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Abstract

:

Parkinson’s disease (PD) is the second most common progressive neurodegenerative disease characterized by the presence of dopaminergic neuronal loss and motor disorders. PD dementia (PDD) is a cognitive disorder that affects many PD patients. We have previously demonstrated the proinflammatory role of the glia maturation factor (GMF) in neuroinflammation and neurodegeneration in AD, PD, traumatic brain injury (TBI), and experimental autoimmune encephalomyelitis (EAE) in human brains and animal models. The purpose of this study was to investigate the expression of the GMF in the human PDD brain. We analyzed the expression pattern of the GMF protein in conjunction with amyloid plaques (APs) and neurofibrillary tangles (NFTs) in the substantia nigra (SN) and striatum of PDD brains using immunostaining. We detected a large number of GMF-positive glial fibrillary acidic protein (GFAP) reactive astrocytes, especially abundant in areas with degenerating dopaminergic neurons within the SN and striatum in PDD. Additionally, we observed excess levels of GMF in glial cells in the vicinity of APs, and NFTs in the SN and striatum of PDD and non-PDD patients. We found that the majority of GMF-positive immunoreactive glial cells were co-localized with GFAP-reactive astrocytes. Our findings suggest that the GMF may be involved in the pathogenesis of PDD.
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1. Introduction


Parkinson’s disease (PD) is a progressive, multi-symptom, neurodegenerative movement disorder in older adults [1,2]. PD is the second most common neurodegenerative disease after Alzheimer’s disease (AD) [3]. The clinical motor features in PD patients are tremors, rigidity, and bradykinesia. Neurochemically, the disappearance of melanin-containing dopaminergic (DA) neurons and the presence of neuroinflammation in the substantia nigra (SN) are major hallmarks of PD. PD affects nearly one million people in the United States (U.S) and ten million people worldwide (The Parkinson’s Foundation, Miami, FL, USA) [4]. By 2030, the number of PD patients is expected to increase to 1.2 million in the U.S. [4]. About 90,000 cases are diagnosed with PD each year in the U.S [4]. Men are about 1.5 time more prone to develop PD than women [4]. PD patients show cognitive impairment [2,5,6,7]. About 60 to 80% of PD patients may eventually show Parkinson’s disease dementia (PDD) [8]. Age is the primary risk factor for PD pathogenesis. PD pathogenesis may be due to certain factors such as environment, genetics, and exposure to toxins [3,9]. Alpha-synuclein aggregation, oxidative stress, mitochondrial abnormalities, immune dysfunction/neuroinflammatory response, and gut dysbiosis are implicated in PD pathogenesis [1,3,10,11]. Memory disorders are associated with hippocampal cholinergic system disorder [6]. A recent report proposed the involvement of hippocampus, striatum, and amygdala in PD [6]. Another recent study reported synaptic degeneration in temporal, cingulate, and insular cortices in PD [12], as well as in parahippocampus in PDD. Dementia is a brain disorder with loss of clear thinking, loss of memory, difficulty in making decisions, and difficulty [6] in controlling emotions that interfere with a person’s daily essential activities. AD is the most common cause of dementia in the aged population [13]. However, dementia may also be due to other diseases such as PD and Huntington’s disease. Dopamine is the neurotransmitter in dopaminergic neurons, and disturbances in dopamine lead to dopaminergic neurodegeneration in PD [14,15]. In addition, the loss of DA neurons in PD may be due to necrotic processes, though many other previous studies have shown that the loss of DA cells in PD patients is a result of apoptotic mechanisms [16,17,18]. Dementia in PD patients may significantly impact those with AD since it affects both the motor and cognitive functions in PD patients. AD affects language and memory, and PD involves problem solving, speed of thinking, memory, and other cognitive functions, including mood changes. A recent article links neuroinflammation with neurovascular changes in synucleinopathies [19].



Genetic factors like A beta, tau, APOE4, Presenilin, and TREM2 gene induce alterations in AD and α-Synuclein, Parkin, and LRRK2 gene associations in PD. A growing number of findings imply that defects in gene expression play a crucial role in neurodegeneration in the brain, specifically in AD and PD progression. Those include amyloid beta precursor protein (APP) on chromosome 21 [20]. And Presenilin (PSEN) 1 and 2 on chromosome 14 and 1 [21,22,23]. However, PSEN1 is the most mutated gene that is associated with the majority of cases of the onset of AD. Although those gene defects are suspicions, more genetic findings suggest the role of both familial and sporadic forms in PD as well as in AD. These five mutated genes have been shown to trigger familial forms of early-onset PD; these include α-synuclein, Park1 or SNCA, [24] Park2, [24] Park7, PINK1, [25] and LRRK2 [26,27]. In addition to that, six additional gene mutations at PD loci have been reported recently; those include UCHL1 and Nurr [28,29] at chromosome 4p14 and 2q22.



Previous studies have shown that the glia maturation factor (GMF) plays an important role in the pathogenesis of AD [30,31,32]. Numerous studies have demonstrated that the inflammatory processes in PD brains are directly correlated with the activation of both microglial cells and astrocytes [33,34,35,36,37]. Microglial activation leads to the release of proinflammatory cytokines and chemokines, including the GMF in the brain. The GMF is a brain-specific protein that was discovered, isolated, sequenced, and cloned previously in our laboratory [38,39,40]. We have previously demonstrated that the GMF is an important mediator of inflammation in the central nervous system (CNS), which can activate glial cells to release inflammatory mediators and induce neurodegeneration in neurodegenerative diseases as well as stroke and neurotrauma conditions [41,42,43]. PD patients show cognitive impairment from early to more advanced stages [44]. The GMF could be involved in the pathogenesis of PDD. If the degeneration of DA neurons in SN was associated with GMF up-regulation in PDD, it would suggest that the inhibition of GMF expression through anti-inflammatory therapy such as GMF-specific monoclonal antibodies or GMF gene silencing approaches including small interfering RNA (siRNA), short hairpin RNA (shRNA), and CRISPR/Cas9 based GMF gene editing for PD patients might have beneficial effects by halting the neurodegenerative process or inhibiting neuroinflammatory mechanisms. AD is characterized by the accumulation of amyloid plaques (Aps) and neurofibrillary tangles (NFTs) in the brain. NFT pathology extends anatomically throughout various interconnected regions of the brain [45,46]. The deposition of Aps in the brain occurs through several phases. APs and NFTs are formed in the later stages of the disease, and they are located in closely interconnected areas of the SN and striatum and can precipitate extrapyramidal motor symptoms in patients with AD [47]. The pathophysiological changes seen in advanced stages of neurodegenerative disorders, like AD and PD, are a result of neuroinflammatory responses by activated astroglial cells. We hypothesize that neurodegeneration due to the increased secretion of proinflammatory cytokines from activated astroglial cells by the up-regulation of the GMF in the most affected regions of the SN could contribute to the development of dementia in PD.



