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Microglia-induced neurotoxicity and altered cell-autonomous functions in a LRRK2 G2019S 

model of Parkinson’s disease 

ABSTRACT 

 Mutations in LRRK2 are linked to the most common form of heritable, late-onset 

Parkinson’s disease, and the LRRK2 G2019S substitution is the most common LRRK2 mutation in 

PD patients. PD is characterized by extensive death of dopaminergic neurons in the substantia 

nigra region of the midbrain, and significant work has been devoted to understanding the 

impact of the G2019S kinase-activating mutation on the health, sensitivity, and cell-

autonomous function of neurons. However, an extensive body of evidence has emerged over 

the past decade to suggest that glial cells can induce non-cell-autonomous neurodegeneration. 

Motivated by these findings, we evaluated the ability of LRRK2 G2019S microglia to impact 

dopaminergic neuron survival. Using a co-culture system in which the genotype of each cell 

type can be controlled, we observed a significant loss of dopaminergic neurons in the presence 

of LRRK2 mutant microglia. We further observed dopaminergic neurotoxicity induced by 

conditioned medium collected from LRRK2 G2019S microglia. In an attempt to better 

understand the microglia-intrinsic effects of the LRRK2 mutation, we assayed multiple LRRK2-

relevant organelles and cell biological pathways. We found that LRRK2 G2019S microglia display 

increased mitochondrial fragmentation, decreased phagocytic activity, impaired endosome 

maturation, altered microtubule dynamics, and elevated chemotaxis activity in comparison to 
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wild-type controls. Taken together, our results suggest that the LRRK2 G2019S mutation 

impacts microglial homeostasis and can lead to non-cell-autonomous dopaminergic 

neurodegeneration.    
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1 INTRODUCTION 

1.1 Introduction to Parkinson’s disease, LRRK2, and glia-induced neurotoxicity 

Parkinson’s disease (PD) is a prevalent neurodegenerative disorder characterized by the 

death of dopaminergic (DA) neurons in the substantia nigra (SN) region of the midbrain [1]. 

Though the clinical presentation of the disease is consistent, there is a high degree of variability 

in the mutations that cause PD [2]. Of particular interest are a small subset of variants that 

cause heritable PD, including autosomal dominant mutations in LRRK2, SNCA and VPS35, as well 

as autosomal recessive mutations in PRKN, DJ-1, and PINK1 [3]. This work focuses on LRRK2 

(leucine-rich repeat kinase 2), a large, multi-domain protein that possesses both kinase and 

GTPase activity, as well as a WD40 domain and unique “LRRK2-repeats” [4]. A wide array of 

LRRK2 substrates have been identified in vitro, and Rab GTPases are thought to be a key 

substrate of the wild-type kinase [5]. The LRRK2 G2019S mutant—the focus of this work—has a 

kinase-activating mutation that has been implicated in compromised autophagy, mitophagy, 

vesicle trafficking, neurite outgrowth, and synaptic function [1]. Study of other PD genes in 

cellular and animal models has further suggested defects in protein folding, the ubiquitin-

proteasome system, and mitochondrial function as hallmark cellular features of PD [1]. 

 However, emerging work in cellular neuroscience suggests that linking PD mutations 

such as LRRK2 G2019S to these cell-autonomous neuronal functions will not fully explain the 

disease state. Rather, mounting evidence suggests that neuroglia, including astrocytes and 

microglia, are sensitively tuned support cells whose misregulation can be highly toxic to 

neurons [6-8]. Related to PD, a recent study has demonstrated that activated microglia can 

convert astrocytes into a reactive state (termed ‘A1’), which subsequently induces neuronal 
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death [9]. The authors observed A1 astrocyte enrichment in a number of neurodegenerative 

diseases, including a 20-fold increase in the SN of PD patients [9]. These results suggest that 

contrary to previous thinking, neuroinflammation may not simply be a neuroglial response to 

neuronal malfunction. Rather, neuroglial reactivity may contribute to neuronal malfunction, 

and this reactivity should be investigated as an extrinsic stressor of neurons.  

1.2 Introduction to microglial biology and disease 

In this work, we focus solely on the role of microglia in LRRK2-linked neurodegeneration. 

Microglia are one of many types of tissue-resident macrophages of the innate immune system, 

and microglia are distinguished by their exclusive localization to the central nervous system 

(CNS) [10]. Similar to the developmentally-related Kupffer cells (liver), Langerhans cells (skin), 

alveolar macrophages (lungs) and spleen macrophages, microglia originate from yolk-sac 

derived erythro-myeloid progenitors and perform specialized macrophage functions in their 

resident tissue [11-14]. These specialized activities allow microglia to adopt three general states 

in the brain: 1) sensing, 2) housekeeping, and 3) protecting against endogenous and exogenous 

stressors [15]. Although these categories are overly simplified and fail to highlight the 

numerous sub-states that microglia can adopt, they nonetheless provide a high-level structure 

for describing and understanding microglial biology. 

1.2.1 Microglial activation states 

When microglia are in the sensing or “sentinel” state, they adopt a highly ramified 

morphology that allows their thin, dynamic processes to constantly surveil the surroundings 

and respond to changes in their environment [16]. In response to certain environmental stimuli, 

microglia may enter the housekeeping or “nurturer” state. In this state, microglia remain 
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ramified but perform a number of homeostatic functions, including clearance of apoptotic 

neurons, supporting neurogenesis and axonal growth, regulation of angiogenesis, and pruning 

of synapses [10]. In contrast, stressful environmental stimuli may convert microglia to a 

protective “warrior” state, which is usually characterized by retraction to a less ramified, more 

amoeboid morphology [17]. In this state—often termed “activated”—microglia can display 

enhanced phagocytic capacity, activation of inflammatory pathways, and secretion of pro-

inflammatory cytokines and chemokines [18]. To provide background on the microglia functions 

that are central to our research, will begin with a brief overview of microglia’s homeostatic role 

in neuron clearance before proceeding to a summary of their neuroinflammatory (and 

potentially neurotoxic) behaviors in the “warrior” or “activated” state. 

1.2.2 Microglial phagocytosis in CNS homeostasis 

In many ways, brain development can be considered somewhat wasteful, with neuronal 

apoptosis representing a crucial process in the maturation of the CNS [19, 20]. Because PD is 

characterized by extensive neuronal death, it is useful to understand the central role of 

microglia in the homeostatic clearance of dying neurons. One of the key characteristics shared 

by macrophages (tissue-resident or not) is their capacity for phagocytosis [21], and microglia’s 

role in the clearance of apoptotic neurons is thought to depend largely on their phagocytic 

activity [22]. Though this phagocytic activity in brain homeostasis is evident, the precise 

pathway that leads from neuronal apoptotic signaling to internalization by microglia is not well-

understood. Many hypotheses point to the well-established “eat-me” signaling carried out by 

the flipping of phosphatidylserine (PS) to the outer leaflet of the plasma membrane (PM) as a 

likely mechanism. Indeed, recent work has demonstrated that the machinery necessary to 
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detect extracellular PS is well-expressed in microglia, and the activation of this pathway 

regulates phagocytic activity in microglia [23].  

Importantly, phagocytosis requires that the target cell (e.g. neuron) must be in direct 

contact with microglia, which begs the question of how microglia recognize and migrate toward 

apoptotic neurons in need of phagocytosis.  Although these neuronal “find me” chemotactic 

signals are not fully characterized, the generic macrophage attractants ATP and 

lysophosphatidylcholine are promising targets [24-27]. To date, the best understood 

chemoattractant is likely CX3CL1 (fractaline), which is released by apoptotic neurons and 

attracts microglia in vitro [28]. Furthermore, when microglia in vivo lack the receptor for 

CX3CL1, they fail to chemotax toward apoptotic neurons [28]. In addition to CX3CL1, the ligands 

for microglial cell-surface receptors such as SIRPa (signal-regulatory protein alpha), 

complement receptor 3, LRP (low-density lipoprotein receptor-related protein), TREM2 

(triggering receptor on myeloid cells 2), and Siglecs (sialic acid binding immunoglobulin-like 

lectins) can all modulate microglial migration and phagocytosis [29-32], which adds to the 

possible repertoire of neuron-derived “find me” and “eat me” signals. Taken together, the 

evidence for microglia’s fundamental role in clearing apoptotic neurons makes it attractive to 

infer that in neurodegenerative diseases like PD, the role of microglia may be as simple as 

responding to “find me” and “eat me” signals from diseased, apoptotic neurons. 

However, recent work suggests that this “eat me” signaling is not always unidirectional. 

Rather, exogenous activation of microglia can induce a response termed ‘phagoptosis’, wherein 

microglia actively phagocytose healthy, non-apoptotic neurons [33]. In this pathway, activated 

microglia release sub-toxic concentrations of soluble mediators (including peroxynitrite) that 
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induce neurons to expose a reversible PS “eat me” signal [34]. If PS bridging proteins and 

microglia are in direct contact with neurons, this induces microglial phagocytosis of the 

neurons. However, if either the bridging molecules or microglia are not in direct contact with 

the neurons, then the neurons can recover and survive [34]. With phagoptosis, microglia do not 

simply phagocytose and clear an already-dying neuron, but they instead contribute directly to 

the neuron’s death. In recent years, it has also become clear that microglia’s “warrior” 

functions can have similarly neurotoxic outcomes.  

1.2.3 Microglial activation and neurotoxicity 

In addition to their central role in CNS development and homeostasis, microglia are 

actively involved in protecting the brain against harmful endogenous and exogenous stimuli. 

These stimuli can include pathogens; CNS tumors; endogenous proteins like Ab, a-synuclein, 

and mutant huntingtin; cytokines; and drugs [15]. In order to sense and respond to these 

widely varying ligands, microglia express an array of pattern recognition receptors (PRRs), viral 

receptors, Toll-like receptors (TLRs), Fc receptors, and anti-pathogenic peptides [35]. Upon 

sensing one or multiple of these harmful stimuli, microglia can enter the “activated”/“warrior” 

state that is characterized by drastically altered gene expression, morphology, and microglial 

behavior [36]. Activation encompasses a wide range of microglial responses to varied stimuli, so 

there is not a single stereotypic “activation state” that can be precisely defined by a uniform 

gene expression and cell biological response to these stimuli [36]. In many cases, however, 

activated microglia can be distinguished by a transition from a highly ramified morphology to an 

amoeboid or stockier morphology associated with process shortening and swelling of the soma 

[15]. Concomitant with this morphological change, activation is often associated with microglial 
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proliferation, upregulated phagocytic activity, enhanced motility, and the release of 

inflammatory cytokines and small molecules [37, 38]. Importantly, these secreted factors can 

be anti-inflammatory proteins such as glia-derived neurotrophic factor (GDNF) and brain-

derived neurotrophic factor (BDNF), or they can be pro-inflammatory molecules such as tumor 

necrosis factor-a (TNFa), interleukin-1b (IL-1b), fatty acid metabolites (including eicosanoids), 

and reactive oxygen and nitrogen species (RONS) including nitric oxide (NO), superoxide, and 

the aforementioned peroxynitrite [39]. To add to this complexity, some cytokines can be either 

pro- or anti-inflammatory depending on their local context [40]. 

Although the wide range of potential microglial activation states are not fully 

characterized, there is strong evidence that some forms of activated microglia can promote 

neurotoxicity and neurodegeneration. As described above, seminal work in the field has 

demonstrated that microglia activated by bacterial lipopolysaccharide (LPS) can secrete defined 

factors that convert astrocytes to a reactive “A1” state, and those astrocytes in turn secrete 

potently neurotoxic soluble factors [9]. However, direct microglia-to-neuron toxicity has also 

been demonstrated, for example in the previously-described case of activated microglia 

carrying out phagoptosis of viable neurons [34].  

Another proposed mechanism of direct neuron killing includes the secretion of pro-

apoptotic cathepsin B, which can be released by activated microglia and causes neurotoxicity in 

conditioned medium experiments [41]. In a similar soluble factor mechanism, stimulation of the 

metabotropic glutamate receptor mGlu2 in microglia was shown to induce TNFa and Fas ligand 

release, which causes neurotoxicity only in the presence of microglia or microglia-conditioned 

medium [42]. In addition, a significant body of work has focused on inducible nitric oxide 
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synthase (iNOS) activation in microglia, which leads to the release of NO. When NADPH oxidase 

(PHOX) is concurrently activated in microglia, peroxynitrites are produced at concentrations 

that directly kill neurons [43]. Finally, in a somewhat inverted mechanism, if activated microglia 

fail to produce neurotrophic factors like BDNF and IGF1, the absence of required neurotrophins 

can result in neuronal death [38, 44]. To date, then, four distinct mechanisms of microglia-

induced neurotoxicity have been identified: 1) direct phagocytosis of viable neurons via 

phagoptosis, 2) indirect neurotoxicity wherein activated microglia act in concert with other cell 

types (e.g. astrocytes) to kill neurons, 3) direct neurotoxicity mediated by microglia-released 

soluble factors, and 4) direct neurotoxicity caused by the failure of microglia to provide 

neurotrophic factors.  

1.2.4 Microglia in neurodegenerative disease 

Building on this work that predominantly relies on exogenous activation of microglia, 

many researchers have focused on the neurotoxic roles of microglia in neurodegenerative 

disease. In Alzheimer’s disease (AD) models, the release of ASC protein by Ab-activated 

microglia promotes further Ab oligomer and aggregate formation and seeds an enhanced Ab 

pathology [45]. Similarly, Ab-induced microglial release of cytokines promotes tau 

hyperphosphorylation and AD neuropathology [46, 47]. In mouse models of multiple sclerosis 

(MS), microglia secrete RONS, proteases and proinflammatory cytokines that lead to toxicity in 

neurons, and inhibition of this microglial response reduces CNS inflammation and axonal 

damage [48]. In ALS models, expression of mutant SOD1 in microglia accelerates the onset of 

disease, and activation of microglia increases motor neuron death [49, 50].  Similar microglia-

associated toxicity has been observed in Huntington’s disease [51] and prion diseases [52]. An 
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attractive hypothesis for the progression of microglial toxicity in these diseases suggests that 

microglia can perform beneficial “nurturer” or “warrior” functions early in disease progression, 

but the accumulation of exogenous stressors (e.g. Ab and tau aggregates) or the activity of 

endogenous microglial proteins (e.g. mutant SOD1) tips the balance toward constitutive and 

neurotoxic proinflammatory phenotypes [15]. 

 Due to limitations in current animal models of PD, mechanistic work linking microglia to 

neurotoxicity in PD is lacking. However, it is clear that reactive, proinflammatory microglia are 

abundant in the brains of human PD patients [53, 54]. Furthermore, a-synuclein—a protein 

whose aggregates are considered a hallmark of PD—has been shown to activate microglia [55], 

and activated microglia are observed to accumulate near aggregates of a-synuclein in post-

mortem PD patient samples [56]. However, a causative role for a-synuclein-activated microglia 

in PD neurotoxicity has yet to be established, and the contribution of a-synuclein itself to PD 

pathology—beyond its marker status—remains unclear (and controversial) [57-59]. And 

although a-synuclein may be the most widely-known histological marker and genetic link to PD, 

autosomal dominant mutations in LRRK2— one of which is the focus of our work—represent 

the most frequent cause of monogenic PD [60]. Having surveyed the numerous precedents for 

microglial activation and malfunction in neurotoxicity and neurodegenerative disease, we will 

next review the current state of our knowledge of LRRK2, with a particular focus on the cell 

biological consequences of LRRK2 malfunction. 

