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ABSTRACT 

 

α-Synuclein is a 140-amino acid protein highly expressed in presynaptic terminals and is also 

associated with Lewy body pathology found in Lewy Body Dementia (LBD) and Parkinson’s 

disease (PD) patients. We and others have shown that α-synuclein is a damage associated 

molecular pattern (DAMP) that directly elicits a proinflammatory response in microglia (i.e., 

upregulation of tumor necrosis factor-alpha (TNFα), interleukin-1 beta (IL1β), MMP9). α-

Synuclein also increases microglial expression of MMP13, an endopeptidase that remodels the 

extracellular matrix. To better understand the role of MMP13 in synucleinopathies and which cell 

type is impacted, we used primary mouse cultures. Here we show that cMMP13 did not directly 

affect hippocampal neuron structure or cytoskeletal proteins. However, exposure of microglia to 

cMMP13 did lead to morphological changes as well as the release of proinflammatory molecules 

such as TNFα and MMP-9. Notably, IL1β was not released indicating that the pathway involved 

in MMP13 activation may be inflammasome independent.  Future work will focus on measures of 

microglial function such as phagocytosis and process motility to better investigate the impact of 

this MMP on microglia. 

  



iv  

 

 

ACKNOWLEDGEMENTS 

I would like to start by thanking those in the Georgetown University community. 

To my colleagues in both the Neuroscience and Biology Departments, thank you for welcoming 

me and providing feedback when I needed it. I would especially like to thank Dr. Ronda Rolfes, 

Dr. Dan Isaac, Dr. Elena Silva, and Dr. Heidi Elmendorf. You all encouraged me in a way that 

allowed me to see passed my imposture syndrome throughout graduate school. I would also like 

to express gratitude to my committee, Dr. Tom Coate, Dr. Kathy Conant, and Dr. Jeff Huang. 

You all provided me with feedback that allowed me to improve my research while being great 

examples of how to be passionate about science. To members of the Maguire-Zeiss Lab, I could 

not imagine completing a PhD without you there to provide the support that you did. Dr. Deran 

Erdengiz, Sean Carey, and Mondona McCann, you made the long hours in the lab go by quickly 

and were always willing to provide useful feedback. I consider you all friends for life. A similar 

thank you to Dr. Lorenzo Bozzelli for his support and willingness to answer my numerous 

questions about MMPs. To my GAGE family, you taught me how important it is to make sure 

that we all thrive in graduate school and that we can always improve conditions for ourselves and 

others. 

To my advisor, Kathy, thank you for your patience and taking the time to support me throughout 

this process. You always reminded me to pursue excellence and put in the extra work. I deeply 

appreciate everything you have done to make this possible and will never forget that. 

There are also people outside of Georgetown that helped me along the way. 

To the NSF GRFP, thank you for providing funding for this project and believing in me. To all 

of my previous mentors, especially my undergraduate mentor Dr. Elba Serrano and my high 

school AP Biology teacher Shelby Alexander, you made me believe in myself and provided me 

with the confidence to dream big. To my parents, sister, and countless extended family that gave 

their unconditional support and love, I would not be here today if not for you. From a young age, 

I was taught that I could do anything I set my mind to. 

This thesis is dedicated to all Latinx scientists-keep on pushing boundaries. You can do it! 

Thank you. 

 



v  

 

 

 TABLE OF CONTENTS 

 

 

CHAPTER I: INTRODUCTION ................................................................................................. 1 

 

    Summary .................................................................................................................................. 1 

 

    Hypothesis and aims ................................................................................................................ 3 

 

    Background .............................................................................................................................. 4 

 

CHAPTER II: MMP13 EXPRESSION IS INCREASED FOLLOWING MUTANT α-

SYNUCLEIN EXPOSURE AND PROMOTES INFLAMMATORY RESPONSES IN 

MICROGLIA ............................................................................................................................. 32 

 

    Summary ................................................................................................................................ 32 

 

    Hypothesis.............................................................................................................................. 33 

 

    Background  ........................................................................................................................... 33 

 

    Materials and methods ........................................................................................................... 36 

 

    Results .................................................................................................................................... 46 

 

    Discussion ...............................................................................................................................52  

 

CHAPTER III: THE EFFECT OF MMPS ON NEURON STRUCTURE AND 

CHARACTERIZATION OF MMP13 ON NEURON VIABILITY AND HEALTH .............. 70 

 

    Summary ................................................................................................................................ 70 

 

    Hypothesis.............................................................................................................................. 71 

 

    Background  ........................................................................................................................... 71 

 

    Materials and methods ............................................................................................................77  

 

    Results .................................................................................................................................... 83 

 

    Discussion ...............................................................................................................................86  

 

 



vi  

 

 

CHAPTER IV: DISCUSSION AND FUTURE DIRECTIONS ............................................. 103 

 

    Summary .............................................................................................................................. 103 

 

    Discussion ............................................................................................................................ 103 

 

    Future experiments............................................................................................................... 110 

 

    Conclusion  .......................................................................................................................... 124 

 

 

CHAPTER V: EXTRA STUDIES .......................................................................................... 126 

 

    Summary .............................................................................................................................. 126 

 

    Background ...........................................................................................................................126  

 

    Materials and methods ......................................................................................................... 127 

 

    Results .................................................................................................................................. 131 

 

    Discussion .............................................................................................................................132  

 

 

Bibliography ............................................................................................................................ 135 

  



vii  

 

 

LIST OF FIGURES 

  

 

Figure 1.1 Graphical hypothesis ................................................................................................ 28 

 

Figure 1.2 Protein domains and aggregation process of α-synuclein protein as described by Bridi 

et al. ............................................................................................................................................ 29 

 

Figure 1.3 Braak staging of PD as described in Braak et al ...................................................... 30 

 

Figure 2.1 Graphical hypothesis ................................................................................................ 58 

 

Figure 2.2 Misfolded A53T contains α-synuclein oligomers .................................................... 59 

 

Figure 2.3 A53T alters microglial morphology ......................................................................... 60 

 

Figure 2.4 TLRs are upregulated following A53T treatment of microglia ................................ 61 

 

Figure 2.5 Nuclear translocation of NκFB is increased in microglia stimulated by misfolded 

A53T .......................................................................................................................................... 62 

 

Figure 2.6 The expression and release of proinflammatory cytokines are upregulated in A53T-

exposed microglia .......................................................................................................................63 

 

Figure 2.7 Microglia-derived MMPs are upregulated in response to A53T ...............................64 

 

Figure 2.8 cMMP13-stimulated microglia exhibit an amoeboid morphology ...........................65 

 

Figure 2.9 The expression of a subset of microglia-derived proinflammatory molecules is 

increased following cMMP13 treatment .....................................................................................66  

 

Figure 2.10 cMMP13-stimulated microglia increased the lysosomal marker, CD68................ 67 

 

Figure 2.11 Both wild-type and A53T α-synuclein induce expression of inflammatory proteins.  

68 

 

Figure 2.12 Graphical summary ................................................................................................ 69 

 

Figure 3.1 Graphical hypothesis ................................................................................................ 92 

 

Figure 3.2 Primary hippocampal cultures did not contain perineuronal nets ............................ 93 

 

Figure 3.3 Primary hippocampal cultures contain a minor astrocyte monolayer ...................... 94 



viii  

 

 

 

Figure 3.4 Primary treatment paradigm of neuronal experiments ............................................. 95 

 

Figure 3.5 cMMP13 is not cytotoxic to neurons........................................................................ 96 

 

Figure 3.6 cMMP13 abrogates cMMP9 mediated alterations to neurite structure .................... 97 

 

Figure 3.7 MMPs 9 and 13 do not change neurite branching pattern ........................................ 98 

 

Figure 3.8 The ratio of p-cofilin positive neurons was increased upon cMMP13 stimulation, but 

not cMMP9 ................................................................................................................................ 99 

 

Figure 3.9 cMMP13 does not influence the number of dendritic spines ................................. 100 

 

Figure 3.10 cMMP13 treatment does not alter neuronal cytoskeletal proteins such as tau ..... 101 

 

Figure 3.11 Graphical summary .............................................................................................. 102 

 

Figure 4.1 Overall conclusions based on all experiments........................................................ 125 

 

Figure 5.1 PAR1 is expressed by MN9Ds, a dopaminergic cell line ...................................... 133 

 

Figure 5.2 TRAP 6 can agonize PAR1 for further studies on the role of this receptor in cMMP13 

mediated activation .................................................................................................................. 134 

 

 

 

 

 

 

 

 

  



ix  

 

 

LIST OF TABLES 

  

 

 

Table 1. MMP involvement in Parkinson’s disease................................................................... 31 

 

Table 2. qRT-PCR primers ........................................................................................................ 41 

 

Table 3. Primary antibodies used in microglia studies .............................................................. 45 

 

Table 4. Primary antibodies used in neuron studies .................................................................. 82 

 

Table 5. Endpoint PCR primers (IDT) ..................................................................................... 129 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



x  

 

 

LIST OF ABBREVIATIONS 

 

 

AC: Adenylyl cyclase  

AD: Alzheimer’s disease  

ADF: Actin depolymerizing factor  

ADP: Adenosine diphosphate 

AKT: Protein kinase B 

ANOVA: Analysis of variance 

AP-1: Activating protein-1  

Ara-C: cytosine arabinoside 

ARP3: Actin-related protein  

ATP: Adenosine triphosphate  

A.U: Arbitrary units  

cAMP: Cyclic adenosine monophosphate 

CD68: Cluster of Differentiation 68  

Cdc42: Cell Division Cycle 42  

ChIP-sequencing: Chromatin immunoprecipitation followed by sequencing 

cMMP13: Catalytic MMP13 

CNS: Central nervous system  

CSF: Cerebral spinal fluid  

CU-CPT22: 3,4,6-Trihydroxy-2-methoxy-5-oxo-5H-benzocycloheptene-8-carboxylic acid hexyl 

ester 
 

CX3CR1: C-X3-C Motif Chemokine Receptor 1, also known as the Fractalkine receptor  

 



xi  

 

 

Cxcl10: C-X-C motif chemokine 10  

DAG: Diacylglycerol 

DAMP: Damage-associated molecular pattern  

DAPI: 4',6-diamidino-2-phenylindole  

DAT: dopamine transporter  

DLB: Dementia with Lewy Bodies  

ECM: Extracellular matrix  

ELISA: ELISAs Enzyme-linked Immunosorbent Assay  

ERK: Extracellular-signal-regulated kinase 

FACs: Fluorescent-activated cell sorting  

F-actin: Filamentous actin  

FBS: Fetal Bovine Serum  

FITC: Fluorescein isothiocyanate  

GFAP: Glial fibrillary acidic protein 

GPCRs: G-protein coupled receptors 

GSK3β: Glycogen synthase kinase 3β 

HAND: HIV-Associated Cognitive Disorders  

IBA 1: Ionized calcium binding adaptor molecule 1  

IκB: Inhibitor of NF-κB  

IKK: IκB kinase  

IL10: Interleukin-10  

IL1β: Interleukin-1beta 



xii  

 

 

IP3: Inositol triphosphate  

iPLA2: Calcium-independent phospholipase A2 

IRAK: Interleukin-1 receptor-associated kinase  

JNKs: c-Jun N-terminal kinases  

LAG3: lymphocyte-activation gene  

LiMK: LIM domain kinase  

LPS: Lipopolysaccharides  

LRRK2: Leucine-rich repeat kinase 2  

LTP: Long term potentiation  

MAP2: microtubule associated protein 

MAPK: Mitogen-activated protein kinase  

MCM: Microglia Culture Media  

MGM: Microglia Growth Media  

MLCK: Myosin light chain kinase  

MMPs: Matrix metalloproteinases  

MSA: Multiple System Atrophy  

MT: Membrane-type  

mTOR: Mammalian target of rapamycin 

MTT: 3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium Bromide  

Myd88: Myeloid differentiation primary response  

NAC: Non-amyloid beta component  

NALP3: NLR Family  



xiii  

 

 

NEMO: Ubiquitinate NFκB essential modulator  

NFκB: Nuclear factor-κB  

P2Y12: P2Y purinoreceptor 12  

PAK: P21-activated kinases 

PAR1: Protease activated receptor 1 

PBS: Phosphate-buffered saline 

PD: Parkinson’s disease 

PDD: Parkinson’s Disease with Dementia 

PFFs: Pre-formed fibrils  

PI (3,4,5) P3: Phosphatidylinositol (3,4,5)-trisphosphate 

PI3Kα: Phosphoinositide 3-kinases (PI3Ks) 

PKA: Protein kinase A 

PNNs: Perineuronal nets  

PRRs: Pattern recognition receptors  

Ptgs2: Prostaglandin-endoperoxide synthase 2 

qRT PCR: Quantitative RealTime polymerase chain reaction  

ROI: Region of interest  

RRP: Readily releasable pool  

SEM: Standard error of the mean 

Src: Proto-oncogene tyrosine-protein kinase Src  

TAB2: Transforming growth factor-β-activated kinase-1 binding protein  

TAK1: Transforming growth factor-β-activated kinase-1  



xiv  

 

 

TEN: 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 20 mM NaCl 

TFLLR-NH2: PAR-selective receptor-activating peptide 

TGX: Tris-Glycine eXtended 

TIMPS: Tissue inhibitors of MMPs  

TLRs: Toll-like receptors  

TNFα: Tumor necrosis factor alpha  

TRAF6: TNF receptor associated factor 6  

TRAP6: Thrombin Receptor Activator Peptide 6 Peptide  

VEH: Vehicle  

VGLUT: Vesicular glutamate transporter 

WFA: Wisteria floribunda agglutinin  

 

 



1  

 

 

CHAPTER I: INTRODUCTION 

 

 

Summary 

 

 

Parkinson’s disease (PD) is a neurodegenerative disease with symptoms that include tremor, 

rigidity, and bradykinesia. In addition to the clinical symptoms, it is characterized by pathology 

that includes loss of dopaminergic neurons in the substantia nigra pars compacta and aggregation 

of α-synuclein, a protein that readily misfolds and is associated with Lewy body pathology found 

in sporadic and genetic forms of PD. PD patients also display robust neuroinflammation, which is 

evident in the elevated levels of proinflammatory cytokines such as tumor necrosis factor-alpha 

(TNFα) and interleukin-1β (IL1β) in cerebral spinal fluid (CSF) and brain samples (Boka et al., 

1994; Mogi et al., 1994a, 1994b; Blum-Degen et al., 1995; Hunot et al., 1999).  

 

Corroborating the role of α-synuclein in the innate immune response, misfolded α-synuclein is a 

damage-associated molecular pattern (DAMP) that engages pattern recognition receptors (PRRs) 

in primary microglia. Because of PRR activation, proinflammatory cytokines and matrix 

metalloproteinases (MMPs), a family of zinc-dependent endopeptidases that can influence the 

growth and remodeling of neuronal cellular elements, are released. While this activity can lead to 

synaptic plasticity, dysregulated activity stimulates neuronal damage (Loffek et al., 2011; Kim and 

Joh, 2012; Brkic et al., 2015). In addition to mediating cell death and plasticity in neurons, MMPs 

also influence the innate immune cells of the brain, microglia. For example, in microglia MMP3 

stimulation results in the release of nitric oxide (Connolly et al., 2016). For example, MMPs are 

altered in PD patients and are associated with disease (Choi et al., 2008; Quillard et al., 2011). 
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This focus on MMPs is relevant since PD patients displays structural plasticity changes, cognitive 

impairment, neurodegeneration, and neuroinflammation (McGeer et al., 1988; Ouchi et al., 2005; 

Stephens et al., 2005; McGeer and McGeer, 2008; Smith et al., 2009). 

 

Despite the well-established link between MMPs and PD just described, MMPs have not been well 

characterized in familial forms of PD. To that end, this work characterized the proinflammatory 

response of microglia after exposure to A53T α-synuclein and established the release of MMP13 

for the first time in this inflammatory context. Given that MMP13 has not been studied extensively 

in certain cell types of the central nervous system (CNS), this investigation also focuses on 

characterizing the impact that MMP13 has on neurons and microglia to better understand its role 

in disease.  

 

The hypothesis that informs this work is grounded in previous research, and the aims that were 

employed to test that hypothesis are described below. This chapter also contextualizes the research 

reported in future chapters by assessing the following: the structure and role of α-synuclein in 

disease, how α-synuclein spreads through the CNS to engage microglia, the consequences of 

microglial engagement by α-synuclein such as the release of MMPs, and how the functions of 

those MMPs can alter the CNS by mediating functions such as cell death and plasticity (Rosenberg 

et al., 1996; Vos et al., 2000; Conant et al., 2004; Kim et al., 2007; Allen et al., 2016). 
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Hypothesis and aims 

 

Due to previous investigations implicating MMPs in α-synuclein-mediated inflammation as well 

as their ability to impact neuron structure and function through protease activated receptor 1  

(PAR1), the hypothesis of these studies is that MMPs derived from A53T-mediated 

neuroinflammation can stimulate morphofunctional changes in microglial and alter neuron 

structure (Figure 1.1). This hypothesis was tested in the following aims:   

AIM 1: Determine how the classical inflammatory pathway is engaged by microglia exposed to 

A53T α-synuclein containing high molecular weight species (Chapter II). 

1A. Characterize alterations in microglial morphology induced by A53T α-synuclein that 

implicate changes in microglia function.  

1B. Determine which toll-like receptors (TLRs) are activated by A53T α-synuclein, and identify 

the downstream pathways stimulated downstream of PRR signaling in microglia.  

1C.  Evaluate which MMPs linked to PD are upregulated and expressed upon A53T α-synuclein 

stimulation of microglia.   

AIM 2: Evaluate the effects of glial derived MMP13 on microglia (Chapter II) 

2A. Evaluate morphology changes in microglia upon exposure to cMMP13 that may implicate 

changes in microglia function.  

2B. Determine if a proinflammatory profile is elicited in microglia upon cMMP13 stimulation. 

2C. Assess if proteins involved in microglia phagocytosis, such as Cluster of Differentiation 68 

(CD68), are involved in cMMP13 mediated inflammation. 
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AIM 3: Determine implications of glial derived MMP13 on neuronal health and cytoskeletal 

structure (Chapter III). 

3A.  Determine if MMP13 is cytotoxic to hippocampal neurons in vitro. 

3B. Evaluate how MMPs alter the neurite structure of hippocampal neurons in vitro. 

3C. Characterize neuronal cytoskeletal proteins (cofilin and tau) that are downstream of MMP13 

cleavage targets. 

 

Background  

 

Synucleinopathies 

  

Synucleinopathies are a group of diseases associated with neurological deficits and the aberrant 

accumulation of the protein α-synuclein in the nervous system. α-Synuclein aggregates are found 

in glia of patients with Multiple System Atrophy (MSA), and neurons in Dementia with Lewy 

Bodies (DLB) and Parkinson’s Disease with Dementia (PDD) (Brudek et al., 2013; Wong and 

Krainc, 2017). For the purposes of this work, it is important to highlight synucleinopathies such 

as MSA, DLB, PDD, and PD since our investigations interrogate the impacts of α-synuclein in the 

CNS. These diseases also emphasize the importance of these studies to drug development, which 

is discussed later in the thesis. 
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MSA 

 

MSA is a synucleinopathy that impacts 15,000 to 50,000 Americans according to the National 

Institute of Health and has an estimated incidence of 0.6–0.7 per 100,000 person-years worldwide 

(Monzio Compagnoni and Di Fonzo, 2019). MSA is characterized by symptoms such as 

clumsiness, impaired motor movement, altered speech, sleep disorders, cerebellar ataxia, and 

dysautonomia (Gilman et al., 2005; Köllensperger et al., 2010; Monzio Compagnoni and Di Fonzo, 

2019). There are two types of MSA; the cerebellar type and parkinsonian type (Fanciulli and 

Wenning, 2015; Taguchi et al., 2016; Krismer and Wenning, 2017; Monzio Compagnoni and Di 

Fonzo, 2019). Unlike other synucleinopathies where α-synuclein aggregates in neurons, its 

aggregation is found in oligodendrocytes in MSA (Brudek et al., 2013; Monzio Compagnoni and 

Di Fonzo, 2019). Despite that crucial difference, MSA is still similar to other synucleinopathies. 

For example, the parkinsonian type of MSA is denoted by severe striatonigral degeneration, and 

the dorsolateral caudal putamen and the caudate nucleus are severely affected with a selective 

involvement of GABAergic medium spiny neurons (Sato et al., 2003). Substantia nigra 

dopaminergic neurons are also extremely involved in the degenerative process of MSA, and a 

trans-synaptic degeneration of striatonigral fibers has been proposed. The globus pallidus and 

subthalamic nucleus are also implicated in this disease, highlighting the basal ganglia as a key 

region of disease (Monzio Compagnoni and Di Fonzo, 2019). Neurodegeneration is also apparent 

in other synucleinopathies such as DLB and PDD, and notably inflammation can contribute to 

neurodegeneration as well, emphasizing why we chose to investigate neuron-glial interactions 

more in depth in Chapter III (Togo et al., 2001; Kim et al., 2007; Jellinger and Korczyn, 2018).  
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DLB and PDD 

  

DLB has a prevalence rate of 3.5 cases per 100,000 every year in the general population and is 

clinically distinct in its display of dementia (Savica et al., 2013; Jellinger and Korczyn, 2018). 

Other clinical signs of DLB are cognitive impairment, psychiatric and behavioral disturbances, 

and motor symptoms (Gomperts et al., 2008; Jellinger and Korczyn, 2018). In addition to 

overlapping motor symptoms, DLB has other similarities to PD. For example, it is associated with 

increased age and more prevalent in men compared to women (Savica et al., 2013; Jellinger and 

Korczyn, 2018). DLB shares even more commonalities with PDD than PD and distinguishing the 

two diseases is difficult due to the similarities in clinical symptoms and pathology of patients. In 

terms of clinical symptoms, the connection between DLB and PD is strong since 80% of the 

population with PD will develop dementia (Emre et al., 2007). When evaluating similarities in 

pathology, there are cortical and subcortical Lewy bodies in patients with both diseases as well as 

aggregation of the proteins amyloid and tau. Patients also display decreased binding of DAT 

(dopamine transporter) binding in the putamen in both PDD and DLB (Jellinger and Korczyn, 

2018).  

 

Despite similarities in clinical and pathological manifestations of disease, there remain important 

pathophysiological differences between DLB and PDD. For example, there is disruption of 

different areas of the cortex; the parietal and occipital lobes are negatively impacted in DLB 

compared to the frontal cortical region in PDD (Walker et al., 2015; Jellinger and Korczyn, 2018). 

DLB patients also exhibit more severe grey cortical matter atrophy, a higher amyloid beta load in 
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the cortex and striatum, higher neuritic plaque score, higher Lewy body pathology in the temporal 

and parietal cortex, and increased levels of tau in the cortex and striatum compared to PDD. 

Furthermore, there is a more substantial α-synuclein burden in hippocampal subareas such as the 

CA2 and CA3 regions in PDD, while the CA1/2 region is impacted this way in DLB. Given that 

these neurons of the hippocampus are so prominently impacted in both PDD and DLB, we chose 

to study hippocampal neurons in Chapter III. However, synucleinopathies are more commonly 

associated with death of neurons in the substantia nigra pars compacta. DLB primarily involves 

the dorsolateral substantia nigra pars compacta while PDD primarily targets the medioventral 

substantia nigra pars compacta (Jellinger and Korczyn, 2018). This loss of neurons in the 

substantia nigra is a key feature of the most prevalent synucleinopathy, PD, which is the focus of 

this thesis work.  