Activated microglia and astrocytes are increased and prominent in the damaged regions of the SN and play important roles in PD pathogenesis [48,49,50]. However, studies have also shown reduced reactive astrocytosis in the SN of PD [33,34]. In the present study, we report an increased expression of the GMF in the brains of PDD patients. In addition, the GMF was found to be co-localized with glial fibrillary acidic protein (GFAP) reactive astrocytes, Aps, and NFTs in the SN of PDD patients.




2. Results


2.1. Decreased TH and Increased α-Synuclein and Ubiquitin Expression in the SN of PDD Brains


To assess Lewy body (LB) pathology and dopaminergic neurodegeneration, IHC for TH was performed in the SN of PDD brains (Figure 1). Results show that the expression of TH (immunoreactivity) was reduced in PDD compared with non-PDD brains (Figure 1). Immunostaining with anti-ubiquitin and anti-α-synuclein antibodies showed more LBs containing α-synuclein and ubiquitin protein in PDD brains (Figure 1, arrowheads), demonstrating PD characteristics. The average number of TH, α-synuclein, and ubiquitin-positive cells is shown in the bar graphs (* p < 0.05). Next, we performed thioflavin-S fluorescence staining to detect the presence and extent of APs deposition and NFTs in the brains of patients with PDD and the non-PDD controls (Figure 2). We found an increased visualization of APs (Figure 2A; arrows) and NFTs (Figure 2A, arrowhead) in the SN containing dopaminergic neurons in PDD brains, indicating the severity of disease characteristics in the affected brains. However, non-PDD brains showed neither APs nor NFTs (Figure 2B). Graphs show the average numbers of NFTs (Figure 2C) and Aps (Figure 2D) in the SN of PDD and non-PDD brains (* p < 0.05).




2.2. GMF Is Associated with Glial Activation in the SN of PDD Brains


Next, we examined if GMF expression is associated with activated glial cells in the SN of PDD patients. Immunostaining results show melanin-containing dopaminergic cells in the SN of PDD and non-PDD brains (Figure 3A). We demonstrate the presence of GMF (immunoreactive astrocytes) in the vicinity of the dopaminergic neurons (Figure 3A, blue–gray color). Higher densities of GMF immunoreactive cells were seen in PDD brains, as shown in the graph (Figure 3B, * p < 0.05). The expression of immuno-positive astrocytes was detected near dopaminergic neurons in PDD brains (Figure 3A). In addition, we show an increased expression of Iba-1-positive microglia near the neuromelanin-containing cells in the SN of PDD brains. Our results indicate that the GMF induces glial activation-associated dopaminergic neuronal death in the SN of PDD patients.




2.3. Tau and Amyloid Levels in the SN, Striatum, HC, EC, and TC of PDD Brains


We performed immunostaining for Tau and Aβ for NFTs, plaques, and thioflavin-S fluorescence staining in the midbrain, striatum, and TC of PDD brains. PDD had tau NFTs and APs pathology in the striatum, SN, HC, EC, and TC of the brain (Figure 4). Tau immunostained NFT pathology and neuropil threads were seen in the SN, striatum, HC, EC, and TC of PDD brains. The marked expression of Tau-stained NFTs in the non-dopaminergic neurons in the SN of PDD was noted. 6E10 immunostained sections showed diffuse amyloid pathology in the striatum and SN. We observed a variable number of large, round, and diffuse APs in both the striatum and SN of PPD. Numerous small dense and diffuse APs are strongly stained aggregates of Aβ. We performed Tau immunostaining in the SN and striatum and used SG-vector substrate (blue–gray color) to detect the expression of NFTs and APs (Figure 4). We observed the marked expression of NFTs localized near neuromelanin-containing cells (more susceptible to death) stained in a brown color (Figure 4 arrowheads, arrows). Thioflavin-S (Thio-S) staining of the SN displayed the increased expression of APs (Figure 4). Tau immunostaining localized numerous NFTs in the striatum, SN, HC, EC, and TC of PDD brains. With 6E10 antibody immunolabeling, we show an increased expression of APs in the striatum, EC, HC, and TC of PDD brains. Overall, our results indicate that several NFTs and APs are localized in the SN and striatum of PDD brains.





3. Discussion


Dementia is a major health problem, and the cognitive disorder is an important non-motor dysfunction in PD patients [8,44,51]. PDD and dementia with LBs (DLB) together represent the second most common dementia across the world [52]. The cognitive disorders in PDD and DLB are different from Alzheimer’s dementia, with significantly impaired executive function, attention, and visuospatial skills [53]. AD co-pathology occurs with PD, especially in PDD and dementia with DLB [54]. Both PDD and DLB show cognitive dysfunction and α-synuclein deposition. In PDD, cognitive symptoms develop more than a year after the onset of movement symptoms. Vascular disorders affect cognition, which leads to dementia and cognitive decline [55]. The presence of excessive Aβ, which shows great sensitivity to differentiate between DLB and PDD, has been extensively investigated [56,57]. The burden of Aβ and tau proteins follow PD < PDD < DLB [58]. Immune and mitochondrial dysfunction, increased BBB permeability, and increased inflammatory mediators play an important role in PD pathogenesis [1]. Immune dysfunction and neuroinflammation are implicated in PD pathogenesis [10,11,59,60,61,62,63]. The GMF is a proinflammatory mediator that activates astrocytes, microglia, and neurons and induces neuroinflammation and neurodegeneration in many neurodegenerative conditions and neurotrauma through releasing several neuroinflammatory and neurotoxic mediators and NF-kB pathway activation [30,64,65,66,67]. In the present study, we demonstrate an increased expression of GMF in the SN of PDD brains. The GMF antibody used in our study detects a beta form of protein, mainly astrocytes and neurons. Increased levels of GMF in PDD indicate an inflammatory response, and further in-depth studies are needed to discover the specificity of the GMF in PDD brains. In the areas of increased GMF immunoreactivity, reactive astrogliosis was also observed along with increased microglial activation near the dopaminergic neurons in the SN region. Microglial activation is considered to be a marker of the neuroinflammatory process in PD and PDD [68,69,70], as well as other α-synucleinopathies and multiple system atrophy [71]. Microglia and astrocytic disorders are reported in PD pathogenesis [72,73,74]. Microglia and astrocytes are classified as proinflammatory and neurotoxic M1 microglia and A1 astrocytes, and anti-inflammatory and neuroprotective M2 microglia and A2 astrocytes [75]. The persistence of MI-type microglia can contribute to the pathogenesis of neuroinflammatory disorders, including PD [75,76]. Microglial activation in the midbrain is seen in the early stages of PD pathogenesis (less than 2.5 years), whereas in later stages of the disease, increased microglial activation is seen in the SN, basal ganglia, cortex, and pons. These areas of increased microglial activation also correspond to the areas of PD pathology, as reported previously, indicating the role of microglial activation in PD [77,78]. In DLB, increased microglial activation is expressed in the putamen and cortical areas as well [71].



