogenates 

were centrifuged at 900 x g for 10 min. Pellets were collected, homogenized again, and 

centrifuged at 900 x g for 10 min, to yield the nuclear fraction (pellet). Proteins were 

denatured in sodium dodecyl sulfate (SDS, 8%) and β-mercaptoethanol (5%) at 95°C 

for 5 min. After separation by SDS-PAGE on a 4–15% gel under denaturing conditions, 

the proteins were electrotransferred to nitrocellulose membranes. The membranes were 

blocked and incubated overnight with primary antibodies in I-block solution (Thermo Fisher 

Scientific), followed by incubation with the corresponding secondary antibody (Invitrogen) 

in tris-buffered saline at room temperature for 1h. Band detection was performed with 

FLA-9000 Starion (Fujifilm Life Science, USA), or Fluorchem R (ProteinSimple, San Jose, 

CA, USA). Antibody sources and dilutions are shown in Supplementary Table 14.

Lipid extraction and liquid chromatography-mass spectrometry (LC/MS) analysis

Cell and tissue levels of PEA and OEA were measured as described [49] (for further details 

see Supplementary).

NAAA activity assay

NAAA activity measurement was conducted on lysosomal-enriched samples as previously 

described [50] (for further details see Supplementary).

Real-Time quantitative PCR

Total RNA was prepared from tissue samples or cell pellets using the Ambion PureLink 

RNA minikit (Life Technologies, Carlsbad, CA, USA) as directed by the supplier. 

Samples were treated with DNase (PureLink DNase, Life Technologies) and cDNA 

synthesis was carried out using the Super-Script VILO cDNA synthesis kit (Life 

Technologies) according to the manufacturer’s protocol using purified RNA (1 µg). 

The amplification of cell extracts cDNA was conducted using the iQ SYBR Green 

SuperMix (Life Technologies) according to the manufacturer’s instructions. Primers 

were purchased from Origene Technologies (Rockville, MD, USA) with the following 

sequence: forward sequence: ATTACGACCACTGGAAGCCAGC; reverse sequence: 

GGAAAAGTGCCTCCAGGCTGAG. Quantitative PCR was performed using a ViiA7 

instrument (ViiATM 7 real-time PCR system, Life Technologies). ΔCt values were 

calculated as previously reported [48]. Quantification of tissue extracts was performed using 

the TaqMan 5′ nuclease activity from the TaqMan Universal PCR Master Mix, fluorogenic 

probes, and oligonucleotide primers.

Proteomic analyses

Sample preparation: Midbrain tissue fragments containing the left or right SN were 

dissected from 3 independent biological replicates and homogenized in RIPA buffer. 

Protein concentrations were measured using the BCA assay, and equal amounts of protein 

were used. Samples were isotopically labeled using TMT sixplex kits [51], according to 

the manufacturer’s instruction. Samples were reduced with dithiothreitol, alkylated with 

iodoacetic acid and labeled using TMT tags. After pooling the six conditions, the total 

protein content from each replicate (150 µg) was separated on precast polyacrylamide gels 
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(Thermo Fisher Scientific). Each lane was cut into 12 slices and in-gel protein digestion 

was performed[52]. The samples were recovered, dried under N2, and dissolved in 50 µL of 

water containing acetonitrile (3%) and formic acid (0.1%) for LC-MS/MS analysis.

LC-MS/MS analyses: Tryptic peptide mixtures were analyzed using a Synapt G2 QToF 

equipped with a nanoACQUITY liquid chromatographer and a nanoSpray ion source. 

Peptides were separated on a BEH nanobore column (75 µm ID x 25 cm length) using 

a linear gradient of acetonitrile in water from 3% to 55% in 3 h, followed by a washout 

step with 90% acetonitrile (10 min) and a reconditioning step in 3% acetonitrile for 20 min. 