 

PD 

 

PD is the second most common neurodegenerative disease after Alzheimer’s disease (AD), and is 

associated with aging since it impacts 1% of the population over 60 years old (Ferreira and 

Romero-Ramos, 2018). The lifetime risk of developing PD is close to 4%, and the number of 

individuals with the disease in the United States is expected to reach 1.2 million by the year 2030  

(Marras et al., 2018; Schapira and Morris, 2020). Though many PD cases arise sporadically, there 

are risk factors for developing PD that include age, male sex, and exposure to environmental 

toxicants (Balestrino and Schapira, 2020). Notably, these environmental factors likely interact with 
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genes, and have been linked to an increased risk of developing PD (Priyadarshi et al., 2000; Dhillon 

et al., 2008; Tanner et al., 2011). 

  

The genetic aspect of PD has been characterized in studies that found 10–30% of PD subjects had 

a family history of PD. First-degree relatives of PD patients also had a two to seven-fold increased 

relative risk for developing PD (Sveinbjörnsdóttir et al., 2000; Marder et al., 2003; Cannon and 

Greenamyre, 2013). The genetic component of PD cannot be understated since genome wide 

association studies further corroborated the link between genes PD. For example, there are genes 

implicated in PD that include leucine-rich repeat kinase 2 (LRRK2) (PARK8), PTEN-induced 

kinase 1 (PINK1) (PARK6), protein deglycase (DJ1) (PARK7), Parkin 2, and many others (Klein 

and Schlossmacher, 2006; Dawson, 2007). While those genes are important, mutations in the α-

synuclein encoding gene, SNCA, are more pertinent to this work and will be covered in more detail 

in Chapter II (Polymeropoulos et al., 1997; Klein and Schlossmacher, 2006; Pankratz and Foroud, 

2007; Ghosh et al., 2014). Briefly, mutations in the SNCA gene were discovered in families that 

displayed a higher rate of early-onset PD. As a result, further investigation of these families 

allowed for the specific identification of mutations in SNCA such as A30P, E46K, H50Q, G51D, 

and A53T that result in dominantly inherited PD (Galvin et al., 1999; Li et al., 2001; Pankratz and 

Foroud, 2007; Vekrellis et al., 2011; Ghosh et al., 2014; Burré et al., 2015; Flagmeier et al., 2016). 

 

These genetic mutations are advantageous to study due to the rising needs associated with an aging 

population. Furthermore, the evaluation of biological processes before the onset of clinical 

symptoms allow us to understand molecular mechanisms associated with changes in α-synuclein 
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function and structure before any clinical symptoms arise. Identifying those biological processes 

and changes in α-synuclein before clinical onset are critical. By the time they emerge, more than 

half of dopaminergic neurons have already been lost and irreparable damage has occurred (Lang 

and Lozano, 1998; Dauer and Przedborski, 2003; Ross et al., 2004). With knowledge of disease 

etiology, drug interventions that prevent neurodegeneration and inflammation could be developed 

and used in patients proactively. Such interventions are only possible with a deeper understanding 

of the protein α-synuclein, including how protein structure and function alters the activation state 

of microglia.  

 

α-Synuclein function 

  

In 1985, a neuron-specific protein of 143-amino acids was identified using an antibody 

against Torpedo californica purified cholinergic synaptic vesicles. A similar 140-amino acid 

protein was identified using a rat brain cDNA library and displayed high homology with the 

torpedo electric organ protein (Maroteaux et al., 1988; Emamzadeh, 2016). Torpedo synucleins 

were then classified in three major subclasses based on molecular weight: 17.5 kDa, 18.5 kDa, and 

20 kDa synucleins (Maroteaux et al., 1988; Emamzadeh, 2016). Soon thereafter, a 140-amino acid 

protein was isolated from the human brain in high amounts and sequenced. This protein was 

exactly the same as the proteins discovered in other species, as it showed a high homology with 

torpedo and rat α-synuclein (Jakes et al., 1994; Emamzadeh, 2016). Subsequently, the protein was 

named α-synuclein as it was found in both cytoplasm and nucleus.  
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α-Synuclein has native functions that were discovered in the periphery. For example, it is 

expressed by immune cells such as natural killer cells and monocytes (Opferman et al., 2003; 

Shameli et al., 2016; Tashkandi et al., 2018). In fact, α-synuclein knock out mice have established 

the role that α-synuclein plays in immune system development (Shameli et al., 2016; Tashkandi et 

al., 2018). More specifically, α-synuclein knock out mice demonstrate a decrease in red blood cell 

count, but also display an increase in lymphocytes, neutrophils, and monocytes (Shameli et al., 

2016; Tashkandi et al., 2018). Since we are interested in the immune cells of the CNS, it is 

appropriate to point out that the findings of this study can be extended to the CNS. Microglia of 

these mice have a decrease in phagocytic capability, indicating that α-synuclein may also play a 

role in regulating the phagocytic activity of microglia (Shameli et al., 2016). 

 

Though α-synuclein was found to have this role in microglia phagocytosis, a function explored in 

Chapter II, its functions have been more thoroughly evaluated in neurons, where it is enriched in 

synaptic nerve terminals. Some functions of α-synuclein include suppression of apoptosis in 

dopaminergic neurons, regulation of glucose levels, modulation of calmodulin, chaperone activity, 

maintenance of polyunsaturated fatty acid levels, antioxidation, neuronal differentiation, and 

regulation of dopamine biosynthesis (Zhu et al., 2006; St Martin et al., 2007; Alza et al., 2019). 

Despite these numerous functions, investigations have focused on its role in vesicular packaging 

and trafficking (Drin and Antonny, 2010; Nemani et al., 2010; Pranke et al., 2011; Scott and Roy, 

2012). Though not directly related to the experiments described in this work, the role of α-

synuclein at the synapse is crucial to understanding its ability to influence the function of neurons, 

local glia at the quadripartite synapse, and also how it can transfer as a prion.  
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This role of α-synuclein in vesicular packaging and trafficking was established in α-synuclein 

knock out mice that displayed a deficiency in docked synaptic vesicles (Abeliovich et al., 2000; 

Cabin et al., 2002). Conversely, overexpression of α-synuclein inhibits synaptic vesicle exocytosis 

in midbrain dopamine neurons, leading to a reduction in both the readily releasable (RRP) and 

recycling synaptic vesicle pools. The readily releasable pool is of critical importance since these 

vesicles are the first vesicles released upon stimulation and are docked at the cell membrane (Smith 

et al., 1998; Pyle et al., 2000; Shuen et al., 2008; Cui et al., 2013; Calabresi et al., 2014). How 

rapidly the RRP is replenished after previous release helps determine the extent to which 

transmitter release can be maintained in the face of repeated calcium entry (Pyle et al., 2000). If 

the RRP is depleted in the pre-synapse, neurotransmitter release is impacted, leading to decreased 

stimulation of the post-synapse. Decreased stimulation at the synapse can have implications in a 

motor circuit, especially in PD where dopaminergic neurons are primarily impacted. In PD, the 

striatum can no longer receive proper signals from the dopaminergic neurons of the substantia 

therefore impacting the direct or indirect pathway of the basal ganglia that is responsible for motor 

function.  

 

Overall, while the native functions of α-synuclein are not well characterized, we do know that its 

structure undergoes changes during disease. Notably in this work, α-synuclein structure is 

particularly important as a result of how mutations can impact structure and the fact that protein 

structure influences the activation state of microglia (Daniele et al., 2015).  
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α-Synuclein structure 

 

The structure of α-synuclein is relevant since it is a natively disordered protein that becomes 

pathogenic when the soluble monomeric protein misfolds into insoluble fibrils. Furthermore, the 

structure can be influenced by point mutations as previously described and investigated in this 

thesis (Goedert, 2001; Volpicelli-Daley et al., 2011; Wu et al., 2019). α-Synuclein has three 

domains, which include the N-terminal lipid binding α-helix, the amyloid-binding central domain 

(NAC), and the C-terminal acidic tail (Figure 1.2). The positively charged N-terminal domain 

(residues 1-87) is characterized by a KTKEGV hexametric motif that allows for the disruption of 

lipids because of its numerous lysine residues. This domain also allows α-synuclein to bind lipid 

membranes due to its polyunsaturated acyl chains, which may contribute to aggregation since that 

causes α-synuclein to form a helical structure (Feng et al., 2010; Emamzadeh, 2016). It is also the 

domain largely responsible for the interactions between α-synuclein and other proteins such as 

tubulin, parkin, LRRK2, dopamine transporter (DAT), synphilin-1, phospholipases, and many 

other proteins (Emamzadeh, 2016).  

 

The non-amyloid beta component (NAC) domain is particularly important to aggregation and fibril 

formation of α-synuclein (Kumar et al., 2009; Bartels et al., 2011; Deleersnijder et al., 2013; 

Emamzadeh, 2016; Meade et al., 2019).  

 

The C-terminal domain of α-synuclein (residues 96–140) is an acidic tail of 43-amino acid residues 

that contains 10 glutamic acid and 5 aspartic acid residues. Structurally, the C-terminal domain of 
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α-synuclein is present in a random coil due to its low hydrophobicity and high net negative charge 

(Ahn et al., 2006; Esposito et al., 2007; Emamzadeh, 2016). The C-terminus is necessary for 

pathogenesis since aggregation is not possible when this domain is absent (Kim et al., 2002; 

Kawasaki et al., 2008). Furthermore, aggregation of this domain is triggered by changes in pH 

(Ahn et al., 2006; Esposito et al., 2007; Emamzadeh, 2016). The acidic C-terminus is highly 

negatively charged at neutral pH and becomes neutral and hydrophobic at low pH. Consequently, 

a low pH environment results in significant structural reorganization compared to neutral pH in 

terms of long-range contacts and hydrodynamic radius. For example, at low pH there is a more 

homogeneous ensemble which exhibits strong contacts between the NAC and the C-terminus (Wu 

et al., 2009). 

 

In addition to pH, the conformation and aggregation of α-synuclein in PD is dependent on post-

translational modifications that include phosphorylation at S129, ubiquitination of lysine residues, 

nitration of tyrosine residues, and various truncations at the C-terminus (Fujiwara et al., 2002; Li 

et al., 2005; Paleologou et al., 2010; Schmid et al., 2013). While misfolding of α-synuclein has 

been studied, it has only recently been proposed that destabilization of the endogenously occurring 

tetramer results in oligomeric (250kD) and fibrillar aggregation of α-synuclein (Kumar et al., 2009; 

Bartels et al., 2011; Deleersnijder et al., 2013; Dettmer et al., 2015). The importance of a 

conformational shift in α-synuclein is evident since Lewy bodies composed of fibrillar α-synuclein 

are observed in PD patients (Giasson et al., 1999). 
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In addition to the aforementioned factors that influence α-synuclein structure, the mutations in 

SNCA that have previously been alluded to can also lead to structurally distinct aggregates 

compared to wild-type α-synuclein. For example, β-sheet structure is significantly more impacted 

rather than the helical structure upon A53T mutation. The A53T mutant side-chains are larger and 

more hydrophilic, and may again inhibit close contact leading to a hydrophobic zipper formation 

between adjoining protofibrils (Pasanen et al., 2014; Meade et al., 2019). These changes likely 

weaken hydrophobic packing within the steric zipper (Emamzadeh, 2016; Meade et al., 2019). 

Gene alterations impact the structure of α-synuclein in such a way that aggregation propensity is 

higher compared to wildtype α-synuclein, which is why we chose to conduct experiments with a 

mutant form of α-synuclein (Li et al., 2001; Michaluk et al., 2011; Deleersnijder et al., 2013). 

  

Implications of an altered structure are vast at the cellular level. This mutation results in a change 

in the transition speed of α-synuclein between the cytoplasm and the nucleus (Huang et al., 2011). 

A53T α-synuclein also exhibits a stronger binding affinity for the lysosomal receptor (LAMP2A) 

compared with wild-type α-synuclein. As a result of that difference, mutant α-synuclein is not 

efficiently degraded by protein clearance mechanisms, which causes an increase in the α-synuclein 

burden of chaperone-mediated autophagy. As a result of altered autophagy, the loading and 

clearance of other cargo are inhibited (Cuervo et al., 2004; da Fonseca et al., 2015; Fields et al., 

2019). Since the α-synuclein is not degraded, it can more readily spread from cell to cell, and that 

is one mechanism that allows glial cells to come in contact with this protein.  
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Braak hypothesis 

  

The Braak hypothesis postulates that α-synuclein is a prion that spreads throughout the brain 

during the course of disease in a caudal-rostral diffusion pattern (Tredici and Braak, 2000; Braak 

et al., 2003; Revuelta et al., 2008). α-synuclein is first present in the gut, and spreads to the CNS 

where it can be found in the lower brainstem (dorsal motor nucleus of the vagus nerve) and 

olfactory bulb. Pathology continues to spread as disease progresses to impact the substantia nigra, 

and eventually cortical areas by the later stages of disease (Braak et al., 2003) (Figure 1.3).  

 

Other experiments have validated the hypothesis that α-synuclein is able to spread. For example, 

when patients with PD received a transplant of embryonic stem cells the presence of ubiquitin and 

thioflavin S positive Lewy bodies were discovered later in that graft. These findings imply that the 

α-synuclein has been transferred from the recipient to the new cells (Kordower et al., 2008; Li et 

al., 2008). Evidence that α-synuclein can act as a prion has been strengthened using animal models 

as well. For example, pathology can be seeded when α-synuclein is injected into the striatum of 

mice (Paumier et al., 2013; Earls et al., 2019; Patterson et al., 2019). When mutant A53T 

overexpressing mice are injected with brain homogenates of older counterparts that already display 

pathology, α-synuclein pathology is detectable in regions that it would not normally be observed. 

Furthermore, age-matched mice that were not injected with the homogenates did not display the 

pathology that was found in injected mice. It was subsequently concluded that pathological α-

synuclein is needed to act as a seed that leads to further aggregation and pathology (Luk et al., 

2012). 
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 Since α-synuclein spreads throughout the CNS, its release and uptake at the cellular level should 

be considered. Neurons and glia both can both uptake α-synuclein (Sung et al., 2001; Park et al., 

2008; Steiner et al., 2011; Volpicelli-Daley et al., 2011; Wu et al., 2019). In vitro, there is evidence 

that neurons take up α-synuclein though endocytosis since its uptake is reduced when endocytosis 

is inhibited (Jang et al., 2010). When not degraded by the lysosome and proteasome, α-synuclein 

can be released through the process of exocytosis. In fact, α-synuclein can be released through 

exocytosis is the presence of α-synuclein in exosomes (Emmanouilidou et al., 2010; Danzer et al., 

2012; Niu et al., 2020). Another way that α-synuclein may spread as a prion is through tunneling 

nanotubes, which are structures that contain actin and mediate cell contact (Abounit et al., 2016; 

Rostami et al., 2017). Taken together, these findings that α-synuclein is a prion and is released 

through exocytosis imply that α-synuclein can interact with numerous cell types, including 

microglia. 

 

 Microglia: Their functions and pathways 

 

Microglia are the innate immune cells of the brain, and during development, they are responsible 

for pruning and sculpting the neuronal connections of the CNS (Paolicelli et al., 2011; Harry, 

2013). After development, these cells are crucial to monitoring the microenvironment of the CNS 

where they are responsible for maintaining its homeostasis. To that end, microglia survey the brain 

for injury or pathogens. During injury or infection, microglia sense a disturbance in the 

microenvironment, and subsequently shift their function to respond accordingly to the insult 

(McGeer and McGeer, 2008; Chen and Trapp, 2016; Ferreira and Romero-Ramos, 2018). This 
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coordinated response includes the release of inflammatory cytokines and phagocytosis in diseases 

such as multiple sclerosis, AD, and PD (Harry, 2013; Chen and Trapp, 2016; Surendranathan et 

al., 2018). Phagocytosis is a crucial function of microglia and is essentially the vesicular 

engulfment of large particles. CD68 is a protein that is often used as a marker of phagocytosis, as 

was done in Chapter II. It is heavily glycosylated and located in the lysosomal membrane making 

it a member of the lysosomal-associated membrane proteins (Holness and Simmons, 1993; Song 

et al., 2011; Chistiakov et al., 2017). Late endosomes importantly facilitate the degradation of any 

macromolecule that has gone through phagocytosis. Following vesicular internalization, primary 

endosomes fuse with each other through the use of GTPase regulatory proteins and SNARE 

(Huotari and Helenius, 2011).  

 

Phagocytosis is particularly important in synucleinopathies since the microenvironment is altered 

by the activity dependent release of α-synuclein and later in disease by neuronal death. Debris left 

by dead neurons must be engulfed by microglia. In fact, this emphasizes the need for neuron and 

glial communication. The chemokine fractalkine has been described as one of many “find me” 

signals released by apoptotic cells (Sun et al., 2014; Zhan et al., 2014; Finneran and Nash, 2019). 

Though tangential and not investigated in our studies, fractalkine is an example of a receptor that 

facilitates an external message from the outside of a cell to the inside of a cell and is of particular 

importance in communication between neurons and  microglia.  Fractalkine, which is produced by 

neurons, can signal as either a membrane-bound protein or be cleaved by several proteases to 

generate a soluble fragment (Garton et al., 2001; Hundhausen et al., 2003; Clark et al., 2009). The 

receptor responsible for sensing the signal from dead neurons on microglia is the fractalkine 
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receptor (CX3CR1), which is produced as a transmembrane protein with an N-terminal chemokine 

domain followed by a long, mucin-like stalk. Signaling by fractalkine has been shown to reduce 

expression of pro-inflammatory genes in LPS stimulated microglia (Zujovic et al., 2000, 2001). 

Unlike other chemokines, fractalkine shares a one-to-one relationship with its receptor, allowing 

neurons to directly regulate microglial activity. In addition to its role in facilitating phagocytosis 

and the upregulation of proinflammatory genes, the soluble fragment of fractalkine acts as a 

chemotactic factor for microglia (Bazan et al., 1997; Harrison et al., 1998). 

 

Microglia also engage in chemotaxis: the process in which cells exhibit a directional migration 

toward the site of injury using a chemo-attractant gradient as a directional cue. Extracellular 

adenosine triphosphate (ATP) or adenosine diphosphate (ADP) released from damaged neurons 

can serve as a chemoattractant and induce microglia chemotaxis through the P2Y12 receptor, 

which has been observed in rat microglia (Davalos et al., 2005; Nasu-Tada et al., 2005; Haynes et 

al., 2006; Fan et al., 2017). While P2Y12 is not investigated in the experiments shown here, it is 

important to consider how it impacts downstream pathways that are engaged by similar membrane 

bound receptors and GPCRs that could be important to our findings such as PAR1.  P2Y12 is a 

Gi/o-coupled receptor that leads to the elevation of Phosphatidylinositol (3,4,5)-trisphosphate (PI 

(3,4,5) P3) via the activation of phosphoinositide 3-kinases (PI3Kα) through Gαi and PI3Kγ 

through Gβγ. Gβγ subsequently leads to the activation of Protein kinase B (AKT). Gβγ signaling 

can also elevate intracellular cyclic adenosine monophosphate (cAMP) through adenylyl cyclase 

(AC) activation, causing vasodilator-stimulated phosphoprotein (VASP) phosphorylation by 

protein kinase A (PKA). ADP stimulation of P2Y12R also recruits β-arrestin, which recruits and 
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activates ERK1/2, which phosphorylates Ser83 of paxillin to facilitate adhesion disassembly. 

Activation of P2Y12R lastly increases calcium-independent phospholipase A2 (iPLA2) activity 

which is required for the vesicular recycling of integrin and Src, or non-receptor tyrosine kinases 

(Fan et al., 2017). This direct interaction with a ligand leads to intracellular signaling. For example, 

the previously mentioned PI3K is also vital to the chemotaxis of microglia, and is involved in 

AKT/mTOR signaling during oxidative stress (Lu et al., 2009; Fan et al., 2017). A genetic screen 

in Dictyostelium to identify redundant pathways revealed that loss of iPLA2 made chemotaxis 

become more sensitive to reductions in PI3K activity (Chen et al., 2007; Kölsch et al., 2008). 

Furthermore, strong chemotaxis defects are observed only when both the PI3K and iPLA2 are 

disrupted, establishing that P13K contributes to microglial chemotaxis.   

 

In addition to the previously mentioned receptors, microglia also rely on PRRs to respond to 

inflammatory insults that trigger intracellular signaling cascades. An example of PRRs is the 

family of Toll-like receptors (TLRs), which are a class of proteins that are known to respond to 

bacterial, viral, and nucleotide patterns and have been linked to synucleinopathies (Medzhitov, 

2001; Kawai and Akira, 2006; Béraud et al., 2011; Béraud and Maguire-Zeiss, 2012; O’Neill et 

al., 2013; Caplan and Maguire-Zeiss, 2018).  

 

Toll like receptors and α-synuclein  

 

The role of TLRs in synucleinopathies was solidified in vivo using PD patients and animal models, 

and these receptors are interrogated even further in this work [Chapter II; (Noelker et al., 2013; 
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Drouin-Ouellet et al., 2015; Kim et al., 2015)]. TLRs  2 and 4 were found to be elevated in 

peripheral monocytes and in the brains of PD patients (Drouin-Ouellet et al., 2015; Dzamko et al., 

2017). α-Synuclein overexpressing mice have been shown to overexpress TLRs 2 and 4 (Watson 

et al., 2012). In fact, when TLR2 is knocked out, overexpression of mutant A53T α-synuclein 

levels are decreased in the whole brain of mice (Kim et al., 2015a). 

  

Even though TLRs are expressed by neurons and astrocytes, TLRs are also expressed by microglia 

which likely leads to the previously mentioned immune response in patients (Noelker et al., 2013; 

Kouli et al., 2019; Lee et al., 2019). In fact, α-synuclein is capable of engaging TLRs in microglia 

(Béraud et al., 2011; Daniele et al., 2015). It was determined that upon stimulation with oligomeric 

wildtype α-synuclein, TLRs 1, 2, 3, and 7 are upregulated by microglia (Béraud and Maguire-

Zeiss, 2012). This was investigated further, and α-synuclein was found to directly bind to TLR1/2 

and 4 in a Myeloid differentiation primary response (Myd88) dependent manner, and led to NFκB 

nuclear translocation (Fellner et al., 2013; Daniele et al., 2015; Hughes et al., 2019). When TLRs 

are engaged, the MyD88-dependent pathway is activated. As a result, death domain interactions 

mediate intracellular signal transduction in a sequential manner from MyD88 to the 

phosphorylation of interleukin-1 receptor-associated kinase (IRAK) 4, then to IRAK1 and IRAK2 

(Caplan and Maguire-Zeiss, 2018). The IRAK complex interacts with TNF receptor associated 

factor 6 (TRAF6), which will undergo K63-linked autoubiquitination and will ubiquitinate NFκB 

essential modulator (NEMO). This is followed by the activation of the complex of transforming 

growth factor-β-activated kinase-1 (TAK1), TAK1 binding protein (TAB)2, and TAB3. TAK1 

subsequently phosphorylates IKKα and IKKβ, and the IκB kinases (IKKs) will phosphorylate 
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IκBα marking it for degradation. Due to phosphorylation, inhibitor of NF-κB (IκB) is no longer 

able to sequester NFκB in the cytoplasm since it becomes ubiquitinated and becomes targeted for 

degradation in the proteasome. As a result, is NFκB translocated to the nucleus where it is acts as 

a transcription factor and activates the transcription of proinflammatory genes (Caplan and 

Maguire-Zeiss, 2018). Some of the inflammatory genes that are upregulated include TNFα, C-X-

C motif chemokine (Cxcl10) and Prostaglandin-endoperoxide synthase 2 (Ptgs2) (Hoenen et al., 

2016). In addition to the classical proinflammatory genes just mentioned, MMPs are also released 

but remain unexplored (Bond et al., 1999; Chase et al., 2002; Li et al., 2012).  

 

MMPs and synucleinopathies 

  

MMPs are a family of zinc-dependent endopeptidases that are a focus of this thesis. This family 

of proteins share a common domain structure. The first domain is the pro-domain, followed by the 

catalytic domain, which is linked to the hemopexin-like c-terminal domain by a hinge region. 