The present study demonstrates increased NFTs and APs in PDD brains. These APs and NFTs may be responsible for the increased activation of astrocytes and microglia in PDD brains, thereby increasing the expression of the GMF. Both local and systemic inflammatory factors play an important role in dementia [51,79]. High levels of proinflammatory mediators and the release of neurotoxic molecules in the brain directly accelerate the neurodegeneration process [17,18]. Previous studies have demonstrated that the presence of APs in the striatum is correlated with the severity of AD, and that the presence of these plaques may be associated with clinical dementia in patients with PD [16,80,81,82,83]. Studies have reported the implication of Aβ, tau, and NFTs in many neurological disorders, including PD [84,85]. The presence of APs has been shown to interrupt limbic connections, thereby disrupting striatal functions in patients with PD [83,86]. Our previous studies on AD demonstrated the increased expression of GMF immunoreactive glial cells in association with APs and NFTs in the entorhinal cortex in AD brains [87,88]. GMF-associated glial activation could contribute to PD pathogenesis. Future studies could include immunoblotting to confirm the marker for PDD, as well as single-cell and spatial transcriptomics to further confirm these findings.




4. Materials and Methods


4.1. PDD and Non-PDD Brains


Neuropathologically confirmed cases of PDD (n = 5) and age and gender-matched non-PDD (n = 6) controls were used in this study. Control brains had no neurological diseases or memory loss. These brains were collected at the University of Iowa (Iowa City, IA, USA) under the Deeded Body Program, as we have reported previously [42,89,90]. PDD patients have progressive motor disorder-associated symptoms and dementia in the later stage. The blocks of striatum and midbrain containing the SN were fixed with 4% paraformaldehyde solution and then maintained with 30% sucrose in phosphate-buffered saline (PBS) solution until the sections were ready to be cut (40 μm sections) on the sliding freezing microtome. The Institutional Review Board (IRB) of the University of Iowa and the University of Missouri (Columbia, MO, USA) Colleges of Medicine approved this study.



The workflow of the experiments includes histology–thioflavin-S fluorescence staining–immunohistochemistry–immunofluorescence staining–quantification.




4.2. Thioflavin-S (Thio-S) Fluorescence Staining


Midbrain containing SN and striatum sections of human PDD were stained with 1% thioflavin-S (Sigma, St. Louis, MO, USA) to identify APs in the brain, as we have reported previously [87]. Stained sections were examined under a Nikon fluorescence microscope to detect APs and NFTs in the SN region of the midbrain and striatum of human PDD and non-PDD brains.




4.3. Immunohistochemistry (IHC)


Immunohistochemistry was performed as previously described [91,92]. Briefly, antigen retrieval was performed in free-floating sections of the midbrain containing SN and striatum by boiling at 90 °C in citrate buffer solution (0.01 M, pH 6.0) for 10 min. Sections were treated with 0.3% hydrogen peroxide (H2O2) in PBS for 20 min to remove endogenous peroxidase activity. We employed the avidin–biotin–horseradish peroxidase complex (ABC, Vector Labs, Burlingame, CA, USA) standard staining technique for immunohistochemistry. Free-floating sections of PDD and non-PDD midbrain and striatum were used for IHC with tyrosine hydroxylase (TH) antibody (1:500 dilutions; Chemicon International, Temecula, CA, USA) to detect the loss of DA neurons and fibers. GMF antibody (1:200 dilutions, Proteintech, Rosemont, IL, USA) and polyclonal antibody to the glial fibrillary acidic protein (GFAP; 1:100 dilutions; Abcam, Cambridge, MA, USA) was used to identify the reactive astrocytes, and a polyclonal antibody to ionized calcium-binding adaptor molecule 1 (Iba1, 1:500 dilutions Wako Chemicals, Richmond, VA, USA) was utilized for the identification of activated microglia, and anti-alpha-synuclein (rabbit polyclonal, 1:500 dilutions, Chemicon, Temecula, CA, USA) and anti-ubiquitin rabbit polyclonal (1:500 dilutions, Dako, Santa Clara, CA, USA) antibodies were used to detect the Lewy bodies. Beta-amyloid monoclonal antibody (6E10, 1:1000, Covance, Dedham, MA, USA) was for APs, and phosphorylated tau-AT8 antibody (1:1000, Thermoscientific; Rockford, IL, USA) was used for NFTs. Sections were kept in blocking solution (5% normal goat serum, 3% bovine serum albumin, and 0.3% Triton X100 in PBS) for 1 h. After blocking, these sections were incubated with primary antibodies for 48 h at 4 °C followed by incubation with the appropriate biotinylated secondary antibodies (Vector Labs, 1:200) for 2 h at room temperature. These sections were then rinsed three times with PBS for 10 min each and incubated with the ABC staining kit (Vector Labs) solution diluted at 1:2000 in PBS for 1 h at room temperature. Peroxidase labeling was developed by incubating the sections with Vector SG peroxidase (HRP) substrate solution (Vector Labs) to detect the bound antibody–antigen enzyme complex, which results in a blue–grey color. For the negative staining control, the sections were processed without incubating with the primary antibodies. The sections were mounted on slides and dried at room temperature overnight. Slides were then dehydrated with ethanol, cleared in xylene, and coverslipped with Permount mounting medium (Fisher Scientific, Pittsburgh, PA, USA).




4.4. Immunofluorescence Staining


Immunofluorescence labeling was performed in coronal sections of human PDD brain areas for APs with beta-amyloid monoclonal antibody (6E10, Covance, Dedham, MA) and AT8 antibody (Thermoscientific, Rockford, IL, USA) for NFTs. After antigen retrieval with citrate buffer solution (0.01 M, pH6.0) at 90 °C for 10 min for free-floating sections, the sections were treated with 0.3% H2O2 in PBS for 20 min to block endogenous peroxidase reaction. Sections were incubated with blocking solution of 5% normal goat serum, 3% bovine serum albumin, and 0.3% Triton X 100 in PBS for 1 h. After blocking, sections were incubated with the primary antibodies of beta-amyloid monoclonal antibody (6E10, 1:1000 Covance, Dedham, MA, USA) and phosphorylated tau-AT8 antibody (1:1000 dilution, Thermoscientific, Rockford, IL, USA) for NFTs. After washing with PBS, the sections were incubated with secondary antibody goat anti-mouse Alexa Fluor 568 for 1 h at room temperature. The sections were washed with PBS and mounted on the slides. For control staining, the primary antibodies were omitted. The sections were analyzed under a Nikon standard fluorescence microscope.




4.5. Statistical Analysis


All the results are presented as mean ± SEM. Statistical analysis of the data was performed using Student’s independent t-test to determine statistically significant differences between the groups by using GraphPad InStat version 3 software (GraphPad Software, Boston, MA, USA). A p-value of less than 0.05 was considered statistically significant.