Flow rate was set to 300 nL/min. Spray voltage was 1.6kV, cone voltage was 28V, spray gas 

was 0.3 L/min. Survey spectra were acquired over the m/z = 50–1600 scan range. Multiply 

charged ions (2+,3+ and 4+) between m/z = 300 and 1400 were selected as precursors for 

DDA tandem mass analysis and fragmented in the trap region of the instrument. Collision 

energy values were automatically selected by the software using dedicated charge-state 

dependent CE/m/z profiles. Every 60s, a single leu-enkefalin (2 ng/mL) MS scan was 

acquired by the LockMass ion source for spectra recalibration.

Data analysis: Acquired raw data files were processed using PLGS software to recalibrate 

the mass spectra and generate the precursor-fragments peak list. Protein identification and 

quantification was performed by interrogating the SwissProt database using MASCOT 

Server software. The search parameters were set as follows, quantification: TMT6plex; 

fixed modifications: carbamidomethyl (C), TMT6plex (N-term), TMT6plex (K); variable 

modifications: acetyl (K), acetyl (N-term), deamidated (NQ), methyl (DE), oxidation 

(M), phospho (ST), phospho (Y); peptide tolerance: 30ppm; fragment tolerance: 0.5Da; 

maximum allowed missed cleavages: two. At least two peptides were required for a positive 

protein identification and quantification. A significance threshold of P>0.05 was set for 

protein identification in the MASCOT search. All the proteins identified and quantified from 

all the biological replicates were retained. Proteins sharing the same set or subset of peptides 

were considered as a single entry (MASCOT Protein Families). Two different data analyses 

were then performed on the same data set. We first investigated the alterations caused by 

6OHDA on the brain of naïve animals. For this purpose, only the ratio between 129 and 

130 reporter ions was calculated and reported. Protein expression ratio was normalized 

by the average ratio of all the peptides assigned to proteins. A standard deviation of the 

protein expression ratios was calculated for all the proteins quantified in at least two out 

of three replicates. All the corresponding data are available in Supplementary Table 1. We 

then evaluated the role of the genotype (NAAA−/− versus WT) on the expression profiles 

of proteins in the three biological conditions: naïve animal, lesioned and contralateral side 

of the brain. For this purpose, three ratios were measured using the 6plex TMT reporter 

ions and the reporting function of MASCOT: 126/129 for the lesion side, 127/130 for the 

contralateral side and 128/131 for the naïve brain. Protein expression ratio was normalized 

by the average ratio of all the peptides assigned to proteins. Protein expression ratio was 

normalized by the average ratio of all the peptides assigned to proteins. A standard deviation 

of the protein expression ratios was calculated for all the proteins quantified in at least 2 out 

of three replicates. All the corresponding data are available in Supplementary Table 2.
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Neurotransmitter measurements

6-OHDA experiments: Dopamine and metabolites in 6-OHDA treated mice were 

measured as previously reported [48] (for further details see Supplementary).

MPTP experiments: The dorsal striatum (~15 mg) was homogenized in 0.5 mL ice-cold 

acetonitrile containing 1% formic acid and 10 μg/mL internal standard ([2H5]-benzoyl-HVA, 

[2H5]-benzoyl -DOPAC, [2H5]-benzoyl- DA, [2H5]-benzoyl-serotonin). After stirring and 

centrifugation, the supernatants were transferred to 5 mL glass vials. Tissue pellets were 

rinsed with water/acetonitrile (1:4, v/v; 0.2 mL), stirred, centrifuged and supernatants were 

pooled with the first eluate. Eluates were dried under N2 and reconstituted in 0.1 mL of 

100 mM Na2BO4 and vortexed. Benzoyl Chloride (5 μL) was added and the mixture was 

allowed to incubate at room temperature for 30 min. After incubation, methanol (50 μL) was 

added to quench the reaction, followed by acetonitrile to dissolve the resulting precipitate. 

Samples were filtered through Agilent Captiva syringe filters in to deactivated glass inserts 

(0.2 mL) placed inside amber glass vials (2 mL; Agilent Technologies). LC separations were 

carried out using a 1200 series LC system (Agilent Technologies), consisting of a binary 

pump, degasser, thermostated autosampler and column compartment coupled to a 6410B 

triple quadrupole mass spectrometric detector (MSD; Agilent Technologies). Analytes were 

separated on an Eclipse PAH C18 column (1.8 μm, 2.1 × 50.0 mm; Agilent Technologies). 