1.3 An introduction to LRRK2, its cell biology, and the G2019S mutation 

A recent review from leaders in the field aptly described the current state of our 

knowledge of LRRK2: “Important advances have been made in distinct areas… [but] many 
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details are missing and the field remains a long way from agreement” [61]. As is the case with 

most proteins, it is instructive to first understand LRRK2 on the basis of its biochemical 

structure and function. In addition to four protein-interaction domains, LRRK2 has two 

enzymatic domains—a kinase and a GTPase—that are central to its disease relevance [62]. 

Though a number of pathogenic mutations have been identified in the GTPase domain [63], the 

LRRK2 GTPase sub-field has been frustrated by an inability to identify interacting effector 

proteins, leading some to conclude that LRRK2’s GTPase activity may be solely self-regulatory 

[61]. 

1.3.1 LRRK2 kinase activity 

The better-studied of the enzymatic motifs is the serine-threonine kinase domain, and the 

first physiological substrate of LRRK2’s kinase activity to be identified was LRRK2 itself [64]. 

However, evidence for the physiological relevance of LRRK2 autophosphorylation is scant, and a 

landmark study in 2016 identified a subset of Rab GTPases (RAB8A/B, RAB12, RAB10, 

RAB3A/B/C/D, RAB29, RAB35, and RAB43) as bona fide heterologous LRRK2 kinase substrates 

[5]. The field has since coalesced around Rab phosphorylation as a key driver of LRRK2 biology, 

and subsequent work has characterized the ability of LRRK2 phosphorylation to alter Rab 

GTPase binding to both upstream and downstream proteins [5, 65]. These LRRK2-regulated 

changes in Rab GTPase activity have so far been linked to ciliogenesis, endocytosis, and 

centrosome positioning [65, 66]. Importantly, multiple pathogenic LRRK2 mutations are found 

in the kinase domain, including G2019S (the focus of this work) [60, 61]. Initially in biochemical 

assays, and later in studies of autophosphorylation and Rab phosphorylation, the G2019S 

mutation has been shown to robustly increase LRRK2 kinase activity [5, 64, 65, 67]. Thus, along 
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a spectrum of variants including LRRK2 KO, LRRK2 knockdown, wild-type LRRK2, and 

hyperactivating kinase mutations like G2019S, LRRK2 biologists possess a number of tools for 

probing LRRK2 function in varying cell types and cell biological contexts.  

1.3.2 LRRK2 in autophagy 

Although the use of such LRRK2 genetic tools does not generally provide deep 

mechanistic insight into specific LRRK2 interactions and upstream/downstream effectors (as 

has been achieved in the ciliogenesis and centrosome work above), research with LRRK2 

genetic variants has shed significant light on the range of cell biological processes impacted by 

LRRK2 activity [61]. For example, both animal and cellular models have provided strong 

evidence for LRRK2’s role in regulating autophagy [68-77]. In a LRRK2 KO mouse model, 

significant age-dependent effects on macroautophagy in the kidney were observed [68]. At 7 

months, elevated expression of LC3-II and p62 and increased lipofuscin deposition in the 

kidneys suggested elevated macroautophagic activity, whereas the same markers indicated 

decreased macroautophagy at 20 months of age [68]. In cellular models, pharmacological 

inhibition of LRRK2 kinase activity leads to increased macroautophagy in some cell types (the 

SH-SY5Y neuroblastoma, HEK293T, and H4 neuroglioma cell lines, as well as primary astrocytes) 

[69-71], but the opposite effect is observed in BV2 pseudo-microglia and RAW264.7 

macrophage cell lines [72]. Building on this context-dependence of macroautophagy regulation, 

over-expression of LRRK2 or its hyperactivating mutants (including G2019S) in SH-SY5Y and 

HEK293T cells was shown to induce autophagy [73-75], whereas these same mutants display 

decreased autophagy in primary mouse neurons and PD patient-derived fibroblasts [76, 77]. 
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1.3.3 LRRK2 and the endolysosomal system 

Abundant evidence also points to a role for LRRK2 in regulating endocytosis, 

phagocytosis, and the broader endolysosomal system [78-88]. Due to the relevance of LRRK2 to 

PD and the central role of endocytosis in synaptic activity and neuronal regulation, much of this 

work has been performed in neuronal models. For example, interactions between LRRK2 and 

RAB5a at neuronal synapses have been observed, and both knockdown and overexpression of 

LRRK2 in primary neuron cultures was shown to impair synaptic vesicle endocytosis [78]. 

Confirming the knockdown aspect of this experiment, a number of subsequent studies have 

similarly observed decreased synaptic vesicle endocytosis in the absence of LRRK2 [78-81]. 

Further downstream in the endolysosomal system, recent work has shown that over-expression 

of LRRK2 or the hyperactive G2019S mutant delays receptor trafficking and degradation by 

impairing late endosomal budding in HeLa cells[82], and this deficit has been directly linked to 

G2019S-associated misregulation of the LRRK2 substrate RAB8A [83]. Furthermore, LRRK2 and a 

number of its aforementioned Rab substrates (RAB8, RAB10, and RAB12) are recruited to 

stressed lysosomes and are required to maintain lysosomal homeostasis under stress in HEK293 

cells [84]. In addition to regulating lysosomal homeostasis, the Drosophila homolog of LRRK2 

has been shown to regulate lysosomal positioning, with the G2019S mutant disrupting RAB7 

regulation of perinuclear lysosome positioning [85]. Regarding phagocytosis, LRRK2 has been 

observed to negatively regulate the maturation of M. tuberculosis phagosomes in 

macrophages, and although inhibition of LRRK2 enhanced phagosome maturation, the effects 

of hyperactive mutants (such as G2019S) were not tested [86]. Again illustrating the context 
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dependence of LRRK2 activity, inhibition of LRRK2 has also been shown to instead 

downregulate phagocytosis in some myeloid cell models [87, 88]. 

1.3.4 LRRK2 and metabolic organelles 

In addition to its clear relevance to—and often contradictory roles in—autophagy and the 

endolysosomal system, LRRK2 appears to impinge on metabolic pathways, including lipid 

storage [75, 89, 90] and mitochondrial regulation [91-99]. With regards to lipid storage, LRRK2 

has been shown to regulate lipid droplet (LD) formation and storage capacity via 

phosphorylation of RAB8A [89]. In HEK293T cells, overexpression of the LRRK2 kinase domain 

caused an increase in the number of LDs per cell [75], and a study in LRRK2 KO mice has 

reported enhanced lipid droplet accumulation in the kidneys as well as hepatocytes and stellate 

cells [90]. Taken together, these results suggest that LRRK2 misregulation in either direction—

both knockout and kinase overexpression—can cause defects in lipid storage. 

In studies of mitochondria, strong evidence links the G2019S mutation to increased 

sensitivity to mitochondrial toxins in both animal models [91, 92] and human iPS models [93, 

94]. Furthermore, analysis of LRRK2 mutation-carrying PD patient fibroblasts demonstrated 

aberrant activity of mitochondrial complexes IV and III [95]. Numerous studies have also 

reported altered mitochondrial morphology—including fragmentation—in mouse striatal brain 

slices and patient fibroblasts [96-98]. However, in contrast to work with autophagy and the 

endolysosomal system, there is scant evidence for physical interactions between LRRK2 and 

mitochondria (or mitochondrial proteins) in basal conditions. However, upon depolarization 

with drugs like Antimycin A and CCCP, LRRK2 localizes to the outer mitochondrial membrane via 

interactions with the Miro protein [99]. This is particularly intriguing because Miro is a tether 
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protein that links mitochondria to microtubule motor proteins, and the interaction between 

LRRK2 and Miro is required for transport and mitophagy of damaged (depolarized) 

mitochondria [99]. However, the LRRK2 G2019S mutant fails to facilitate this interaction and 

subsequent microtubule-dependent mitophagy [99]. As we will see in the next section, there is 

a significant body of work linking LRRK2 to microtubules and the cellular pathways that they 

intersect with. 

1.3.5 LRRK2 and cytoskeletal regulation 

Not long after the discovery of LRRK2, its binding to microtubules was observed [100, 

101], and direct interactions between LRRK2 and three isoforms of b-tubulin—TUBB, TUBB4 

and TUBB6—were unambiguously identified a decade later [102].  Because the binding site to 

these b-tubulins was found to be near that of Taxol—the classic microtubule-stabilizing drug—it 

was suggested that LRRK2 binding may influence microtubule stability [102]. Perhaps 

surprisingly, analysis of LRRK2 KO MEFs and mouse kidneys showed a robust increase in 

microtubule acetylation [102, 103], which is a post-translational modification that increases 

microtubule stability. These results suggest that wild-type LRRK2 may preferentially interact 

with dynamic—rather than stabilized—microtubules, a hypothesis that corroborated well with 

the observation that LRRK2 is enriched on the highly dynamic microtubules of neuronal growth 

cones, in comparison to the less dynamic axonal microtubules in the same neurons [102]. 

Accordingly, later work demonstrated that LRRK2 interactions with microtubules are decreased 

when cells are treated with a tubulin acetylase or deacetylase inhibitors, both of which increase 

tubulin acetylation and elevate microtubule stability [104].  
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When we take into consideration these results and the previously-mentioned relationship 

between pathogenic LRRK2 mutations, Rab GTPase activity, and deficits in cilia and 

centrosomes—both of which are large microtubule-based structures—as well as microtubule-

dependent mitophagy mediated by Miro, the apparent link between LRRK2 activity and 

microtubule regulation deepens [65, 99, 105]. In addition, trafficking of membranous organelles 

and vesicles on microtubules is central to autophagy and the endolysosomal system, both of 

which can be greatly dysregulated by LRRK2 malfunction [61]. Though the extent to which 

direct LRRK2-microtubule interactions influence these structures and cell biological processes is 

unknown (and may be non-existent), microtubule biology links many of the disparate cellular 

processes that are impacted by LRRK2 activity. It should be noted that in addition to the cell 

systems described above, LRRK2 is also implicated in regulation of the endoplasmic reticulum, 

the trans-Golgi network, and translation [61]. The original research presented here will describe 

high-level changes in multiple of the aforementioned cell biological processes in LRRK2 mutant 

microglia.  

1.4 LRRK2 in immune cells and microglia 

Before moving on to our specific findings, we will briefly review the current knowledge of 

LRRK2’s impact on immune cell and glial function, and we will summarize the motivation for 

this work. Though the literature on LRRK2 and glia—and in particular microglia—is sparse, there 

is strong evidence of a physiological role for LRRK2 in immune cells [106-115]. Robust LRRK2 

expression has been reported in a number of immune cell types and cell lines, including 

monocytes, B lymphocytes, neutrophils, microglia, bone-marrow derived macrophages, bone-

marrow derived dendritic cells, the RAW264.7 macrophage cell line, and the THP-1 monocyte 
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cell line [106-112]. At the level of upstream and downstream signaling, LRRK2 activity is 

implicated in multiple immune-relevant pathways, including its phosphorylation by IkB family 

kinases [112],  its regulation of the classical inflammatory mediator NF-kB [111], and its 

repression of innate immune response-regulating transcription factor NFAT [110]. In this 

context, the reported genetic links between LRRK2 and inflammatory conditions such as 

Crohn’s disease, leprosy, and tuberculosis may not be surprising [61, 116]. 

Regarding functional outcomes in immune cells, a study in mouse macrophages reported 

that activation of NLRC4-containing inflammasomes in response to Salmonella enteric 

Typhimurium infection was significantly decreased in LRRK2 KO macrophages compared to 

wild-type [113]. This decreased inflammasome response was associated with impaired 

pathogen clearance following infection. As might be expected, macrophages from mice 

expressing LRRK2 G2019S showed increased inflammasome activation and pathogen clearance, 

as compared to both wild-type and the KO [113]. Also in LRRK2 KO macrophages, recent work 

has demonstrated that KO macrophages display reduced interferon responses to the 

Mycobacterium tuberculosis pathogen and cytosolic nucleic acid agonists [114]. Recalling the 

cell biological functions of LRRK2 described above, the authors linked this deficiency to multiple 

mitochondrial stresses, including mitochondrial fragmentation and oxidative stress due to 

reduced levels of purine metabolites. Unfortunately, the authors did not study the impact of 

hyperactive LRRK2 mutations (like G2019S) on this response.  

In results that are perhaps unsurprising, microglia—the resident macrophages of the 

CNS—display similar inflammatory phenotypes in LRRK2-deficient mice [115]. In both LRRK2 KO 

and pharmacological inhibition conditions, microglia were observed to have an impaired 
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inflammatory response to LPS stimulation that was mediated through the NF-kB pathway [115]. 

Though this work did not examine LRRK2 point mutants, a separate study found that the LRRK2 

R1441G mutation (which is localized to the LRRK2 GTPase domain but is associated with 

increased kinase activity) causes elevated cytokine release from LPS-stimulated microglia [106]. 

When we integrate these LRRK2-related observations in microglia and other immune cells 

with the previously-described capacity for microglia to directly and indirectly mediate 

neurotoxicity and neurodegeneration [9, 34, 38, 41-44] (see Section 1.2.3) and the observation 

of extensive microglial activation in the SN of PD patients [53, 54], two questions naturally 

arise: what are the effects of LRRK2 mutations—and in particular LRRK2 G2019S—on the 

function of microglia, and how do these mutation-carrying microglia impact neuronal health 

and survival?  

1.5 Approach and Findings 

To answer these key questions, we have divided our research into two parallel workflows. 

In the first, we sought to answer the question of how LRRK2 G2019S mutant microglia impact 

the survival of neurons. In addressing this question, we hypothesized that G2019S mutation-

carrying microglia promote dopaminergic neurotoxicity, based on the precedents described 

above for microglia-mediated neurotoxicity [9, 34, 38, 41-44] and LRRK2-associated defects in 

immune (and in particular, microglia) cells [106-115]. To test this hypothesis, we chose to use 

an established homozygous LRRK2 G2019S mutant mouse line with the mutation knocked into 

the endogenous LRRK2 locus [117], which is back-crossed to the parental strain (Taconic 

B6NTac) in our lab at least every 5 generations. Using this murine model, we employed mouse 

primary mono- and co-culture methods for both microglia and midbrain dopaminergic neurons. 
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In contrast to most prior work in the mouse microglia field, our microglia isolation and culture 

methods are based on serum-free techniques [118].  

With these culture approaches, we demonstrate that microglia carrying the G2019S 

mutation cause dopaminergic neurotoxicity, and this neurotoxicity appears to be limited to 

dopaminergic neurons. Furthermore, we discovered that microglial G2019S-derived 

neurotoxicity can be mediated by microglial conditioned medium (MCM) alone, in the absence 

of direct microglia-neuron co-culture. This result suggests that microglia-induced neurotoxicity 

may be mediated by soluble factors. Because phagocytosis—another prominent neuron-killing 

function observed in microglia—requires direct contact between the phagocyte and the target 

cell, our results disfavor a phagocytic hypothesis for LRRK2 G2019S-associated neurotoxicity. 