When the cysteine bond between the propeptide domain and catalytic domain is broken, the 

catalytic domain is exposed and can cleave target proteins as a result of catalytic activity (Huntley, 

2012; Manka et al., 2012; Austin et al., 2013; Brkic et al., 2015). 

 

MMPs are also organized into numerous classes based on preferred substrates and understanding 

the differences between substrate specificities is important for future therapeutic discoveries and 

a focus of Chapters III and IV. MMPs are grouped into collagenases, gelatinases, stromelysins, 

matrilysins, membrane-type (MT)-MMPs, and others. Collagenases (MMP1, MMP8, MMP13 and 
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MMP18) cleave interstitial collagens I, II and III into characteristic 3/4 and 1/4 fragments as well 

as other ECM molecules and soluble proteins. Gelatinases (MMP2 and MMP9) readily digest 

gelatin with the help of their three fibronectin type II repeats that bind to gelatin/collagen. They 

also digest several ECM molecules including type IV, V and XI collagens, laminin, aggrecan core 

protein, and others. MMP2, but not MMP-9, digests collagens I, II and III in a similar manner to 

the collagenases (Aimes and Quigley, 1995; Patterson et al., 2001; Nagase et al., 2006). 

Stromelysins (MMP3, MMP10 and MMP11) have a domain arrangement similar to collagenases, 

but do not cleave interstitial collagens. Matrilysins (MMP7 and 26) lack a hemopexin domain. 

Membrane-tethered (MT)-MMPs in mammals include four type I transmembrane proteins 

(MMP14, -15, -16, and 24) and two glycosylphosphatidylinositol-anchored proteins (MMP17 and 

25). They all have a furin recognition sequence RX[R/K]R at the C-terminus of the pro-peptide, 

and are therefore activated intracellularly. As a result, active enzymes are likely to be expressed 

on the cell surface. All MT-MMPs, except MT4-MMP (MMP17) can activate proMMP2 (English 

et al., 2000). MT1-MMP (MMP14) has collagenolytic activity on collagens I, II, and III (Ohuchi 

et al., 1997). Seven MMPs are not grouped in the above categories although MMP12, MMP20 and 

MMP27 have similar structures and chromosome location as stromelysins (Nagase et al., 2006).  

 

MMPs are relevant to study in the context of synucleinopathies since α-synuclein can be cleaved 

by MMPs such as MMPs-1, 2, 3, 9, and 14 (Sung et al., 2005; Choi et al., 2011). Furthermore, 

MMPs are altered in PD patients (Table 1) (Lorenzl et al., 2002; Choi et al., 2008, 2011; He et al., 

2013). For example, MMP3 is present in Lewy bodies, a mutation in MMP9 is correlated with an 

increased risk of developing PD, and MMP levels are altered in patients (He et al., 2013). Microglia 
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also release MMPs in the presence of wildtype α-synuclein (Lee et al., 2010). In these same studies, 

tissue inhibitors of MMPs (TIMPS) are also found to be altered.  

 

Though not investigated here, TIMPS also regulate MMP activity and function differently 

depending on which MMP they target. They are therefore responsible for the differential activity 

and tight regulation of MMPs and given our findings in experimental chapters are important to 

consider.  TIMPS are remarkably similar structurally, and as a result are overlapping in their ability 

to inhibit MMPs when the amino-terminal domain binds to the active site. This binding allows 

each TIMP to target multiple enzymes, including TIMP3 which inhibits the most MMPs (Brew 

and Nagase, 2010; Murphy, 2011). TIMPs show functional redundancy as well, which was 

established in TIMP knockout studies (Jackson et al., 2017). There are four members of the TIMP 

family, TIMPs 1-4, which share a similar protein structure that includes an amino-terminal domain 

and carboxyl terminal sub-domain. The n-terminal domain is composed of five beta strands 

arranged in a twisted β-barrel and three α-helices. The c-domain has two parallel β-strands that are 

connected by an α-helix, which enables the interaction of TIMPs with the hemopexin domain of 

MMPs. Insertion of the ridge into the metalloproteinase active site places the conserved cysteine1 

residue above the catalytic Zn2+, subsequently displacing the atom required for peptide bond 

hydrolysis (Brew and Nagase, 2010).  

 

Though TIMP 2 and 4 share the most similarities, TIMP1 is the most dissimilar; which underscores 

that each TIMP is regulated uniquely (Gomis-Rüth et al., 1997; Brew and Nagase, 2010). For 

example, TIMP3 is regulated epigenetically through the acetylation of histone H3K9 (Shinojima 
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et al., 2012; Jackson et al., 2017). TIMPs are also mediated by cytokines (Jackson et al., 2017). 

For example, TIMP1 and 3 are upregulated by TGFβ, while TIMP2 is downregulated (Herbst et 

al., 1997; Ma et al., 1999; Yuan and Varga, 2001). IL17, the proinflammatory cytokine primarily 

produced by astrocytes in inflammation, also regulates MMP and TIMP production (Tzartos et al., 

2008; Shibata et al., 2014; Singh et al., 2018).  

 

MMPs are also regulated and activated by other members of the MMP family. For instance, MMP7 

activates MMP1 but not MMP13 (Imai et al., 1995; Barillé et al., 1999). Though MMPs can target 

each other, the better-known targets of MMPs include ECM and GPCRs. 

 

MMPs cleave ECM proteins and GPCRs that are expressed by glia  

 

MMPs such as MMP1 and MMP13 cleave PAR1, a GCPR that stimulates various intracellular 

cascades by acting as a tethered ligand (Chung et al., 2002; Gieseler et al., 2013; Allen et al., 2016; 

Bozzelli et al., 2019). PAR1 is expressed by neurons and glia under neuronal injury, including 

microglia (Suo et al., 2002; Ishida et al., 2006; Fabrizi et al., 2009; Jaffré et al., 2012; Li et al., 

2012, 2016; Allen et al., 2016; Wan et al., 2016). In fact, PAR1 is a relevant target to consider in 

the inflammatory pathway since PAR1 agonism leads to the downstream release of inflammatory 

factors in primary rat microglia (Suo et al., 2002). In vivo, the importance of PAR1 in microglia 

was further established using an injection of the PAR1 agonist, PAR-selective receptor-activating 

peptide TRAP6 (TFLLR-NH2). PAR1 agonism led to the activation of microglia, indicating how 

it contributes to the innate immune system of the CNS (Suo et al., 2002).  
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In addition to PAR1, other targets of MMPs have been heavily explored in neurons. Some 

examples of MMP targets include neurocan, brevican, and aggrecan. These are ECM proteins that 

compose the perineuronal net (PNN), a primary component of neuronal structure that ensheath 

neurons (Nakamura et al., 2000; Ethell and Ethell, 2007; Geissler et al., 2013; Carstens et al., 2016; 

Mitlöhner et al., 2020). Given that MMPs can cleave such proteins responsible for mediating 

structure, they heavily influence the structure and function of neurons. 

 

MMP activity can impact synaptic plasticity and cell death in neurons 

 

MMP proteolytic activity can modify the growth and remodeling of neuronal cellular elements 

resulting in synaptic plasticity, while dysregulated activity stimulates neuronal damage (Huntley, 

2012; Allen et al., 2016; Beroun et al., 2019). Dendrites, or branched neuronal projections, change 

shape in response to environmental and intracellular stimuli such as MMPs. The most heavily 

studied MMPs in this context include MMP1 and MMP9.  

 

Overexpression of human MMP1 increases dendritic complexity and spine density of hippocampal 

neurons in mice (Allen et al., 2016). The connections and number of synapses between neurons 

are consequently influenced by structural remodeling, therefore impacting cognitive processes 

such as learning and memory (Michaluk et al., 2011; Wiera et al., 2013; Allen et al., 2016). For 

example, MMP1 induced structural plasticity of neurons also resulted in behavioral changes (Allen 

et al., 2016). MMP1 overexpressing mice display less sociability, decreased anxiety, and deficits 
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in learning and memory (Allen et al., 2016). Taken together, the MMP1 investigations solidified 

the link between structural changes and behavior.  

 

In addition to MMP1, MMP9 has been studied in the context of plasticity and is expressed by 

neurons as well as glia. For example, MMP9 overexpressing mice displayed altered neuronal 

activity (Michaluk et al., 2011; Reinhard et al., 2015). The maturity of spines was also altered, as 

the MMP9 overexpression led to a decrease in mature mushroom spines and an increase in thin 

spines (Michaluk et al., 2011; Reinhard et al., 2015). In the converse model, MMP9 knockout mice 

also have altered function and decreased neurite complexity (Michaluk et al., 2007; Bijata et al., 

2015). In particular, these mice also display increased frequency of EPSCs as well as an increase 

in spontaneous neuronal activity (Wiera et al., 2013, 2017; Murase et al., 2016). In addition to 

influencing dendrites, MMPs also play a role in the health of axons. For example, regenerating of 

axons also express MMP9 and MMP3 (Demestre et al., 2004; Ahmed et al., 2005; Yong, 2005). 

 

While MMPs such as MMP9 MMP1, and MMP3 have been extensively studied, other MMPs have 

not been evaluated as thoroughly in the CNS such as MMP13. Since we showed increased 

expression of MMP13 in microglia following stimulation with A53T, we sought to interrogate the 

effects of this MMP on neurons and microglia.  
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MMP13 remains unexplored  

 

MMP13 is unique from other MMPs in that it does have a more restricted expression pattern during 

biological processes or injury, and it is found during development in bone and cartilage and in 

chondrocytes during osteoarthritis (Vincenti and Brinckerhoff, 2002). Further solidifying the role 

of MMP13 in inflammation is its link to the NFκB and MAPK pathways. Specifically, c-Jun N-

terminal kinases (JNKs), ERKs, and p38 kinases are activated upon inflammation. JNKs and ERKs 

are capable of activating protein-1 (AP-1) which then binds to c-Fos. This complex is then able to 

bind to MMP genes and regulate their expression (Vincenti and Brinckerhoff, 2002). 

 

Overall, based on the strong association of MMPs with PD and their ability to mediate plasticity, 

cell death, and inflammation these studies have set to better characterize an under investigated 

MMP, MMP13. While collagenases in the CNS have been studied in the past and linked to 

inflammation, this study also aims to better understand microglial derived collagenases rather than 

astrocyte derived and determine its contribution to the inflammatory milieu. We are learning that 

broad MMP inhibition is difficult in a clinical setting, and parsing out the role of individual MMPs 

could lead to better pharmacological targeting of MMPs that are specifically upregulated during 

PD (Fingleton, 2017). We succeed at this by identifying functions of MMP13 in the CNS. 

 

 

 

 

 

 



28  

 

 

 
 

Figure 1.1. Graphical hypothesis. It is predicted that mutant α-synuclein will engage TLRs on 

the surface of microglia, leading to the release of various proinflammatory molecules including 

classical proinflammatory cytokines and MMPs. These MMPs are subsequently predicted to 

impact both microglia and neurons. More specifically, they will induce morphofunctional changes 

in microglia while negatively impacting neuron survival and cytoskeleton structure. 
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Figure 1.2. Protein domains and aggregation process of α-synuclein protein as described by 

Bridi et al. α-Synuclein is a 140 amino-acid protein encoded by the SNCA gene. Its primary protein 

domains include an N-terminal amphipathic region, a non-amyloid-β component (NAC) domain, 

and a C-terminal acidic tail. Several dominant inherited missense mutations have been identified 

in the amphipathic region causing early-onset PD such as A30P, E46K, H50Q, G51D, A53T, and 

A53E (A). The NAC domain is critical to aggregation, which occurs when the natively disordered 

protein misfolds and interacts with other monomers to aggregate into oligomers, and eventually 

the fibrils that comprise Lewy bodies (B).  
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Figure 1.3. Braak staging of PD as described in Braak et al. It was found that α-synuclein 

pathology spreads through the course of disease in a caudal-rostral diffusion pattern (A-D and I). 

α-Synuclein reaches the CNS through the vagus nerve and olfactory bulb, and then spreads to the 

brainstem where it is found in Stage 1 (E). α-Synuclein continues to spread upward (G-H), and 

eventually impacts the substantia nigra. By the late stages of disease, Stages 5 and 6, pathology 

can be found in cortical areas (I). 

 

 

 



31  

 

 

Table 1: MMP involvement in Parkinson’s disease. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MMP involved: Evidence: 

MMP9 (He et al. 2013) Mutation in gene associated with PD 

MMP2 (Lorenzsl et al. 2002) Altered activity of SN in patients. TIMP also found to be 

elevated in the substantia nigra 

MMP3 (Choi et al. 2008 and 

2011) 

Found in Lewy bodies of PD patients  

Increased during apoptosis of dopaminergic neurons 

Cleaves α-synuclein in vitro 

MMP1 (Gupta et al. 2013) Altered in PD patients (serum levels ELISA) 



32  

 

 

CHAPTER II: MMP13 EXPRESSION IS INCREASED FOLLOWING MUTANT α-

SYNUCLEIN EXPOSURE AND PROMOTES INFLAMMATORY RESPONSES IN 

MICROGLIA 

 

Summary 

 

α-Synuclein is a 140-amino acid protein that readily misfolds and is associated with the Lewy body 

pathology found in sporadic and genetic forms of Parkinson’s disease. We and others have shown 

that wild-type α-synuclein is a damage-associated molecular pattern (DAMP) that directly elicits 

a proinflammatory response in microglia through TLR activation. Here we investigated the direct 

effect of oligomeric mutant α-synuclein (A53T) on microglia morphology and activation. We 

found that misfolded A53T altered measures of microglia cell morphology, NFκB nuclear 

translocation and the expression of prototypical proinflammatory molecules. We also 

demonstrated that A53T increased expression of MMP13, a matrix metalloproteinase that 

remodels the extracellular matrix. To better understand the role of MMP13 in synucleinopathies, 

we further characterized the role of MMP13 in microglial signaling. We showed exposure of 

microglia to MMP13 induced a change in morphology and promoted the release of TNFα and 

MMP9. Notably, IL1β was not released indicating that the pathway involved in MMP13 activation 

of microglia may be different than the A53T pathway. Lastly, MMP13 increased the expression of 

CD68 suggesting that the lysosomal pathway might be altered by this MMP.  

 

This chapter was submitted to Frontiers Neuroscience for peer review. 
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Taken together this study shows that mutant α-synuclein directly induces a proinflammatory 

phenotype in microglia, which includes the expression of MMP13. In turn, MMP13 directly alters 

microglia supporting the need for multi-target therapies to treat Parkinson’s disease patients. 

 

Hypothesis  

 

It is predicted that due to its structural differences and aggregation properties, A53T will lead to a 

unique proinflammatory profile in microglia that is distinct from wildtype α-synuclein. It is also 

predicted that mutant α-synuclein will lead to the engagement of TLRs on microglia, which will 

result in the release of proinflammatory molecules such as cytokines and MMPs. Furthermore, 

given the capabilities of MMPs to activate microglia, it is predicted that glial derived MMP13 will 

induce morphofunctional changes in microglia (Figure 2.1). 

 

Background 

  

Parkinson’s disease (PD) is the second most common neurodegenerative disease after Alzheimer’s 

disease, and affects 6.1 million people worldwide and 1% of the population over 60 years old 

(Ferreira and Romero-Ramos, 2018; Ray Dorsey et al., 2018). PD pathology includes the loss of 

dopaminergic neurons of the substantia nigra, which results in motor deficits (Braak et al., 2003; 

Ouchi et al., 2005; Nemani et al., 2010; Wang et al., 2015) and Lewy bodies, which are protein 

aggregates composed of fibrillar pathogenic α-synuclein (Giasson et al., 1999, 2002; Harding and 

Halliday, 2001; Mackenzie, 2001; Braak et al., 2003; Feng et al., 2010; Uversky, 2010; Vekrellis 
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et al., 2011; Rockenstein et al., 2014; Shameli et al., 2016). Though most PD cases are sporadic, 

duplications, triplications, and mutations (A30P, E46K, H50Q, G51D, A53T) of the α-synuclein 

gene (SNCA) further implicate α-synuclein in disease pathogenesis (Polymeropoulos et al., 1997; 

Athanassiadou et al., 1999; Singleton et al., 2003; Zarranz et al., 2004; Flagmeier et al., 2016; 

Guella et al., 2016). These mutations in SNCA can influence protein conformation (Li et al., 2001; 

Michaluk et al., 2011; Deleersnijder et al., 2013). For example, the alanine to threonine mutation 

(A53T) mentioned above, was discovered in members of the Contursi kindred and leads to faster 

aggregation compared to wild- type α-synuclein (Polymeropoulos et al., 1997; Athanassiadou et 

al., 1999; Li et al., 2001; Klein and Schlossmacher, 2006; Michaluk et al., 2011; Deleersnijder et 

al., 2013). Other relevant structural changes include increased beta sheet content in A53T 

compared to wild-type α-synuclein and a coiled filament structure (Giasson et al., 1999; Serpell et 

al., 2000; Coskuner and Wise-Scira, 2013). Better understanding of the pathogenic mechanisms 

that lead to the onset of PD can provide insight into developing targeted gene and drug therapies 

(Pankratz and Foroud, 2007). 

 

In addition to Lewy bodies and nigral cell death, PD patients display increased proinflammatory 

cytokine levels, changes in microglial morphology, and microgliosis (Mogi et al., 1994; Blum-

Degen et al., 1995; Ouchi et al., 2005; McGeer and McGeer, 2008; Gerhard, 2016). These 

observations emphasize the role of microglia, the innate immune cells of the brain, in PD. While 

microglia serve numerous functions such as synaptic pruning during development, they also 

respond to the central nervous system environment during infection and disease through the release 

of proinflammatory cytokines (Nimmerjahn et al., 2005; Paolicelli et al., 2011; Chen and Trapp, 
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2016; Koss et al., 2019). Investigations that utilize various conformers of α-synuclein highlight the 

importance of α-synuclein structure in the innate immune response, where wild-type oligomeric 

α-synuclein induces morphofunctional changes in microglia while the monomeric structure does 

not (Daniele et al., 2015; Grozdanov et al., 2019; Panicker et al., 2019). 

 

The response of microglia to oligomeric α-synuclein is facilitated by a class of pattern recognition 

receptors called toll-like receptors (TLRs), which are vital signal transducers that link extracellular 

signals to intracellular functions and respond to damage-associated molecular patterns (DAMPs), 

including α-synuclein (Leifer & Medvedev, 2016; Béraud et al., 2011; Béraud & Maguire-Zeiss, 

2012; Daniele et al., 2015; Horng et al., 2002; Vijay, 2018). In vitro, wild-type α-synuclein directly 

binds to TLRs 1 and 2 in a Myd88-dependent manner (Daniele et al., 2015) and human PD subjects 

display elevated expression of TLR2 and TLR4 in peripheral monocytes and brain tissue (Watson 

et al., 2012; Drouin-Ouellet et al., 2015). These findings are supported by other human studies and 

mouse models of PD, including A53T overexpressing mice, where TLR2 promotes 

neuroinflammation (Kim et al., 2015; Dzamko et al., 2017). Notably, TLR activation in response 

to either wild-type or mutant α-synuclein leads to NFκB nuclear translocation in microglia and the 

subsequent release of TNFα and IL1β (Daniele et al., 2015; Hoenen et al., 2016; Roodveldt et al., 

2010).  

 

These proinflammatory cytokines also regulate matrix-metalloproteinases (MMPs); 

endopeptidases that are associated with α-synuclein-mediated inflammation and have been 

identified in patient samples (Lorenzl et al., 2004; Shubayev et al., 2006; Lee et al., 2010; He et 
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al., 2013; Tsai et al., 2014). In the initial inflammatory response, MMPs facilitate repair and recruit 

phagocytic cells to clear cellular debris and apoptotic cells but if not properly regulated they 

become overactive and lead to neuronal damage (Fingleton, 2017). Similarly, the 

neurodegeneration observed in PD can be partially attributed to the dysregulation of cellular 

functions influenced by MMPs (Yanuck, 2019). For example, MMP1 and MMP13 increase the 

ability of human fibroblasts and dendritic cells to phagocytose, respectively (Perek et al., 2013; 

Rustenhoven et al., 2016; Hunter et al., 2018; Pelekanou et al., 2018; Yoon et al., 2020).  

 

Here, we establish that MMP13 and MMP9 are released by microglia upon stimulation with mutant 

(A53T) oligomeric α-synuclein through the classical inflammatory pathway. Further, we 

characterize the direct impact of MMP13 on microglial morphology and function, providing 

evidence that MMP13 and A53T incite distinct inflammatory profiles, which could prove crucial 

in targeting primary versus secondary inflammation.  

 

Materials and methods 

 

Misfolding of recombinant human A53T  

 

To misfold recombinant human mutant α-synuclein (A53T), lyophilized protein (Sigma-Aldrich) 

was resuspended in TEN buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 20 mM NaCl) to a final 

concentration of 1 mg/mL and sonicated at 20 Hz (2×10s bursts with a 10-s rest between bursts) 

as previously described (Béraud et al., 2011; Béraud and Maguire-Zeiss, 2012; Daniele et al., 
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2015). A53T was then incubated for 5 days at 37°C with rotation at 1000 rotations per minute, 

resulting in misfolded A53T. TEN buffer was incubated alongside misfolded A53T to serve as a 

vehicle (VEH) control for experiments.  

 

Western blots 

 

Recombinant misfolded A53T (0.1μg) underwent native polyacrylamide gradient (3–12% Bis-

Tris) gel electrophoresis utilizing the NativePAGE Novex Bis-Tris gel system (Life technologies) 

as well as denaturing 4-20% TGX gradient gel electrophoresis using the Bio-Rad gel system. 

Proteins were then transferred to nitrocellulose membranes and fixed with 0.4% paraformaldehyde 

in PBS. Membranes were blocked for 1 hour at room temperature in 5%TBST/NFDM [20 mM 

Tris-HCl pH 7.5, 150 mM NaCl, 0.1% (v/v) Tween, 5% (w/v) non-fat dry milk (NFDM)], and 

subsequently incubated with mouse Syn211 primary antibody (1:1000; Thermo Scientific) 

overnight at 4°C. Immune:antigen complexes were visualized on film (Blu-C Autoradiography 

Film; Stellar Scientific) following incubation with horseradish peroxidase (HRP)-conjugated goat 

anti-mouse 2° antibody (1:20,000; Chemicon) and Pierce Chemiluminescent Substrate (Thermo 

Scientific). All antibody information can be found in Table 3.  

 

Silver stain 

 

Misfolded A53T (5ug) was subjected to denaturing gel electrophoresis as described above, and the 

gel was subsequently stained utilizing the Silver Stain Plus Kit according to manufacturers’ 
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instructions (Bio-Rad). The gel was then visualized and imaged using the black and white UV-Vis 

system (UVP, LLC). 

 

Preparation of primary microglia 

  

Primary microglia cultures were derived from postnatal C57/Bl6 mouse cortices (P1-3) (Daniele 

et al., 2014). Cortices were isolated, homogenized, and cultured for at least 16 days in Microglia 

Culture Media (MCM; 1x Minimal Essential Medium Earle's [MEM] supplemented with: 1 mM 

L-glutamine, 1 mM sodium pyruvate, 0.6% v/v D-(+)-glucose, 100 μg/ml Penicillin/Streptomycin 

(P/S), 4% v/v Fetal Bovine Serum (FBS), 6% v/v Horse Serum). Flasks were shaken for 3 hours 

to isolate microglia, which were subsequently plated in Microglia Growth Media containing 5% 

v/v Fetal Bovine Serum (MGM; Minimum Essential Medium Earle’s (MEM), supplemented with 

1mM sodium pyruvate, 0.6% (v/v) D-(+)-glucose, 1mM L-glutamine, 100 μg/mL 

penicillin/streptomycin, and 5% v/v Fetal Bovine Serum) (Béraud et al., 2011, 2013; Béraud and 

Maguire-Zeiss, 2012; Daniele et al., 2014, 2015). For RNA extraction, cells were plated at 4.5 x 

105 (6-well format). For Enzyme-linked Immunosorbent Assay (ELISAs), cells were plated at a 

minimum density of 3.6 x 104 (24-well format). For immunocytochemistry, microglia were plated 

on sterile glass coverslips (12 mm; Deckglaser) at density of at least 4.0 x 104 cells per well (24-

well format).  
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Treatment of microglia 

 

For the α-synuclein experiments, microglia were stimulated with MGM in 5% FBS containing 1 

µg/mL misfolded A53T (Sigma-Aldrich), 20 mM TEN buffer (VEH), or LPS (100 ng/mL) for 24-

hours unless otherwise noted. LPS (100ng/mL) served as a positive control where indicated. For 

cMMP13 experiments, cells were washed tharee times with MEM and subsequently treated with 

20 nM cMMP13 (Enzo Life Sciences) or PBS (VEH) in MGM containing 1% FBS. Microglia 

were treated in a volume of 3.0 mL (6-well) or 0.5 mL MGM (24-well). 