5. Conclusions


In conclusion, our present results demonstrate that the increased expression of α-synuclein, ubiquitin, NFTs, and Aps, along with the GMF and a reduced number of TH+ neurons, was found in the SN of PDD brains. An increased number of activated astrocytes and microglia colocalized with the GMF were seen in PDD brains. In addition, we also found that Tau proteins and NFTs with 6E10/APs-stained neuronal cells were increased in the SN, striatum, entorhinal cortex, hippocampus, and temporal cortex. The increased expression of the GMF could play an important role in the pathogenesis of PD and PDD. We conclude that the enhanced expression of the GMF correlates with reactive astrocytosis, along with the increased activation of microglial cells in the presence of APs and NFTs in PDD brains secondary to the occurrence of dementia-related pathology.







Author Contributions


Data curation, R.T., H.K., I.D. and M.E.A.; Writing—original draft, R.T. and H.K.; Writing—review & editing, G.P.S., M.E.A., S.P.R., R.G. and D.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Brains were collected under the Deeded Body Program.




Data Availability Statement


Data will be provided upon reasonable request.




Acknowledgments


We thank Asgar Zaheer, Shankar S. Iyer, Smita Zaheer, Gema Giler, Keerthana Kumar, and Anudeep Yelam in the Department of Neurology and the Center for Translational Neuroscience, School of Medicine, University of Missouri, and Columbia, MO, USA, for their resources and valuable help with this manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Cossu, D.; Hatano, T.; Hattori, N. The Role of Immune Dysfunction in Parkinson’s Disease Development. Int. J. Mol. Sci. 2023, 24, 16766. [Google Scholar] [CrossRef] [PubMed]

	



Carceles-Cordon, M.; Weintraub, D.; Chen-Plotkin, A.S. Cognitive heterogeneity in Parkinson’s disease: A mechanistic view. Neuron 2023, 111, 1531–1546. [Google Scholar] [CrossRef]

	



Xu, D.-C.; Chen, Y.; Xu, Y.; ShenTu, C.-Y.; Peng, L.-H. Signaling pathways in Parkinson’s disease: Molecular mechanisms and therapeutic interventions. Signal Transduct. Target. Ther. 2023, 8, 73. [Google Scholar] [CrossRef]

	



Parkinsons Foundation, Miami, FL, USA. 2023. Available online: https://parkinson.org (accessed on 10 November 2023).

	



Chen, X.; Zhang, Y. A review of the neurotransmitter system associated with cognitive function of the cerebellum in Parkinson’s disease. Neural Regen. Res. 2024, 19, 324–330. [Google Scholar] [CrossRef] [PubMed]

	



Citro, S.; Lazzaro, G.D.; Cimmino, A.T.; Giuffre, G.M.; Marra, C.; Calabresi, P. A multiple hits hypothesis for memory dysfunction in Parkinson disease. Nat. Rev. Neurol. 2024, 20, 50–61. [Google Scholar] [CrossRef]

	



Siciliano, M.; Tessitore, A.; Morgante, F.; Goldman, J.G.; Ricciardi, L. Subjective Cognitive Complaints in Parkinson’s Disease: A Systematic Review and Meta-Analysis. Mov. Disord. 2024. [Google Scholar] [CrossRef]

	



Roheger, M.; Kalbe, E.; Liepelt-Scarfone, I. Progression of Cognitive Decline in Parkinson’s Disease. J. Park. Dis. 2018, 8, 183–193. [Google Scholar] [CrossRef]

	



Bogers, J.S.; Bloem, B.R.; Den Heijer, J.M. The Etiology of Parkinson’s Disease: New Perspectives from Gene-Environment Interactions. J. Park. Dis. 2023, 13, 1281–1288. [Google Scholar] [CrossRef]

	



Castillo-Rangel, C.; Marin, G.; Hernandez-Contreras, K.A.; Vichi-Ramirez, M.M.; Zarate-Calderon, C.; Torres-Pineda, O.; Diaz-Chiguer, D.L.; De la Mora Gonzalez, D.; Gomez Apo, E.; Teco-Cortes, J.A.; et al. Neuroinflammation in Parkinson’s Disease: From Gene to Clinic: A Systematic Review. Int. J. Mol. Sci. 2023, 24, 5792. [Google Scholar] [CrossRef]

	



Araujo, B.; Caridade-Silva, R.; Soares-Guedes, C.; Martins-Macedo, J.; Gomes, E.D.; Monteiro, S.; Teixeira, F.G. Neuroinflammation and Parkinson’s Disease-From Neurodegeneration to Therapeutic Opportunities. Cells 2022, 11, 2908. [Google Scholar] [CrossRef]

	



Frigerio, I.; Bouwman, M.M.A.; Noordermeer, R.; Podobnik, E.; Popovic, M.; Timmermans, E.; Rozemuller, A.J.M.; van de Berg, W.D.J.; Jonkman, L.E. Regional differences in synaptic degeneration are linked to alpha-synuclein burden and axonal damage in Parkinson’s disease and dementia with Lewy bodies. Acta. Neuropathol. Commun. 2024, 12, 4. [Google Scholar] [CrossRef]

	



Arvanitakis, Z.; Shah, R.C.; Bennett, D.A. Diagnosis and Management of Dementia: Review. JAMA 2019, 322, 1589–1599. [Google Scholar] [CrossRef]

	



Zhou, Z.D.; Yi, L.X.; Wang, D.Q.; Lim, T.M.; Tan, E.K. Role of dopamine in the pathophysiology of Parkinson’s disease. Transl. Neurodegener. 2023, 12, 44. [Google Scholar] [CrossRef] [PubMed]

	



Cramb, K.M.L.; Beccano-Kelly, D.; Cragg, S.J.; Wade-Martins, R. Impaired dopamine release in Parkinson’s disease. Brain 2023, 146, 3117–3132. [Google Scholar] [CrossRef] [PubMed]

	



Graeber, M.B.; Grasbon-Frodl, E.; Abell-Aleff, P.; Kosel, S. Nigral neurons are likely to die of a mechanism other than classical apoptosis in Parkinson’s disease. Parkinsonism. Relat. Disord. 1999, 5, 187–192. [Google Scholar] [CrossRef] [PubMed]

	



Hartmann, A.; Hunot, S.; Michel, P.P.; Muriel, M.P.; Vyas, S.; Faucheux, B.A.; Mouatt-Prigent, A.; Turmel, H.; Srinivasan, A.; Ruberg, M.; et al. Caspase-3: A vulnerability factor and final effector in apoptotic death of dopaminergic neurons in Parkinson’s disease. Proc. Natl. Acad. Sci. USA 2000, 97, 2875–2880. [Google Scholar] [CrossRef] [PubMed]

	