The flow rate was 0.4 mL/min, using the following gradient conditions: 0–7.0 min 40% B 

(methanol containing 0.1% formic acid and 5 mM ammonium formate) in solvent A (water 

containing 0.1% formic acid and 5 mM ammonium formate) to 62% B, 7.01–8.0 95% B, 

8.01–10.0 min 40% B for re-equilibration. The column temperature was maintained at 30°C 

and the autosampler at 9°C. The total analysis time, including re-equilibrium, was 10 min. 

The injection volume was 2 μL. The MS was operated in the positive electrospray ionization 

(ESI) mode, and analytes were quantified by multiple reaction monitoring (MRM) of the 

following transitions: benzoyl-DA 466.2 > 77.1 m/z, [2H5]-benzoyl-DA 481.3 > 110.1 m/z, 

benzoyl-DOPAC 394.1 > 77.1 m/z, [2H5]-benzoyl-DOPAC 404.2 > 110.1 m/z, benzoyl-SE 

385.2 > 77.1 m/z, [2H5]-benzoyl-SE 395.2 > 110.1 m/z, benzoyl-HVA 304.1 > 77.1 m/z, 

[2H5]-benzoyl-HVA 309.2 > 110.1 m/z. The capillary voltage was set at 2500 V. The source 

temperature was 350°C and gas flow was set at 10.0 L/min. Nebulizer pressure was set at 

45 psi. Collision energy and fragmentation voltage were set for each analyte as reported. 

The MassHunter software (Agilent Technologies) was used for instrument control, data 

acquisition, and data analysis.

Apomorphine-induced rotations

Apomorphine-induced rotations were quantified as previously reported [48] (fort further 

details see Supplementary).

Rotarod test

Behavioral testing on a mouse rotarod apparatus equipped with a 3 cm diameter rod 

(Ugo Basile, Varese, Italy) was performed on day 21 after surgery, or 7 days post MPTP 

intoxication, with an accelerating rod (from 15 to 25 rpm in 150 s). All mice were pre-

trained one week before the treatments. The training consisted of 5 consecutive runs at 
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20 rpm or until the mice were able to maintain themselves for 300 s on the rotating rod. 

Subsequently, a new test series with accelerating conditions was started. One day prior to 

surgery, baseline values were obtained under the same conditions.

Statistical analyses

Data were analyzed as described in figure legends using GraphPad Prism version 5 for 

Windows (La Jolla, California, USA). For data with Gaussian distribution, parametric 

statistical analysis was performed using the two-tailed Student’s t-test for two groups; 

one-way or two-way analysis of variance (ANOVA) was applied for multiple comparisons 

with Bonferroni post hoc analysis for data meeting homogeneity of variance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 6-OHDA and MPTP induce NAAA expression in human SH-SY5Y cells.
(A) Cell viability quantification in SH-SY5Y cells after incubation with vehicle (veh) or 

6-OHDA (100 μM, 8h); ****P<0.0001 Student’s t test (n=12). (B, C) Immunofluorescence 

images for TH (red) in SH-SY5Y cells after 8 h incubation with vehicle (B) or 6-OHDA 

(100 μM) (C). Cell nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI, blue). 

Scale bar, 10 µm. (D-E) Immunofluorescence images for NAAA (green) in SH-SY5Y cells 

after incubation with vehicle (D) or 6-OHDA (E); cell nuclei were stained with DAPI. (F) 

RT-PCR quantification of Naaa mRNA in SH-SY5Y cells after incubation with vehicle (veh) 

or 6-OHDA (2–8h); ***P<0.001, one-way ANOVA followed by Bonferroni post hoc test 

(n=3). (G) PEA levels in SH-SY5Y cells after incubation with 6-OHDA (2–8h) or vehicle; 

*P<0.05, one-way ANOVA and Bonferroni (n=6). (H-I) NAAA activity (H) and NAAA 

protein quantification (I) in exosomes released by SH-SY5Y cells; **P<0.01, *P<0.05 