 

RNA extraction from microglia 

 

Following treatment with misfolded A53T or VEH, RNA was isolated from microglia utilizing a 

RNeasy mini Kit with on-column DNase I digestion, according to manufacturer’s instructions 

(Qiagen). Subsequently, a NanoDrop 1000 spectrophotometer was used to determine RNA 

concentrations after isolation and to ensure sufficient RNA quality (Thermo Scientific) (Béraud et 

al., 2011, 2013; Daniele et al., 2015).  

 

qRT-PCR  

 

RNA extracted from microglia (5 μg) was reverse transcribed with the High-Capacity cDNA 

Archive Kit (Life Technologies) in a reaction volume of 10 μL. Gene expression was quantified 

by qRT-PCR in a 308-well format. cDNA (1.25 μL) was combined with master mix (8.75 μL) 
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containing the primer/probe pairs described below and TaqMan® Universal PCR Master Mix. 

Quantitative RT-PCR reactions were undertaken using the ABI Prism 7900HT Sequence Detection 

System (Life Technologies). Data were analyzed utilizing the relative quantification ΔΔCt method, 

normalizing target gene expression to human 18s ribosomal RNA endogenous control, followed 

by normalization to VEH buffer control. Primers/Probes that were used to evaluated include the 

following: TNFα Mm00443258_m1, ILβ Mm0434228_m1, MMP9 Mm004442991_m1, MMP13 

Mm004439491_m1, TLR1 Mm0120884 _m1, TLR2 Mm00442346_m1, and TLR4 

Mm00445273_m1. Gene expression changes are represented as fold change (2−ΔΔCt). All 

measurements were performed with at least three biological replicates and three technical 

replicates (Béraud et al., 2011, 2013; Daniele et al., 2015). Primer information can be found on 

Table 2 below. 
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Table 2: qRT-PCR primers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene: Primer: 

IL1 Mm0434228_m1 

MMP9 Mm004442991_m1 

MMP13 Mm004439491_m1 

TLR1 Mm0120884 _m1 

TLR2 Mm00442346_m1 

TLR3 Mm00446577_g1 

TLR4 Mm00445273_m1 

TNFα Mm00443258_m1 
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ELISAs 

  

TNFα, IL1β, IL10, ProMMP9, and Total MMP3 protein concentrations in conditioned media from 

treated microglia were quantified using an enzyme-linked immunosorbent assay (ELISA) 

according to the manufacturer’s instructions (R&D Systems). All measurements were performed 

in at least three separate experiments with two biological replicates and two technical replicates 

(Béraud et al., 2011, 2013; Béraud and Maguire-Zeiss, 2012; Daniele et al., 2014, 2015). 

 

Immunocytochemistry 

 

After treatment was stopped, cells were prepared for immunocytochemistry by washing with 

phosphate buffered saline (PBS) for 5 minutes, followed by a 20-minute fixation with PBS 

containing 4% (w/v) paraformaldehyde and 4% (w/v) sucrose, pH 7.4 at room temperature. Cells 

were then permeabilized in PBS containing 0.1% (v/v) Triton X-100 for 5 minutes, and blocked 

for 1 hour with PBS containing 10% (v/v) goat serum followed by overnight incubation at 4°C 

with rabbit anti-NFκB (1:1000; α-p65; Abcam), rabbit Iba-1 (1:750; Wako), rat CD11b (1:1000; 

EBT), rabbit MMP13 (Abcam; 1:100), or rat CD68 (1:400; Bio-Rad Laboratories) in blocking 

buffer containing 10% goat seruim. Antibody:antigen complexes were visualized following 

incubation with Alexa Fluor 594 or 488 conjugated goat IgG secondary antibody (1:1000) in PBS 

containing 0.1% (v/v) triton X-100 and 1% goat serum and subsequently counterstained with 4',6-

diamidino-2-phenylindole (DAPI; 13.0 ng/μL) in PBS, followed by two 5 min PBS washes. 

Coverslips were mounted with Hydromount and cells were imaged and captured using a Zeiss 
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Axioskop fluorescent microscope and AxioCam HRm camera (Carl Zeiss) (Béraud et al., 2011, 

2013; Béraud and Maguire-Zeiss, 2012; Daniele et al., 2014, 2015). All antibody information can 

be found in Table 3.  

 

Morphological quantification of microglia 

 

Images from Ionized calcium binding adaptor molecule 1 (Iba1) immunostained microglia were 

captured as described above from 10 distinct, randomly selected regions of each treatment 

condition by a blinded observer. Quantification of cell shape was conducted utilizing Image J 

software (National Institute of Health). After images were converted to 8-bit, a uniform threshold 

was set to visualize either the cell body or whole cell. Each cell was manually selected to take the 

appropriate measurements. When determining the impact of α-synuclein on morphology, a total 

of 180 cells were analyzed for the VEH condition and 138 cells for the A53T condition. To 

evaluate the impact of cMMP13 on morphology, 127 cells were analyzed per condition. All 

measurements were performed using cells from three biological replicates. 

 

NFκB quantification 

  

Images from NFκB and DAPI stained microglia were captured from 5 distinct, randomly selected 

regions of each treatment condition by a blinded observer. Quantification of nuclear NFκB 

intensity was completed as previously described utilizing Image J software (National Institute of 

Health) (Fuseler et al., 2006; Noursadeghi et al., 2008). A total of 346 cells were analyzed from 
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the VEH condition and 337 cells were analyzed in the A53T condition. All measurements were 

performed using cells from three biological replicates.  

 

Quantification of total fluorescence 

  

Images from MMP13 and CD68 immunostained microglia were captured as described above from 

10 distinct, randomly selected regions of each treatment condition by a blinded observer. 

Quantification of total fluorescence was conducted utilizing Image J software (National Institute 

of Health). Images were converted to 8-bit, and a threshold was subsequently set to visualize the 

whole cell. Each cell was manually selected to measure its total fluorescence (integrated density). 

For CD68 fluorescence measurements, 143 cells were analyzed in the VEH condition and 152 

cells in the cMMP13 condition. For MMP fluorescence measurements, 194 cells were analyzed in 

the VEH condition while 171 cells were analyzed in the A53T condition. All measurements were 

performed using cells from three biological replicates.  

 

Statistical Analysis 

  

All data was analyzed using GraphPad Prism, Version 8. Student’s t-test was used to analyze data 

from qRT-PCR, ELISAs, morphological measurements, nuclear fluorescent intensity, and total 

fluorescent intensity unless otherwise stated. Significance threshold was set at P ≤ 0.05. Data are 

represented as mean ± SEM. 
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Table 3: Primary antibodies used in microglia studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Antibody  Vendor  Cat# Dilution  

Rat CD11b clone M1/70 BMA T-2102 1:1000 

Rat CD68 Bio-Rad MCA1957T 1:400 

Rabbit Iba1 for ICC Wako 019-19741 1:750 

Rabbit MMP13 Abcam ab39012 1:100 

Rabbit NFκB α-p65 Abcam ab31481 1:1000 
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Results 

 

Characterization of misfolded A53T α-synuclein 

  

In order to investigate the effect of mutant α-synuclein on microglia, recombinant human A53T α-

synuclein (A53T) was misfolded using standard conditions and characterized for the presence of 

oligomers (Béraud et al. 2013; Béraud and Maguire-Zeiss 2012; Daniele et al. 2015). As shown in 

Figure 2.2, under denaturing gel electrophoresis conditions, misfolded A53T contained both 

monomeric and higher molecular weight oligomeric species (between 36-250 kDa) in western blot 

analysis (Figure 2.2A). Under non-denaturing (native) western blot conditions, the majority of the 

A53T conformers were large molecular weight species between 720 and 1236 kDa (Figure 2.2B). 

The presence of higher order oligomers was confirmed following a silver stain of the gel (Figure 

2.2C). These analyses confirmed the presence of α-synuclein oligomers in the misfolded A53T 

preparation. 

 

Microglial exposure to A53T results in morphological changes 

  

Knowing that oligomeric species were present in the A53T α-synuclein, we sought to evaluate the 

effect of A53T (1 μg/mL) on the morphology of primary microglia derived from mouse cortices, 

24 hours post-exposure. Quantification of microglial morphology was conducted using ImageJ 

analyses following immunocytochemistry for Iba1, a calcium-binding adapter protein expressed 

by microglia (Figure 2.3A). A53T exposure induced a statistically significant change in 



47  

 

 

measurements that are associated with a shift from ramified or rod-like morphologies to an 

amoeboid shape (Figure 2.3B). For example, cell body cell area increased from 233.7 um2 in 

vehicle-exposed microglia to 736.6 um2 after A53T stimulation (P ≤ 0.0001; Figure 2.3B). Whole 

cell area was also enlarged following A53T exposure (VEH = 572 um2; A53T = 1017 um2; P ≤ 

0.0001; Figure 2.3B). The Feret (aspect) ratio was lower in vehicle-treated microglia (0.54) 

indicating a more elongated shape compared with A53T-stimulated cells (0.65; P ≤ 0.0001; Figure 

2.3B). Likewise, roundness (the inverse of the Feret ratio; where a circle has a roundness value of 

0.5), was 0.49 after vehicle exposure compared with 0.62 in A53T-exposed microglia (P ≤ 0.0001; 

Figure 2.3B). Taken together, these measurements demonstrated that A53T exposure led to a shift 

in microglia morphology from a rod-like shape to a more amoeboid shape, which is often 

associated with a rise in phagocytosis (Perez-Pouchoulen et al., 2015; Winland et al., 2017; 

Dubbelaar et al., 2018). 

 

Toll like receptors are increased in the response of microglia to mutant α-synuclein 

  

Since microglia morphology is associated with different activation states and receptor signaling 

pathways, we next sought to identify the receptors that could be involved in the response of 

microglia to mutant α-synuclein. Pattern recognition receptors (PRRs) are important signal 

transducers linking extracellular (DAMPS) to intracellular functions. Furthermore, a subclass of 

PRRs, TLRs, is associated with microglial responses to oligomeric wild-type α-synuclein (Béraud 

et al. 2013; Béraud and Maguire-Zeiss 2012; Daniele et al. 2015). Previous work from our 

laboratory and others provides evidence that TLR1 and TLR2, well-characterized PRRs present 
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on the microglia cell membrane, are upregulated upon α-synuclein stimulation, and bind α-

synuclein directly (Daniele et al. 2015). Furthermore, previous evidence has also implicated a role 

for TLR4 in α-synuclein-mediated signaling, making it important to investigate (Fellner et al., 

2013). To determine if TLRs are affected by exposure to mutant α-synuclein, TLR mRNA 

expression was evaluated 24 hours following A53T (1 μg/mL) stimulation of microglia. Here we 

show elevated expression of TLR1 (6.7-fold; P ≤ 0.01), TLR2 (4.2-fold; P ≤ 0.01), and TLR4 (1.5-

fold; P ≤ 0.05) after A53T exposure compared with vehicle-treated cells (Figure 2.4). These 

findings suggest that mutant α-synuclein signals through microglial TLRs.  

 

A53T induces NFκB nuclear translocation followed by mRNA expression and release of 

proinflammatory cytokines 

  

After determining that TLR expression was upregulated in response to mutant α-synuclein, we 

sought to investigate the downstream signaling pathways involved in the microglial response to 

A53T. We focused on NFκB nuclear translocation, which is downstream of TLR1, TLR2, and 

TLR4 activation. Using A53T (1 μg/mL), we demonstrated a 1.3-fold increase in NFκB nuclear 

translocation 30 minutes after A53T exposure of microglia compared with vehicle-treated cells (P 

≤ 0.0001; Figure 2.5). Since NFκB regulates the expression of several proinflammatory 

molecules, we next sought to determine changes in mRNA expression and protein release of the 

prototypical proinflammatory cytokines, TNFα and IL1β. Twenty-four hours post-A53T (1 

μg/mL) exposure, microglia displayed a statistically significant 16.9-fold increase in TNFα gene 

expression (P ≤ 0.0001) and a 426.9-fold increase in IL1β gene expression compared with vehicle-
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treated cells (P ≤ 0.0001; Figure 2.6). In line with an increase in mRNA expression, TNFα and 

IL1β protein release were significantly elevated in conditioned media after A53T exposure 

compared with vehicle-treated microglia (TNFα: A53T = 2152.27 pg/mL; VEH = 8.03 pg/mL, P 

≤ 0.001; IL1β: A53T = 15.95 pg/mL; VEH = 0.09 pg/mL, P ≤ 0.05; Figure 2.6). 

  

We next interrogated the effect of A53T on the anti-inflammatory cytokine, interleukin 10 (IL10).  

In our hands, there was no significant IL10 release following A53T exposure of microglia (Figure 

2.6). As a positive control, the primary microglia responded as previously reported to bacterial 

lipopolysaccharide (LPS) with an induction of IL10 (Figure 2.6; P ≤ 0.0001) (Ledeboer et al., 

2002; Lively and Schlichter, 2018). An interaction between proinflammatory and anti-

inflammatory molecules is crucial to maintain microglial homeostasis, and our findings suggest 

this balance is disrupted by mutant α-synuclein. 

 

A53T enhances the expression of microglial-derived MMPs  

 

Matrix metalloproteinases (MMPs) are a family of endopeptidases released by glia and neurons in 

response to inflammation (Allen et al. 2016; Beraud et al. 2012; Bozzelli et al. 2019; Choi et al. 

2008; Könnecke and Bechmann 2013). Since the expression of a subset of MMPs is also regulated 

by NFκB nuclear translocation, we next asked whether mutant α-synuclein affects the mRNA and 

protein levels of MMP9, MMP13 and MMP3. We chose these MMPs since NFκB regulates MMP9 

and MMP13 expression, and in turn and MMP13 can continue to regulate MMP9 activity (Bond 

et al., 1999; Chase et al., 2002; Toriseva and Kähäri, 2009; Li et al., 2012). Lastly, we chose MMP3 
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due to its well-established link to PD pathology and neuroinflammation (Lee et al., 2010; Choi et 

al., 2011; Yoon et al., 2020). 

 

Here we show that, A53T exposure (1 μg/mL) led to an 8.42-fold increase in MMP9 gene 

expression compared with vehicle-treated microglia (P ≤ 0.0001; Figure 2.7A). Furthermore, 

microglial release of MMP9 protein was significantly increased in A53T-treated microglia 

compared with vehicle-treated cells (A53T: 6.33ng/mL proMMP9; VEH: 0.12ng/mL; P ≤ 0.001; 

Figure 2.7A). MMP13 mRNA expression was also significantly upregulated upon A53T 

stimulation (389.68-fold increase compared with vehicle; P ≤ 0.0001; Figure 2.7B). 

Immunocytochemistry analysis also revealed a statistically significant elevation in MMP13 protein 

expression in A53T-exposed microglia compared with vehicle-treated cells (P ≤ 0.05; Figure 

2.7B). While an elevation in MMP9 and MMP13 were apparent, MMP3 release was undetected, 

though the control recombinant MMP3 was detected (Figure 2.7C). These findings demonstrate 

that A53T incites a complex proinflammatory morphofunctional phenotype in microglia, 

increasing the expression of both cytokines and a subset of MMPs.  

 

cMMP13 directly affects microglia structure and function 

  

After establishing that A53T elevated MMP13 levels, we next asked whether MMP13 itself alters 

microglial function. To this end, microglia were exposed to recombinant catalytic MMP13 

(cMMP13; 20 nM) for 24 hours and evaluated for morphological changes using Iba1 

immunocytochemistry and ImageJ analyses as described above (Figure 2.8A). cMMP13 induced 
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a statistically significant change in all morphometric measurements (Figure 2.8B). Specifically, 

cell body area increased from an average of 141 um2 in vehicle-stimulated cells to 229.5 um2 

following cMMP13 exposure (P ≤ 0.01; Figure 2.8B). Whole cell area was also increased with 

cMMP13 treatment (VEH = 358.3 um2; cMMP13 = 535.3 um2; P ≤ 0.0001; Figure 2.8B). Lastly, 

the changes in morphological parameters indicate a shift from a rod-like shape to a more circular 

microglial phenotype. For example, the Feret ratio displayed by vehicle-treated cells was 0.34 

compared with 0.52 following cMMP13 exposure (P ≤ 0.0001; Figure 2.8B) and roundness 

increased from 0.3 in vehicle-treated cells to 0.48 in cMMP13-stimulated microglia (P ≤ 0.0001; 

Figure 2.8B). Combined, these changes in shape suggest a shift in cMMP13-stimulated microglia 

to a more amoeboid morphology and this could be indicative of functional changes in the 

microglia.  

 

To determine whether the cMMP13-induced changes in microglia morphology reflect an altered 

proinflammatory state, we investigated the release of proinflammatory molecules following 

treatment. Twenty-four hours post-exposure, cMMP13-treated microglia released significantly 

more TNFα (223.85 pg/mL, P ≤ 0.001; Figure 2.9A) than vehicle-treated cells (not detected). Note 

that the elevation in proinflammatory molecules was also present in conditions using 5% FBS 

(Figure 2.9B). However, cMMP13-exposed microglia did not release detectable levels of IL1β 

(Figure 2.9A). Microglia were capable of IL1β release as demonstrated following LPS-stimulation 

(P ≤ 0.05; Figure 2.9) and A53T exposure (Figure 2.6).  
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Since MMP13 regulates the expression of MMP9 in other cell types, we next asked whether 

MMP13 stimulates the release of MMP9 in the microglia (Knäuper et al., 1997; Lausch et al., 

2009). To that end, MMP9 release was quantified 24-hours post-cMMP13 treatment and found to 

be increased nearly 50-fold compared with vehicle-treated microglia (cMMP13 = 0.99 ng/mL; 

VEH = 0.02 ng/mL; P ≤ 0.001; Figure 2.9).  

 

Since inflammation increases lysosomal exocytosis, which subsequently leads to the release of 

MMPs (Figure 2.7), we probed for changes in CD68, a glycoprotein localized to the endosomal 

and lysosomal compartment (Figure 2.10A) (Monif et al., 2016; Xia et al., 2019). Twenty-four 

hours after cMMP13 treatment, there was a statistically significant elevation in total CD68 

compared with vehicle-exposed cells (P ≤ 0.001; Figure 2.10B). These findings support that the 

inflammatory phenotype induced by cMMP13 alters microglial structure and function including 

endosomal/lysosomal exocytosis. 

 

Discussion 

 

Through this investigation we characterized critical aspects of the inflammatory profile elicited by 

mutant α-synuclein. Though we did not size exclude α-synuclein conformers, we used high 

molecular weight oligomeric α-synuclein species relevant to PD pathology and necessary for 

microglial activation (Daniele et al., 2015; Hoenen et al., 2016; Roodveldt et al., 2010; Sharon et 

al., 2003; Tofaris et al., 2003). We also discovered the novel involvement of matrix-

metalloproteinase 13 (MMP13) in α-synuclein-mediated inflammation and identified its role in 
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facilitating microglial signaling and lysosomal exocytosis. Our findings that microglia display 

different inflammatory profiles after A53T exposure compared with cMMP13 stimulation support 

the hypothesis that there are unique differences in the microglia response to these proteins. 

Moreover, our results implicate MMPs in sustaining inflammation and modifying microglia 

phenotype, which is crucial to the chronic activation state that is sustained during disease (McGeer 

et al., 1988; McGeer and McGeer, 2008) (Figure 2.12).  

 

Here, we established that α-synuclein stimulation of microglia led to morphofunctional changes 

through a classical inflammatory pathway profile. Furthermore, while we previously showed that 

oligomeric wild-type α-synuclein stimulates IL10 release, here in agreement with Roodveldt et al., 

we did not detect IL10 following A53T exposure (Roodveldt et al., 2010; Daniele et al., 2015). 

Given that cytokine equilibrium is crucial to microglial homeostasis, it is important to consider 

how IL10 mediates inflammation through the regulation of cytokines such as TNFα (Wang et al., 

1995; Shin et al., 1999; Sato et al., 2003). For example, this absence of IL10 may explain the 

higher levels of proinflammatory cytokines observed in A53T-exposed microglia (Hoenen et al., 

2016).  

 

Like proinflammatory cytokines, MMPs are also linked to PD and are an integral part of the 

inflammatory response observed in microglia (Annese et al., 2015; Choi et al., 2011; He et al., 

2013; Y. S. Kim et al., 2007; E.-J. Lee et al., 2010; Lorenzl et al., 2002). MMP3 was not detected 

after microglia were stimulated with A53T or vehicle despite previous research implicating 

microglia release of MMP3 after exposure to wild-type α-synuclein (Sung et al., 2005; Kim et al., 
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2007; Choi et al., 2011). The previous study was the only experiment in which microglia release 

of MMP3 release was conducted, and MMP3 has been primarily neuron derived when evaluate in 

the context of PD (Sung et al., 2005; Kim et al., 2007; Choi et al., 2011). Furthermore, the absence 

of MMP3 could be important to familial patient pathology in particular since clinically MMP3 has 

only been found in sporadic cases (Choi et al., 2011). Taken together, those differences could 

explain why in our hands we did not detect MMP3. 

 

Here, we explored other MMPs as well, and found an increase in the MMP9 and MMP13.  While 

here we demonstrate that A53T increases microglial MMP13 expression, in a preliminary 

experiment we have shown that wild-type α-synuclein also induces MMP13 mRNA expression in 

microglia. We also noted no statistically significant differences in expression between the two 

variants of α-synuclein, which also both induce an upregulation of IL1β mRNA expression (P ≤ 

0.001; Figure 2.11).   

 

After establishing the upregulation of MMP13 expression as a result of α-synuclein exposure, our 

study further interrogated the direct effect of this metalloproteinase on microglia since it induces 

an inflammatory response in astrocytes (Bozzelli et al., 2019). To that end, we showed for the first 

time that cMMP13 initiated morphofunctional changes in microglia typically seen during an 

inflammatory insult. Though inhibitors of MMPs are found naturally in serum and theoretically 

abrogate their effects, our experiments with microglia that utilized cMMP13 were done in low 

serum conditions. While this could be considered a caveat, it is important to note that even in 5% 

serum conditions, there was detectable release of TNFα and MMP9; indicating that the serum 
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conditions of our experiments did not influence our findings (Figure 2.9B). Inhibitors of MMPs 

also been found to be altered in PD patients, and do not mimic typical homeostasis of TIMPS, 

further supporting our experimental model (Lorenzl et al., 2004; Choi et al., 2011) in which 

cMMP13 was found to alter the inflammatory state of microglia.  