Hartmann, A.; Michel, P.P.; Troadec, J.D.; Mouatt-Prigent, A.; Faucheux, B.A.; Ruberg, M.; Agid, Y.; Hirsch, E.C. Is Bax a mitochondrial mediator in apoptotic death of dopaminergic neurons in Parkinson’s disease? J. Neurochem. 2001, 76, 1785–1793. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Zheng, J.; Pettersson, S.; Reynolds, R.; Tan, E.K. The link between neuroinflammation and the neurovascular unit in synucleinopathies. Sci. Adv. 2023, 9, eabq1141. [Google Scholar] [CrossRef]

	



Goate, A.; Chartier-Harlin, M.C.; Mullan, M.; Brown, J.; Crawford, F.; Fidani, L.; Giuffra, L.; Haynes, A.; Irving, N.; James, L.; et al. Segregation of a missense mutation in the amyloid precursor protein gene with familial Alzheimer’s disease. Nature 1991, 349, 704–706. [Google Scholar] [CrossRef] [PubMed]

	



Sherrington, R.; Rogaev, E.I.; Liang, Y.; Rogaeva, E.A.; Levesque, G.; Ikeda, M.; Chi, H.; Lin, C.; Li, G.; Holman, K.; et al. Cloning of a gene bearing missense mutations in early-onset familial Alzheimer’s disease. Nature 1995, 375, 754–760. [Google Scholar] [CrossRef]

	



Rogaev, E.I.; Sherrington, R.; Rogaeva, E.A.; Levesque, G.; Ikeda, M.; Liang, Y.; Chi, H.; Lin, C.; Holman, K.; Tsuda, T.; et al. Familial Alzheimer’s disease in kindreds with missense mutations in a gene on chromosome 1 related to the Alzheimer’s disease type 3 gene. Nature 1995, 376, 775–778. [Google Scholar] [CrossRef] [PubMed]

	



Levy-Lahad, E.; Wasco, W.; Poorkaj, P.; Romano, D.M.; Oshima, J.; Pettingell, W.H.; Yu, C.E.; Jondro, P.D.; Schmidt, S.D.; Wang, K.; et al. Candidate gene for the chromosome 1 familial Alzheimer’s disease locus. Science 1995, 269, 973–977. [Google Scholar] [CrossRef] [PubMed]

	



Kitada, T.; Asakawa, S.; Hattori, N.; Matsumine, H.; Yamamura, Y.; Minoshima, S.; Yokochi, M.; Mizuno, Y.; Shimizu, N. Mutations in the parkin gene cause autosomal recessive juvenile parkinsonism. Nature 1998, 392, 605–608. [Google Scholar] [CrossRef]

	



Valente, E.M.; Abou-Sleiman, P.M.; Caputo, V.; Muqit, M.M.; Harvey, K.; Gispert, S.; Ali, Z.; Del Turco, D.; Bentivoglio, A.R.; Healy, D.G.; et al. Hereditary early-onset Parkinson’s disease caused by mutations in PINK1. Science 2004, 304, 1158–1160. [Google Scholar] [CrossRef]

	



Zimprich, A.; Biskup, S.; Leitner, P.; Lichtner, P.; Farrer, M.; Lincoln, S.; Kachergus, J.; Hulihan, M.; Uitti, R.J.; Calne, D.B.; et al. Mutations in LRRK2 cause autosomal-dominant parkinsonism with pleomorphic pathology. Neuron 2004, 44, 601–607. [Google Scholar] [CrossRef]

	



Paisan-Ruiz, C.; Jain, S.; Evans, E.W.; Gilks, W.P.; Simon, J.; van der Brug, M.; Lopez de Munain, A.; Aparicio, S.; Gil, A.M.; Khan, N.; et al. Cloning of the gene containing mutations that cause PARK8-linked Parkinson’s disease. Neuron 2004, 44, 595–600. [Google Scholar] [CrossRef]

	



Leroy, E.; Boyer, R.; Auburger, G.; Leube, B.; Ulm, G.; Mezey, E.; Harta, G.; Brownstein, M.J.; Jonnalagada, S.; Chernova, T.; et al. The ubiquitin pathway in Parkinson’s disease. Nature 1998, 395, 451–452. [Google Scholar] [CrossRef]

	



Le, W.D.; Xu, P.; Jankovic, J.; Jiang, H.; Appel, S.H.; Smith, R.G.; Vassilatis, D.K. Mutations in NR4A2 associated with familial Parkinson disease. Nat. Genet. 2003, 33, 85–89. [Google Scholar] [CrossRef] [PubMed]

	



Ramaswamy, S.B.; Bhagavan, S.M.; Kaur, H.; Giler, G.E.; Kempuraj, D.; Thangavel, R.; Ahmed, M.E.; Selvakumar, G.P.; Raikwar, S.P.; Zaheer, S.; et al. Glia Maturation Factor in the Pathogenesis of Alzheimer’s disease. Open Access J. Neurol. Neurosurg. 2019, 12, 79–82. [Google Scholar]

	



Ahmed, M.E.; Iyer, S.; Thangavel, R.; Kempuraj, D.; Selvakumar, G.P.; Raikwar, S.P.; Zaheer, S.; Zaheer, A. Co-Localization of Glia Maturation Factor with NLRP3 Inflammasome and Autophagosome Markers in Human Alzheimer’s Disease Brain. J. Alzheimers Dis. 2017, 60, 1143–1160. [Google Scholar] [CrossRef]

	



Zaheer, S.; Wu, Y.; Sahu, S.K.; Zaheer, A. Suppression of neuro inflammation in experimental autoimmune encephalomyelitis by glia maturation factor antibody. Brain Res. 2011, 1373, 230–239. [Google Scholar] [CrossRef]

	



McGeer, P.L.; McGeer, E.G. Glial reactions in Parkinson’s disease. Mov. Disord. 2008, 23, 474–483. [Google Scholar] [CrossRef]

	



McGeer, P.L.; Itagaki, S.; Boyes, B.E.; McGeer, E.G. Reactive microglia are positive for HLA-DR in the substantia nigra of Parkinson’s and Alzheimer’s disease brains. Neurology 1988, 38, 1285–1291. [Google Scholar]

	



Itagaki, S.; McGeer, P.L.; Akiyama, H.; Zhu, S.; Selkoe, D. Relationship of microglia and astrocytes to amyloid deposits of Alzheimer disease. J. Neuroimmunol. 1989, 24, 173–182. [Google Scholar] [CrossRef] [PubMed]

	



Sawada, M.; Imamura, K.; Nagatsu, T. Role of cytokines in inflammatory process in Parkinson’s disease. In Parkinson’s Disease and Related Disorders; Journal of Neural Transmission. Supplementa; Springer: Vienna, Austria, 2006; pp. 373–381. [Google Scholar]

	



Kempuraj, D.; Selvakumar, G.P.; Zaheer, S.; Thangavel, R.; Ahmed, M.E.; Raikwar, S.; Govindarajan, R.; Iyer, S.; Zaheer, A. Cross-Talk between Glia, Neurons and Mast Cells in Neuroinflammation Associated with Parkinson’s Disease. J. Neuroimmune Pharmacol. 2018, 13, 100–112. [Google Scholar] [CrossRef] [PubMed]