Using commercially available cytokine analysis reagents, we attempted to identify soluble 

factor(s) responsible for this neurotoxicity, but these experiments were inconclusive. We hope 

that further research can define the precise mechanism the underlies this microglia-induced 

neurotoxicity, as the identification of relevant factors could enable rescue of the neurotoxicity 

phenotype. Taken together with the recent observation of LRRK2 G2019S astrocyte-derived 

neurotoxicity in our lab (de Rus Jacquet, submitted) and in other groups [119], these results 

suggest a potential role for glia-derived neurotoxicity in the progression of LRRK2-associated 

PD. 

In parallel to this work, we also sought to better understand the microglia-intrinsic effects 

of the LRRK2 G2019S mutation. To guide our research into altered microglia-intrinsic behavior, 

we integrated the existing knowledge of microglial function and LRRK2-dependent cell 

biological processes described in Chapter 1.2 and 1.3 to identify three general topics that were 
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tractable to examine in our system: 1) the structure and morphology of metabolic organelles 

(mitochondria and lipid droplets), 2) microglial phagocytosis and the endolysosomal system, 

and 3) cytoskeletal dynamics and migration/chemotaxis. Across these 3 topics, we used a 

combination of advanced confocal microscopy techniques, quantitative image analysis 

pipelines, and in vitro assays to characterize wild-type and LRRK2 G2019S microglia. In 

particular, our microscopy and analysis pipelines allowed for robust quantification of cell 

biological properties in thousands of cells with diffraction-limited and super-resolution 

techniques, which to our knowledge has not been achieved in either the microglial or LRRK2 

fields.  

Using these experimental approaches, we demonstrate genotype-dependent changes in 

mitochondrial morphology, bead phagocytosis, endosome maturation, chemotaxis, and tubulin 

dynamics. Though we have not mechanistically linked these cell biological defects to the 

neurotoxicity results summarized above, we hope that these observations will provide future 

researchers with targeted starting points for mechanistic work. In addition, we believe that the 

microscopy and image analysis pipelines that we have built (the code for which is included in 

Appendix 6.2) will facilitate further studies of the fascinating cell biology of microglia, mutant or 

not. We do not report genotype-dependent differences in lipid droplet morphology, but we do 

demonstrate stimulation-dependent changes in LD morphology. Furthermore, we identify in 

microglial cells intracellular lipid ‘rods’ or ‘fibrils’, which to the best of our knowledge resemble 

lipid structures only reported in the chromoplasts of certain plant cells [120-123]. Taken 

together, in addition to potentially novel LD biology, we observe cell-intrinsic changes in 

microglial function and cell biology in the LRRK2 G2019S mutant, and these observations 
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appear to be consistent with the previously-described regulatory role that LRRK2 plays in major 

cellular processes [61].  
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2 RESULTS PART 1: Microglia-induced dopaminergic neurotoxicity 

To test the hypothesis that LRRK2 G2019S mutant microglia induce dopaminergic 

neurotoxicity, we developed a mouse primary co-culture system. This system enables us to 

separately isolate wild-type and LRRK2 G2019S microglia and midbrain neurons, which allows 

for co-culturing microglia of either genotype with wild-type neurons. Initially, this system was 

developed in parallel to a human induced pluripotent stem cell (hiPSC) co-culture model that 

employed published methods to differentiate microglia [124] and dopaminergic neurons [125] 

from wild-type and patient stem cell lines in vitro, but the hiPSC model was abandoned due to 

intractable issues with the batch-to-batch consistency and yield of hiPSC-derived microglia, as 

well as their questionable relevance to physiological human microglia. However, progress is 

accelerating rapidly in the hiPSC field, so we hope that future researchers will be able to 

replicate our results in human models.  

2.1 Isolation and co-culture of primary microglia and midbrain DA neurons 

In anticipation of co-culturing microglia with midbrain DA neurons, we first adapted a 

well-validated protocol for serum-free isolation and culture of primary rodent microglia [118]. 

In this work, the Barres group determined that prevalent methods for isolating and culturing 

rodent microglia—which rely on bovine serum in both the purification and subsequent culture 

of microglia—fundamentally alter the behavior of the cells, even after withdrawal of serum 

[118]. Anecdotally, in our hands these commonly used serum-dependent methods produced 

cultures of amoeboid and proliferative microglia, both of which are characteristics attributed to 

an activated/”warrior” microglial state (reviewed in Chapter 1.2). To develop their serum-free 

protocol, the Barres group identified cholesterol and the astrocyte-secreted proteins 
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macrophage colony-stimulating factor (M-CSF) and transforming growth factor b2 (TGF-b2) as 

factors that were crucial to microglial survival [118]. Similar requirements have been observed 

in the serum-free culture of human iPSC-derived microglia-like cells [124]. As such, we 

integrated these key components into our culture technique. 

The microglia isolation protocol consists of 4 crucial steps (Figure 1a), all of which have 

precedent in either the rat or mouse purification protocols developed by the Barres group [118, 

126], and which have also been implemented successfully by other groups [127]. First, mice 

aged p12-15 are transcardially perfused to clear the blood vessels and avoid potential 

contamination by non-microglial myeloid cells [126]. Following removal of the perfused brain, 

the brain tissue was subjected to physical dissociation by douncing, which serves two purposes. 

First, physical homogenization avoids the requirement for enzymatic (e.g. papain) dissociation, 

which in many protocols is subsequently neutralized by serum [128]. Second, although dounce 

homogenization is generally associated with low-heat lysis of cells in tissue samples, microglia 

are small enough to avoid lysis. As illustrated by ad hoc fluorescence microscopy of a post-

douncing cell suspension derived from a CX3CR1-GFP (monocyte-labelling) mouse line 

(Appendix 6.1, Figure 20), GFP-expressing microglia appear to be enriched well beyond the 5-

10% composition expected for a typical brain suspension [129]. Following dounce 

homogenization, we removed contaminating myelin via density gradient centrifugation, as mice 

aged p12 and above produce sufficient myelin to cause downstream issues if the debris is not 

removed [118]. The final isolation step is antibody-based purification that takes advantage of 

the CD11b cell surface protein expressed by microglia [130]. To achieve this, we employed 

bead-based magnetic-activated cell (MACS; Miltenyi Biotec) sorting on CD11b (Figure 1a), 
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which has been used by the Barres group [118, 126] and many others [131-134]. The purified 

microglia are then plated in medium containing cholesterol, M-CSF and TGF-b2. The resulting  

cultures produced from both wild-type and LRRK2 mutant mice display the ramified, extended 

processes indicative of high-quality microglia preparations (Figure 1b-c) [118]. 

To confirm their identity, we further characterized the purified microglia by qPCR and 

immunofluorescence. In these experiments, we assessed the expression of pan-macrophage 

Figure 1 - Serum-free isolation and culture of primary microglia 
(A) Primary microglia were isolated from neonatal mice by a protocol that includes transcardial perfusion, 
douncing, myelin removal, and MACS selection for CD11b+ microglia from a mixed CNS suspension. Example 
brightfield images of (B) wild-type and (C) LRRK2 G2019S microglia derived from independent biological samples 
and cultured in vitro for 7 days.  
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(PU.1, CD11b, and CX3CR1) [135] or microglia-specific (TMEM119, P2RY12, and IBA-1) [136] 

marker genes. Via qPCR (Figure 2a), we measured the relative expression of TMEM119, P2RY12, 

and PU.1 in samples of wild-type microglia, LRRK2 mutant microglia, wild-type macrophages 

(purchased from Sciencell Research Laboratories), and a suspension of CNS cells that remained 

after MACS for CD11b+ microglia. Supporting their microglial identity, we observed the 

expression of the microglia-specific markers TMEM119 and P2RY12 [118, 126, 137, 138] only in 

the wild-type and LRRK2 G2019S MACS-purified cells but not in the brain suspension or 

commercially-sourced macrophages. Importantly, this expression pattern did not hold for PU.1, 

which is expressed across many macrophage subtypes (including microglia) [139-141]. 

Accordingly, PU.1 expression was observed in the microglial and macrophage samples, but not 

in the brain suspension. To further validate the identity of our microglia, we performed 

immunofluorescence against IBA-1, CX3CR1, P2RY12, and CD11b (Figure 2b). In our cultures, we 

observed positive staining for all of these microglia-expressed proteins, but we did not identify 

cells that stained for the unrelated markers GFAP (astrocytes) and MAP2 (neurons) (Appendix 

6.1, Figure 21), nor did we observe staining with 20 antibody alone (Appendix 6.1, Figure 21). 

Furthermore, when we isolated microglia from a mouse line expressing GFP under a CX3CR1 

promoter [142], we observed GFP expression in live cells after 6 days in vitro (Figure 2c). These 

results suggest that our adaptation of the Barres group microglia isolation and culture protocol 

was successful, adding to the success that other groups have reported in replicating this 

approach [127]. 
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Figure 2 - Quality control for serum-free microglia 
(A) qPCR results quantifying the relative expression of two microglial markers (P2RY12 and TMEM119) as well as a 
pan-macrophage marker (PU.1) in wild-type microglia (MG), LRRK2 G2019S microglia, wild-type macrophages, and 
a wild-type CNS suspension. (B) Immunofluorescence of 7 DIV wild-type microglia against the markers Iba1, 
CX3CR1, P2RY12, and CD11b. Images of Iba1, CX3CR1, and P2RY12 were acquired with a Zeiss LSM 880 with 
Airyscan detector using a 63x objective, whereas CD11b images were acquired with an inverted widefield 
microscope using a 40x objective. (C) Live microglia isolated from a mouse line expressing GFP under a CX3CR1 
promoter were imaged at 20X using a Thermo Fisher Evos FL microscope. Error bars are mean ± standard error. 
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2.2 Co-culture of primary microglia and midbrain DA neurons 

Building on our microglia culture approach, we next combined these microglia with 

midbrain neurons in a co-culture system that could be used to test our microglia-induced DA 

neurotoxicity hypothesis. Due to their relevance to Parkinson’s disease, primary midbrain 

neuron isolation and culture techniques are generally mature and well-established, and a wide 

range of effective protocol variants have been published [143-146].  

Our approach for midbrain neuron isolation draws from multiple established protocols. 

First, we dissect the substantia nigra (SN) region from the ventral midbrain of neonatal mouse 

pups aged p0-p2. Although embryonic isolation protocols are generally easier to perform, their 

low (1-2%) content of tyrosine hydroxylase (TH)-positive dopaminergic neurons is insufficient 

for our experimental aims [146]. In contrast, neonatal SN cultures can contain up to 25% TH-

positive DA neurons, with 10-15% being a reasonable goal for most researchers [146]. Following 

the serum-free isolation and dissociation of neonatal SN tissues, we proceed to the purification 

of neurons from a mixed SN suspension. Similar to the approach described for microglial 

purification, we employ MACS to separate neurons from contaminating cell types (Figure 3a). 

However, whereas microglial purification relies on positive selection by binding the CD11b cell 

surface receptor, MACS neuronal purification uses negative selection to bind undesired cells 

(astrocytes, oligodendroctyes, microglia, endothelial cells, and fibroblasts) in the SN suspension, 

allowing neurons to elute freely [147]. These eluted neurons are then plated in defined, serum-

free medium that contains recombinant brain-derived neurotrophic factor (BDNF), glia-derived 

neurotrophic factor (GDNF), and transforming growth factor b3 (TGF-b3), which have been 

demonstrated to support the survival of dopaminergic neurons in vitro [125]. To prevent the 
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outgrowth of any trace non-neuronal cell types that might carry over during MACS purification, 

the neuronal cultures are transiently treated with 5-Fluoro-2’-deoxyuridine (5-FDU), an anti-

mitotic drug that removes proliferating cells—including glia and fibroblasts—but maintains the 

non-mitotic neurons in primary culture [143, 148]. Following 5-FDU treatment, the midbrain 

neuron cultures are returned to basal medium and incubated for a period of days or weeks until 

experiments are performed. 

To assess the midbrain cultures, routine immunofluorescence analyses were performed 

(Figure 3b). As mentioned above, expression of tyrosine hydroxylase—the enzyme that 

catalyzes the conversion L-tyrosine to the dopamine precursor L-3,4-dihydroxyphenylalanine (L-

DOPA) [149]—is the standard marker of dopaminergic neurons [150]. In contrast to TH, the 

microtubule-associated protein MAP2 is a neuron-specific (but not DA-specific) marker that is 

well-expressed in the soma and dendrites of post-mitotic neurons [151]. As shown in Figure 3b, 

our midbrain cultures display the characteristic neuronal expression of MAP2, as well as the 

expression of TH in a subset of these neurons. The co-staining of MAP2 and TH will be used 

extensively in later analyses, as the absolute number of MAP2+ cells and the ratio of TH+ to 

MAP2+ cells provides a metric for assessing the survival of dopaminergic and non-dopaminergic 

neurons in varying conditions [152-154]. In addition to expressing both MAP2 and TH, the 

primary midbrain neurons extend processes on the scale of hundreds of microns, as has been 

observed in similar primary cultures [145, 146]. When they are combined in vitro with primary 

microglia, these SN-derived neuronal cultures can be used to test our DA neurotoxicity 

hypothesis.  
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Following the preparation of midbrain neurons from neonatal pups, freshly-isolated 

microglia can be directly added to produce neuron-microglia co-cultures. In this system, MACS-

purified midbrain neurons are plated on D0, followed by transient treatment with 5-FDU for 

12h on the following day (D1) (Figure 4a). Once the midbrain neuron cultures are returned to 

basal medium, they are incubated for a further two days to allow for post-5-FDU recovery. On 

Figure 3 - Midbrain neuron isolation and culture 
(A) Strategy for the MACS purification of neurons from a mixed suspension of midbrain cells. In contrast to 
microglial MACS isolation (Figure 1), MACS neuron isolation employs negative selection. (B) Representative IF 
images of 14 DIV midbrain neurons stained for the MAP2 (pan-neuronal) and TH (dopaminergic) neuronal markers. 
Images were acquired at 10x on a Nikon Eclipse Ti inverted widefield microscope.  
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D3, microglia are isolated from neonatal mice as described previously using serum-free 

techniques. The MACS-purified microglia are then added to the midbrain neuronal cultures in a 

1:1 microglia: neuron ratio in an equal volume of serum-free microglia growth medium (relative 

to serum-free neuronal culture medium), for a final media ratio of 1:1. Following the addition of 

microglia to the neuronal culture, the neuron-microglia co-culture is incubated for 7 days prior 

Figure 4 - Coculture of primary midbrain neurons and microglia 
(A) Workflow for neuron-microglia co-culture experiments. Midbrain neurons were isolated and plated on D0 and 
treated for 12h with 15 µM 5-FDU. Freshly-isolated microglia were added to neuronal cultures on D3, and co-
cultures are fixed and stained on D10. (B) Representative images of neuron-microglia co-cultures fixed and stained 
on D10 for MAP2 (neurons) and Iba1 (microglia). Images were collected on a Nikon Eclipse Ti inverted widefield 
microscope, and quantification of MAP2, Iba1, and DAPI channels demonstrated that co-cultures are composed of 
96.4% (±2.2%; 95% CI of the mean; 4 replicates) neurons and microglia. 
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to fixation and analysis via immunofluorescence. As shown in Figure 4b, the co-cultures display 

robust neuronal expression of MAP2, as well as expression of the standard microglial marker 

IBA1. To assess the purity of neurons and microglia in our co-cultures, we calculated the 

number of MAP2+ and IBA+ cells that colocalized with live (DAPI+) nuclei as a percentage of the 

total number of live (DAPI+) nuclei in the image. Based on this metric, 96.4% (±2.2%; 95% CI of 

the mean; 4 replicates) of the cells in our cultures are either neurons or microglia, indicating 

that our approach produces very pure co-cultures that compare favorably with published 

primary cultures [34, 146, 155]. Although this co-culture is quite pure, we must note that any 

level of neuron-microglia purity below 100% allows for the possibility—though unlikely—of 

neurotoxicity effects being partially dependent on the presence of trace levels of other cell 

types (e.g. astrocytes, oligodendrocytes, endothelial cells). Keeping this in mind, we moved 

forward to test our hypothesis of microglia-mediated dopaminergic neurotoxicity. 