 

More specifically, we reported a shift in microglial morphology that occurred in conjunction with 

the release of the pro-inflammatory molecules TNFα and MMP9. These results suggest that MMPs 

contribute to inflammation by also promoting the release of proinflammatory proteins such as 

TNFα and MMP9 (Wang et al., 2015). MMPs could contribute to the neurodegeneration through 

these inflammatory molecules since TNFα stimulates neuronal apoptosis in the substantia nigra 

while MMP9 alters neuron structural integrity (McCoy et al., 2006; Jara et al., 2007; Michaluk et 

al., 2011; Murase et al., 2016; Wiera et al., 2017). Overall, the release of these inflammatory 

molecules could further perpetuate the vicious cycle of inflammation often seen in 

neurodegenerative diseases where dendritic spine loss is observed (McNeill et al., 1988; Anglade 

et al., 1996; Stephens et al., 2005; Smith et al., 2009). We also demonstrated that IL1β was 

differentially released, as it was upregulated following A53T but not cMMP13 treatment of 

microglia. Though this finding needs to be further examined, our work implies that inflammasome 

formation may be triggered by A53T but not cMMP13. Furthermore, while in the past microglial 

activation has been classified as M1-like or M2-like, it is now widely accepted that activated 

microglia display complex expression profiles, a unique combination of both proinflammatory and 

anti-inflammatory molecules (Chen and Trapp, 2016).  
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Taken together, the results presented here provide evidence that familial forms of PD may be better 

managed using a multitherapeutic approach targeting TLRs as well as MMPs (Caplan and 

Maguire-Zeiss, 2018). Using TLR2 knockout mice, Kim et al show that loss of TLR2 signaling 

attenuates α-synuclein-mediated inflammation, and previous work from our lab shows that 

attenuation of TLR1/2 signaling decreases wild-type α-synuclein-mediated microglial activation 

(Daniele et al., 2015; C. Kim et al., 2015). Drugs known to inhibit the NFκB pathway also warrant 

further investigation as do clinically relevant MMP inhibitors (Allen et al., 2016; Bozzelli et al., 

2019; Giriwono et al., 2019). While we have better characterized specific MMPs and TLRs in 

familial PD, the implications of MMP13 on microglia phagocytosis and process motility are yet to 

be understood even though we show here that CD68 expression was increased. One possible 

MMP13 target, which is the focus of future research, is protease receptor-1 (PAR1), a GPCR linked 

to enhanced neuroinflammation, which is activated by MMP-directed cleavage (Suo et al., 2002; 

Brkic et al., 2015; Allen et al., 2016; Bozzelli et al., 2019).  

 

When an analysis was conducted in which the wells were considered an independent observation, 

some morphological measurements were no longer significant such as cell body area (Figure 2b; 

P=0.06 and Figure 7b; P=0.24) and whole cell area (Figure 7b; P= 0.09). Furthermore, integrated 

fluorescence intensity of MMP13 (Figure 6b; P=0.6) and CD68 (Figure 8b; P=0.08) were also no 

longer statistically significant using the different analysis. In the future, we will include more 

measures for these experiments. Additionally, an MMP13 activity assay could corroborate the 

MMP13 fluorescence data. Lastly, to strengthen the CD68 finding, a CD68 western blot could be 

done.  Future work can also better investigate the role of MMP13 in human disease specifically 
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and entail the use of human tissue and human microglia. The role of MMP13 in human disease 

specifically requires the use of human tissue, human microglia derived from iPSCs, and improved 

PET imaging. Taking these future directions would allow for a better understanding of possible 

multiple therapeutic approaches that could be used in familial PD.  
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Figure 2.1. Graphical hypothesis. It is predicted that mutant α-synuclein will alter the 

morphology of microglia and engage PRRs on their surface, specifically TLRs. As a result of TLR 

activation proinflammatory proteins such as classical proinflammatory cytokines and MMPs will 

be released. These MMPs are predicted to induce morphofunctional changes in microglia though 

autocrine signaling that include alterations in shape, increased release of proinflammatory 

molecules, and changes in markers of phagocytosis. 
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Figure 2.2. Misfolded A53T contains α-synuclein oligomers. Misfolding of recombinant A53T 

was induced by subjecting the protein to 37°C and rotation. Misfolded A53T was subjected to 

western blot analyses with a human specific α-synuclein antibody (Syn211; Thermo Scientific; 

1:1000) following (A) denaturing and (B) native gel electrophoresis. A53T monomer is ~16kD 

and larger oligomeric conformers are indicated by the vertical line. The finding that multiple 

conformers of A53T were present was corroborated by a silver stain following denaturing 

electrophoresis (C). 
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Figure 2.3. A53T alters microglial morphology. (A) Microglia were treated with 1 µg/mL 

misfolded A53T or vehicle (VEH) for 24 hours and Iba1 immunocytochemistry (green) was used 

to visualize the cells. Nuclei were counterstained with DAPI (blue).  Enlarged microglia (white 

box) are shown to the right. (B) Consistent with a visual change, A53T exposure led to a change 

in morphological parameters (cell body area, whole cell area, Feret ratio, and roundness) 

compared to vehicle treatment; VEH n = 180 cells and A53T n = 138 cells. Values are reported 

as mean ± SEM, using an unpaired Student’s t-test; ****P≤0.0001. 
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Figure 2.4. TLRs are upregulated following A53T treatment of microglia. Microglia were 

treated with 1 ug/mL misfolded A53T or vehicle (VEH) for 24 hours and changes in gene 

expression for TLR 1, 2, and 4 were evaluated using qRT-PCR. Microglia stimulated with 

misfolded A53T displayed increased levels of TLR1, TLR2, and TLR4 mRNA expression 

compared to vehicle, (n = 3 wells/treatment). Values are reported as mean ± SEM, using an 

unpaired Student’s t-test; **P≤0.01and *P≤0.05.   
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Figure 2.5. Nuclear translocation of NκFB is increased in microglia stimulated by misfolded 

A53T. Nuclear translocation of NFκB was analyzed following a 30-minute stimulation with 1 

ug/mL misfolded A53T or vehicle (VEH). (A) The presence of cytoplasmic (arrowheads) and 

nuclear (arrows) NFκB (red) following immunocytochemistry (nuclei; DAPI, blue). (B) Nuclear 

translocation of NFκB was quantified and shown to be significantly elevated in A53T-stimulated 

microglia compared to vehicle treatment; VEH n = 346 cells and A53T n = 337 cells. Values are 

reported as mean ± SEM, using an unpaired Student’s t-test; ****P≤0.0001. 
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Figure 2.6. The expression and release of proinflammatory cytokines are upregulated in 

A53T-exposed microglia.  Microglia were exposed to 1 µg/mL misfolded A53T or vehicle (VEH) 

for 24 hours. A53T-exposed microglia display increased gene expression of the classical 

proinflammatory cytokines, TNFα and IL1β compared to VEH treated cells (n = 3 wells/treatment). 

TNFɑ and ILIβ release was also increased following A53T exposure (ELISA; n = 6 

wells/treatment). IL10, an anti-inflammatory cytokine, was not released in response to A53T, but 

was detected following treatment with 100ng/mL LPS (n = 6 wells/treatment); one-way ANOVA 

with Dunnett’s post-hoc. Other ELISAs are reported as mean ± SEM, using an unpaired Student’s 

t-test; ****P≤0.0001, ***P≤.001, and *P≤0.05.   
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Figure 2.7. Microglia-derived MMPs are upregulated in response to A53T. Microglia were 

exposed to 1 µg/mL misfolded A53T or vehicle (VEH) for 24 hours and evaluated for changes in 

MMP expression and release. (A) A53T exposure upregulated MMP9 expression (n = 3 

wells/treatment) and protein release (n = 7 wells/treatment) compared to vehicle-treated cells. (B) 

A53T exposure increased MMP13 mRNA expression and MMP13 protein (integrated density 

following MMP13 immunocytochemistry red; DAPI, blue) compared to vehicle treatment (VEH 

n = 194 cells and A53T n = 171 cells). (C) MMP3 remained undetected in both vehicle and A53T 

exposed cells, but the assay did detect recombinant MMP3. Values are reported as mean ± SEM, 

using an unpaired Student’s t-test; ****P≤0.0001, ***P≤0.001, and *P≤0.05.  
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Figure 2.8. cMMP13-stimulated microglia exhibit an amoeboid morphology.  (A) Microglia 

were stimulated with 20 nM cMMP13 for 24 hours and subsequently evaluated for morphological 

changes using Iba1 immunocytochemistry (red). Nuclei were counterstained with DAPI (blue). 

(B) Cell body area, whole cell area, Feret ratio, and roundness were quantified using ImageJ 

analyses. cMMP13 exposure changed the morphological parameters indicative of a switch from a 

rod-like (vehicle treatment) to amoeboid morphology, n = 127 cells for both cMMP13 and VEH. 

Values are reported as mean ± SEM, using an unpaired Student’s t-test; **P≤0.01 and **** 

P≤0.0001. 
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Figure 2.9. The expression of a subset of microglia-derived proinflammatory molecules is 

increased following cMMP13 treatment. ELISAs were performed on microglia-conditioned 

media after cMMP13 or VEH exposure.  Microglia treated with 20 nM cMMP13 for 24 hours 

increased the release of TNFα and MMP9, but not IL1β in 1% FBS (n = 3 wells/treatment) (A) 

and 5% FBS (B). 100ng/mL LPS treatment increased IL1β release as expected; One-way ANOVA 

with Dunnett’s post-hoc (n = 3 wells/treatment) (A). Other ELISAs are reported as mean ± SEM, 

using an unpaired Student’s t-test; ***P≤0.001, *P≤0.05, and ****P≤0.0001.  
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Figure 2.10. cMMP13-stimulated microglia increased the lysosomal marker, CD68. (A) 

CD68 (green) and Iba1 (red) immunofluorescence was conducted after 24 hours of 20 nM 

cMMP13 or vehicle treatment of microglia. (B) CD68 total fluorescent signal was elevated in 

cMMP13-treated microglia; n = 143 VEH cells and n = 152 cMMP13 cells. Values are reported 

as mean ± SEM, using an unpaired Student’s t-test; ***P≤0.001. 
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Figure 2.11. Both wild-type and A53T α-synuclein induce expression of inflammatory 

proteins. (A-B) Primary microglia were treated for 24-hours with VEH, A53T α-synuclein, or 

wild type α-synuclein. mRNA expression levels of IL1β and MMP13 were subsequently analyzed 

using qRT-PCR.  MMP13 (A53T; 1924.8-fold and wildtype; 5213.9-fold) and IL1β (A53T; 275.6-

fold and wildtype; 230.4-fold) mRNA were increased in both ɑ-synuclein subtypes compared to 

VEH (P ≤ 0.0001). Using a one-way ANOVA and Tukey post-hoc correction, there was no 

statistically significant difference between A53T and wild type-synuclein for either MMP13 or 

IL1β mRNA expression. 
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Figure 2.12. Graphical summary. Mutant α-synuclein upregulated TLRs on microglia and led to 

the release of various proinflammatory molecules including TNFα, IL1β, MMP9, and MMP13. 

MMP13 induced morphofunctional changes in microglia though autocrine signaling. For example, 

it changed their shape, increased the release of proinflammatory molecules including TNFα and 

MMP9, and increased CD68 expression.  
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CHAPTER III: THE EFFECT OF MMPS ON NEURON STRUCTURE AND 

CHARACTERIZATION OF CMMP13 ON NEURON VIABILITY AND HEALTH 

 

Summary  

 

α-Synuclein, a protein highly expressed in presynaptic terminals, is also associated with Lewy 

body pathology found in PD patients (Mackenzie, 2001; Braak et al., 2003; Rockenstein et al., 

2014; Froula et al., 2018; Fields et al., 2019). As stated previously, we and others have shown that 

α-synuclein is a damage-associated molecular pattern (DAMP) that elicits a microglial 

proinflammatory response through activation of pattern recognition receptors (PRRs). In the 

previous chapter, we demonstrated for the first time that the expression of MMP9 and MMP13 are 

increased following exposure of microglia to mutant A53T α-synuclein. Importantly, that glial 

derived MMP13 can subsequently activate microglia. While MMPs have been evaluated in the 

context of synucleinopathies, their role in the context of glial-neuronal interactions remains 

unexplored (Lorenzl et al., 2002b; Kim et al., 2007; Choi et al., 2011). More specifically, the 

impact of microglia derived MMP13 and 9 on neurons remains to be further studied since both are 

present at the same time in the inflammatory milieu. Investigations in this chapter will study the 

impact of microglial-derived cMMP13 on neurons (Jaffré et al., 2012). Specifically, we are 

interested in how dendritic complexity, cell viability, and the cytoskeletal integrity of neurons is 

impacted by cMMP13.  
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Hypothesis  

 

It is predicted that microglial derived MMP13 will influence neurite structure and cytoskeleton 

integrity in hippocampal neurons at one dose, while having cytotoxic properties at another dose 

(Figure 3.1).  

 

Background  

 

To fully understand the justification and hypothesis of this chapter, neurons structure and the 

pathways involved in maintaining that structure are important to consider. These pathways could 

be altered due to the release of MMPs shown in the previous chapter. To that end dendritic spines, 

the actin cytoskeleton, and GPCR targets of MMP13 are discussed. 

  

Dendritic spines 

 

Dendritic spines are the post-synaptic membranous protrusions that receive input from excitatory 

neurons. While dendritic spines are a crucial component of neurodevelopment, spine growth and 

formation of synapses occur throughout development and adulthood. Furthermore, communication 

between glial cells and dendritic spines are thought to play an important role in synaptic stripping 

(Trapp et al., 2007; Eroglu and Barres, 2010).  This is relevant to this thesis because activation of 

microglia and release of MMPs would serve as one mechanism by which synaptic connections 

could be restructured.  



72  

 

 

In terms of shape, spines begin as thin and headless filopodia during development and eventually 

mature into a mushroom shape with a short neck and larger head (Gipson and Olive, 2017). In 

contrast to mushroom spines, stubby spines are devoid of a neck and appear as a round elevation 

from the dendritic shaft (Tashiro, 2000; Sekino et al., 2007; Adrian et al., 2014). Dendritic spines 

also have unique morphological features that allow them to carry out proper functions. For 

example, they have a spine head that is connected to the dendritic shaft though the spine neck, 

which allows for the compartmentalization and specificity of biochemical signals in the neuron 

(Bourne and Harris, 2008; Adrian et al., 2014). 

 

The growth and formation of synapses are critical since changes in spine size are correlated with 

changes in the strength of the excitatory synapse. Due to this correlation, structural deficits during 

diseases such as synucleinopathies and dementia have been evaluated, and are the class of diseases 

that we chose to study (Chen et al., 2010; Penzes et al., 2011; Elder et al., 2017; Kashyap et al., 

2019). In fact up to 80% of PD patients develop dementia, and spine loss is apparent in PD both 

and DLB (Tredici and Braak, 2000; Smith et al., 2009; Schulz-Schaeffer, 2010). Spine loss has 

also been observed in the striatum and hippocampus in mice that overexpress human A53T α‐

synuclein as well, making the study of spines pertinent since this is our mutation of interest 

(Finkelstein et al., 2016). The conclusion that spines are damaged due to the presence of α-

synuclein is strengthened by in vitro experiments using both cortical and hippocampal neurons. 

Hippocampal neurons exposed to fibrillar α-synuclein display extensive loss of dendritic spines. 

In the cortex, projection neurons with thin, long axons that are unmyelinated are primarily 

impacted (Aarsland et al., 2003; Hely et al., 2008; Froula et al., 2018; Wu et al., 2019). Often, the 
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previously mentioned loss of dendritic spines can be linked to actin dynamics which will be 

discussed further. 

 

Actin cytoskeleton and its components in neurons 

 

Actin dynamics are crucial to dendritic spines since synaptic activity stimulates actin 

reorganization. Furthermore, actin dynamics is linked to downstream targets of MMPs, such as 

PAR1. Filamentous actin (F-actin) forms bundles that shape the networks that compose the cellular 

cytoskeleton and is particularly increased in the dendritic spine. These structures are crucial since 

the disruption of the cytoskeleton during spine morphogenesis results in the global disassembly of 

synaptic structural elements (Svitkina and Borisy, 1999; Sekino et al., 2007). More specifically, 

F-actin is structurally polarized, comprised of a barbed end and pointed end, which allow it to 

treadmill. This turnover and treadmilling induce morphological changes in dendritic spines since 

rapid actin polymerization provide the mechanical force needed to push out the spine membrane 

and induce morphological changes. This actin polymerization necessary for morphological 

changes occurs due to calcium influx and the actin binding proteins cofilin and drebrin, which are 

proteins discussed below (Svitkina and Borisy, 1999).  

 

Cofilin regulates actin by binding actin depolymerizing factors (ADF), a family of microfilament 

proteins associated with the rapid depolymerization of actin filaments. As a result of binding 

cofilin, the rate of dissociation from the pointed end increases (Bobkov et al., 2002; Galkin et al., 

2011). Cofilin activity itself is largely regulated through phosphorylation, making it a target of 
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proteins like Ca2+/ Calmodulin-dependent kinase II and Rho GTPases. P21-activated kinase (PAK) 

is recruited to excitatory synapses by forming a complex with PAK-interacting protein (PIX) (a 

Rac GEF) and Shank (Park et al., 2003). PAK activation requires autophosphorylation, which can 

be triggered by either active ras-related C3 botulinum toxin substrate 1 (Rac1) or Cell Division 

Cycle 42 (Cdc42) (Edwards et al., 1999). PAK phosphorylates and activates LIM kinase, which 

then phosphorylates cofilin at serine 3, leading to its inactivation (Schubert and Dotti, 2007).  

 

Drebrin, the protein previously alluded to and used in Figure 3.9 to mark dendritic spines, is 

another actin-binding protein that is neuron specific and binds directly to F-actin in dendritic spines 

through its c-terminal sequence. Drebrin is therefore responsible for stabilizing F-actin, and 

primarily prevents the depolymerization of actin at its barbed end. It does this by inhibiting the 

activity of F-actin binding proteins such as tropomyosin, fascin, and myosin (Ishikawa et al., 1994; 

Sasaki et al., 2002; Mikati et al., 2013). Lastly, actin is regulated by calcium influx (Suo et al., 

2002; Kim et al., 2004; Vandell et al., 2008; Austin et al., 2013; Allen et al., 2016). Calcium 

modulates the activity of various postsynaptic proteins, including actin-related protein (Arp2/3), 

LIM domain kinase (LiMK), spinophilin, myosin light chain kinase (MLCK) and myosin, some 

of which are subject to Rho GTPase signaling (Franks and Sejnowski, 2002; Higley and Sabatini, 

2008, 2012; Gasperini et al., 2017; Gipson and Olive, 2017). One way in which Rho GTPase 

signaling is regulated in neurons is through the activation of the protease-activated receptors 

(PAR1), a target of MMPs.  
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G-protein coupled receptors and (GPCRs) and PAR1 

 

PARs are a family of ubiquitously expressed GPCRs. PAR1 was the first member of the PAR 

family to be discovered out of four, and thrombin was the first identified agonist of PAR1 which 

was initially known as the “thrombin” receptor (Flaumenhaft and De Ceunynck, 2017). It has since 

been identified as a GPCR that is capable of being cleaved by proteases, such as MMPs. When 

cleavage of this receptor occurs, a tethered ligand is exposed that subsequently leads to a 

conformational change. This conformational change then that results in the activation of G-protein 

signaling cascades. Due to biased signaling, cellular responses can be specific to cleavage 

sequence. Furthermore, various G-protein cascades can be activated. PAR1-mediated GDP–GTP 

exchange in Gaq enables activation of phospholipase C isoforms, resulting in the hydrolysis of 

PIP2, leading to the generation of inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 acts 

at the IP3 receptor to facilitate calcium release from intracellular stores, which contributes to the 

activation of multiple downstream signaling proteins. DAG stimulates protein kinase C isoforms. 

PAR1 facilitated activation of Ga12/13 stimulates RhoGEF, with downstream activation of the 

Rho-Rho kinase pathway and myosin light chain. Lastly, PAR1-stimulated Gai activation inhibits 

adenylyl cyclase (Soh et al., 2010; Flaumenhaft and De Ceunynck, 2017; Wang et al., 2018). 

 

Indirectly, GPCR signaling can also result in the activation of the previously mentioned Rho/Rac 

pathway, which are GTPases that mediate actin dynamics. These GTPases are activated by 

guanine-nucleotide-exchange factors (GEFs) that stimulate exchange of GDP for GTP, thereby 

making the protein active. GTPase-activating proteins (GAPs), by comparison, impede them by 
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hastening GTP hydrolysis. The Rho family of proteins are responsible for a broad range of 

cytoskeleton-mediated events, including dendrite development and spine morphogenesis. In 

mature neurons, expression of constitutively active RhoA decreases dendritic spine density and 

length (Nakayama and Luo, 2000; Tashiro, 2000; Pilpel and Segal, 2004). Constitutively active 

Rac1 leads to a reduction of spine size together with an increase in spine density (Costa et al., 

2020). 

 

As stated previously, PAR1 can influence dendritic spine density and calcium flux (Suo et al., 

2002; Kim et al., 2004; Vandell et al., 2008; Austin et al., 2013; Allen et al., 2016). More 

specifically, it hypothesized that upon MMP cleavage the PAR1 tethered ligand actives the 

receptor, leading to a G-protein independent signaling cascade though the β-arrestin/Akt signaling 

pathway (Beaulieu et al., 2007; Allen et al., 2016). Akt becomes dephosphorylated, and this in turn 

leads to high levels of glycogen synthase kinase 3 (GSK3β) which can alter the maturity of 

dendritic spines (Beaulieu et al., 2007; Allen et al., 2016). GSK3β is critical to abnormal 

phosphorylation of the microtubule-binding protein tau, resulting in neurofibrillary tangles that are 

displayed in some patients with synucleinopathies (Gomperts et al., 2008; Avila et al., 2012; 

Walker et al., 2015; Metaxas and Kempf, 2016; Wang et al., 2019). In addition to the link to 

GSK3β, tau is a critical component of axons, the part of the neuron responsible for transmitting 

information and is regulated by MMPs such as MMP9 (Nübling et al., 2012). z Orthosteric 

inhibitors of PAR1 include Vorapaxar, which binds to the active site, are FDA approved, and have 

been used in the clinical setting (Flaumenhaft and De Ceunynck, 2017; Bozzelli et al., 2019).   
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Materials and methods  

 

Preparation and treatment of primary neuron enriched cultures 

  

Neuron cultures were derived from postnatal day 0 (P0) C57/Bl6 mice, and the hippocampi were 

dissected after isolation from the cortex and meninges. The hippocampi were subsequently 

removed and dissociated into a single cell suspension with trituration after incubation for 5 minutes 

with 0.1% trypsin as previously described (Beaudoin et al., 2012; Allen et al., 2016). Dissociated 

cells were plated onto 18-mm sterilized glass coverslips or plastic 12-well culture dishes. Cultures 

were maintained in neural basal media supplemented with B27, glutamine, and 

penicillin/streptomycin antibiotic and incubated at 37 °C in a humidified 5% CO2-containing 

atmosphere. The neuronal enriched cultures also contained astrocytes as confirmed with glial 

fibrillary acidic protein (GFAP) (Cell Signaling; 1:500) and MAP2 (PhosphoSolutions; 1:2500) 

immunocytochemistry (Allen et al., 2016). 

 

MTT assay 

 

Neuron-enriched cultures were prepared as described above and plated at 2X104 cells per well (96-

well plate format). At DIV14, Neuron enriched cultures were treated for 24, 72, or 48 hours with 

the following: PBS (VEH), 0.8, 2.0, 100, or 200 nM cMMP13 (Enzo). 3-hour exposure to H202 

was also used as a positive control (Desagher et al., 1996; Guo et al., 2013; Hohnholt et al., 2015). 
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Cell viability was then assessed using the MTT assay kit (Promega) according to manufacturer 

instructions, and cMMP13 optical density was normalized to vehicle control optical density. 

 

Neuron immunocytochemistry (ICC) 

   

Neurons were plated on glass coverslips as described above at a density of 60,000 cells per well. 