	



Lim, R.; Zaheer, A. In vitro enhancement of p38 mitogen-activated protein kinase activity by phosphorylated glia maturation factor. J. Biol. Chem. 1996, 271, 22953–22956. [Google Scholar] [CrossRef]

	



Zaheer, A.; Fink, B.D.; Lim, R. Expression of glia maturation factor beta mRNA and protein in rat organs and cells. J. Neurochem. 1993, 60, 914–920. [Google Scholar] [CrossRef] [PubMed]

	



Zaheer, A.; Lim, R. Protein kinase A (PKA)- and protein kinase C-phosphorylated glia maturation factor promotes the catalytic activity of PKA. J. Biol. Chem. 1997, 272, 5183–5186. [Google Scholar]

	



Zaheer, A.; Zaheer, S.; Sahu, S.K.; Knight, S.; Khosravi, H.; Mathur, S.N.; Lim, R. A novel role of glia maturation factor: Induction of granulocyte-macrophage colony-stimulating factor and pro-inflammatory cytokines. J. Neurochem. 2007, 101, 364–376. [Google Scholar] [CrossRef]

	



Thangavel, R.; Kempuraj, D.; Stolmeier, D.; Anantharam, P.; Khan, M.; Zaheer, A. Glia maturation factor expression in entorhinal cortex of Alzheimer’s disease brain. Neurochem. Res. 2013, 38, 1777–1784. [Google Scholar] [CrossRef] [PubMed]

	



Raikwar, S.P.; Thangavel, R.; Ahmed, M.E.; Selvakumar, G.P.; Kempuraj, D.; Wu, K.; Khan, O.; Bazley, K.; Bussinger, B.; Kukulka, K.; et al. Real-Time Noninvasive Bioluminescence, Ultrasound and Photoacoustic Imaging in NFkappaB-RE-Luc Transgenic Mice Reveal Glia Maturation Factor-Mediated Immediate and Sustained Spatio-Temporal Activation of NFkappaB Signaling Post-Traumatic Brain Injury in a Gender-Specific Manner. Cell. Mol. Neurobiol. 2020, 41, 1687–1706. [Google Scholar] [CrossRef]

	



Goldman, J.G.; Sieg, E. Cognitive Impairment and Dementia in Parkinson Disease. Clin. Geriatr. Med. 2020, 36, 365–377. [Google Scholar] [CrossRef]

	



Arnold, S.E.; Hyman, B.T.; Flory, J.; Damasio, A.R.; Van Hoesen, G.W. The topographical and neuroanatomical distribution of neurofibrillary tangles and neuritic plaques in the cerebral cortex of patients with Alzheimer’s disease. Cereb. Cortex 1991, 1, 103–116. [Google Scholar] [CrossRef] [PubMed]

	



Braak, H.; Del Tredici, K.; Rub, U.; de Vos, R.A.; Jansen Steur, E.N.; Braak, E. Staging of brain pathology related to sporadic Parkinson’s disease. Neurobiol. Aging 2003, 24, 197–211. [Google Scholar] [CrossRef] [PubMed]

	



Thal, D.R.; Rub, U.; Orantes, M.; Braak, H. Phases of A beta-deposition in the human brain and its relevance for the development of AD. Neurology 2002, 58, 1791–1800. [Google Scholar]

	



Banati, R.B.; Daniel, S.E.; Blunt, S.B. Glial pathology but absence of apoptotic nigral neurons in long-standing Parkinson’s disease. Mov. Disord. 1998, 13, 221–227. [Google Scholar] [CrossRef] [PubMed]

	



Doorn, K.J.; Moors, T.; Drukarch, B.; van de Berg, W.; Lucassen, P.J.; van Dam, A.M. Microglial phenotypes and toll-like receptor 2 in the substantia nigra and hippocampus of incidental Lewy body disease cases and Parkinson’s disease patients. Acta Neuropathol. Commun. 2014, 2, 90. [Google Scholar] [CrossRef] [PubMed]

	



Reynolds, A.D.; Glanzer, J.G.; Kadiu, I.; Ricardo-Dukelow, M.; Chaudhuri, A.; Ciborowski, P.; Cerny, R.; Gelman, B.; Thomas, M.P.; Mosley, R.L.; et al. Nitrated alpha-synuclein-activated microglial profiling for Parkinson’s disease. J. Neurochem. 2008, 104, 1504–1525. [Google Scholar] [CrossRef]

	



Mason, A.; Holmes, C.; Edwards, C.J. Inflammation and dementia: Using rheumatoid arthritis as a model to develop treatments? Autoimmun. Rev. 2018, 17, 919–925. [Google Scholar] [CrossRef]

	



Vann Jones, S.A.; O’Brien, J.T. The prevalence and incidence of dementia with Lewy bodies: A systematic review of population and clinical studies. Psychol. Med. 2014, 44, 673–683. [Google Scholar] [CrossRef]

	



Gnanalingham, K.K.; Byrne, E.J.; Thornton, A.; Sambrook, M.A.; Bannister, P. Motor and cognitive function in Lewy body dementia: Comparison with Alzheimer’s and Parkinson’s diseases. J. Neurol Neurosurg. Psychiatry 1997, 62, 243–252. [Google Scholar] [CrossRef]

	



Coughlin, D.G.; Irwin, D.J. Fluid and Biopsy Based Biomarkers in Parkinson’s Disease. Neurotherapeutics 2023, 20, 932–954. [Google Scholar] [CrossRef]

	



Sun, M.K. Potential Therapeutics for Vascular Cognitive Impairment and Dementia. Curr. Neuropharmacol. 2018, 16, 1036–1044. [Google Scholar] [CrossRef]

	



Walker, D.G.; Lue, L.F. Investigations with cultured human microglia on pathogenic mechanisms of Alzheimer’s disease and other neurodegenerative diseases. J. Neurosci. Res. 2005, 81, 412–425. [Google Scholar] [CrossRef]

	



Ruffmann, C.; Calboli, F.C.; Bravi, I.; Gveric, D.; Curry, L.K.; de Smith, A.; Pavlou, S.; Buxton, J.L.; Blakemore, A.I.; Takousis, P.; et al. Cortical Lewy bodies and Abeta burden are associated with prevalence and timing of dementia in Lewy body diseases. Neuropathol. Appl. Neurobiol. 2016, 42, 436–450. [Google Scholar] [CrossRef] [PubMed]

	



Bohnen, N.I.; Muller, M.; Frey, K.A. Molecular Imaging and Updated Diagnostic Criteria in Lewy Body Dementias. Curr. Neurol. Neurosci. Rep. 2017, 17, 73. [Google Scholar] [CrossRef]

	