2.3 LRRK2 G2019S microglia induce DA neurotoxicity in a co-culture model  

In the Introduction (Chapter 1.5), we introduced our hypothesis that LRRK2 G2019S 

mutation-carrying microglia promote dopaminergic neurotoxicity, and the approaches 

outlined above enable us to directly test this hypothesis. Because we must control for any cell-

autonomous malfunction caused by the LRRK2 G2019S mutation in neurons [119, 156, 157], the 

independent isolation of genotype-controlled neurons and microglia is crucial to testing this 

hypothesis. The cartoons in Figure 5 depict our co-culture strategy, wherein the double-

wildtype (wild-type microglia + wildtype midbrain neuron co-culture) represents the control 

condition, and the pivotal comparison is between the double-wildtype and the mutant 

microglia (LRRK2 G2019S microglia + wildtype midbrain neuron co-culture) conditions. In 
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addition, we also set out to assess the magnitude of cell-autonomous neuronal toxicity (if any) 

induced by the G2019S mutation in neurons co-cultured with wild-type microglia. Although 

similar work that assessed the DA neurotoxicity induced by human LRRK2 G2019S mutant 

astrocytes did not include this additional comparison [119], we reasoned that any microglia-

induced toxicity that we observed would be less physiologically and therapeutically relevant if 

the LRRK2 mutation in neurons induced much greater DA neurotoxicity. Therefore, we set out 

to assess DA neuron survival in these three conditions. 

 

 

Following the addition of wild-type or LRRK2 G2019S microglia to the appropriate 

midbrain neuron cultures, the co-cultures were incubated for 7 days prior to fixation and 

immunofluorescence staining against MAP2 and TH. As mentioned previously, MAP2 labels all 

neurons in the culture, whereas TH only labels dopaminergic neurons, so the ratio of TH+ to 

MAP2+ cells provides a metric for DA neuron survival [152-154]. To image thousands of cells 

per technical replicate, we utilized a Nikon Eclipse Ti inverted widefield microscope (Nikon 

Figure 5 - Genotype-specific neuron and microglia combinations in co-culture 
The experimental design for our three genotype-controlled co-culture conditions. Wild-type cells are depicted in 
blue, and LRRK2 G2019S mutant cells are depicted in orange. “N” is a midbrain neuron, whereas “M” is a microglial 
cell. The three conditions are as follows: A) wild-type neurons with wild-type microglia, B) wild-type neurons with 
LRRK2 G2019S microglia, and C) LRRK2 G2019S neurons with wild-type microglia. 
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Corporation) equipped with a Perfect Focus System to tile the entirety of each well of our co-

culture experiments at 10X magnification. Figure 6a shows a tiled composite image of a 

standard co-culture well in both the MAP2 (red) and TH (green) channels. In Figure 6b, 280 µm 

x 280 µm sub-images from a typical co-culture experiment are shown. In these examples, wild-

type neurons were cultured with either wild-type or LRRK2 G2019S microglia. Quantitative 

results cannot be obtained from analyzing an individual 280 µm x 280 µm sub-image, but in this 

example, the ratio of TH+ to MAP2+ neuronal soma appears to be lower in the co-culture with 

LRRK2 G2019S microglia. 

To perform a quantitative analysis, we used the Imaris (Oxford Instruments) image 

analysis platform to identify MAP2+ neuronal soma and the subset of MAP2+/TH+ 

dopaminergic neurons. From these analyses, we obtained the total number of MAP2+ neurons 

and the number of TH+ dopaminergic neurons in every well. With these values, we calculated 

the percentage of TH+ dopaminergic neurons in the pivotal double-wildtype and wildtype 

neuron + LRRK2 G2019S microglia conditions (Figure 6c). Across multiple biological repeats, we 

observed a significant and robust decrease in the percentage of neurons that were TH+ when 

wildtype neurons were co-cultured with LRRK2 G2019S microglia (compared to wildtype 

microglia). More specifically, we observed decreases in the ratio of TH neurons of 20.6% ± 4.8% 

(standard error of difference between means), 27.1% ± 3.4%, and 23.5% ± 2.9% in co-cultures 
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with LRRK2 mutant microglia. Importantly, the number of non-dopaminergic (MAP2+/TH-) 

Figure 6 - Microglia genotype-dependent DA neurotoxicity 
Full neuron-microglia co-culture wells were imaged at 10x on a Nikon Eclipse Ti inverted widefield microscope 
equipped with the Nikon Perfect Focus System. (a) A typical large-field, tiled image in the MAP2 and TH channels. 
(b) Example images of wild-type neurons co-cultured with either wild-type (top) or LRRK2 G2019S (bottom) 
microglia. (c) Quantification of 3 biological replicates evaluating wild-type TH dopaminergic neuron survival in co-
culture with either wild-type or LRRK2 mutant microglia. (d) Quantification of the number of non-DA neurons in 
co-cultures of wild-type neurons with either wild-type or LRRK2 G2019S microglia. (e) Comparison of wild-type and 
LRRK2 G2019S TH neuron survival in co-culture with microglia. (f) The effect of co-culture on TH neuron survival.  
Statistical tests: two-sided Student’s t-test (c, d, f) and one-way ANOVA with Tukey’s post hoc test (e). *P<0.05, 
**P<0.01, ***P<0.001, ns = not significant. Error bars are mean ± standard error. 
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neurons did not change in response to microglia genotype (Figure 6d), which suggests that the 

loss of neurons is specific to DA neurons, whose death is the hallmark of Parkinson’s disease. 

Not only do LRRK2 G2019S microglia cause DA-specific neurotoxicity in our co-culture 

system, but this LRRK2 mutation-dependent toxicity appears to be specific to microglia. In a 

comparison of TH neuron survival between the two conditions depicted in Figure 5a and Figure 

5c—where the microglial genotype is constant but the neuronal genotype differs—midbrain 

neurons carrying the LRRK2 G2019S mutation do not display significant DA neuron loss in co-

culture with wild-type microglia (Figure 6e). In addition to these experimental co-culture 

conditions, we also assessed the effect of co-culture itself on DA neuron survival, and we 

observed moderate DA neurotoxicity upon addition of microglia (in comparison to a pure 

midbrain neuronal culture; Figure 6f). This effect was not surprising, as published work has 

described varying levels of toxicity associated with the addition of either microglia or microglia-

conditioned medium (MCM) to neuronal cultures [158-161]. 

In sum, our results confirm the hypothesis that LRRK2 G2019S mutation-carrying 

microglia promote dopaminergic neurotoxicity. However, the underlying mechanism of this 

neurotoxicity remains unclear, and in particular we do not understand how DA neurons die 

when they are co-cultured with LRRK2 G2019S microglia. Do LRRK2 G2019S microglia behave in 

a way that actively kills DA neurons that would otherwise survive in the presence of wild-type 

microglia, or do these LRRK2 mutant microglia instead fail to provide DA neurons with support 

(e.g. neurotrophic factors) that wild-type microglia provide? Based on precedents in the 

literature, either hypothesis is viable. In the Introduction (Chapter 1.2.3), we reviewed 

examples of microglia-induced neurotoxicity that fall into both categories. Microglia have been 
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shown to actively kill neurons by secreting pro-apoptotic cathepsin B, TNFa and Fas ligand, and 

reactive oxygen and nitrogen species [41-43], and they can also kill healthy neurons through 

direct phagocytosis (or ‘phagoptosis’) [34]. In contrast, microglial failure to secrete proteins 

including BDNF, IGF1, and TGF-b2 can result in the death of neurons [38, 44, 162]. If we 

consider these potential mechanisms of microglia-induced neuronal death, there appears to be 

another approach to assessing the observed toxicity: is neuronal death dependent on direct 

neuron-microglia contact (as in ‘phagoptosis’), or are soluble factors (or a lack thereof) 

sufficient to mediate neuronal toxicity? With the aim of more precisely understanding the 

neurotoxicity observed in our co-culture system, we use a conditioned medium approach to 

address this question in Section 2.4.  

2.4 LRRK2 G2019S microglia-conditioned medium induces DA neurotoxicity 

To assess the contribution of soluble factors (as opposed to direct neuron-microglia 

contact) to the observed neurotoxicity, we designed conditioned medium experiments. In these 

experiments, we applied the culture media of genotype-specific microglial monocultures to 

neuronal monocultures (Figure 7), and we evaluated the effects (if any) on neuronal 

monocultures. More specifically, we prepared monocultures of either wild-type or LRRK2 

G2019S microglia as described previously, and we collected genotype-specific microglia 

conditioned medium (MCM) from each culture after 6 DIV. Separately, monocultures of wild-

type midbrain neurons were prepared, and we added the MCM from either genotype to the 

neuronal monocultures. Similar to the co-culture experiments, the final culture medium was 

composed of equal volumes of neuronal and microglia media. After 1 week of incubation, the 
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MCM-treated neuronal cultures were fixed and stained for TH and MAP2 as described 

previously. 

 

 

As with the co-culture experiments, we collected large-field, tiled images of entire MCM 

culture wells using a microscope equipped with Nikon’s Perfect Focus System. Figure 8a shows 

typical examples of midbrain neurons cultured with either wild-type or LRRK2 G2019S MCM. 

Using Imaris software, we again identified all MAP2+ neurons as well as the subset of 

MAP2+/TH+ dopaminergic neurons in every condition. Similar to the co-culture experiments, 

we observed a robust decrease in the percentage of TH+ neurons when wildtype neurons were 

cultured in LRRK2 G2019S MCM (compared to wildtype MCM). Across these repeats, we 

recorded decreases in the ratio of TH neurons of 15.6% ± 3.7% (standard error of difference 

between means), 13.8% ±2.0%, and 14.2% ± 4.5% in neuronal cultures with LRRK2 mutant 

MCM (Figure 8b). Again, the number of non-dopaminergic (MAP2+/TH-) neurons was not 

Figure 7 - Design of conditioned medium experiments 
In conditioned medium experiments, monocultures of wild-type midbrain neurons, wild-type microglia, and LRRK2 
G2019S microglia are prepared (top row). Conditioned medium is collected from wild-type (blue) and LRRK2 
(yellow) microglial monocultures and added to the midbrain neuronal monocultures (bottom row). Neuron wells in 
the bottom row are depicted with only microglia conditioned medium for simplicity, but these conditioned 
medium neuron cultures contain a 1:1 mixture of neuronal medium and MCM.  
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affected by the MCM genotype, suggesting the specific loss of DA neurons in these experiments 

(Figure 8c). Similar to the co-culture, we observed moderate toxicity associated with the 

addition of conditioned medium to the neuronal cultures (Figure 8c), as has been observed in 

previous studies of primary microglia [158-160]. 

 

Figure 8 - LRRK2 G2019S microglia conditioned medium causes DA neurotoxicity 
(a) Example images of wild-type neurons treated with conditioned medium from wild-type microglia (‘WT’) or 
LRRK2 G2019S microglia (‘LRRK2’). Immunofluorescence from MAP2/TH and image acquisition were carried out as 
described in Figure 6. (b) Quantification of 3 biological replicates evaluating wild-type TH dopaminergic neuron 
survival in monoculture with either wild-type or LRRK2 G2019S MCM. (c) Quantification of the number of non-DA 
neurons in midbrain monocultures treated with either wild-type or LRRK2 G2019S MCM. (d) The effect of MCM 
addition on TH neuron survival in monoculture. Statistical tests: two-sided Student’s t-test (b, c, d). *P<0.05, 
**P<0.01, ns = not significant. Error bars are mean ± standard error. 
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Taken together, our results suggest that soluble factors contribute to the microglia-

induced neurotoxicity reported in Chapter 2.3. Considering the strong precedent for microglia-

secreted proteins (or a lack thereof) in neurotoxicity [38, 41-44, 162], this result is not a 

significant surprise. However, our work adds to the body of literature suggesting that microglia 

can kill (or fail to support) neurons at a distance, without the requirement for direct physical 

contact between microglia in neurons. Our data do not, however, conclusively rule out the 

possibility of additional contact-dependent neurotoxicity that contributes to DA loss in co-

cultures with LRRK2 mutant microglia. Relative to the wild-type microglia conditions, the LRRK2 

co-cultures displayed decreases in the ratio of TH+ neurons of 20.6%-27.1% (± 4.8%) across 

biological repeats, whereas the LRRK2 MCM caused decreases of 13.8-15.6% (±4.5%). These 

results suggest that the conditioned medium experiments do not fully recapitulate the level of 

neurotoxicity observed in the direct co-culture, leaving open the possibility of contact-

dependent processes—such as the aforementioned ‘phagoptosis’—contributing to the 

observed neurotoxicity. Future work could assess the contribution of phagocytosis-dependent 

neurotoxicity, but these results nonetheless demonstrate that LRRK2 mutant MCM can cause 

DA neurotoxicity. 

The observation of LRRK2 MCM-induced neurotoxicity naturally begs the question of 

which component(s) of LRRK2 MCM are responsible for the loss of DA neurons. In previous 

studies, researchers have employed medium-throughput cytokine arrays to identify secreted 

proteins whose levels are dramatically altered across two or more MCM samples [9]. These 

commercially available arrays (R&D Systems) are membrane-based sandwich immunoassays, 

where conditioned medium is incubated over a membrane spotted with capture antibodies 
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against 111 cytokines, and the level of each cytokine can be measured following the addition of 

chemiluminescent detection antibodies. Generally, only large-fold changes (e.g. 15-fold or 

higher) in the signal of a given cytokine across the experimental conditions are considered ‘hits’ 

in this type of MCM chemiluminescent assay [9, 163]. When we performed this immunoassay 

using biological repeats of wild-type and LRRK2 G2019S MCM preparations, we obtained 

quantifiable chemiluminescence data (Figure 9a). However, analysis of these blots revealed no 

Figure 9 - Analysis of MCM cytokine levels is inconclusive 
The levels of 111 cytokines/chemokines in conditioned medium collected from wild-type and LRRK2 G2019S 
microglia were evaluated using membrane-based sandwich immunoassays. Example blots are shown in (a), and no 
substantial genotype-dependent changes in cytokine levels were detected. (b) A limited number of cytokines 
displayed minimal fold-changes (~0.7-1.9) that would not be considered ‘hits’ in such immunoassays, and (c) qPCR 
of these targets showed minimal changes in their gene expression. Error bars are mean ± standard error. 
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dramatic changes in any of the 111 cytokines that were measured. A number of cytokines 

showed fold-changes in the range of 0.5-0.7 (decreased in LRRK2 MCM) or 1.5-2.0 (increased in 

LRRK2 MCM) in this assay (Figure 9b). Subtle fold-changes in this range are not expected to be 

physiologically relevant to inflammatory responses, and upon measurement of relative gene 

expression in primary microglia by qPCR, these same 7 cytokines showed very little difference 

between wild-type and LRRK2 G2019S microglia (Figure 9c). As such, our data suggest that the 

levels of 111 cytokines profiled here (full list is in Appendix 6.1, Table 2) are not dramatically 

different across our genotype-specific MCM samples. 