Student’s t test (n=3). (J) Cell viability quantification in SH-SY5Y cells after incubation 

with vehicle (veh) or MPP+ (2 μM, 24h); ****P<0.0001 Student’s t test (n=12). (K-L) 

Immunofluorescence images of NAAA (green) in SH-SY5Y cells after 24 h incubation 

with vehicle (K) or MPP+ (L). Scale bar, 10 µm; cell nuclei were stained with DAPI. (M) 

RT-PCR quantification of Naaa mRNA in SH-SY5Y cells after incubation with 2 mM MPP+ 

(4–24h) or vehicle; ***P<0.001, **P<0.01 one-way ANOVA and Bonferroni (n=3). (N) 

PEA levels in SH-SY5Y cells after incubation with MPP+ (8–48h) or vehicle (n=6).
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Figure 2. 6-OHDA induces rapid and persistent NAAA expression in nigrostriatal dopamine 
neurons.
(A-D) Merged immunofluorescence images for NAAA (green), TH (red) and ionized 

calcium-binding adaptor molecule 1 (Iba-1, magenta) in tissue sections of SN pars 

compacta: (A, C) control and (B, D) lesioned (ipsilateral and contralateral, respectively, 

to the 6-OHDA injection site); cell nuclei were stained with DAPI (blue). Images were 

collected 48 h (A, B) or 14 days (C, D) after 6-OHDA injection. NAAA+/TH+ co-

localization is shown in yellow, NAAA+/Iba-1+ co-localization is shown in white. Scale 

bar, 50 µm. (B1, D1) High-magnification images of NAAA+ cells that co-express (B1) TH 

or (D1) Iba-1. Scale bar, 10 µm. (E) Western blot quantification of NAAA in midbrain 

fragments containing the SN 48 h after 6-OHDA administration: top, representative blot; 

bottom, densitometric quantification. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

was used for normalization. *P<0.05, two-tailed Student’s t test (n=5). (F) Number of 

neurons co-expressing TH and NAAA, shown as percent of total TH+ neurons in SN pars 

Palese et al. Page 19

Pharmacol Res. Author manuscript; available in PMC 2022 December 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



compacta. ***P<0.001, one-way ANOVA with Bonferroni post hoc test (n=4). (G, H) (G) 

PEA and (H) OEA quantification midbrain fragments containing the SN 48 h after 6-OHDA 

injection. *P<0.05, two-tailed Student’s t test (n=5).
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Figure 3. 6-OHDA causes delayed NAAA expression in striatal microglia.
(A) Transcription of pro-inflammatory cytokines (tumor necrosis factor-a, TNF-α; 

interleukin 6, IL-6; interleukin-1β, IL-1β; and interferon-γ, IFN-γ) in control (open bars) 

and lesioned (red bars) striata 14 days after 6-OHDA injection. ***P<0.001, **P<0.01, 

*P<0.05, two-tailed Student’s t test (n=5). (B-D) Immunofluorescence images of sections 

from (B) intact and (C, D) lesioned striatum: cell nuclei are stained with DAPI (blue); 

NAAA is shown in green, Iba-1 in magenta; merged NAAA/Iba-1 signals are shown in 

yellow. Scale bar, 10 µm. (E, F) Immunofluorescence images of sections from (E) intact 

and (F) lesioned striatum. Scale bar, 50 µm. (E1, F1) High-magnification images of Iba-1+ 

microglial cells in sections from intact (E1) and lesioned (F1) striata. Scale bar, 10 µm.
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Figure 4. Genetic NAAA deletion and pharmacological NAAA inhibition protect mice from 
6-OHDA-induced neurotoxicity.
(A, G) Number of TH+ neurons in SN pars compacta; ****P<0.0001, *P<0.01 two-way 

ANOVA followed by Bonferroni post hoc test (n=4). (B, H) Striatal dopamine content; 