Tansey, M.G.; Wallings, R.L.; Houser, M.C.; Herrick, M.K.; Keating, C.E.; Joers, V. Inflammation and immune dysfunction in Parkinson disease. Nat. Rev. Immunol. 2022, 22, 657–673. [Google Scholar] [CrossRef] [PubMed]

	



Wang, T.; Shi, C.; Luo, H.; Zheng, H.; Fan, L.; Tang, M.; Su, Y.; Yang, J.; Mao, C.; Xu, Y. Neuroinflammation in Parkinson’s Disease: Triggers, Mechanisms, and Immunotherapies. Neuroscientist 2022, 28, 364–381. [Google Scholar] [CrossRef] [PubMed]

	



Tassone, A.; Meringolo, M.; Ponterio, G.; Bonsi, P.; Schirinzi, T.; Martella, G. Mitochondrial Bioenergy in Neurodegenerative Disease: Huntington and Parkinson. Int. J. Mol. Sci. 2023, 24, 7221. [Google Scholar] [CrossRef]

	



Marogianni, C.; Sokratous, M.; Dardiotis, E.; Hadjigeorgiou, G.M.; Bogdanos, D.; Xiromerisiou, G. Neurodegeneration and Inflammation-An Interesting Interplay in Parkinson’s Disease. Int. J. Mol. Sci. 2020, 21, 8421. [Google Scholar] [CrossRef]

	



Blandini, F. Neural and immune mechanisms in the pathogenesis of Parkinson’s disease. J. Neuroimmune Pharmacol. 2013, 8, 189–201. [Google Scholar] [CrossRef]

	



Selvakumar, G.P.; Ahmed, M.E.; Iyer, S.S.; Thangavel, R.; Kempuraj, D.; Raikwar, S.P.; Bazley, K.; Wu, K.; Khan, A.; Kukulka, K.; et al. Absence of Glia Maturation Factor Protects from Axonal Injury and Motor Behavioral Impairments after Traumatic Brain Injury. Exp. Neurobiol. 2020, 29, 230–248. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, M.E.; Selvakumar, G.P.; Thangavel, R.; Kempuraj, D.; Raikwar, S.P.; Zaheer, S.; Iyer, S.; Zaheer, A. Immune Suppression of Glia Maturation Factor Reverses Behavioral Impairment, Attenuates Amyloid Plaque Pathology and Neuroinflammation in an Alzheimer’s Disease Mouse Model. J. Neuroimmune Pharmacol. 2021, 16, 363–375. [Google Scholar] [CrossRef] [PubMed]

	



Javed, H.; Thangavel, R.; Selvakumar, G.P.; Dubova, I.; Schwartz, N.; Ahmed, M.E.; Zaheer, S.; Kempuraj, D.; Iyer, S.; Zaheer, A.; et al. NLRP3 inflammasome and glia maturation factor coordinately regulate neuroinflammation and neuronal loss in MPTP mouse model of Parkinson’s disease. Int. Immunopharmacol. 2020, 83, 106441. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, M.E.; Selvakumar, G.P.; Kempuraj, D.; Thangavel, R.; Mentor, S.; Dubova, I.; Raikwar, S.P.; Zaheer, S.; Iyer, S.; Zaheer, A. Synergy in Disruption of Mitochondrial Dynamics by Abeta (1–42) and Glia Maturation Factor (GMF) in SH-SY5Y Cells Is Mediated Through Alterations in Fission and Fusion Proteins. Mol. Neurobiol. 2019, 56, 6964–6975. [Google Scholar] [CrossRef]

	



Fan, Z.; Aman, Y.; Ahmed, I.; Chetelat, G.; Landeau, B.; Ray Chaudhuri, K.; Brooks, D.J.; Edison, P. Influence of microglial activation on neuronal function in Alzheimer’s and Parkinson’s disease dementia. Alzheimers Dement. 2015, 11, 608–621.e607. [Google Scholar] [CrossRef]

	



Gerhard, A.; Banati, R.B.; Goerres, G.B.; Cagnin, A.; Myers, R.; Gunn, R.N.; Turkheimer, F.; Good, C.D.; Mathias, C.J.; Quinn, N.; et al. [11C](R)-PK11195 PET imaging of microglial activation in multiple system atrophy. Neurology 2003, 61, 686–689. [Google Scholar] [CrossRef]

	



Walker, D.G.; Lue, L.F.; Serrano, G.; Adler, C.H.; Caviness, J.N.; Sue, L.I.; Beach, T.G. Altered Expression Patterns of Inflammation-Associated and Trophic Molecules in Substantia Nigra and Striatum Brain Samples from Parkinson’s Disease, Incidental Lewy Body Disease and Normal Control Cases. Front. Neurosci. 2015, 9, 507. [Google Scholar] [CrossRef]

	



Surendranathan, A.; Rowe, J.B.; O’Brien, J.T. Neuroinflammation in Lewy body dementia. Parkinsonism. Relat. Disord. 2015, 21, 1398–1406. [Google Scholar] [CrossRef]

	



Kam, T.I.; Hinkle, J.T.; Dawson, T.M.; Dawson, V.L. Microglia and astrocyte dysfunction in parkinson’s disease. Neurobiol. Dis. 2020, 144, 105028. [Google Scholar] [CrossRef]

	



Ho, P.W.; Ho, J.W.; Liu, H.F.; So, D.H.; Tse, Z.H.; Chan, K.H.; Ramsden, D.B.; Ho, S.L. Mitochondrial neuronal uncoupling proteins: A target for potential disease-modification in Parkinson’s disease. Transl. Neurodegener. 2012, 1, 3. [Google Scholar] [CrossRef] [PubMed]

	



Badanjak, K.; Fixemer, S.; Smajic, S.; Skupin, A.; Grunewald, A. The Contribution of Microglia to Neuroinflammation in Parkinson’s Disease. Int. J. Mol. Sci. 2021, 22, 4676. [Google Scholar] [CrossRef]

	



Isik, S.; Yeman Kiyak, B.; Akbayir, R.; Seyhali, R.; Arpaci, T. Microglia Mediated Neuroinflammation in Parkinson’s Disease. Cells 2023, 12, 1012. [Google Scholar] [CrossRef] [PubMed]

	



Kwon, H.S.; Koh, S.H. Neuroinflammation in neurodegenerative disorders: The roles of microglia and astrocytes. Transl. Neurodegener. 2020, 9, 42. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.S.; Joh, T.H. Microglia, major player in the brain inflammation: Their roles in the pathogenesis of Parkinson’s disease. Exp. Mol. Med. 2006, 38, 333–347. [Google Scholar] [CrossRef] [PubMed]

	



Subramaniam, S.R.; Federoff, H.J. Targeting Microglial Activation States as a Therapeutic Avenue in Parkinson’s Disease. Front. Aging Neurosci. 2017, 9, 176. [Google Scholar] [CrossRef]

	