Although our initial attempts to identify candidate factors underlying LRRK2 G2019S 

MCM-induced neurotoxicity were unsuccessful, we believe that future work could pin down the 

source(s) of toxicity. In an effort to more precisely define the composition of the wild-type vs. 

LRRK2 mutant conditioned media, researchers could perform quantitative mass spectrometry 

(MS) on either type of MCM to more directly measure the level of each protein present in the 

medium. This mass spectrometry “secretomics” approach has gained prevalence in recent years 

[164-166], and our serum-free cultures are ideal for this experimental approach (as the 

presence of serum significantly confounds the interpretation of MS results). Although secreted 

proteins are likely candidates for microglia-associated neurotoxicity, microglia-released 

microvesicles and exosomes have also been linked to inflammatory and neurodegenerative 

phenotypes [167-171]. To test these options, differential ultracentrifugation could be 

performed to purify exosomes and microvesicles from MCM samples, and the effects of these 

genotype-specific exosomes and microvesicles on DA neuron survival could be assessed. As 
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such, our failed attempt to detect the neurotoxic factor(s) present (or lacking) in LRRK2 G2019S 

MCM does not preclude the possibility that future work will identify those factors. 

2.5 Chapter Summary 

In this chapter, we confirmed the core hypothesis of microglia-induced DA neurotoxicity 

and performed additional experiments that attempted to clarify aspects of the underlying 

neurotoxicity. More specifically, we tested the hypothesis that LRRK2 G2019S mutation-

carrying microglia promote dopaminergic neurotoxicity by developing a neuron-microglia 

culture system that enabled us to control the genotype of either cell type in a co-culture 

format. Using that system, we observed a significant and robust decrease in the survival of wild-

type TH+ dopaminergic neurons in the presence of LRRK2 G2019S microglia (compared to wild-

type microglia). This effect was specific to DA neurons. Our results immediately begged the 

question of how this neurotoxicity might be mediated, so we designed MCM experiments to 

test the hypothesis that factors released by microglia into the culture medium contribute to DA 

neurotoxicity. Indeed, we observed a significant decrease in TH+ DA neuron survival in the 

presence of LRRK2 G2019S MCM. However, this DA neuron loss was not as drastic as that 

observed in the co-culture, leaving open the possibility of add-on toxicity mediated by physical 

contact between neurons and microglia. To identify the factor(s) responsible for LRRK2 MCM 

neurotoxicity, we measured the levels of 111 cytokines using membrane immunoassays, and 

we performed qPCR on a subset of cytokines of interest. These efforts did not identify any 

factor(s) with substantially altered secretion and/or gene expression, but we are optimistic that 

future efforts could identify soluble factors and/or exosomes and microvesicles that contribute 
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to MCM-mediated neurotoxicity. However, aside from these questions regarding the 

immediate cause of neurotoxicity, a few major outstanding questions demand attention. 

First is the question of specificity. That is: why do dopaminergic neurons die in co-culture 

or MCM experiments with LRRK2 G2019S microglia, but non-dopaminergic neurons do not?  

Before addressing this question directly, we need to clarify the underlying assumption that all 

other subtypes of neurons are unaffected. Though we do not observe significant changes in the 

overall number of non-DA neurons (Figure 6d and Figure 8c), it is possible that non-abundant 

neuron subtypes in the midbrain—for example serotonergic neurons [144]—are affected, but 

we did not measure each subtype directly. Significant losses of abundant subtypes like 

GABAergic and glutamatergic neurons, which together account for up to 80% of neurons in 

some published midbrain cultures [144], would likely be captured in our non-DA neuron 

survival measurements. But it is possible that drastic losses of already-scarce serotonergic 

neurons—which represented just 1% of neurons in one study’s midbrain cultures [144]—would 

go undetected in our bulk non-DA neuron measurements. Although we believe this outcome is 

unlikely due to the strong links established between LRRK2, PD, and DA neurons over decades 

of research, we have not fully ruled out this possibility. 

 However, the question of DA neuron specificity still remains, as we do not observe 

major losses of non-DA neurons in our experiments. Although we have not carried out 

experiments related to DA neuron specificity, previous work in the literature provides evidence 

for a simple hypothesis. Historically, there has been a strong focus on mitochondrial and 

metabolic function in PD-associated DA neurons because of their acute and specific sensitivity 

to the mitochondrial toxins MPTP (which causes Parkinsonism in humans) [172] and rotenone 
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[173, 174], as well as genetic links between PD and the mitochondria-associated proteins Parkin 

and PINK1 [175]. Building on these precedents, subsequent work has demonstrated that SN DA 

neurons likely have greater metabolic needs than other neuron types. Some reasons for these 

increased metabolic needs are SN DA neurons’ intrinsic Ca2+-dependent pacemaking activity 

[175], which requires energetically-demanding synaptic transmission and results in increased 

cytosolic Ca2+ and elevated oxidative stress [176]; low capacity for Ca2+ buffering, which makes 

them susceptible to spike afterhyperpolarizations and subthreshold firing [177]; uniquely large 

axonal arbors that likely have extensive metabolic demands [178]; and lack of axonal 

myelination [179], which likely increases the energetic requirements of synaptic transmission in 

SN DA neurons [180]. Furthermore, the dopamine metabolism pathway is known to produce 

reactive oxygen species that increase oxidative stress and impair mitochondrial activity [181].  

Taken together, these high demands could leave SN DA neurons walking a metabolic 

tightrope, with reduced oxidative reserve capacity and increased production of damaging 

superoxides in even the best conditions [182]. These factors may make DA neurons particularly 

vulnerable to extrinsic stressors—such as malfunctions in their glial ‘support’ cells—that could 

disrupt the SN DA neurons’ homeostasis. Based on our knowledge of SN DA neurons, then, a 

simple hypothesis may explain the DA neuron specificity that we observe in culture: LRRK2 

G2019S microglia add generic stress to the system (via toxic secreted factors, withdrawal of 

neurotrophic factors, or contact-dependent pathways), and SN DA neurons die because they 

are simply more sensitive to such stressors. 

In addition to the intrinsic sensitivity of DA neurons, the enrichment of microglia in the 

substantia nigra has been reported in the literature. For example, in the corpus callosum and 
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cerebral cortex, microglia represent just 5% of all cells, whereas in the substantia nigra—the 

most microglia-enriched tissue that was analyzed—this proportion rises to 12% [183]. Similar 

work has also identified the SN as the most microglia-enriched region of the brain (among the 

22 tissues that were dissected) [184]. Although there are dopaminergic neurons in many 

regions of the CNS, these observations provide another potential axis of specificity: the regional 

abundance of microglia. If DA neurons are particularly sensitive to disruptions in homeostasis, 

and if the SN is uniquely enriched in microglia to begin with, then the dramatic loss of SN DA 

neurons in PD (~60% in human patients [59]) could be linked—in part—to LRRK2 G2019S 

microglial malfunction in PD patients. We do not set out to test this high-level hypothesis, and 

there are many other hypotheses that one could generate to explain the specific loss of DA 

neurons. However, this relatively straightforward hypothesis highlights the potential for simple 

biological processes to underlie the cell-type-specific pathology of Parkinson’s disease. In 

addition, it raises an interesting question that we will begin to address in the next chapter: 

what, if anything, is intrinsically different about the function and cell biology of LRRK2 G2019S 

microglia? 
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3 RESULTS PART 2: Characterization of cell-autonomous changes in LRRK2 
G2019S microglia 

In the previous chapter, we focused on DA neuron survival and the MCM-carried factors 

that could impact DA neuron health, and we analyzed LRRK2 G2019S microglia mainly as an 

extrinsic stressor that could negatively affect DA neurons. In this chapter, we focus solely on 

microglia. In particular, we were interested in better understanding microglial functions and cell 

biological processes that differ across the wild-type and LRRK2 G2019S genotypes. Drawing on 

our understanding of core microglial activities, neurodegeneration-associated microglial 

pathologies, and the abundant literature describing LRRK2-associated cell biological pathways 

(which were reviewed in Chapter 1.3), we set out to characterize wild-type and LRRK2 G2019S 

microglia across three broad regimes: 1) the metabolic organelles, including mitochondria and 

lipid droplets, 2) phagocytosis and the endolysosomal pathway, and 3) migration, chemotaxis, 

and cytoskeletal dynamics. There are many other microglial functions and cell biological 

processes that would be promising to investigate, but we hope that the characterization 

provided here provides a starting point for understanding of the microglia-intrinsic effects of 

the LRRK2 G2019S mutation.  

3.1 Metabolic organelles: mitochondrial and lipid droplet morphology 

As reviewed in the Introduction (Chapter 1.3.4), a significant body of work has linked 

LRRK2 to the regulation of metabolic organelles, including mitochondria [91-99] and lipid 

droplets [75, 89, 90]. Regarding mitochondria, the LRRK2 G2019S mutation has been linked to 

elevated sensitivity to mitochondrial toxins [92, 93], altered mitochondrial morphology [96, 97], 

and impaired mitophagy of damaged mitochondria [99]. Furthermore, as mentioned above, 
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mitochondrial function and dysfunction has long been a focus of the broader PD field [175, 

182], with that interest extending beyond LRRK2-linked PD to demonstrate mitochondrial 

defects in sporadic PD as well as PD linked to mutations in other genes (DJ-1, PARKIN, PINK1). 

Considering the strong precedent for mitochondrial misregulation linked to LRRK2, we 

hypothesized that mitochondria in LRRK2 G2019S microglia might display signs of malfunction. 

To test this hypothesis, we set out to assess mitochondrial morphology and fragmentation in 

microglia. Because fragmentation is linked to mitochondrial dysfunction and increased cellular 

stress [185], we chose to measure morphology as a high-level readout of mitochondrial health.  

3.1.1 Mitochondrial fragmentation in LRRK2 G2019S microglia 

To measure mitochondrial morphology in thousands of microglial cells, we developed a 

high-throughput, semi-automated imaging and analysis pipeline (Figure 10). In the first step, we 

fixed microglia and stained against the TOMM20 mitochondrial marker protein. We imaged the 

microglia at high resolution using a Nikon spinning disk confocal microscope, and we used the 

Nikon Perfect Focus System to tile and stitch large (e.g. ~7-15 mm2) fields of mitochondria-

labeled microglia (Figure 10a). From these large images—which each contain hundreds of 

cells—we needed to identify individual microglia. To do so, we used the Ilastik machine learning 

(ML) software package [186] to train Random Forest pixel and object classifiers on the DAPI 

(nuclear) signal of these large-field images. Using these ML classifiers, we segmented live nuclei 

and used custom ImageJ [187] macro (IJM) code to register the centroid of each nucleus to the 

original large-field image. Registering the nuclear centroids allowed us to extract a sub-image 

for each cell (Figure 10b). Concurrently, we trained an Ilastik ML pixel classifier to segment the 

cell area of each microglia based on a highly saturated (i.e. background-dominated) 
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transformation of the immunofluorescence channel (Figure 10c). We then built a blinded, 

custom IJM graphical user interface (GUI) to manually review each cell mask to screen for 

potential errors and the unwanted merging of cell masks with those of nearby microglia. After 

completing this blinded review process, individual cell masks were obtained (Figure 10d), which 

were then applied to the original images to generate single-cell raw images for each microglia 

(Figure 10e). A final ML pixel classifier was trained to segment individual mitochondria based on 

the raw TOMM20 signal, and this classifier was applied to each individual cell (Figure 10f). 

Properties of each mitochondrion, including area and position, were measured with custom IJM 

code, and these measurements were subsequently analyzed in Matlab (Mathworks). 

 

After applying this imaging and analysis pipeline to wild-type and LRRK2 G2019S 

microglia, we observed clear evidence of mitochondrial fragmentation in LRRK2 mutant 

Figure 10 - Mitochondrial morphology analysis pipeline 
(a) A large-field, tiled image of TOMM20 (mitochondria) labeled microglia was acquired at 40x magnification using 
a Nikon Eclipse Ti with spinning disk confocal. The data in the yellow box is magnified in (b). (b) Sub-image 
extracted based on the nuclear centroid of the central cell. (c) Outputs of the Ilastik ML classifier for cell masking, 
which were manually reviewed and isolated to produce the single-cell mask in (d). (e) Single-cell masks were 
applied to the raw data, and (f) an ML classifier for mitochondrial segmentation is applied to the cell-masked raw 
data. 
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microglia (Figure 11). Across 2 biological repeats, we quantified an average of 483 cells and 

21,000 mitochondria per genotype (per repeat). Measurements of mitochondrial area 

demonstrated a significant decrease in the area per mitochondrion in the LRRK2 G2019S 

condition (Figure 11b), which is an indication of mitochondrial fragmentation. Concomitant 

with this decrease in per-mitochondrion area was an increase in the number of mitochondria 

per cell (Figure 11c), which is consistent with the observation that although the area per 

mitochondrion decreased in the LRRK2 mutant, the total (combined) mitochondrial area per 

cell remained the same (Figure 11d). These three observations are self-consistent, because if 

we assume that total mitochondrial content is maintained across both genotypes (as shown in 

Figure 11d), then a decrease in per-mitochondrion area should be compensated by an increase 

in the number of mitochondria (and vice versa). As such, our data are consistent with 

mitochondrial fragmentation in LRRK2 mutant microglia. In addition to mitochondrial 

fragmentation, we also observed significantly increased mitochondrion-to-mitochondrion 

distance in the LRRK2 G2019S condition (Figure 11e), suggesting that the spatial distribution of 

mitochondria may be altered in the mutant.  

Taken together, our results point to potential mitochondrial dysfunction in LRRK2 mutant 

microglia, similar to the fragmentation that has been observed in other cell types [96, 97]. 

Although fragmentation is a good high-level marker for mitochondrial malfunction, future work 

could add deeper insight by correlating this fragmentation with changes in the metabolic 

properties of mitochondria, such as their membrane potential. We attempted to measure 

membrane potential in microglial mitochondria using variants of the commonly-cited 

mitochondrial membrane potential indicator tetramethyrhodamine methyl ester [188], but 
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these dyes failed our validation experiments in microglial cultures. Future researchers could 

test alternative mitochondrial potential dyes—such as JC-1 or MitoView—in microglial primary 

cultures, and they could also use a specialized instrument (such as the Agilent Seahorse) to 

measure the oxygen consumption rate of microglia, which would reflect their mitochondrial 

respiration state. 