Neuron-enriched cultures were subsequently treated with 8 nM human recombinant catalytic 

cMMP13 protein (Enzo) at DIV5,8,12 and 14 or PBS (VEH). After treatment was stopped, cells 

were prepared for ICC by washing with PBS for 5 min, followed by a 20-minute fixation with PBS 

containing 4% (w/v) paraformaldehyde and 4% (w/v) sucrose pH 7.4 at room temperature two-

hours after the last treatment at DIV14. Cells were then permeabilized in PBS containing 0.1% 

(v/v) triton X-100 for 5 min, and blocked for 1 hour with PBS containing 10% (v/v) goat serum 

followed by overnight incubation at 4°C with chicken anti- microtubule associated protein (MAP2) 

(Phosphosolutions; 1:2500), GFAP (Cell Signaling; 1:500), p-cofilin (Santa Cruz; 1:500) or 

drebrin (Abcam; 1:500) in blocking buffer containing 10% goat serum. Antibody:antigen 

complexes were visualized following incubation with Alexa Fluor 594 or 488 conjugated goat 

anti-chicken, mouse, or rabbit IgG secondary antibody as needed (Thermo Fisher; 1:1000) in PBS 

containing 0.1% (v/v) triton X-100 and 1% goat serum. Cells were then washed with PBS 

containing 0.1% (v/v) triton X-100 and subsequently counterstained with 4',6-diamidino-2-

phenylindole (DAPI; 0.1 µg/mL) in PBS followed by two 5 min PBS washes. Coverslips were 

mounted with Hydromount and cells were imaged and captured using a Zeiss Axioskop fluorescent 
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microscope using the AxioCam HRm camera (Carl Zeiss) or Lionheart (Biotek) (Allen et al., 

2016).  

 

Dendritic Sholl analysis 

 

Primary neuron-enriched cultures were treated with 8 nM human recombinant catalytic cMMP13 

protein (Enzo) at DIV5,8,12 and 14 or PBS (VEH). Cultures were fixed for 20 minutes with a 4% 

paraformaldehyde/sucrose solution two-hours after the last treatment at DIV14. 

Immunofluorescent techniques were used to label MAP2 cytoskeleton of neurons as previously 

described, and images were acquired using the AxioCam HRm camera (Carl Zeiss) (Rosso et al., 

2005; Allen et al., 2016). Next, we employed the use of a semi-automated Sholl analysis. Briefly, 

8-bit images of hippocampal neurons were traced using the NeuronJ plugin for ImageJ (NIH) and 

then checked for accuracy in NeuronStudio. Next, digitized images were analyzed in MATLAB 

using the open source Bonfire program (http://firesteinlab.cbn.rutgers.edu/downloads.html) to 

generate Sholl profiles. Researchers were blinded to treatment during image acquisition and 

analyses (Allen et al., 2016). 

 

Phosphorylated-Cofilin analysis  

 

After taking at least 10 images of each coverslip, the number of MAP2 and cofilin positive cells 

were manually quantified in each image using the Cell Counter feature in ImageJ (NIH). Any cell 

that displayed yellow staining was counted and indicated colocalization of MAP2 and cofilin. The 
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total number of total MAP2 positive neurons were quantified by converting the image to 8-bit and 

set to uniform threshold so that cell bodies were visualized and manually counted. All 

quantification was conducted by a blind observer.  

 

Drebrin puncta analysis  

 

After immunostaining neurons with drebrin (Abcam; 1:500) and MAP2 (Phosphosolutions; 

1:2500) antibodies, neurons were imaged. At least 10 individual neurons were captured at 60X per 

treatment using the Lionheart microscope (Biotek), and subsequently analyzed for the number of 

Drebrin positive puncta. After thresholding images using a uniform brightness and contrast, 

Particle Analyzer in ImageJ was employed to quantify the number of puncta per cell by only 

counting puncta between 0.5-2.0 um. The line tool was then employed to measure the length of 

primary neurites using the drebrin channel. Quantification was conducted by a blind observer, and 

MAP2 was used to confirm neuron identity (Allen et al., 2016).  

 

Western blots 

 

Neuron-enriched cultures were plated at 120,000 cells per well, and treated with the following on 

DIV5,8,12, and 14: 8 nM human recombinant catalytic cMMP13 protein (Enzo), Vorapaxar (Axon 

Medchem)+8nM cMMP13 (Enzo), or PBS (VEH). After treatment, ice cold RIPA lysis buffer 

with protease/phosphatase inhibitors was applied to neuron-enriched cultures. Protein 

concentrations were determined using the BCA protein assay (Pierce) and samples were prepared 
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for Western Blot using 18 μg of whole neuron cell lysate per lane. Gel electrophoresis under 

denaturing conditions using 10% SDS-polyacrylamide was then conducted with the 4-20% TGX 

gradient Bio-Rad gel system. Proteins were then transferred to 0.22mm nitrocellulose membranes 

(Bio-Rad) and fixed stained using Ponceau S (Bio-Rad). Membranes were blocked for 1 hour at 

room temperature in 5%TBST/NFDM [20mM Tris-HCl pH 7.5, 150mM NaCl, 0.1% (v/v) Tween, 

5% (w/v) non-fat dry milk (NFDM)], and subsequently incubated with tau (Genscript; 1:1000), 

and p-tau (Genscript; 1:1000) primary antibody over night at 4°C. Antibody: antigen complexes 

were visualized on an Amersham Imager 600 (GE Healthcare Life Sciences) following incubation 

with horseradish peroxidase (HRP)-conjugated goat anti-mouse 2° antibody (Chemicon; 1:20,000) 

and Dura Chemiluminescent Substrate (Thermo Scientific)(Daniele et al., 2015). All antibody 

information can be found in Table 4. Densitometry was performed using the big box technique 

and gel analyzer tool on ImageJ using two representative bands per treatment and normalizing to 

Ponceau S staining.  

 

Statistical analysis  

 

All data was analyzed using GraphPad Prism 8.0, and the appropriate statistical test was employed 

including the Student t-test, One-way ANOVA with Dunnett’s post-hoc, or Two-Way ANOVA 

with Dunnett’s post-hoc as indicated in the figure. Significance threshold was set at P ≤ 0.05. Data 

are represented as mean ± SEM. 
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Table 4: Primary antibodies used in neuron studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Antibody  Vendor  Cat# Dilution  

Rabbit Cofilin 

(phosphorylated hSer3-

R)  

Santa Cruz sc-12912-R 1:500 

Rabbit Drebrin Abcam ab11068 1:500 

Mouse GFAP  Cell signaling  3670X 1:500 

Chicken MAP2  PhosphoSolutions 1100-MAP2 1:2500 

Rabbit Tau  Genscript A00397 1:1000 

Rabbit Tau 

(phosphorylated)  

Genscript 9623 1:1000  
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Results  

 

Perineuronal nets (PNN) are not present in neuronal enriched culture 

 

To ensure that ECM proteins were not the primary targets of MMPs in neuron-enriched cultures 

and that PAR1 could be further explored if necessary, primary hippocampal neurons were 

immunostained with anti-MAP2 (Phosphosolutions; 1:2500) and PNNs fluorescently labeled 

using Wisteria floribunda agglutinin (WFA) (Vector; 1:200). There were no WFA positive neurons 

present in the neuron-enriched hippocampal cultures, emphasized by the example neuron 

(indicated by the arrow). However, there was minor WFA/extracellular matrix staining due to the 

astrocyte layer of the cultures (Figure 3.2). There is a possibility that proteins derived from 

astrocytes could be present in vitro since GFAP positive cells were detected in the neuron enriched 

cultures (Figure 3.3). 

 

cMMP13 does not reduce cell viability 

 

MMPs are cytotoxic to neurons at various ranges and concentrations, therefore we evaluated 

cMMP13 and vehicle-treated primary hippocampal neurons using an 3-(4,5-Dimethylthiazol-2-

Yl)-2,5-Diphenyltetrazolium Bromide (MTT) Cell Viability Assay (Promega) (Desagher et al., 

1996; Guo et al., 2013; Hohnholt et al., 2015). A dose and time response was conducted after 

exposing neurons to 0.8, 2.0, 100, or 200 nM cMMP13 for 24, 48, or 72 hours. There was no 

statistically significant difference between cMMP13 and vehicle treatments with any dose (Figure 
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3.5A; Two-way ANOVA). However, there was roughly a 70% loss of cell viability after 30 

minutes of  H202 treatment as previously reported, indicating that the assay had worked (Desagher 

et al., 1996; Guo et al., 2013; Hohnholt et al., 2015) (Figure 3.5A). The finding that cell viability 

was not negatively impacted by cMMP13 was confirmed in another treatment paradigm using 8 

nM cMMP13, in which the number of MAP2 positive neurons remained unchanged after chronic 

treatment compared to vehicle (Figure 3.5B). This paradigm was used in the remaining 

experiments (Figure 3.4).  

 

cMMP13 counteracts the neurite complexity changes induced by cMMP9 

 

MMPs such as MMP1 and MMP9 alter neurite structure, therefore we assessed neuron integrity 

after vehicle or 8 nM of chronic MMP exposure using cMMP9, cMMP13, or cMMP13+cMMP9 

(Bijata et al., 2015; Allen et al., 2016; Murase et al., 2016). MAP2 (Phosphosolutions; 1:2500) 

was used to identify neurites (Figure 3.6A). A Sholl analysis determined that there was no 

statistical difference in neuron complexity between MMP13+MMP9, cMMP13, and vehicle-

stimulated neurons (Figure 3.6B). However, cMMP9 alone did statistically increase the 

complexity of neurons compared to vehicle-exposed cells (Figure 3.7). Accordingly, cMMP9 also 

increased the length of the longest neurite from 140.1 um (VEH) to 183.6 um (cMMP9) (*P≤0.05, 

**P≤0.01, and ****P≤0.001) (Figure 3.7). The number of primary, secondary, and tertiary 

branches remained unchanged in neurons stimulated with cMMP13, cMMP9, and cMMP13+9 

compared to those exposed to vehicle (Figure 3.7).  
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cMMP13 leads to altered phosphorylation of targets downstream of MMP cleavage. 

 

Since targets of MMP13 are known influence actin dynamics, we determined if p-cofilin was 

altered in MMP-stimulated neurons (Figure 3.8A) (Rosenmund and Westbrook, 1993; 

Cristofanilli and Akopian, 2006; Allen et al., 2016; Gasperini et al., 2017). To that end, MAP2 

(Phosphosolutions; 1:2500) positive cells were evaluated for colocalization with p-cofilin (Santa 

Cruz; 1:500) using immunocytochemistry after exposure to various MMPs. It was determined that 

cMMP13 and cMMP9+cMMP13 stimulation statistically increased the percentage of p-cofilin 

positive neurons to 33% and 37% respectively compared to vehicle (20%; *P≤0.05 and **P≤0.01). 

Only cMMP9 treatment did not change the percentage of p-cofilin positive neurons but was 

trending (P=0.068) (Figure 3.8B).   

 

cMMP13 does not decrease the number of dendritic spines. 

 

Since MMPs are known to alter spine density and drebrin is known to interact with cofilin, the 

post-synaptic dendritic spines of cMMP13-treated neurons were evaluated using drebrin 

(Abcam;1:500) immunocytochemistry (Figure 3.9A) (Michaluk et al., 2011; Grintsevich and 

Reisler, 2014; Allen et al., 2016). When the number of synaptic puncta was manually quantified, 

it was determined that there was no significant difference in the total number of drebrin puncta in 

cMMP13-stimulated neurons compared to vehicle stimulation (Figure 3.9B).  

 

cMMP13 does not alter axon associated proteins downstream of MMP cleavage targets. 
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Only dendrites were evaluated in the Sholl analysis, so we next wanted to rule out that cMMP13 

was not altering axons instead of dendrites since MMPs stimulate axon outgrowth (Gonthier et al., 

2007; Miller et al., 2008; Van Hove et al., 2012; LEMMENS et al., 2014; Lemmens et al., 2016). 

Neurons were treated with 8 nM cMMP13, VEH, or the PAR1 inhibitor Vorapaxar in conjunction 

with cMMP13, and evaluated for changes tau (Genscript; 1:1000) and p-tau (Genscript; 1:1000) 

levels using western blot (Figure 3.10A). By using a semiquantitative analysis to measure the ratio 

of p-tau to total tau, we were able to evaluate tau and its post-translational modifications (Figure 

3.10B). When protein levels were quantified using ImageJ, it was found that no significant 

differences in total tau, p-tau, or p-tau/total ratio after cMMP13 exposure (Figure 3.10B). Protein 

levels were normalized to Ponceau S staining (Figure 3.10A).  

 

Discussion  

 

Taken together, these preliminary studies suggest that in our hands cMMP13 specifically does not 

alter neuron health, or structure in healthy excitatory hippocampal neuron-enriched cultures 

(Figure 3.11). Furthermore, MMP9’s impact on dendrite structure was abrogated by MMP13. That 

finding corroborates past literature since MMP13 regulates the activity of MMP9 by mediating its 

cleavage (Knäuper et al., 1996, 1997; Lausch et al., 2009; Nannuru et al., 2010). While MMP1 has 

been shown to alter dendrite structure and dendritic spine quantity, it is important to highlight the 

crucial differences between MMP1 and MMP13 to explain the differential effect that MMP1 and 

MMP13 had on neurons (Allen et al., 2016). More specifically, these findings suggest that MMP1 
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and MMP13 may impact neurons differently because of their different structures ability to cleave 

targets, and unique regulation by other MMPs. 

 

Despite belonging to the same class of MMPs, MMP1 and MMP13 have different affinities and 

cleavage sites on PAR1 (Lovejoy et al., 1999; Brew and Nagase, 2010; Jaffré et al., 2012; Manka 

et al., 2012; Austin et al., 2013; Allen et al., 2016). This is not only the case with PAR1, as the 

affinity of MMPs for other targets also vary when cleaving fibronectin and aggrecan (Eckhard et 

al., 2016). Cleavage ability and affinity of each individual MMPs is vital since the MMP1 dose 

used in previous studies could be sufficient to stimulate the cleavage of targets responsible for 

changing neuron structure but may not be effective when using cMMP13. Lastly, MMPs regulate 

and activate other members of the MMP family. For instance, MMP7 activates MMP1 but not 

MMP13; again emphasizing that these collagenases are different (Imai et al., 1995; Barillé et al., 

1999). 

 

In addition to the differences between MMP13 and MMP1, there was some discrepancy in the 

finding that MMP9 increased dendritic complexity. More specifically, MMP9 did not alter 

dendritic complexity in the same way as previously described (Bijata et al., 2015; Murase et al., 

2016). However, the impact of MMP9 on dendritic complexity is conflicting in past work too. 

More specifically, knocking out and overexpressing MMP9 both decrease neurite complexity 

(Bijata et al., 2015; Murase et al., 2016). These findings underscore that MMPs must be maintained 

at homeostatic levels, and imply that the amount of MMP9 dose is crucial to neurons since 100 

ng/mL was used in the past for structural investigations compared to the substantially smaller 
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amount used in these experiments which was less than 1ng/mL (8nM) (Horstmann et al., 2003; 

Kim and Joh, 2012; Pielecka-Fortuna et al., 2015). Furthermore, the in vitro model used in past 

studies was rat neurons, which are very different from mouse cultures in size and response to 

metabolic stress (Sethi et al., 2017). At the expression level, microarray analysis found that 4713 

out of a total of 10,833 genes were differentially expressed in the dendrites of hippocampal neurons 

between rats and mice, solidifying the aforementioned differences (Francis et al., 2014; Ellenbroek 

and Youn, 2016). 

  

Our findings were also not in agreement with MMP9’s ability to impact actin targets such as tau 

and cofilin. While cofilin has been shown to be mediated by MMP9 in dendritic spines, the finding 

here does not indicate the same (Wang et al., 2008). In past literature, experiments were conducted 

using a 30-minute acute treatment rather than chronic treatment. Furthermore, we did not 

determine if integrin was expressed in our neuronal-enriched cultures, though it has been shown 

to be expressed in vitro previously and was found to be the target responsible for mediating tau in 

response to MMP9 (Wang et al., 2008; Shinojima et al., 2012). Lastly, cofilin is known to be 

differentially mediated in excitatory and inhibitory neurons, underscoring the importance that 

previous investigations were restricted to only evaluating excitatory neurons. (Yuen et al., 2010). 

The analysis we conducted to evaluate cofilin did not differentiate between excitatory and 

inhibitory neurons and did not separate between hippocampal regions, perhaps explaining the 

different results that we observed.  
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In fact, none of the neurons examined in our experiments were inhibitory neurons alone. This 

caveat is crucial since PNNs primarily ensheath parvalbumin positive neurons (Yamada and Jinno, 

2013, 2017; Carstens et al., 2016). Furthermore, though neuronal cultures used in cMMP13 

experiments did not contain ECM (Figure 3.2), WFA only detects N-acetyl-D-galactosamine on 

aggrecan, a member of the lectican family. We did not probe for other components of ECM, but 

did have some astrocytes which could produce them (Yamada and Jinno, 2017). This role of 

astrocytes cannot be underestimated due to their production of ECM components such as brevican 

and tenascin-c (Murakami and Ohtsuka, 2003; Nikonenko et al., 2003; Brückner et al., 2004; Pyka 

et al., 2011). Astrocytes also mediate the development of hippocampal neurons and synaptic 

function in vitro, which underscores why they are needed to facilitate PNN formation and were 

present in our cultures (Pyka et al., 2011; Geissler et al., 2013). Even though we lacked WFA, and 

did not probe inhibitory neurons, MMPs do target other proteins including GPCRs like PAR1 

(Jaffré et al., 2012; Allen et al., 2016; Bozzelli et al., 2019). PAR1 is expressed in neurons of both 

the hippocampus and substantia nigra and elevated in models of PD and hippocampal injury 

(Weinstein et al., 1995b; Junge et al., 2003; Hamill et al., 2007; Han et al., 2011). By using cells 

that lacked ECM, PAR1 became a likelier target of MMP13 and could be the focus of future 

studies, rather than ECM targets. 

  

In addition to cofilin, the finding that tau was not influenced by cMMP13 was not in congruence 

with past work. Tau is a substrate of MMP9 and MMP3, and MMPs notably impact axons (Nübling 

et al., 2012). While cMMP13 was shown to regulate tau phosphorylation and therefore BACE1, 

the protein involved in amyloid-β accumulation, the phosphorylation site that we evaluated was 
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different from that site (Avila et al., 2012; Wang et al., 2019; Zhu et al., 2019). These findings 

indicate that it is important to consider the different phosphorylation sites of tau, specifically sites 

that have been linked to MMP13 regulation of tau in future experiments. 

 

It could also be argued that dopaminergic neurons would be a better model after these findings.   

However, we used hippocampal neurons since PD is not the only synucleinopathy. For example, 

the hippocampus can still be impacted by α-synuclein like in DLB, in which hippocampal neurons 

are the cell type primarily impacted. More specifically, α-synuclein is expressed in cells that are 

vesicular glutamate transporter-1 (vGLUT-1) positive and therefore excitatory like the neurons of 

the hippocampus (Withers et al., 1997; Murphy et al., 2000; Austin et al., 2006). Lewy body 

pathology is also found in this region during disease, for example the entorhinal cortex and 

hippocampus (Galvin et al., 1999; Taguchi et al., 2014; Guella et al., 2016; Adamowicz et al., 

2017). Notably, the post-synaptic structure of these cells is also damaged during disease. Evidence 

includes synapse loss and hippocampal atrophy in DLB patients, and pre-formed fibrils (PFFs) can 

lead to a loss of mushroom spines in hippocampal neurons specifically, providing evidence of 

neurodegeneration (Barber et al., 1999; Burton et al., 2004; Beyer et al., 2007; Revuelta et al., 

2008; Schulz-Schaeffer, 2010; Chow et al., 2012; Kantarci et al., 2012; Blumenstock et al., 2017; 

Elder et al., 2017). MMPs interrogated in this study are also expressed in the hippocampus, and 

can be upregulated upon injury such as MMP3 and MMP9, making hippocampal neurons an 

acceptable model (Planas et al., 2001; Szklarczyk et al., 2002; Allen et al., 2016). Due to the clear 

role of the hippocampus in the pathology of synucleinopathies as described above, we chose to 

focus on hippocampal neurons.  
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We establish novel roles for MMPs in the CNS. For example, we establish how MMP9 can alter 

dendrite complexity, which has been debated in the past. Furthermore, cMMP13 homeostatically 

regulates cMMP9 to mediate the aforementioned effects that it has on structure. This is likely due 

to the fact that MMP13 and MMP9 both compete for similar targets. For example, both cleave β-

dystroglycan on neurons. As a result, it is possible that if cMMP13 cleaves a different site on β-

dystroglycan it renders MMP9 unable to do so, which may explain my results that cMMP13 

reversed the complexity changes induced by cMMP9. Though we provide evidence that cMMP13 

may significantly alter cofilin, other proteins and neurite structure remain unchanged; indicating 

that the changes in cofilin does not likely have consequences on neuronal health. More specially, 

the cMMP13-facilitated changes in cofilin do not change dendrite morphology, or neuronal axonal 

proteins. These preliminary findings suggest that cMMP13 does not directly alter hippocampal 

neuron morphology.  
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Figure 3.1. Graphical hypothesis. The previous chapter established that mutant α-synuclein 

stimulated the release of proinflammatory proteins including TNFα, ILIβ, MMP9, and MMP13, 

likely through the engagement of TLRs. It was hypothesized that the microglial derived MMPs 

such as MMP9 and MMP13 would alter neurite structure. Furthermore, MMP13 would 

specifically impact dendritic spines and cytoskeleton proteins in hippocampal neurons.  
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Figure 3.2. Primary hippocampal cultures did not contain perineuronal nets. The PNN in 

primary hippocampal neurons was evaluated at DIV14 using WFA (Vector; 1:200) staining 

combined with MAP2 (Phosphosolutions; 1:2500) immunofluorescence. (A) No ECM was present 

around neurons, as evidenced by the neuron indicated by the arrow. (B) The specificity of the 

MAP2 and WFA were confirmed using a no primary or no WFA control.  
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Figure 3.3. Primary hippocampal cultures contain a minor astrocyte monolayer. Since 

astrocyte monolayers are known to contribute to neuronal health and exist in postnatal neuronal 

cultures, the presence of the astrocytes was evaluated using GFAP immunocytochemistry (Cell 

Signaling 1:500). These astrocytes existed in culture with MAP2 (Phosphosolutions; 1:2500) 

positive neurons in vitro (A). The specificity of the MAP2 and GFAP antibodies were confirmed 

with a no primary control (B). 
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Figure 3.4. Primary treatment paradigm of neuronal experiments. Neurons were dissected 

from the hippocampi of P0 C57/Bl6 mice and kept in culture until DIV5. After DIV5, cells were 

chronically treated with cMMP13 until DIV14 at which point treatment was stopped unless 

otherwise noted. This allowed for the evaluation of cell viability, neurite structure, and 

cytoskeleton proteins. 
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Figure 3.5. cMMP13 is not cytotoxic to neurons. A dose and time response was conducted using 

primary hippocampal neurons. Cells were treated for 24, 48, or 72 hours using 0.8, 2.0, 100, or 

200 nM cMMP13 (Enzo), vehicle, or H2O2 (100uM). After each appropriate time point, an MTT 

cell viability assay was conducted. There was no significant difference in neuronal viability at any 

dose compared to vehicle (VEH; n=4 wells per treatment). Values are reported as mean ± SEM, 

using a two-way ANOVA with Dunnet post-hoc; ***P≤0.05. This finding was corroborated using 

neurons that were treated with 8 nM of cMMP13 or VEH from DIV5-DIV14. Neurons were 

immunostained using MAP2 (Phosphosolutions; 1:2500), and manually counted using ImageJ. 

There was no significant difference in the number of cells in each image between cMMP13 treated 

neurons (n=29 images per treatment). Values are reported as mean ± SEM, using an unpaired 

Student t-test.  

A. 