*P<0.05, compared to intact side, one-way ANOVA followed by Tuckey post hoc test (B) 

or Student’s t test (H) (n=4). (C, I) Density of striatal TH+ fibers, expressed as percent of 

intact side. ***P<0.001, **P<0.01, one-way ANOVA and Tuckey (C) or Student’s t test (I) 

(n=6). (D, J) Performance in the rotarod test (latency to fall, s); naïve mice (no 6-OHDA 

injection) are shown for comparison. ****P<0.0001, **P<0.01, *P<0.05, two-way ANOVA 

and Bonferroni (n=8). (E, K) Apomorphine-induced rotations. **P<0.01 compared to WT 

vehicle-treated mice, one-way ANOVA and Tuckey (E) or Student’s t test (K) (n=8). (F, L) 

Mortality rate; ***P<0.001, *P<0.05, compared to wild-type (WT) mice, one-way ANOVA 

and Tuckey (F) or Student’s t test (L) (n=16). Measurements were performed 21 days after 

6-OHDA injection.
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Figure 5. Genetic NAAA deletion and pharmacological NAAA inhibition protect mice from 
MPTP-induced neurotoxicity.
(A, F) Number of TH+ neurons in SN pars compacta; *P<0.05 two-way ANOVA followed 

by Bonferroni post hoc test (n=3–5). (B, G) Striatal dopamine content (n=3–4). (C, H) 

Density of striatal TH+ fibers, expressed as percent of controls; *P<0.05, Student’s t test 

(n=3–4). (D, I) Performance in the rotarod test (latency to fall, s); naïve mice (no MPTP 

injection) are shown for comparison; *P<0.05, two-way ANOVA and Bonferroni (n=3–10). 

(E1, J1) Survival rate. ****P<0.001, Log-rank test (n=29–102). (E2, J2) Total number of 

animals survived after MPTP administration. Measurements were performed 7 days after 

MPTP injection.
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Figure 6. Naaa−/− mice differentially regulate bioenergetic pathways in response to 6-OHDA.
(A, C, E) Comparative proteomics analysis of lesioned SN (Naaa−/− versus wild-type, WT) 

48 h after 6-OHDA administration: (A) oxidative phosphorylation; (C) carbon metabolism; 

and (E) lipid and glycan metabolism. (B, D, F) Comparative proteomics analysis of intact 

SN (Naaa−/− versus WT): (B) oxidative phosphorylation; (D) carbon metabolism; and (F) 

lipid and glycan metabolism.
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Figure 7. 6-OHDA suppresses expression of bioenergetic pathways in a NAAA-dependent 
manner.
(A) Relative abundance (Naaa−/− versus WT) of PGC-1β in control (light blue) and lesioned 

(dark blue) SN. (B-E) Representative western blots and densitometric quantification of (C) 

PGC-1β in nigral homogenates, and (E) PGC-1α in nuclear fractions of SN tissue from 

WT and Naaa−/− mice 48 h after 6-OHDA administration. GAPDH and proliferating cell 

nuclear antigen (PCNA) were used for normalization. *P<0.05 compared to wild-type (WT) 

contralateral side; #P<0.05 and ## P<0.01, compared to lesioned side of WT/veh mice, 

two-way ANOVA followed by Bonferroni post hoc test (n=4).
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Figure 8: NAAA levels in persons with Parkinson’s disease.
(A, B) RT-PCR quantification of Naaa mRNA (A) and densitometric analyses of NAAA 

protein (B) in postmortem cortex specimens from persons with PD (n=43) and age- and 

sex-matched controls (n=46). (C) Western blot analysis of NAAA protein in circulating 

exosomes obtained from plasma of persons with PD (n=11) and age- and sex-matched 

controls (n=12). (D) Representative blots: Ponceau staining (full label) was used for 

normalization of cortex samples, CD63 for exosomes samples. ***P<0.001, *P<0.05, 

Student’s t test. (E-G) Representative confocal images of immunostaining in cortex from 

a patient with PD. Merged immunofluorescence images for NAAA (green, E-G), Map2 

(magenta, E), Iba1 (red, F), GFAP (white, G). Cell nuclei were stained with DAPI (blue). 

Scale bar, 20 µm.
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