 

 

Figure 11 - Mitochondria are fragmented in LRRK2 G2019S microglia 
Images of mitochondria-labeled microglia were processed using the pipeline outlined in Figure 10, and example 
wild-type and LRRK2 G2019S images and segmentations are shown in (a). Because the segmentation channel is 
binary, the ‘merges’ in the bottom panel are low-opacity overlays of the binary segmentation over the raw data. 
(b) Area per mitochondria is significantly reduced in the LRRK2 mutant, whereas (c) the number of mitochondria 
per cell is increased in the LRRK2 G2019S mutant. (d) The total area of mitochondria per cell is similar in both 
genotypes. (e) Average mitochondria-to-mitochondria distances within cells are increased in the LRRK2 G2019S 
mutant. Biological repeat data are shown in Appendix 6.1. Statistical tests: two-sided Student’s t-test (b, c, d, e). 
**P<0.01, ****P<0.0001, ns = not significant. Error bars are mean ± standard error. 
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3.1.2 Characterization of lipid droplet morphology in wild-type and LRRK2 G2019S microglia 

As we mentioned above and in the Introduction (Chapter 1.3.4), lipid droplets represent 

another class of metabolic organelles that have been linked to LRRK2 regulation [75, 89, 90]. 

More specifically, LRRK2 has been reported to regulate LD formation, storage capacity, and 

accumulation in a variety of cell types and tissues [75, 89, 90]. Furthermore, the aberrant 

accumulation of LDs in the microglia of aging brains has been observed, and these ‘lipid-

droplet-accumulating microglia’ display impaired phagocytosis, high levels of ROS, and 

increased secretion of proinflammatory cytokines [189]. In addition, the authors observed 

increased LD accumulation and more drastic phenotypes following the treatment of microglia-

like BV2 cells and microglia with the classical activator lipopolysaccharide (LPS) [189]. As such, 

we set out to characterize the morphology and accumulation of lipid droplets in wild-type and 

LRRK2 G2019S microglia, as well as in conditions where both genotypes were treated with LPS. 

Similar to the pipeline that we built for mitochondrial analysis, we also developed a semi-

automated microscopy and analysis pipeline for the quantification of lipid droplet features 

(Figure 12). In two biological repeat experiments, live microglia were labeled with the LD-

staining dye boron-dipyrromethane (BODIPY) [190, 191] prior to imaging at super-resolution on 

an LSM 880 laser-scanning confocal microscope with an Airyscan detector (Carl Zeiss 

Microscopy GmbH). Following the application of Airyscan deconvolution in the Zen (Carl Zeiss 

Microscopy GmbH) software suite, individual images—which captured between 1-3 cells per 

image—were ready for downstream analysis (Figure 12a). Because BODIPY faintly labels the 

plasma membrane, saturating the BODIPY signal allowed us to train an Ilastik ML pixel classifier 

to segment the microglial cell masks (Figure 12b), which were then manually reviewed using a 
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blinded IJM GUI to produce individual cell masks (Figure 12c). These single-cell microglial masks 

were then applied to the raw Airyscan data (Figure 12d). An ML pixel classifier was trained to 

segment lipid droplets in our Airyscan data, and this pixel classifier was applied to the cell-

masked raw data generated in the previous step (Figure 12e). The resulting per-cell segmented 

LDs were analyzed using custom IJM code, and these measurements were quantified in Matlab.  

 

In contrast to the mitochondrial fragmentation observed in LRRK2 G2019S microglia, we 

do not see significant genotype-dependent changes in LD morphology or accumulation (Figure 

13). More specifically, quantification of LD properties revealed no significant difference 

between wild-type and LRRK2 G2019S microglial area per LD (Figure 13b), number of LDs per 

Figure 12 - Lipid droplet analysis pipeline 
(a) BODIPY-stained live microglia were imaged at 63x magnification on a Zeiss LSM 880 microscope with Airyscan 
detector, with Airyscan deconvolution applied following image acquisition. (b) Outputs of our ML classifier for 
BODIPY-based cell masking, which were manually reviewed and isolated to generate a single-cell mask (c). (d) The 
single-cell microglial masks were applied to the raw Airyscan data, and (e) our ML classifier for LD segmentation 
was applied to the cell-masked raw data to produce binary images of segmented lipid droplets. 
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cell (Figure 13c), and the total LD area per cell (Figure 13d). This indicates that in contrast to 

previous studies in HEK293T cells [75, 89] and rat kidney cells, hepatocytes and stellate cells 

[90] with different LRRK2 variants, microglial lipid droplet morphology and accumulation is not 

affected by the G2019S mutation. Our negative results are not entirely unexpected, however, 

because these studies used LRRK2 kinase domain overexpression [75], LRRK2 Y1699C (a LRRK2 

GTPase domain mutant) [89], and LRRK2 KO [90] in their evaluation of lipid droplets. Of these 

three experimental approaches, LRRK2 kinase domain overexpression is likely the most 

comparable to the LRRK2 G2019S hyperactive kinase mutant, but exogenous overexpression is 

more prone to induce non-physiologically relevant kinase activity. In sum, we do not observe 

gross genotype-dependent defects in LD accumulation and morphology in G2019S mutant 

microglia. 

However, upon treatment of microglia with 100 ng/mL LPS for 24h, we observe LPS-

dependent (but genotype-independent) changes in lipid droplets. First, we observed a decrease 

in the size of LDs after LPS treatment of both wild-type and LRRK2 G2019S microglia (Figure 

13b), whereas the total number of LDs per cell did not change (Figure 13c). Concomitant with 

this, we observed a substantial decrease in the fractional LD area per cell (Figure 13d), 

suggesting that LPS-treated cells have a lower density of lipid droplets than untreated cells. 

These results do not agree fully with previous observations of LPS-induced LD accumulation in 

tissue-section microglia and the immortalized pseudo-microglia BV2 cell line [189], but 

numerous experimental differences could explain this contradiction. First, in their in vitro work, 

the authors treated cells with 5 µg/mL LPS, which is a 50-fold higher concentration than we 
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used and well above the 1-2 µg/mL concentration barrier where high toxicity and decreased 

Figure 13 - LPS treatment induces LD shrinking in wild-type and LRRK2 G2019S microglia 
Microglial lipid droplets were imaged and analyzed as described in Figure 12, and (a) shows example images acquired 
in each genotype and condition. (b) Quantification of the area per lipid droplet, (c) number of lipid droplets per cell, 
and (d) lipid droplet area fraction across genotypes and LPS conditions. (e) Example images of ‘lipid rods’ identified in 
wild-type + LPS (top row) and LRRK2 G2019S + LPS (bottom row). White and red arrows indicate tubular and 
‘dumbbell’ lipid rod morphologies, respectively. Biological repeat data are shown in Appendix 6.1. Statistical tests: 
one-way ANOVA with Tukey’s post hoc test (b, c, d). **P<0.01, ***P<0.001, ****P<0.0001, ns = not significant. Error 
bars are mean ± standard error. 
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microglial viability is observed [192, 193]. Second, LD imaging was performed on fixed (rather 

than live) cells using an older laser-scanning confocal microscope equipped with a 40x 

objective, which should have a maximum X-Y resolution of ~420nm in the most optimal 

conditions. The average LD areas that they report (1.8 – 4 mm2) are far larger than any we 

could find in the literature, including the characteristically massive single LDs carried by white 

adipocytes, which at their most extreme have diameters of 100 µm (and an area of ~7.8µm2) 

[194-196]. We must assume that units were misprinted and that the observed LDs were 1.8 – 

4.4 µm2 (with diameters of ~1500-2500 nm), but this still represents the very high end of LD 

sizes observed in non-adipocyte cells [196]. We suspect that some combination of 

fixation/staining protocols, high background signal, and (perhaps most importantly) the limited 

spatial resolution of the imaging modality could have contributed to an inability to detect 

and/or distinguish the abundant small (<450 nm diameter) LDs that we observed in microglia 

using super-resolution techniques. Taken together, we believe that these microglial LD imaging 

results are not directly comparable to ours, but the high-quality results that the authors 

produced should accurately reflect the behavior and regulation of very large lipid droplets in 

LPS-stimulated microglia.  

In addition to observing decreases in LD size and density in LPS-treated microglia, we also 

observed a novel LD morphology across our genotypes and treatment conditions (Figure 13e). A 

subset of LDs in many cells contained elongated, tubular LDs that we have termed “lipid rods,” 

and we have yet to find a precedent for such lipid rods in any animal or fungal model 

organisms. The only similar lipid structures that we have identified in the literature are lipid 

rods present in the chromoplasts of some plant cells [120-123]. Although we observe lipid rods 
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across the wild-type and LRRK2 G2019S genotypes and in ± LPS conditions, we do see a 

significant increase in the number of lipid rod-containing cells in LPS-treated cells (p=0.0012, 

unpaired Student’s t test), with 8.6% (95% CI: 3.0%-14.3%) of control cells and 28.8% (95% CI: 

19.2%-38.4%) of LPS-treated cells containing lipid rods. However, there is no genotype-

dependence of lipid rod abundance. Among lipid rods, we see two morphologies: a dumbbell-

type morphology of a lipid rod capped at one or both ends by a spherical droplet and a “purer” 

rod shape without large, spherical caps (indicated by red and white arrows, respectively, in 

Figure 13e). Although we have not probed the formation or regulation of these unique lipid 

rods, we hope that future researchers will carry on imaging lipid droplets at very high resolution 

in many cell types and under varying stimulatory (or stressful) conditions, as such studies would 

provide context for the broader relevance (if any) of lipid rods to mammalian physiology. 

Taken together, our experiments did not identify major differences between wild-type 

and LRRK2 G2019S microglia in terms of LD morphology and accumulation. However, LPS 

stimulation led to observations regarding LD size and density, as well as the formation of 

previously undescribed “lipid rods.” Although they have minimal bearing on the LRRK2 field, 

these results nonetheless highlight the fascinating cell biology of stimulated (and even basal) 

microglia, as well as the ripe opportunities associated with the application of modern imaging 

modalities to primary microglia. 

3.2 Microglial phagocytosis and the endolysosomal system 

As reviewed in the Introduction (Chapter 1.3.3), significant evidence has linked LRRK2 to 

the regulation of the endolysosomal system [78-88]. A subset of Rab GTPases (RAB8A/B, 

RAB12, RAB10, RAB3A/B/C/D, RAB29, RAB35, and RAB43) have been identified as physiological 
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substrates of LRRK2 kinase activity, and these Rabs are involved in endocytic, phagocytic, 

secretory, and vesicle trafficking pathways in mammalian cells [5, 65]. In neurons, studies have 

demonstrated LRRK2 regulation of synaptic vesicle endocytosis [78-81]. Further downstream, 

the LRRK2 G2019S mutant—via misregulation of its substrate RAB8A—delays the trafficking and 

degradation of endocytosed receptors by impairing late endosomal budding in HeLa cells [82, 

83]. LRRK2 and at least 3 of its substrates (RAB12, RAB10, and RAB8) localize to stressed 

lysosomes and are required for the maintenance of lysosomal homeostasis under stressful 

conditions in HEK293 cells [84], and LRRK2 G2019S has also been shown to disrupt lysosome 

positioning in Drosophila [85]. Regarding phagocytosis, inhibition of LRRK2 in myeloid cells 

results in the downregulation of phagocytosis [87, 88], whereas LRRK2 has also been shown to 

negatively regulate the maturation of M. tuberculosis phagosomes in macrophages [86]. 

Considering the strong precedent for LRRK2 in regulating phagocytosis and the endolysosomal 

system—as well as the central role that phagocytosis plays in microglial physiology—we set out 

to assess the effects of LRRK G2019S on microglial phagocytosis, pinocytosis (endocytosis of 

nonspecific fluid and small particles) and endosome maturation using high-throughput 

microscopy techniques. 

3.2.1 Impaired phagocytosis in LRRK2 G2019S microglia 

To evaluate phagocytosis and pinocytosis in wild-type and LRRK2 G2019S microglia, we 

performed a microscopy assay to measure the simultaneous uptake of two fluorescence-

labeled cargoes. These two cargoes were large, green fluorescent polystyrene microspheres 

with 1 µm diameter and small, far red fluorescent polystyrene microspheres with 170 nm 

diameter. Previous work in macrophages has demonstrated that 1 µm beads are internalized 
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via phagocytosis, whereas 170 nm beads are taken up in a pinocytosis-dominated fashion [197, 

198]. Wild-type and LRRK2 mutant microglia (± 100 ng/mL LPS) were incubated with a mixture 

of 1 µm and 170 nm beads for 2 hours, followed by labeling of the plasma membrane with the 

red-fluorescent dye DiI (Thermo Fisher), fixation, and DAPI staining of nuclei. Across 2 biological 

repeats, an average of 250 cells per condition (per repeat) were imaged and quantified using a 

custom semi-automated imaging and analysis pipeline. 

Large-field, tiled images of fixed microglia were acquired using a Nikon Eclipse spinning 

disk confocal microscope equipped with the Nikon Perfect Focus System (Figure 14a). Individual 

microglial cells were identified by manual review of the large-field images, and individual 

windows were extracted for each identified cell (Figure 14b). Using the DiI plasma membrane 

channel, an Ilastik ML pixel classifier was trained to segment microglial cell areas (Figure 14c). 

We wrote a custom, blinded IJM GUI to manually review each mask for potential classification 

errors and undesired merging of adjacent cells’ masks, enabling us to obtain single-cell masks 

for each microglial cell (Figure 14d). Similar to previous analyses, these single-cell masks were 

then applied back to the raw, 4-channel data (Figure 14e). Using custom ImageJ code and the 

Trackmate particle-tracking plugin [199], we identified the number and position of 1 µm and 

170 nm beads in each cell (Figure 14f).  