B. 
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Figure 3.6. cMMP13 abrogates cMMP9 mediated alterations to neurite structure. Primary 

hippocampal neurons were chronically treated with 8nM cMMP13, cMMP9, cMMP9 + cMMP13, 

or vehicle (VEH). After DIV 14, immunocytochemistry was done using MAP2 (Phosphosolutions; 

1:2500), a dendritic marker, to analyze neuron complexity (A). There were no changes in neuron 

complexity as measured by Sholl analysis in cMMP13 (n=42 cells) or cMMP9+cMMP13 (n=18 

cells) when compared to VEH (n=54 cells) (A). However, cMMP9 (n=12 cells) did alter neurite 

complexity, which was evident due to the higher number of intersections 72um – 90um and 120um 

away from the cell soma compared to VEH (B). Values are reported as mean ± SEM, using a two-

way ANOVA with Dunnett post-hoc; *P≤0.05, **P≤0.01, and ****P≤0.001.  

 

 

 

 

V
E

H
 (

P
B

S
) 

  
cM

M
P

1
3

 
cM

M
P

9
 

MAP 2 

cM
M

P
9
+

cM
M

P
1
3

 
B. A. 



98  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. MMPs 9 and 13 do not change neurite branching pattern. Neurons were 

chronically treated with 8nM cMMP13, 8nM cMMP9, 8nM cMMP9 + 8nM cMMP13, or vehicle 

(VEH). After DIV 14 MAP2 immunocytochemistry was done to analyze neuron branching and 

length. There were no changes in neuron length observed in cMMP13 (n=42 cells) or 

cMMP9+cMMP13 (n=18 cells) when compared to VEH (n=54 cells). cMMP9 (n=12 cells) did 

statistically alter the length of the longest neurite. However, none of the treatments changed the 

number of primary, secondary, or tertiary branches. Values are reported as mean ± SEM, using a 

one-way ANOVA with Dunnett post-hoc; *P≤0.05.  
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Figure 3.8. The ratio of p-cofilin positive neurons was increased upon cMMP13 stimulation, 

but not cMMP9. Neuron-enriched cultures were treated chronically from DIV5-14 with vehicle 

(VEH), 8 nM cMMP13, 8 nM cMMP9, or 8 nM cMMP13+ 8 nM cMMP9 (Enzo) followed by 

MAP2 (Phosphosolutions; 1:2500) and p-cofilin (Santa Cruz; 1:500) immunostaining (A). After 

manually counting the total number of p-cofilin and MAP2 positive cells, it was determined that 

the ratio of p-cofilin positive neurons was statistically increased in cMMP13 and cMMP-

9+cMMP13 exposed neurons compared to VEH, but not after cMMP9 stimulation (n=32 images 

per treatment). Values are reported as mean ± SEM, using a one-way ANOVA with Dunnett’s 

post-hoc; **P≤0.01. 
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Figure 3.9. cMMP13 does not influence the number of dendritic spines. Neurons were 

evaluated after chronic treatment with 8 nM cMMP13 (Enzo) or VEH using immunocytochemistry 

for MAP2 (Phosphosolutions; 1:2500) and drebrin (Abcam; 1:500), a marker for post-synaptic 

dendritic spines. No significant difference was found in the number of synaptic puncta on primary 

neurites exposed to vehicle (n=25 cells) and cMMP13 (n=28 cells). Values are reported as mean 

± SEM, using an unpaired Student t-test. 
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Figure 3.10. cMMP13 treatment does not alter neuronal cytoskeletal proteins such as tau. To 

determine if the axonal proteins tau and p-tau were altered due to glial derived MMP13, primary 

hippocampal neurons were chronically treated with 8 nM cMMP13 (#3), Vorapaxar (#2) (2 μm) + 

cMMP13, or vehicle (VEH) (#3). A western blot under denaturing conditions for tau (GenScript; 

1:1000) and p-tau GenScript; 1:1000) were then conducted (A). There was no statistically 

significant difference detected when levels of tau and p-tau were normalized to Ponceau S and 

quantified (n=2 lanes per treatment) (B). Values are reported as mean ± SEM, using a one-way 

ANOVA with Dunnett post-hoc. 
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Figure 3.11. Graphical summary. This chapter focused on the direct impact that MMP13 could 

have on hippocampal neurons in vitro. Chronic exposure to cMMP13 did not impact neuron cell 

viability, structure, or cytoskeleton proteins substantially. 
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CHAPTER IV: DISCUSSION AND FUTURE DIRECTIONS 

 

Summary 

 

This chapter discusses the overall implications of the research reported in the previous chapters. It 

also describes future directions to further investigate A53T-mediated inflammation and the 

subsequent implications of cMMP13.  

 

Discussion  

 

This work characterized the inflammatory profile displayed by microglia in response to misfolded 

A53T α-synuclein and identified for the first time that MMP13 is released in A53T-mediated 

inflammation. Our research then expanded on the consequences of MMP13 release and built on 

previous knowledge that MMP13 contributes to neuroinflammation. More specifically, these 

studies discovered the novel ability of MMP13 to stimulate morphofunctional changes in microglia 

that have never been shown. For example, it can stimulate a microglial response that includes a 

change in morphology, the release of TNFα and MMP9, and may alter phagocytosis (Kim et al., 

2005; Lausch et al., 2009; Nannuru et al., 2010; Connolly et al., 2016; Li et al., 2017). Furthermore, 

MMP13 can alter neuron health by homeostatically regulating MMP9 which is also released by 

microglia. While our findings underscore that MMPs can mediate numerous functions related to 

inflammation and neuron health, they also emphasize that each individual MMP has unique 

functions that need to be better understood. Taken together, these discoveries demonstrate that a 



104  

 

 

multi-therapeutic approach is needed to combat inflammation and should be employed in familial 

PD.  

 

In Chapter II, we first focused on the morphofunctional changes in microglia induced by A53T. 

The unique proinflammatory molecules released by microglia during A53T-mediated 

inflammation implies a distinct inflammatory response that is specific to familial forms of PD. Our 

results emphasize that the differences in structure between A53T and wildtype α-synuclein can 

influence the inflammatory profile of microglia since our preps contained oligomeric conformers. 

Here, we showed that the anti-inflammatory cytokines released to counteract the harmful negative 

effects of the proinflammatory molecules may not be released in the same way as they are in 

sporadic PD (Roodveldt et al., 2010; Daniele et al., 2015). The inflammatory profile differences 

identified here and particular to A53T are crucial and highlight the role of glial autocrine signaling. 

Though the statistical analysis conducted in which the average of each well was used to analyze 

fluorescence and morphology measure may be a caveat, it is important to consider that our use of 

individual cells is acceptable due to the notorious heterogeneity of microglia (Allen et al., 2016; 

Hoenen et al., 2016; Winland et al., 2017; Abdolhoseini et al., 2019; Svoboda et al., 2019).  

However, our most notable finding is that MMP13 is upregulated by microglia stimulated with 

A53T α-synuclein. This glial derived MMP13 can have consequences. 

 

Notably, MMP13 stimulated microglia also released proinflammatory molecules. In fact, the 

inflammatory profile was different from that of A53T-stimulated microglia. Though both involved 

MMP9 and TNF, MMP13 treated microglia did not include IL1β. This implies that the initial 
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inflammatory insult (A53T) is distinct from the second one (cMMP13). The discovery that A53T 

and cMMP13 stimulate distinct inflammatory profiles in microglia further corroborates the 

concept that microglia activation exists a continuum rather than two simple states (Hanisch and 

Kettenmann, 2007; Sierra et al., 2013; De Biase et al., 2017; Wolf et al., 2017). Several studies 

have suggested that microglia may dynamically change phenotype in PD depending on disease-

stage (Mogi et al., 2007; Sawada et al., 2008; Pisanu et al., 2014; Joers et al., 2017). Our results 

also imply cMMP13 leads to microglial autocrine signaling that is toxic to neurons in early-onset 

PD, and there are many cytokines and proinflammatory molecules chronically released by 

microglia during disease that can negatively impact neuron health (McGuire et al., 2001; Clarke 

and Branton, 2002; McCoy et al., 2006; Glass et al., 2010).  

 

Though future experimentation can be conducted to determine the target of MMP13 on microglia, 

past work can inform this investigation. For example, MMPs have been shown to activate TLRs 

in immune cells, and subsequently lead to proinflammatory signaling through cytokine release 

(Krutzik et al., 2005; Kigerl et al., 2007; Godefroy et al., 2014). In support of this mechanism 

occurring in cMMP13-exposed microglia, Chapter II established the release of cytokines known 

to be downstream of TLR signaling. More specifically, we observed release of TNFα and 

upregulation of CD68 which occur downstream of TLR engagement (Krutzik et al., 2005; Kigerl 

et al., 2007; Godefroy et al., 2014). Importantly, the contribution of other receptors cannot be 

understated since microglia express numerous targets of MMP13 (Suo et al., 2002; Kim et al., 

2014; Li et al., 2016). β-integrin is one such target of MMP13, and its inhibition results in the 

reversal of morphofunctional changes in microglia that are also linked to phagocytosis (Welser-
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Alves et al., 2011; Li et al., 2016). In support of this candidate receptor, CD68 upregulation and 

morphological changes were observed in cMMP13-stimulated microglia (Figure 2.10). Lastly, 

PAR1 could also be the target receptor cleaved by MMP13 on microglia (Suo et al., 2002; Jaffré 

et al., 2012). PAR1 activation results in the activation of the MAPK signaling pathway, which is 

importantly independent of the inflammasome. It also leads to the activation of transcription 

factors that upregulate both TNFα and MMP9 (Li et al., 2016). It is possible that the effects 

observed on microglia in response to cMMP13 occurs through the cleavage of PAR1 since our 

results show that both TNFα and MMP9 are released as a consequence of MMP13 stimulation. 

This makes PAR1 the mostly likely target, as the previously mentioned pathways have been shown 

to result in IL1β release.  

 

Considering that the death of neurons in the substantia nigra is a well-established aspect of PD 

pathology and the idea that MMP13 could indirectly contribute to that neurodegeneration is 

pertinent (Michel et al., 2013; Kalia and Lang, 2015; Song and Kim, 2016). Here, I show that 

MMP13 stimulates the microglial release of proteins known to kill neurons, including TNFα and 

MMP9 (McGuire et al., 2001; Clarke and Branton, 2002; McCoy et al., 2006; Glass et al., 2010). 

Though A53T does this alone, this work provides a novel link between the MMPs and 

neurodegeneration that has not been shown before. Furthermore, this discovery underscores that 

microglia continue to perpetuate inflammation after the initial inflammatory insult. 

 

Though we show that cMMP13 can elicit a response in microglia, the direct impact of MMP13 on 

other cells of the CNS, such as neurons, remained unexplored. However, this was worth 
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investigating due to the importance of glia-neuron interactions. To that end, in Chapter III we 

probed how cMMP13 could directly influence neurons structure and cytoskeletal proteins by 

treating them with cMMP13. While research has previously described the role of MMPs in directly 

causing the death of neurons, MMP13 does not do this (Vos et al., 2000; Gu et al., 2002, 2005). 

More specifically, though MMP1 is a collagenase that has been linked to neuron cytotoxicity, 

pertussis toxin was added in advance of MMP1 treatment. Furthermore, human derived embryonic 

neurons or spinal cord neurons were used in past MMP1 investigations evaluating cytotoxicity 

(Vos et al., 2000; Conant et al., 2004). In the experiments reported in Chapter III, no additional 

toxins were added to the MMP13 treatment, and hippocampal neurons derived from mice were 

used instead of spinal cord or embryonic human neurons (Vos et al., 2000). At a slightly different 

dose, MMP1 is not necessarily cytotoxic and may instead lead to an increase in dendritic spine 

complexity. This combined with our findings further the argument that the amount of MMP is 

important in determining if it is cytotoxic or not to neurons. Other studies that examined how 

MMPs alter viability interrogated MMPs from another class, namely gelatinases, again reiterating 

the importance of MMP class as well (Gu et al., 2002, 2005). There may be post-translational 

modifications that could alter the capability of MMP13 cytotoxicity that were explored in other 

MMPs but not evaluated in Chapter III (Gu et al., 2002).  

 

Lastly, the composition of our neuron-enriched cultures could be a confounding factor. While 

neuron-enriched, these cultures did include astrocytes. As a result, it is possible that astrocytes led 

to the production of a variable combination of ECM proteins and therefore MMP targets. This 

caveat is crucial due to the role that these ECM proteins have as a target of MMPs. A low presence 
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of these ECM proteins could explain why MMP13 did not have any effect on hippocampal 

neurons. Future experimentation and additional cultures could determine if that was the case.  

Taken overall, these crucial differences may clarify why in our hands MMP13 did not lead to 

neuronal death and may explain the discrepancy in our results.  

 

The finding that MMP13 was able to reverse the structural impact of cMMP9 was novel, and 

should also be discussed further. Though it was previously alluded to in Chapter III, there are some 

reasons that should be reiterated and explained beyond cMMP13 cleavage of cMMP9. In addition 

to competing for shared substrates such as PAR1 and β-dystroglycan, it is possible that cMMP9 

and cMMP13 have opposing actions on the target substrate. For example, cleavage by cMMP13 

could lead to exposure of the tethered ligand, but cMMP9 at the dose used does not. Once cleaved, 

they could have opposing actions at the G-protein level. For example, PAR1 cleavage can lead to 

both Gi, Gs, and Gq activation (Chung et al., 2002; Hamill et al., 2007; Allen et al., 2016; 

Flaumenhaft and De Ceunynck, 2017).  It is possible and more likely that the target of cMMP13 

and cMMP9 is shared. As a result of competing for the same target, the shared target could be 

cleaved by cMMP13 before cMMP9. As a result of this MMP13 cleavage, cMMP9 may no longer 

be able to cleave the target. Lastly, the presence of MMP13 may activate pathways that lead 

neurons to produce proteins capable of inactivating MMP9. For example, if MMP13 leads to the 

production of reactive oxygen species as has been shown with other MMPs, it is possible that 

MMP9 becomes inactivated as a consequence of this reactive oxygen species release (Fu et al., 

2001, 2003, 2004; Ra and Parks, 2007). 
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As alluded to previously, our results indicate that TLRs and NFκB pharmacological manipulation 

would be advantageous to inhibit in early-onset PD. To this end, there are numerous ways to inhibit 

this pathway; but a few include microRNAs, natural compounds, and synthetic compounds 

(Caplan and Maguire-Zeiss, 2018). The most studied of these are natural and synthetic compounds, 

which include TLR inhibitors that are FDA approved and have been used such as CU-CPT22 to 

target TLR1/2 and the angiotensin receptor drug Candesartan (Pauls et al., 2012; Arel-Dubeau et 

al., 2014; Daniele et al., 2015; Olajide et al., 2017). We and others have studied the inhibition of 

TNF receptor associated factor 6 (TRAF6), a protein that is downstream of TLR and upstream of 

NFκB, using Pristimerin (Kim et al., 2015a; Caplan and Maguire-Zeiss, 2018). Though TLRs have 

been targeted in the past with mixed results, it is crucial to note that our findings support a multi-

therapeutic approach that includes TLR1/2 and TLR4 and MMPs at the same time (Bennett-

Guerrero et al., 2007; Rice et al., 2010; Caplan and Maguire-Zeiss, 2018). 

 

Aiding in the development of a more targeted therapeutic approach, our work determined which 

MMPs to focus on in familial PD. For example, there are some inhibitors of MMP13 that can be 

used if A53T has already activated microglia in patients. Its inhibition would prevent inflammation 

from continuing (Quillard et al., 2011; Zhu et al., 2019). Importantly, the targets of MMPs could 

also be inhibited if the target of MMP13 is identified in future work. For example, PAR1 is a target 

of MMPs and the PAR1 antagonist Vorapaxar is FDA approved and has been utilized in the context 

of neuroinflammation (Bohula et al., 2016; Flaumenhaft and De Ceunynck, 2017; Bozzelli et al., 

2019). For example, in HAND it has been used to block the effects MMP13 on astrocytes and in 
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experimental autoimmune encephalomyelitis it improves clinical symptoms (Kim et al., 2015b; 

Bozzelli et al., 2019). These results make it an attractive compound to use in the future.  

 

In conclusion, our knowledge that MMP13 perpetuates α-synuclein-mediated inflammation can 

enable future experiments that better dissect the causes and consequences of its involvement. We 

have established mutant α-synuclein can lead to the release of numerous proinflammatory 

molecules such as cMMP13. This MMP13 itself can cause morphofunctional changes in microglia, 

which is important since it continues the release of proinflammatory molecules that are harmful to 

neurons (Figure 4.1). Future experiments would enable the identification of effective 

pharmacological interventions to reduce inflammation. 

 

Future experiments 

  

A53T specific experiments 

  

Impact of A53T derived fibrils and understanding conformation specificity in microglial response: 

 

This work could be extended by characterizing primary microglia following exposure to specific 

A53T conformers. For example, A53T would be sized excluded into monomers and oligomers as 

previously described with recombinant wildtype α-synuclein (Daniele et al., 2015). A comparative 

study would be employed in which microglia are treated with A53T monomers, A53T oligomers, 

A53T fibrils, or buffer vehicle. Outcome measures would include TNFα, IL1β, as well as MMPs 
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9 and 13. These outcome measures could be expanded by conducting single cell RNA sequencing 

or fluorescent-activated cell sorting (FACS) sorting of microglia to identify additional genes and 

protein markers involved in the microglia response to specific A53T conformers. This experiment 

would further dissect the impact of α-synuclein structure on immune response since it is unknown 

if mutant monomer or oligomeric α-synuclein trigger a stronger inflammatory response in 

microglia. Because monomeric mutant α-synuclein is sufficient to stimulate the classical 

proinflammatory pathway, and our mixed species preps did the same, it is hypothesized that the 

oligomers would be sufficient but not necessary for microglial activation (Roodveldt et al., 2010; 

Daniele et al., 2015; Hoenen et al., 2016). However, since oligomeric preparations had a stronger 

effect than monomeric using wildtype α-synuclein, mutant oligomers would likely have a stronger 

effect than mutant monomers (Daniele et al., 2015). 

 

If higher order conformers do indeed lead to a more robust cytokine release, there are numerous 

injection paradigms to evaluate this concept further in vivo (Paumier et al., 2015; Patterson et al., 

2019). It is critical to consider that A53T derived fibrils are different from wildtype derived fibrils 

structurally, which is why it would be advantageous to derive the fibrils from A53T α-synuclein 

and inject them into mice. Furthermore, injecting A53T derived fibrils into mice would be valuable 

since α-synuclein pathology would target the same brain regions impacted in human PD (Paumier 

et al., 2015; Patterson et al., 2019). Mice would be injected with either A53T PFFs or vehicle into 

the substantia nigra. α-Synuclein pathology and motor deficits would be verified, but subsequent 

studies would focus on microglia alone (Sacino et al., 2014; Dhillon et al., 2019). For example, 

the morphology of microglia using 3D rendering software and the release of classical 
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proinflammatory cytokines would be evaluated in the substantia nigra and striatum of injected 

animals. To corroborate our in vitro findings, the MMP profile would be examined in this model 

using ELISAs, qRT-PCR, and RNAscope. Additional studies that allow for the evaluation of 

microglia alone would include single cell RNA sequencing or flow cytometry to identify other 

proinflammatory markers after in vivo injections. If our findings show upregulation of MMPs in 

the PFF model, then ECM targets of MMPs would be explored to understand the consequences of 

excess MMPs. For example, PNN integrity would be analyzed in PFF injected animals using 

immunofluorescence to evaluate WFA and other ECM markers such as aggrecan, neurocan, 

brevican, and β-dystroglycan. A broad MMP inhibitor such as GM6001 would be used to evaluate 

if any of the inflammatory and negative clinical effects induced by PFFs are reversed after 

treatment (Bozzelli et al., 2019; Fields, 2019).  

 

To better understand how the release of α-synuclein is facilitated by microglia, which has only 

been recently appreciated, the exosomes of these animals could also be isolated for research 

purposes (Xia et al., 2019). It is hypothesized that exosomes will also activate microglia, but due 

to contribution of other proteins in the exosome, inflammatory effects will be exacerbated in PFF 

derived exosomes compared to recombinant α-synuclein alone. To that end, primary microglia 

could be treated with the isolated exosomes derived from vehicle or PFF animals. Outcome 

measures would again include evaluating the inflammatory profile of microglia as previously 

described using ELISAs, qRT-PCR, and FACS or single cell RNA sequencing. If there is an 

additive effect due to the presence of both α-synuclein and MMPs in the exosomes, an additional 

experimental group would be added by treating microglia with the broad MMP inhibitor previously 
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mentioned to determine if there are any changes in inflammatory markers abrogated by MMP 

inhibition.  

 

The spread of α-synuclein would be evaluated by using hanging wells to investigate if microglia 

treated with α-synuclein derived exosomes are capable of spreading the protein without direct 

contact. These experiments could be extended by using hanging wells with neurons as well. Lastly, 

to ascertain if MMPs in the exosome are crucial to microglia facilitated spread of α-synuclein, this 

investigation would be expanded by adding a group of mice that were treated with the broad MMP 

inhibitor, and observing any difference in the uptake of α-synuclein in microglia.  

 

Role of TLRs in mediating the expression of MMP13 in A53T synuclein-stimulated microglia: 

 

Though it was determined that TLRs were upregulated by microglia upon A53T-synuclein 

stimulation, it was not determined if the TLR upregulation of mRNA led to an increase in TLR 

protein levels (Béraud et al., 2011; Béraud and Maguire-Zeiss, 2012; Béraud et al., 2013; Daniele 

et al., 2015). In the future, TLRs protein levels of TLRs 1 and 2 could be evaluated in A53T-

stimulated microglia and compared to vehicle as previously described with wildtype α-synuclein 

(Béraud et al., 2011; Béraud and Maguire-Zeiss, 2012; Daniele et al., 2015). It is hypothesized due 

to this past research and that mRNA often lead to the upregulation of protein levels that TLRs 

would similarly be increased at the protein level. 
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To determine if TLRs are the upstream pathway responsible for MMP13 release specifically, the 

role of TLRs in MMP13 release could be more thoroughly evaluated. It is hypothesized that due 

to the previous work implicating TLRs in α-synuclein-mediated inflammation, and the results in 

Chapter II, that TLR inhibition would lead microglia to no longer release proinflammatory 

molecules and cytokines, including MMP13 (Béraud et al., 2011; Béraud and Maguire-Zeiss, 

2012; Daniele et al., 2015; Caplan and Maguire-Zeiss, 2018). To test this hypothesis, TLR 

inhibitors such as those described in Caplan & Maguire-Zeiss, could be used in experiments with 

primary microglia such as Candesartan (Caplan and Maguire-Zeiss, 2018). Primary microglia 

would be stimulated with a TLR inhibitor+A53T, TEN + vehicle (for the TLR inhibitor), TEN 

alone, and TLR inhibitor alone. Outcome measures would include ELISAs for TNFα, IL1β, and 

MMP9 followed by qRT-PCR for those same inflammatory molecules and MMP13. Lastly, ICC 

for NFκB and MMP13 would be repeated to corroborate the role of TLRs in the A53T-mediated 

inflammatory response. If the TLR inhibitor abrogates the results observed in Chapter II, then the 

TLR pathway is responsible for the subsequent inflammatory response which includes the release 

of MMP9 and 13.  

 

Once it is established that the TLR signaling pathway is essential to facilitating the immune 

response to mutant α-synuclein, the efficacy of therapeutic approaches could be evaluated in A53T 

transgenic mice in a stepwise appropriate manner. To that end, various pharmacological 

interventions inhibiting TLRs (Candesartan), Myd88 (NBP2-29328), and finally NFκB (Bay11-

708) would be tested one at a time (Pauls et al., 2012; Oyagbemi et al., 2017; Caplan and Maguire-

Zeiss, 2018; Liu et al., 2018; Sharifi et al., 2018). An experimental group of A53T overexpressing 
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mice would be provided with the appropriate inhibitor before disease onset while another group 

would be given a vehicle control. Animals would then be assessed before and after the time of 

clinical onset and evaluated for changes in motor behavior and inflammatory markers such as 

proinflammatory cytokines and MMPs. This would help us better understand the role of 

inflammation in the etiology of disease. As stated previously, microglia specific markers could be 

evaluated using single-cell RNA sequencing or flow cytometry.  