Williams, G.P.; Schonhoff, A.M.; Sette, A.; Lindestam Arlehamn, C.S. Central and Peripheral Inflammation: Connecting the Immune Responses of Parkinson’s Disease. J. Park. Dis. 2022, 12, S129–S136. [Google Scholar] [CrossRef]

	



Beach, T.G.; Sue, L.I.; Walker, D.G.; Sabbagh, M.N.; Serrano, G.; Dugger, B.N.; Mariner, M.; Yantos, K.; Henry-Watson, J.; Chiarolanza, G.; et al. Striatal amyloid plaque density predicts Braak neurofibrillary stage and clinicopathological Alzheimer’s disease: Implications for amyloid imaging. J. Alzheimers Dis. 2012, 28, 869–876. [Google Scholar] [CrossRef]

	



Kalaitzakis, M.E.; Graeber, M.B.; Gentleman, S.M.; Pearce, R.K. Striatal beta-amyloid deposition in Parkinson disease with dementia. J. Neuropathol. Exp. Neurol 2008, 67, 155–161. [Google Scholar] [CrossRef]

	



Jellinger, K.A. Alpha-synuclein pathology in Parkinson’s and Alzheimer’s disease brain: Incidence and topographic distribution--a pilot study. Acta Neuropathol. 2003, 106, 191–201. [Google Scholar] [CrossRef]

	



Irwin, D.J.; White, M.T.; Toledo, J.B.; Xie, S.X.; Robinson, J.L.; Van Deerlin, V.; Lee, V.M.; Leverenz, J.B.; Montine, T.J.; Duda, J.E.; et al. Neuropathologic substrates of Parkinson disease dementia. Ann. Neurol. 2012, 72, 587–598. [Google Scholar] [CrossRef] [PubMed]

	



Abyadeh, M.; Gupta, V.; Paulo, J.A.; Mahmoudabad, A.G.; Shadfar, S.; Mirshahvaladi, S.; Gupta, V.; Nguyen, C.T.O.; Finkelstein, D.I.; You, Y.; et al. Amyloid-beta and tau protein beyond Alzheimer’s disease. Neural Regen. Res. 2024, 19, 1262–1276. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Gao, F.; Wang, D.; Li, C.; Fu, Y.; He, W.; Zhang, J. Tau Pathology in Parkinson’s Disease. Front. Neurol. 2018, 9, 809. [Google Scholar] [CrossRef] [PubMed]

	



Buongiorno, M.; Compta, Y.; Marti, M.J. Amyloid-beta and tau biomarkers in Parkinson’s disease-dementia. J. Neurol. Sci. 2011, 310, 25–30. [Google Scholar] [CrossRef] [PubMed]

	



Thangavel, R.; Stolmeier, D.; Yang, X.; Anantharam, P.; Zaheer, A. Expression of glia maturation factor in neuropathological lesions of Alzheimer’s disease. Neuropathol. Appl. Neurobiol. 2012, 38, 572–581. [Google Scholar] [CrossRef] [PubMed]

	



Zaheer, S.; Thangavel, R.; Wu, Y.; Khan, M.M.; Kempuraj, D.; Zaheer, A. Enhanced expression of glia maturation factor correlates with glial activation in the brain of triple transgenic Alzheimer’s disease mice. Neurochem. Res. 2013, 38, 218–225. [Google Scholar] [CrossRef] [PubMed]

	



Thangavel, R.; Bhagavan, S.M.; Ramaswamy, S.B.; Surpur, S.; Govindarajan, R.; Kempuraj, D.; Zaheer, S.; Raikwar, S.; Ahmed, M.E.; Selvakumar, G.P.; et al. Co-Expression of Glia Maturation Factor and Apolipoprotein E4 in Alzheimer’s Disease Brain. J. Alzheimers Dis. 2018, 61, 553–560. [Google Scholar] [CrossRef]

	



Stolmeier, D.; Thangavel, R.; Anantharam, P.; Khan, M.M.; Kempuraj, D.; Zaheer, A. Glia maturation factor expression in hippocampus of human Alzheimer’s disease. Neurochem. Res. 2013, 38, 1580–1589. [Google Scholar] [CrossRef]

	



Thangavel, R.; Van Hoesen, G.W.; Zaheer, A. The abnormally phosphorylated tau lesion of early Alzheimer’s disease. Neurochem. Res. 2009, 34, 118–123. [Google Scholar] [CrossRef]

	



Thangavel, R.; Sahu, S.K.; Van Hoesen, G.W.; Zaheer, A. Modular and laminar pathology of Brodmann’s area 37 in Alzheimer’s disease. Neuroscience 2008, 152, 50–55. [Google Scholar] [CrossRef]








[image: Ijms 25 01182 g001] 





Figure 1. Expression of TH, α-synuclein (α-Syn), and ubiquitin in tissue sections of SN from PDD and non-PDD brains. Representative images show the immunoreactivity for TH-positive neurons, immunoreactive Lewy bodies labeled with α-synuclein (arrowheads), and ubiquitin (arrowheads) in the SN of PDD brains. Bar graphs show that the number of neuromelanin-pigmented TH+ neurons was significantly reduced, while α-Synuclein and ubiquitin+ neurons were significantly increased in PDD brains compared with non-PDD brains. More Lewy bodies were observed in the dopaminergic neurons in the SN of PDD brains. The results are presented as mean ± SEM. Statistical analysis of the data was performed using Student’s independent t-test with GraphPad InStat version 3 software. * p < 0.05 was compared with non-PDD and considered statistically significant. Magnification = 200×. 
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Figure 2. Expression and detection of APs and NFTs in the SN of PDD brains. Representative images of thioflavin-S (green fluorescence) stained with APs (white arrows) and NFTs (white arrowheads) are shown in the SN region of the PDD brain (A). Non-PDD brains did not show either NFTs or APs (B). Bar graphs show the thioflavin-S-stained number of NFTs (C), and the number of APs (D) was significantly increased in the PDD brain compared with the non-PDD brain. The results are presented as mean ± SEM. Statistical analysis of the data was performed using Student’s t-test by using GraphPad InStat version 3 software. * p < 0.05 was compared with non-PDD and considered statistically significant. Magnification = 200×. 
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Figure 3. Expression of GMF-associated activated astrocytes and microglia in the SN of PDD and non-PDD brains. Representative images display immunoreactivity for GMF, GFAP, and Iba-1 in the SN of PDD brains (A). GFAP immunoreactive astrocytes are blue–gray, and Iba-1 positive activated microglia (blue–gray color) were observed near brown neuromelanin-containing dopaminergic neurons in the SN. Bar graphs show that the number of GFAP, IBA1, and GMF co-expressed cells was significantly increased in PDD brains compared with non-PDD brains (B). Results are presented as mean ± SEM. Statistical analysis of the data was performed using Student’s t-test by using GraphPad InStat 3. * p < 0.05 was compared with non-PDD and considered statistically significant. Magnification = 200×. 
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Figure 4. NFTs and APs