Quantification of bead uptake revealed genotype-dependent differences in the 

internalization of 1 µm (but not 170 nm) microspheres. In LRRK2 G2019S microglia, we 

observed a significant decrease in the number of 1 µm beads per cell that were phagocytosed, 

relative to the wild-type (Figure 14g). This impaired phagocytosis was corroborated by flow 

cytometry analysis of wild-type and LRRK2 G2019S microglia following incubation with 1 µm 
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fluorescent beads (Figure 14k). In contrast to the decreased phagocytosis observed in the 

LRRK2 mutant, we observed elevated phagocytosis of 1 µm beads in both LPS-treated 

conditions (Figure 14g), which agrees with previous observations of elevated phagocytosis in 

LPS-treated microglia and macrophages [200, 201]. Although LPS-treated microglia display 

enhanced phagocytic activity, the measured bead-to-bead distances of internalized 

microspheres were increased in the LPS conditions (Figure 14h), suggesting lower bead density 

and an altered spatial distribution of phagocytosed beads within LPS-treated cells. In sum, then 

we observed an impaired phagocytosis phenotype in LRRK2 G2019S microglia, and this 

phagocytic response was the opposite of LPS-treated cells. In the case of phagocytosis, it 

appears that the LRRK2 mutation does not mirror the effects observed under ‘classical’ LPS 

activation.  
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 Figure 14 - Impaired phagocytosis in LRRK2 G2019S microglia 
Large-field images of fixed microglia were acquired at 40x magnification on a Nikon Eclipse Ti spinning disk confocal 
microscope equipped with the Perfect Focus System (a). Individual cells were identified manually, and (b) sub-images 
were extracted for each cell, corresponding to the yellow box in (a). (c) Outputs of our ML classifier for DiI-based cell 
masking, which were manually reviewed and isolated to generate a single-cell mask (d). (e) The single-cell microglial 
masks were applied to the raw image data, and (f) the Trackmate algorithm was implemented to determine the 
number and position of 1 µm and 170 nm beads in each cell. The (g) number of 1 µm beads per cell, (h) 1 µm bead-to-
bead distance, (i) number of 170 nm beads per cell, and (j) 170 nm bead-to-bead distance were computed across all 
genotypes and LPS conditions. (k) Flow cytometry of 1 µm bead uptake in wild-type and LRRK2 G2019S microglia. 
Biological repeat data are shown in Appendix 6.1. Statistical tests: one-way ANOVA with Tukey’s post hoc test (g, h, i, 
j). **P<0.01, ***P<0.001, ****P<0.0001. Error bars are mean ± standard error.    
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When we measured the internalization of pinocytosis-dominated 170 nm beads, we did 

not observe any LRRK2-dependent effects (Figure 14i). We did, however, record increased 

internalization (Figure 14i) and increased bead-to-bead distance (Figure 14j) in LPS-treated 

microglia. This increased uptake of 170 nm beads is consistent with previous characterization of 

LPS-induced pinocytosis in dendritic cells, macrophages, and the microglia-like BV-2 cell line 

[202-204]. Whereas LPS induces changes in the uptake of both large (phagocytosis-dominated) 

and small (pinocytosis-dominated) endocytic cargoes, the LRRK2 G2019S mutation appears to 

only affect phagocytic uptake in microglia, and it does so negatively. Considering that 

phagocytosis is one of the hypothesized activities through which microglia could kill neurons in 

our co-culture experiments, the LRRK2 mutant’s reduction of basal phagocytosis in microglia 

suggests that nonspecific phagocytic activity is an unlikely mediator of LRRK2-dependent DA 

neurotoxicity. This is consistent with our earlier observation that conditioned medium 

contributes significantly to LRRK2-related neurotoxicity. However, it remains possible that a 

more targeted form of phagocytosis (such as ‘phagoptosis’) that depends on neuron-microglia 

signaling could contribute to our observed toxicity. In any case, we observe a significant LRRK2-

linked defect in phagocytosis, one of the hallmark functions of microglia. Following our 

characterization of cargo internalization by microglia, we set out to assess a downstream aspect 

of the endolyososomal system: endosome maturation.  

3.2.2 Decreased and delayed endosome maturation in LRRK2 G2019S microglia 

Because of the strong precedents linking LRRK2 to endolysosomal regulation (discussed 

above and in Chapter 1.3.3) [78-88], we hypothesized that the LRRK2 G2019S mutation might 

impair endosome maturation in microglia. To test this hypothesis, we designed a microscopy 
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assay based on the uptake of fluorescent FITC-dextran and TMR-dextran. Dextrans are 

internalized via endocytosis (pinocytosis) [205, 206], and as dextran-carrying endosomes 

mature and acidify, the FITC fluorophore dims while the TMR fluorophore is unaffected [207, 

208]. As a result, the ratio of FITC: TMR fluorescence in cells incubated with fluorescently-

labeled dextrans can be used as a relative measure of endosomal acidification and maturity, 

where decreasing ratios of FITC: TMR indicate increasing endosomal maturity. To gain insight 

into changes in endosome maturity over time, we measured FITC: TMR ratios in wild-type and 

LRRK2 G2019S microglia (± LPS) following 5, 15, and 30 minutes of incubation with FITC- and 

TMR-labeled dextrans.  

More specifically, we added a 1:1 mixture of FITC-dextran and TMR-dextran (both 10,000 

MW; Thermo Fisher) to microglial cultures before incubating for the indicated time, washing, 

and fixing. Large-field, tiled images of TMR, FITC, and DAPI (nuclear) signals were collected 

using a Nikon Eclipse spinning disk confocal microscope equipped with the Perfect Focus 

System (Figure 15a). Across 2 biological repeats, we imaged an average of 457 cells per 

condition (per repeat). As in the mitochondrial morphology experiments, we used an Ilastik ML 

classifier to segment live nuclei and employed custom IJM code to record the centroid of each 

nucleus. These nuclear centroids provided the center points for the extraction of equal-sized 

sub-images for each cell (Figure 15b). An ML classifier was trained on saturated TMR+FITC 

channels to recognize and segment the dextran-labeled regions of microglial cells (Figure 15c), 

which generated approximate microglial cell masks. As in previous analyses, a blinded, custom 

IJM GUI was written to manually review each cell mask for classification errors and undesired 

merging of adjacent cell masks, resulting in the identification of a single mask per cell (Figure 
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15d). The individual cell masks were then applied back to the raw data (Figure 15e), and we 

used custom IJM code to measure the fluorescence intensity in the FITC and TMR channels. 

These data were further analyzed in Matlab, and a ‘relative endosome maturity’ index was 

calculated by dividing the pH-insensitive signal (TMR) by the pH-sensitive signal (FITC).  

Figure 15 - LRRK2 G2019S mutation hinders endosome maturation 
Similar to previous experiments, large-field images of fixed microglia were acquired at 40x on a Nikon Eclipse Ti 
spinning disk confocal microscope equipped with the Perfect Focus System (a). (b) Sub-images were extracted 
based on the nuclear centroid of each cell, corresponding to the yellow box shown in (a). (c) Outputs of the Ilastik 
ML classifier for FITC/TMR-based cell masking, which were manually reviewed and isolated to produce the single-
cell mask in (d). (e) Single-cell masks were then applied to the raw data. (f) Calculating the TMR (pH-insensitive) to 
FITC (pH-sensitive) ratio in each cell generates endosome maturity indices, which are plotted across all time points, 
genotypes, and LPS conditions. Biological repeat data are shown in Appendix 6.1. Statistical tests: one-way ANOVA 
with Tukey’s post hoc test (f). ***P<0.001, ****P<0.0001. Error bars are mean ± standard error. 
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Analysis of endosome maturity indices across our conditions and time points revealed 

LRRK2 G2019S-associated decreases in endosome maturity (Figure 15f). To orient the reader, 

the Y axis represents relative endosome maturity, with higher values corresponding to more 

mature endosomes, and the X axis depicts 3 time points following the addition of FITC/TMR 

dextrans. In the initial 5 min time point, we immediately observe significantly decreased 

endosome maturity in LRRK2 G2019S microglia (-LPS, relative to wild-type). This relationship 

continues through the 30 min time point, when LRRK2 (-LPS) endosomes remain significantly 

less mature than their wild-type (-LPS) counterparts, whereas both wild-type (30 min) and 

LRRK2 G2019S (30 min) microglia display significantly increased maturity relative to their own 5 

min time points (comparisons not shown on plot; p<0.0001 for both comparisons, one-way 

ANOVA with post-hoc Tukey HSD). These results suggest that under non-stimulated conditions 

and across multiple timepoints, LRRK2 G2019S microglia display impaired endosome maturity 

relative to the wild-type control. 

In contrast to the unstimulated microglia, LPS-treated microglia do not show an 

endosome maturity discrepancy after 5 min incubation with fluorescently-labeled dextrans 

(Figure 15f). However, a drastic increase in the endosome maturity of wild-type microglia (+LPS) 

was observed at 15 min, and a concomitant increase was not observed in the LPS-treated LRRK2 

microglia at 15 min. It appears that the wild-type microglia (+LPS) reach an endosome maturity 

plateau at 15 min, as there is no further increase in wild-type (+LPS) endosome maturity at 30 

minutes. However, after an initial lag phase, LRRK2 mutant microglia (+LPS) show a similar jump 

in endosome maturity between 15 and 30 minutes, reaching a final maturity level that is still 

significantly lower than the wild-type (+LPS) 30 min condition. In addition to these genotype-
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dependent differences, LPS-treated cells of both genotypes displayed elevated endosome 

maturity relative to unstimulated microglia at later time points. This observation of increased 

maturity in LPS-treated microglia agrees with previous results demonstrating LPS-stimulated 

increases in the delivery of endocytic cargo to acidified late endosomes and lysosomes in 

monocytes and macrophages [209, 210]. 

Overall, then, unstimulated LRRK2 mutant microglia show decreased endosome maturity 

at every timepoint. In addition to displaying reduced endosome maturity at later time points, 

LPS-stimulated LRRK2 G2019S microglia also show temporally-delayed endosome maturation, 

lagging the jump in maturation observed in LPS-treated wild-type microglia by 15 minutes. 

While a LRRK2-depdenent deficit in endosome maturity is clear from these data, the 

mechanism underlying this deficit is unclear. An attractive possibility emerges from 

aforementioned studies in HeLa cells that demonstrated LRRK2 G2019S-dependent delays in 

the trafficking and degradation of endocytosed receptors [82, 83]. The authors linked these 

delays in trafficking and endocytic maturation to the increased phosphorylation of the LRRK2 

substrate RAB8A (and subsequent inactivation) by the G2019S hyperactive kinase mutant, and 

they rescued this phenotype via expression of a phosphodeficient RAB8A mutant. If this process 

underlies the LRRK2-dependent defects in endosome maturation that we observe in microglia, 

then similar experiments could be performed in an attempt to rescue our phenotypes. 

Although it is not currently feasible to transfect primary microglia in the ways that the authors 

transfected HeLa cells, work is ongoing in our lab to develop viral expression constructs that are 

well-tolerated by microglia. If such tools become available to the primary microglia field, future 
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researchers could express phosphodeficient RAB8A to assess the contribution of LRRK2 G2019S 

and RAB8A to the endosome maturation deficits that we have observed. 

3.3 Migration/chemotaxis and microtubule dynamics 

As we described in the Introduction (Chapter 1.3.5) [100-104], interactions between 

LRRK2 and the mammalian cytoskeleton have been a major focus of the LRRK2 field. More 

specifically, direct interactions between LRRK2 and the b-tubulin isoforms TUBB, TUBB4 and 

TUBB6 have been reported [102]. The site where LRRK2 binds these isoforms is close to the 

binding site for the microtubule-stabilizing drug taxol, and the authors demonstrate that LRRK2 

activity can modulate microtubule (MT) stability [102]. Separate work has linked LRRK2 kinase 

activity to increased microtubule stability, through direct phosphorylation of both b-tubulin 

[211] and tau [212]. In the former study, the authors reported that the LRRK2 G2019S mutant 

shows elevated phosphorylation of b-tubulin, and this phosphorylation activity was linked to 

increased MT stability in vitro [211]. Drawing on these precedents, we hypothesized that the 

LRRK2 G2019S mutation might disrupt microtubule dynamics in microglia. Furthermore, due to 

the role that microtubules play in scaffolding and regulating cell migration [213, 214], we 

suspected that LRRK2 G2019S microglia might display deficiencies in chemotaxis and migration, 

one of the core cell-type-specific functions that microglia perform in the CNS. 

3.3.1 Reduced tubulin recovery in LRRK2 G2019S microglial lamellipodia 

To assess microtubule dynamics in microglia, we performed live super-resolution 

micrscopy of microtubules. Microglia were incubated for 12 hours in 100 nM SiR-Tubulin 

(Cytoskeleton, Inc.), a fluorogenic dye that labels microtubules. Live microglia were imaged at 

30s intervals on an LSM 880 microscope with Airyscan detector (Zeiss GmbH), and automated 
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Airyscan deconvolution was applied in the Zen software package (Zeiss GmbH). An example 

frame from the time series acquisition of a live tubulin-labeled microglial cell is shown in Figure 

16a.  

Analysis of tubulin dynamics in microglial lamellipodia revealed a clear qualitative 

decrease in the LRRK2 G2019S recovery velocity of extended microtubules returning toward the 

cell body (Figure 16b). In these images, successive frames are colored according to the legend, 

so individual MTs in motion appear as a series of distinctly-colored tubules. Increased distance 

between frames corresponds to higher microtubule recovery velocity, so the indicated MT in 

the wild-type cell is moving more rapidly than the MT indicated in the LRRK2 mutant cell. To 

quantify these dynamics, we analyzed MT velocity in lamellipodia using the ImageJ Manual 

Tracking plugin. Across 2 biological repeats, analysis of MT tracks in 17-19 cells per genotype 

revealed a robust and significant decrease in the tubulin recovery velocity of LRRK2 G2019S 

microglia (Figure 16c). 
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3.3.2 Increased migration and chemotaxis in LRRK2 G2019S microglia  

To address the question of microglial chemotaxis in the context of our LRRK2 mutation, 

we carried out trans-well migration assays similar to those in previous studies of microglia [124, 

Figure 16 - LRRK2 G2019S microglia display reduced tubulin recovery velocity and enhanced chemotaxis 
Microglia were labeled with the fluorogenic microtubule dye SiR-tubulin, and time series were collected at 63x with 
30s intervals on a Zeiss LSM 880 with Airyscan detector, and Airyscan deconvolution was applied to the time series 
following acquisition. (a) An example frame from a time lapse experiment. (b) Temporal color-coded projection of 
representative microtubule time series in wild-type and LRRK2 G2019S microglia. According to the legend at right, 
the colors in each image correspond to different points in the time series. (c) Quantification of tubulin recovery 
velocity in lamellipodia of wild-type and LRRK2 mutant microglia. Each data point represents the velocity of one MT 
track, and the data are pooled across 2 biological repeats (19 cells for wild-type, 17 cells for LRRK2). (d) Design of 
transwell experiments for microglial chemotaxis, where microglia are plated in the upper chamber, and the media in 
the upper and lower chambers can be changed to induce chemotaxis. (e) Chemotaxis results, where (-/-) indicates 
microglia medium + vehicle in both chambers, (-/+) indicates microglia medium + vehicle in the upper chamber and 
microglia medium + ADP in the bottom chamber, and (+/+) indicates microglia medium + ADP in both chambers. 
Fluorescence intensity corresponds to the number of migrated cells. Statistical tests: two-sided Student’s t-test (c), 
one-way ANOVA with Tukey’s post hoc test (e). ***P<0.001, ****P<0.0001. Error bars are mean ± standard error.    
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215]. Briefly, following the isolation of primary microglia, cells were plated on a transwell insert 

that holds a membrane with 5 µm pores (Figure 16d). The media composition above and below 

the insert can be independently controlled, and chemotaxis activity is induced by adding ADP (a 

chemoattractant) to the lower well while keeping basal medium in the upper well. Microglia 

can travel through the pores toward the chemoattractant, and the number of migrated cells 

can be measured using the CyQuant Direct kit (Thermo Fisher). When we measured ADP-

induced chemotaxis in primary microglia, we saw that ADP increased chemotaxis in both 

genotypes, but the LRRK2 G2019S microglia showed enhanced chemotactic activity (Figure 

16d). In this figure, the left 2 columns represent basal medium in the top and bottom chambers 

(-/-), the middle two columns only have ADP in the lower chamber (-/+), and the right two 

columns have ADP in both chambers (+/+). If elevated migration was observed in the double-

ADP (+/+) condition (relative to the (-/-) condition), then one could conclude that ADP may 

simply enhance the nonspecific motility of the microglia. However, this is not the case (Figure 

16d), so we conclude that ADP induces chemotaxis of our primary microglia and that LRRK2 

G2019S microglia have an enhanced migratory response to this chemotactic cue. 