 

Direct binding of NFκB to the MMP13 promoter 

 

We found that NFκB was translocated to the nucleus during A53T-mediated inflammation in 

Chapter II. However, it was not determined if MMP13 release occurred as a result of this nuclear 

translocation. MMPs are transcriptionally regulated by NFκB, therefore it is hypothesized that the 

MMP13 promoter is transcriptionally regulated by NFκB (Bond et al., 1999; Chase et al., 2002). 

To better understand the role of NFκB in stimulating the upregulation and release of MMP13, a 

DNA binding gel-shift assay would be conducted. Though a gel-shift assay would determine if 

NFκB is able to bind the MMP13 promotor, it would does not elucidate the interaction of NFκB 

and MMP13 in microglia. To that end, an NFκB inhibitor would be used in an experiment with 

primary microglia to evaluate if MMP13 is still upregulated in the absence of NFκB after A53T 

exposure (Gilmore and Herscovitch, 2006; Gupta et al., 2010; Godwin et al., 2013). Cells would 

be treated with A53T, TEN, A53T+NFκB, and the remaining appropriate vehicles. If MMP13 is 

not upregulated compared to vehicle, then it is likely NFκB is primarily responsible for the 

upregulation of MMP13. However, due to the many processes that regulate MMP expression and 
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function, it would be advantageous to evaluate other binding partners of the MMP13 promotor 

using chromatin immunoprecipitation followed by sequencing (ChIP-sequencing). This would 

identify any other binding candidates responsible for MMP13 upregulation. If the above 

experiment finds that NFκB is not involved in binding the MMP13 promoter, other candidate 

transcription factors would be further explored if possible, using their inhibitors such as the 

previously mentioned Bay11-708 (Caplan and Maguire-Zeiss, 2018; Sharifi et al., 2018).  

 

MMP13 microglia experiments  

 

Impact of MMP13 on phagocytosis:  

 

MMP13 alters phagocytosis in immune cells that share similar functions to microglia. For 

example, dendritic cells express MHCs, and are considered professional phagocytes (Savina and 

Amigorena, 2007; D’Agostino et al., 2012). Dendritic cells derived from mice in which MMP13 

was inhibited were evaluated for phagocytosis using a dextran-FITC system (Li et al., 2017). It 

was determined that the dendritic cells without MMP13 displayed a decreased capacity to 

phagocytose debris (Bartmann et al., 2016; Li et al., 2017).  In addition to dendritic cells, the role 

of MMP13 in phagocytosis was solidified in that it colocalizes with phagocytes (Fallowfield et al., 

2007). Our own findings provide evidence that MMP13 plays a role in phagocytosis. Here, we 

found that it alters the level of the lysosomal protein CD68 in microglia. Despite this result, we 

have not determined if phagocytosis is altered in microglia upon cMMP13 stimulation. It is 

therefore hypothesized that MMP13 would increase the ability of microglia to phagocytose, which 
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could explain why phagocytosis is altered in synucleinopathies (Salman et al., 1999; Roodveldt et 

al., 2010; Rojanathammanee et al., 2011; Janda et al., 2018).   

 

To test how cMMP13 alters phagocytosis, primary microglia would be stimulated for with 20 nm 

cMMP13, vehicle, and LPS as a positive control. Cells would subsequently be treated with 

phagocytosis beads, and the number of beads in present in each cell would be quantified to 

determine if the hypothesis that MMP13 modifies phagocytosis is correct. 

   

Identify which targets and signaling pathways are involved in the response of microglia to 

cMMP13: 

 

Though we determined that cMMP13 stimulates a morphofunctional response in microglia, it is 

crucial to identify which targets it acted on that led to those changes in microglia. One candidate 

previously mentioned is PAR1, which is cleaved by cMMP13 and expressed by microglia (Suo et 

al., 2002; Jaffré et al., 2012). One way to investigate this candidate is to use PAR1 inhibitors such 

as SCH79797 (Ahn et al., 1999; Di Serio et al., 2007; Flaumenhaft and De Ceunynck, 2017). 

Microglia would be treated with cMMP13 alone, cMMP13+ SCH79797, PBS (cMMP13 vehicle) 

+ SCH79797 vehicle, and PBS. Outcome measures in this investigation would include TNFα 

release and MMP9 release. If these are abrogated in the MMP13+ SCH79797 group, then PAR1 

is the target mediating the inflammatory response. 
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Furthermore, we could incorporate tools from previous research that would allow us to study PAR1 

agonism. For example, we have used the PAR1 agonist, Thrombin Receptor Activator Peptide 6 

Peptide (TRAP6) in the past, and could use it in the future if needed to investigate PAR1 further 

in microglia (Fabrizi et al., 2009) (Figure 5.2). If PAR1 is the target, the same experimental layout 

would be employed in a phagocytosis assay to determine of PAR1 mediates cMMP13 induced 

changes in microglia function such as phagocytosis.  

 

If the target is not PAR1 there are other investigations that could be conducted using modified 

form of mass spectrometry such as whole protein labeling with terminal amine isotopic labeling 

of substrates (iTRAQ-TAILS) which has been previously described (Prudova et al., 2010). This 

could be used to identify the target of cMMP13 cleavage after cMMP13 or vehicle stimulation of 

primary microglia.  

 

Impact of MMP13 in vivo: 

 

While we showed that MMP13 was upregulated in vitro, similar experiments can be corroborated 

in vivo using human samples. For example, patients with HIV-Associated Cognitive Disorders 

(HAND) upregulate MMP13 during CNS inflammation (Bozzelli et al., 2019). Due to that finding 

and the in vitro work of Chapter II that microglia upregulate MMP13 upon A53T-mediated 

stimulation, it is hypothesized that patients with PD pathology would display an increase in 

MMP13 as well (Bozzelli et al., 2019). To determine if MMP13 is upregulated in patients, the 

hippocampus and cortex of DLB patients and substantia nigra of PD patients would be sectioned 
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and evaluated for Iba1 and MMP13 colocalization. The total fluorescence of MMP13 in microglia 

would be quantified and compared to healthy subjects. A similar experimental setup would 

evaluate MMP13 mRNA instead of protein using RNAscope and would be conducted to 

corroborate any antibody data. Both experiments would allow for the verification that microglia 

specifically are upregulating the MMP13 since it is known that astrocytes are another source of 

MMP13 (Bozzelli et al., 2019). 

  

Neuron studies 

 

Validate cMMP13 effect on hippocampal neurons: 

 

To rule out that the lack of cMMP13 targets was not the reason for the low impact of cMMP13 on 

hippocampal neurons, ICCs would be conducted on cultures at all appropriate time points for β-

dystroglycan integrin proteins and PAR1.  Alternatively, multiple targets could be identified using 

single-cell RNA sequencing. Targets would then be validated by qRT-PCR. Though cultures with 

astrocytes are more reflective of the in vivo environment, if we wanted to ask how neuron alone 

are impacted by cMMP13, the mitotic inhibitor Ara-C could be used to purify neuronal cultures. 

This would prevent the proliferation of astrocytes.  
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Explore cMMP13 effect on dopaminergic neurons: 

  

While MMP13 did not alter the viability or structure of neurons, dopaminergic neurons still need 

to be explored. Even though the ECM has been primarily evaluated in the hippocampus, it is 

relevant to other brain regions. For example, dopa,mine is also is important to ECM integrity. 

Dopaminergic receptor activation increased the proteolysis of brevican and aggrecan proteolysis, 

two major constituents of the adult ECM, in vivo and in vitro using cortical neurons (Mitlöhner et 

al., 2020). There are also many differences regionally between the hippocampus and substantia 

nigra, including the unique vulnerability of dopaminergic neurons to neurodegeneration, which 

suggest that these subtype of neurons are worth investigating in the future (McNaught et al., 2002, 

2010; Celsi et al., 2009; González-Hernández et al., 2010; De Biase et al., 2017). To that end, 

midbrain dopaminergic neurons would be dissected from mice and treated with cMMP13 or 

vehicle. Subsequently, an MTT assay would be conducted as it was in Chapter III. However, 

functional outcomes such as dopamine release and calcium imaging would provide greater 

understanding of how dopaminergic neurons specifically are impacted by cMMP13.  

 

Since we are interested in α-synuclein mutations, experiments involving cells derived from the 

fibroblasts of human early-onset PD patients and differentiated into neurons (iPSCs) may be 

advantageous to conduct. Alternatively, midbrain organoids could be derived from these cells as 

well (Smits and Schwamborn, 2020). Experiments using either model would be useful to better 

understand the etiology of disease and would allow us to determine if this neuronal population has 

a genetic predisposition to respond negatively to cMMP13. More specifically, we would determine 
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if cMMP13 is more harmful to neurons derived from familial PD patients using similar functional 

measures mentioned above such as and MTT assay (in vitro only), calcium imaging, dopamine 

release, and caspase 3 staining. Furthermore, experiments could be conducted in the presence of 

absence of microglia, which could help determine if early-onset derived cells are more susceptible 

to the proinflammatory milieu produced as a result of α-synuclein accumulation. 

 

Alternatively, a dopaminergic immortal cell line could be used as well, such as MN9Ds. MN9Ds 

have processes that can be quantified for length, making these cells optimal for these investigations 

(Lekhraj et al., 2014). A dose and time response using outcome measures for viability such as 

MTT or caspase-3 staining would be used after cMMP13 or vehicle treatment. Downstream targets 

such as GSK3β and tau would be easier to investigate using an immortal cell line since PAR1 is 

expressed by MN9Ds (Figure 5.1). Lastly, the effect of α-synuclein and MMP13 co-treatment 

would be evaluated using this model since a DOX inducible system allows for α-synuclein 

overexpression (Su et al., 2008; Feng et al., 2010). 

 

Studies that investigate the relationship and differences between A53T and cMMP13  

 

Comparison of early inflammation mediated by A53T α-synuclein and later inflammation that 

results from MMP13: 

  

Though we establish that both A53T and cMMP13 induce morphofunctional changes in microglia, 

we can better determine if cMMP13 itself continues to perpetuate inflammation. To that end, mice 
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A53T overexpressing mice which have been previously described can be used (Giasson et al., 

2002). To determine if cMMP13 release leads to more long-term inflammation, these mice can be 

crossed with MMP13 knockout mice. Initially, MMP13-/- would be characterized for basic 

differences in microglia morphology and cytokine release to determine if an inducible knockout 

would be needed or not. Following that characterization and ensuring that development is not 

altered in cMMP13 mice, experiments would be able to move forward appropriately to study the 

implications of cMMP13 in familial PD. To that end, A53T+/+/MMP13+/+ A53T+/+/MMP13-/- and 

NTG mice would be bred. Outcome measures would be taken throughout life, but special attention 

would be taken to assess inflammatory markers and behavior before and after clinical onset. If 

clinical onset of MMP13 mice are delayed after behaviors are evaluated, it is likely that cMMP13 

perpetuates inflammation.  

 

Inflammasome studies: 

 

Another key difference between A53T-mediated inflammation cMMP13 was IL1β release.  Due 

to the lack of IL1β release in cMMP13 mediated inflammation, it is crucial to study pathways 

involving the inflammasome using appropriate inflammasome inhibitors in the case of A53T α-

synuclein mediated inflammation using primary microglia such as Glyburide or MCC950 

(Perregaux et al., 2001; Lamkanfi et al., 2009; White et al., 2017; Zahid et al., 2019). Primary 

microglia can be treated for 24 hours with A53T alone, an inflammasome inhibitor alone, 

A53T+inflammasome inhibitor, and appropriate vehicles for all three treatments. Outcome 

measures would again be like Chapter II, but briefly would include ELISAs and qRT-PCR to 
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evaluate proinflammatory molecules including MMP13. If the inflammasome inhibitor abrogates 

the expression and release of proinflammatory molecules induced by A53T, the inflammasome is 

indeed involved as it is hypothesized to be due to IL1β release (Chapter II). To confirm that the 

inflammasome is not involved in cMMP13-mediated inflammation, a separate approach would 

need to be taken. A western blot would be conducted for inflammasome proteins such as NLR 

Family Pyrin Domain Containing 3 (NALP3) and Caspase 1 as described in numerous papers 

(Martinon et al., 2006; Sutterwala et al., 2006; Song et al., 2017). This would allow for the 

identification of crucial differences between cMMP13 and A53T mediated inflammation, and 

again better distinguish unique properties of primary inflammation versus secondary.  

 Cleavage of A53T by cMMP13: 

 

MMPs are capable of cleaving α-synuclein, and in particular mutant α-synuclein (Sung et al., 2005; 

Choi et al., 2011). However, it has not been determined if A53T α-synuclein is cleaved by 

cMMP13 specifically. To that end, cleavage assays would be conducted to evaluate if cMMP13 

cleavage of A53T α-synuclein is possible in vitro. Samples with cMMP13 alone, 

cMMP13+Aggrecan as a positive control, and cMMP13+α-synuclein would be prepared for gel 

electrophoresis. Then, a western blot in conjunction with a Coomassie Gel with these samples 

would be used to determine any α-synuclein cleavage products. The α-synuclein cleavage products 

are important, since the structure of α-synuclein determines the microglial response to it and 

depends on if those products are monomeric or not (Daniele et al., 2015). 
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Conclusion 

 

Our findings characterized the inflammatory response of microglia in response to a mutant form 

of α-synuclein, A53T. This proinflammatory response included the release of classical cytokines 

like TNFα and IL1β, but also MMPs including MMP13. Furthermore, our findings demonstrate 

that MMP13 is upregulated and released into the inflammatory milieu after A53T α-synuclein-

mediated inflammation. This release of cMMP13 has implications as cMMP13 itself can cause 

microglia to release proinflammatory molecules that are harmful to neurons (Figure 4.1). 

Furthermore, this inflammatory profile elicited by cMMP13 is unique from the A53T 

inflammatory profile in that it does not include IL1β, suggesting that MMP13 may play a role in 

continuing a vicious cycle of inflammation. It is crucial to note that the targets of A53T α-synuclein 

and cMMP13 are different, but future investigations can better parse this out. Overall, this work 

has better characterized the proinflammatory molecules released by microglia in response to 

mutant α-synuclein.  For example, MMP13 was released in response to α-synuclein, and we better 

identified its role in CNS inflammation. More specifically, cMMP13 likely perpetuates a viscous 

cycle of inflammation that could be damaging to neurons. Due to our findings, pharmaceutical 

targets have been better dissected in familial PD and can be used for drug development. 
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Figure 4.1. Overall conclusions based on all experiments. A53T-synuclein causes microglia to 

release classical proinflammatory proteins due to TLR activation. These proinflammatory 

molecules include TNFα, IL1β, MMP9 and MMP13. MMP13 can stimulate autocrine signaling of 

microglia, and lead to the release of TNFα and MMP9. This finding suggests that MMP13 sustains 

inflammation after the initial inflammatory insult of α-synuclein, which can be detrimental to 

neurons (Gu et al., 2005; McCoy et al., 2006; Jara et al., 2007; Kaminari et al., 2017). However, 

the negative impact of cMMP13 is not direct on hippocampal neurons since it cannot cause cell 

death damage to cytoskeletal proteins or structure. 
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CHAPTER V: EXTRA STUDIES  

 

Summary  

 

This chapter includes extra studies that can better inform future investigations of PAR1. These 

experiments laid the foundation for a better evaluation of PAR1 in both microglia and neurons in 

if needed.  

 

Background 

   

PAR1 in neurons 

 

PAR1 is expressed in neurons and was thoroughly covered in Chapter 1. Briefly, MMP1 was 

shown to mediate changes in neurite structure and calcium through PAR1 signaling. MMP13 also 

targets PAR1, making this a candidate receptor (Jaffré et al., 2012; Allen et al., 2016).  

 

PAR1 in microglia 

 

The consequences of PAR 1 activation on microglia were also covered in Chapter I. Briefly, PAR1 

agonism leads to the activation of microglia, indicating that the cleavage of PAR1 can have 

implications on the innate immune system of the CNS (Suo et al., 2002). While thrombin is the 

most potent agonist of PAR1, peptides that mimic the amino-terminal sequence that results from 
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proteolytic cleavage can act as receptor agonists, making them a key asset for pharmacological 

studies. One such example is the PAR agonist TRAP6, also known as SFLLRNPNDKYEPF-

amide (Vu et al., 1991; Chung et al., 2002; Suo et al., 2002; Flaumenhaft and De Ceunynck, 2017). 

 

Materials and methods 

 

MN9D cell culture 

 

MN9DwtsynIRESgfp (MN9Dsyn) are an immortalized dopaminergic cell line (Luo et al., 2007; 

Su et al., 2008; Feng et al., 2010).  MN9Dsyn house a transgene that affords doxycycline (DOX) 

inducible human wildtype α-synuclein and green fluorescent protein (GFP) expression using an 

internal ribosome entry site (IRES). MN9Dsyn cells were cultured and maintained in Dulbecco’s 

modified Eagle’s medium (Sigma-Aldrich, D5648) containing 10% fetal bovine serum (FBS) and 

hygromycin B (ThermoFisher Scientific, 200 µg/mL). For all our studies MN9Dsyn cells were 

treated for 5 days (refed every 2 days) with 2mM sodium butyrate (Sigma-Aldrich B5887) 

followed by DOX treatment (2.0 µg/mL) to induce WT and GFP expression for 4 days (Su et al., 

2008).  

 

Endpoint RT-PCR 

 

RNA (1 µg) was isolated and reverse transcribed (RT-PCR) for each ± DOX sample, in a 20 µL 

reaction volume using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) in 



128  

 

 

the absence (-RT) and presence of reverse transcriptase (+RT).  Endpoint PCR reactions were 

performed using 5 μL of cDNA, 100 ng/uL of forward and reverse primer for PAR1 or βeta-actin 

(Table 5), and 12.5 μL of 2x PCR master mix (Promega) in a thermal cycler (Bio-Rad 

Laboratories). Orange G DNA tracking dye was added to each PCR product and products were 

run on a 1.5% agarose containing GelRed (Biotium) with the appropriate DNA ladder. DNA was 

visualized using ultraviolet light and imaged using an UV-Vis system (UVP).   
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Table 5. Endpoint PCR primers (IDT).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene: Primer sequence: 

PAR1 forward 5’ CAG CCA GAA TCA GAG AGG ACA G 3’ 

PAR1 reverse  5’ ACA TTC CAG ACC CGA ACT GC 3’ 

β-actin forward 5’ CCC AGA GCA AGA GAG GTA TC 3’ 

β-actin reverse 5’ AGA GCA TAG CCC TCG TAG AT 3’ 
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Preparation of primary microglia 

 

Primary microglia cultures were derived from postnatal C57/Bl6 mouse cortices (P1-3) (Daniele 

et al., 2014). Cortices were isolated, homogenized, and cultured for at least 16 days in Microglia 

Culture Media (MCM; 1x Minimal Essential Medium Earle's [MEM] supplemented with: 1 mM 

L-glutamine, 1 mM sodium pyruvate, 0.6% v/v D-(+)-glucose, 100 μg/ml Penicillin/Streptomycin 

(P/S), 4% v/v Fetal Bovine Serum (FBS), 6% v/v Horse Serum). Flasks were shaken for 3 hours 

to isolate microglia, which were subsequently plated in Microglia Growth Media containing 5% 

v/v Fetal Bovine Serum (MGM; Minimum Essential Medium Earle’s (MEM), supplemented with 

1mM sodium pyruvate, 0.6% (v/v) D-(+)-glucose, 1mM L-glutamine, 100 μg/mL 

penicillin/streptomycin, and 5% v/v Fetal Bovine Serum) (Béraud et al., 2011, 2013; Béraud and 

Maguire-Zeiss, 2012; Daniele et al., 2014, 2015). For RNA extraction, cells were plated at 4.5 x 

105 (6-well format). For Enzyme-linked Immunosorbent Assay (ELISA), cells were plated at a 

minimum density of 3.6 x 104 (24-well format). 

  

Treatment of microglia 

 

For the TRAP6 experiments, microglia were stimulated with MGM in 5% FBS containing (Sigma-

Aldrich) 5 μm, 50 μm, or 500 μm TRAP6 for 48 hours. Microglia were treated in a volume of 0.5 

mL MGM (24-well).  
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ELISA 

 

ProMMP9 protein concentrations in conditioned media from treated microglia were quantified 

using an enzyme-linked immunosorbent assay (ELISA) according to the manufacturer’s 

instructions (R&D Systems). All measurements were performed with three biological replicates 

and two technical replicates (Béraud et al., 2011, 2013; Béraud & Maguire-Zeiss, 2012; Daniele 

et al., 2014, 2015). 

 

Results 

 

PAR1 is expressed in an immortal neuron cell line 

 

Since MMPs are known to mediate the health of dopaminergic neurons, and loss of these neurons 

is a well characterized aspect of PD pathology, MN9D cells were employed to determine if they 

could be used as a viable model for future studies (Hu et al., 2016). Furthermore, these cells can 

overexpress α‐synuclein under a DOX inducible system. To that end, it was determined that 

MN9Ds do express a target of MMP13, PAR1 using endpoint PCR (Figure 5.1).  

 

PAR1 agonism stimulates proMMP9 release in microglia 

 

 Primary microglia were treated with the PAR1 agonist, TRAP6, at various doses. At the high dose 

of 500um, proMMP9 release is statistically increased compared to the low dose of 5um (Figure 
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5.2; ****P≤0.0001). This makes 500um a useful dose to be used in future studies that evaluate 

PAR1 in microglia. 

 

Discussion 

  

Despite the conclusion that hippocampal neurons were not impacted by cMMP13, there is room 

to continue this investigation using a dopaminergic cell line, MN9Ds, as they express PAR1 as 

well (Figure 5.1). MN9Ds are relevant to PD as they are dopaminergic and can overexpress 

synuclein. Furthermore, dopaminergic neurons have a unique set of properties compared to 

hippocampal neurons. As a result of these differences, they could respond differently to cMMP13. 

It is also possible that either the amount of cMMP13 was not enough to cleave PAR1, or that 

excitatory pyramidal neurons do not respond to cMMP13 since they express different targets 

compared to inhibitory neurons. 

 

PAR1 is expressed by microglia and can also be agonized accordingly (Suo et al., 2002). Using 

TRAP6, PAR1 can be investigated in the future to determine pathways that are activated in 

microglia under such conditions. This is important since it is possible PAR1 agonism would 

activate similar pathways as cMMP13 if PAR1 is responsible for mediating the response of 

microglia to cMMP13. Though PAR1 is expressed in microglia, it can also be studied in neurons.  

 

 



133  

 

 

 

Figure 5.1. PAR1 is expressed by MN9Ds, a dopaminergic cell line. Since MMPs are known to 

mediate the health of dopaminergic neurons, and loss of these neurons is a well characterized 

aspect of PD pathology, MN9Dsyn cells were employed to determine if they could be used as a 

viable model for future studies (Hu et al., 2016). To that end, it was determined that MN9Ds do 

express a target of MMP13, PAR1 using endpoint PCR in the absence (-DOX) and presence 

(+DOX) of human α-synuclein.  β-actin was included as a positive control.  
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Figure 5.2. TRAP 6 can agonize PAR1 for further studies on the role of this receptor in 

cMMP13 mediated activation. Primary microglia were treated with 5 μM, 50 μM, or 500 μM of 

the PAR1 agonist, TRAP6 for 24 hours, and evaluated for the release of MMP9 (n=3 wells); 

Values are reported as mean ± SEM, using a One-Way ANOVA with Dunnett’s Post-hoc; 

****P≤0.0001.  
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