3.4 Chapter Summary 

In contrast to the neuron-microglia focus of the previous Results chapter, our work here 

focused solely on the cell biology and intrinsic functions of microglia. In our evaluation of 

previous work in the field, we identified strong links between LRRK2 and the regulation of 3 

major systems: metabolic organelles, the endolysosomal system, and the cytoskeleton. Because 

we sought to better understand the intrinsic differences between the wild-type and LRRK2 
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G2019S microglia that we used to study neurotoxicity in a co-culture model, we decided to 

characterize aspects these 3 broad areas of cell biology as they related to the LRRK2 mutation.  

When we analyzed the morphology and distribution of metabolic organelles, we 

identified LRRK2-dependent and LRRK2-independent effects. Characterization of mitochondrial 

morphology revealed that LRRK2 G2019S mitochondria are fragmented relative to the wild-type 

control, with smaller, more abundant, and less densely packed mitochondria (Figure 11). 

Because fragmentation is associated with mitochondrial dysfunction and increased cellular 

stress [185], mitochondrial regulation by LRRK2 (and the hyperactive G2019S mutant) could 

represent a potential cell-intrinsic contributor to the microglia-induced neurotoxicity that we 

observe in co-culture. Future work focused on rescuing this mitochondrial fragmentation (for 

example, through inhibition of mitochondrial fission) could shed light on the relevance of 

mitochondria to the neurotoxicity we observe. When we analyzed the size, number and 

distribution of lipid droplets, we found no differences between wild-type and LRRK2 G2019S 

microglia (Figure 13). This suggests that LRRK2 may not play a major role in the regulation of 

LDs size or accumulation in primary microglia. However, we did note that LPS stimulation 

reduced LD size and the cellular area fraction composed of LDs, a finding that we have not seen 

reported in the microglia literature. Furthermore, we identified intriguing ‘lipid rods’ that have 

not been reported in animal or fungal literature, and these novel structures likely warrant in-

depth cell biological investigation independent of any LRRK2 regulation. 

In our characterization of elements of the endolysosomal system, we identified LRRK2-

dependent deficiencies in phagocytic uptake and endosome maturation. In our first set of 

experiments, we evaluated the internalization of phagocytosis-dominated 1 µm beads and 
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pinocytosis-dominant 170 nm beads (Figure 14g,i). We observed that LRRK2 G2019S microglia 

show reduced phagocytic activity (relative to wild-type), whereas there were no genotype-

dependent changes in pinocytic uptake. Based on this demonstration of reduced phagocytic 

activity in LRRK2 mutant microglia, we further speculated that elevated nonspecific 

phagocytosis is not a likely contributor to neurotoxicity in our co-cultures, as wild-type 

microglia appear to phagocytose more readily than LRRK2 mutant microglia in our assays. 

Furthermore, as expected, stimulation with LPS elevated both pinocytosis and phagocytosis in 

microglia of both genotypes. Further downstream of these 2 internalization pathways, we 

observed LRRK2-dependent decreases in the magnitude of endosome maturation, as well as 

temporal delays in endosome maturation in LPS-treated LRRK2 mutant cells (Figure 15f). As 

discussed in Chapter 3.2.2, LRRK2 G2019S phosphorylation of RAB8A results in delays in 

endocytic trafficking, maturation and degradation [82, 83]. Misregulation of this pathway in 

G2019S mutant microglia is an attractive explanation for the endosome maturation behavior 

that we observe, and future work could assess the relevance of RAB8A to the phenotype that 

we observe. In sum, then, LRRK2 G2019S microglia display reduced phagocytic activity as well 

as decreased and delayed endosome maturation in comparison to wild-type controls. 

Our final area of interest was the microtubule cytoskeleton and microglial 

migration/chemotaxis, and we observed genotype-dependent changes in both of these 

experiments. As reviewed above, MT recovery velocity in microglial lamellipodia was decreased 

in LRRK2 G2019S cells (Figure 16c), whereas chemotaxis was elevated in the LRRK2 mutant. 

Considering the precedent for increased tubulin phosphorylation and elevated MT stability in 

the presence of the LRRK2 G2019S hyperactive kinase [211], our observation of reduced MT 
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recovery velocity makes intuitive sense. However, future work to characterize LRRK2 

phosphorylation of MTs, MT-associated proteins, and tau in our system—and to visualize any 

such alterations in the lamellipodia of live or fixed cells—would begin to directly link our work 

to this potential mechanism. At first glance, our observation of elevated chemotaxis and 

migration toward ADP in LRRK2 mutant microglia might seem at odds with observations of 

decreased MT velocity in lamellipodia. However, it is crucial to note that although MTs are 

required for migration and are involved in its regulation, microglial chemotaxis has many 

additional layers of signaling-based regulation, including the phosphoinositol-3-kinase (PI3K), 

calcium-independent phospholipase A2 (iPLA2), ionotropic (P2X), metabotropic (P2Y) and 

protein kinase A (PKA) pathways, among others [216]. Thus, we should not expect changes in 

migration and chemotaxis to be dependent entirely on MT regulation, and it is possible that the 

elevated chemotaxis we observe in LRRK2 G2019S microglia is linked to one or more of these 

MT-independent pathways. 
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4 DISCUSSION  

The work described here has presented evidence of changes in the DA neurotoxicity and 

cell-intrinsic functions of microglia carrying the Parkinson’s disease mutation LRRK2 G2019S. 

Because mutations in the LRRK2 locus represent one of the strongest genetic risk factors for 

PD—and because the G2019S mutation alone is linked to 6% of familial PD cases and 2% of 

sporadic cases [217, 218]—LRRK2 has long been a focus of the Parkinson’s and neurogenerative 

disease fields [219]. Considering that dopaminergic neuron death in the substantia nigra is one 

of the defining characteristics of PD [1], CNS-focused LRRK2 research has largely characterized 

the cell-autonomous effects of LRRK2 mutations in neurons. Such work has been fruitful, with 

numerous studies in human stem cell models demonstrating susceptibility to oxidative stress 

[93], morphological alterations [220], impaired NF-kB signaling [221], and elevated cell death 

[222, 223] (among other phenotypes) in neurons and neural stem cells. These phenotypes, 

combined with the observation of glial activation in PD-affected brains [9, 224], naturally led to 

a neuron-centric view of LRRK2-related neurodegeneration (Figure 17) wherein supportive 

astrocytes and microglia are thought to simply respond and cater to the needs of diseased and 

malfunctioning neurons. 

4.1 LRRK2 G2019S microglia-induced DA neurotoxicity 

However, as reviewed in the Introduction (Chapters 1.1 and 1.2.4), abundant recent work 

has shown that independent of neuronal function (or malfunction), astrocytes and microglia are 

capable of inducing neurotoxicity and neurodegeneration [9, 15, 119]. Independent of these 

observations, LRRK2 has been linked to immune-related pathways (including IkB family kinases 

[112], NF-kB [111], and NFAT [110]); inflammatory diseases like Crohn’s, leprosy, and 
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tuberculosis [61, 116]; and cell biological processes—such as phagocytosis [86-88]—that are 

central to microglial function in the CNS. Considering both the precedent for microglia-induced 

neurotoxicity and the cellular effects of LRRK2 mutations, we set out to test the hypothesis that 

G2019S mutation-carrying microglia promote dopaminergic neurotoxicity.  

In Chapter 2 (Results Part 1), we tested this hypothesis using a co-culture system. When 

we cultured wild-type midbrain neurons with wild-type and LRRK2 G2019S microglia, we 

observed a robust decrease in dopaminergic neuron survival only in the presence of LRRK2 

mutant microglia, but not wild-type microglia (Figure 6c). These results suggest that microglia 

can contribute to non-cell-autonomous dopaminergic neurodegeneration. Our findings in 

microglia mirror those reported with iPSC-derived LRRK2 G2019S astrocytes, where the authors 

also observed non-cell-autonomous neurodegeneration induced by astrocytes [119]. In 

contrast, the LRRK2 G2019S genotype in neurons was not associated with reduced DA neuron 

survival in our co-culture system (Figure 6e), suggesting that LRRK2-associated cell-autonomous 

neurodegeneration is not a major factor in our in vitro system. Still, other groups have reported 

significant deficiencies and sensitivities in human stem cell models of LRRK2 G2019S neurons, 

Figure 17 - A neuron-centric model for LRRK2-associated neurodegeneration 
Based on precedents for deleterious cell-autonomous effects in LRRK2 G2019S neurons, a neuron-centric model of 
LRRK2-related neurodegeneration is logical. In such a model, neurons (‘N’), astrocytes (‘A’), and microglia (‘M’) all 
carry the relevant PD mutation, but neurodegeneration and PD progression is catalyzed in a cell-autonomous 
manner by disease-carrying neurons (green, middle panel). Glial activation and/or malfunction (green astrocyte 
and microglia, right panel) are a reaction to—and consequence of—neuronal malfunction. 
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and these observations are reflected in our updated model of LRRK2-linked neurodegeneration 

(Figure 18). This model acknowledges that DA neurodegeneration can be caused non-cell-

autonomously by both microglia and astrocytes, and cell-autonomous neuronal malfunction 

also appears to play a role. However, the weakness of this ‘model’ is obvious: it does not 

integrate or quantify the relative contributions of each cell type to LRRK2-linked 

neurodegeneration. We attempted to touch on this question by evaluating LRRK2 G2019S 

neurons in our co-culture system, but future work in this area could more comprehensively 

tease apart these contributions. As depicted in Figure 19, a co-culture system in which the 

genotypes of neurons, microglia, and astrocytes are all independently controlled offers a more 

Figure 18 - Speculative model for LRRK2-linked neurodegeneration 
An updated model for LRRK2-linked neurodegeneration recognizes the capability of LRRK2 mutations in at least 3 cell 
types (microglia, astrocytes, and neurons) to induce neurodegenerative phenotypes. (Top panel) In the work reported 
here, LRRK2 G2019S microglia induced neurotoxicity in wild-type dopaminergic neurons. (Middle panel) Previous 
human iPSC work in other groups (and yet-to-be-published work from our group) has demonstrated similar killing of 
wild-type midbrain DA neurons by LRRK2 G2019S astrocytes. (Bottom panel) Multiple studies have reported cell-
autonomous neuronal malfunction and death in human stem cell models. 
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exhaustive approach to evaluating the quantitative contribution of each cell type to 

neurodegeneration. In theory, such experiments could be carried out in both human iPSC and 

rodent primary culture models. Although they would be logistically demanding in either system, 

the results would help illuminate the ambiguities of the disjointed model presented in Figure 

18. 

 

 

4.2 Characterization of cell-autonomous changes in LRRK2 G2019S microglia 

Narrowing our focus back on microglia, we sought to better understand the general 

mechanism by which LRRK2 G2019S microglia can negatively impact DA neuron survival. 

Experiments with microglia conditioned medium demonstrated that LRRK2 G2019S microglia-

induced neurotoxicity can occur in the absence of direct physical contact with neurons (Figure 

9). These results suggested that media components—such as cytokines, exosomes, and 

microvesicles—released (or not released) by LRRK2 G2019S microglia could contribute to 

neurodegeneration. Follow-up experiments focusing on the cytokine profiles of wild-type and 

LRRK2 mutant MCM were inconclusive (Figure 9), and we suggested future experiments—

Figure 19 - A three-component, genotype-controlled culture system 
In a three-component co-culture system, the LRRK2 genotypes of neurons (N), microglia (M), and astrocytes (A) 
could be independently controlled. By comparing the triple-wild-type condition (far left) to conditions in which 
either neurons, microglia or astrocytes alone carry the LRRK2 G2019S mutation, the relative contribution of each 
cell type to DA neurodegeneration could be assessed. A more exhaustive set of experiments (not shown) could 
increase the number of genotype combinations by testing the effects of 2 cell types carrying the mutation (e.g. 
LRRK2 G2019S microglia and astrocytes with wild-type neurons) in addition to evaluating a triple-mutant condition.  
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including conditioned medium mass spectrometry and toxicity experiments with exosomes and 

microvesicles—as avenues to better understand the basis of MCM-induced toxicity. 

Additionally, the magnitude of LRRK2-induced DA neurotoxicity was lower in MCM experiments 

than in co-culture, suggesting that contact-mediated toxicity (such as ‘phagoptosis’) may also 

contribute to the neurodegeneration that we observe. After confirming LRRK2 G2019S 

microglia-induced neurotoxicity and failing to identify the factor(s) responsible, we next 

characterized the effects of our LRRK2 mutation on a number of cell biological processes and 

microglial functions.  

Based on precedents in the literature linking LRRK2 activity to the regulation of metabolic 

organelles, the endolysosomal system and the microtubule cytoskeleton, we designed a series 

of microscopy experiments to evaluate the effects of the LRRK2 G2019S mutation on elements 

of these systems in microglia. The results of these experiments are summarized in Table 1. 

Briefly, microscopy experiments demonstrated that mitochondria in LRRK2 mutant microglia 

are more fragmented and more numerous than in wild-type microglia (Figure 11). In contrast, 

no genotype-dependent differences were observed when we assessed lipid droplet morphology 

and accumulation (Figure 13). However, in results that are not relevant to LRRK2 but that may 

be of interest to the broader microglia field, we observed LPS-induced changes in LD size as well 

as a novel ‘lipid rod’ morphology that is more prevalent in LPS-treated microglia.  

When we evaluated the uptake of large (phagocytosis-dominated) and small (pinocytosis-

dominated) fluorescent microspheres by wild-type and LRRK2 G2019S microglia (± LPS), we 

observed impaired phagocytosis and unchanged pinocytosis in the LRRK2 mutant (Figure 14). 

We also reported elevated phagocytosis and pinocytosis in all LPS-stimulated conditions, 
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consistent with previous reports in microglia, macrophages, dendritic cells, and the microglia-

like BV-2 cell line [200-204]. Microscopy assays of endosome maturation demonstrated 

impaired (in unstimulated microglia) as well as impaired and delayed (in LPS-stimulated 

microglia) endosome maturation in LRRK2 G2019S microglia (Figure 15). We proposed that 

elevated phosphorylation of the LRRK2 kinase substrate RAB8A might be responsible for these 

deficits [82, 83], and we suggested experiments with phosphodeficient RAB8A as a possible 

future experiment to evaluate this hypothesis.  

We next assessed one aspect of microtubule dynamics by measuring the retraction 

velocity of microtubules in microglial lamellipodia. We observed a significant and robust 

decrease in MT retraction velocity in LRRK2 G2019S lamellipodia (Figure 16), a result that fits in 

well with previous observations of LRRK2 regulation of MT stability by binding to and 

phosphorylating b-tubulin and MT-associated proteins [102, 211, 212]. In our final 

characterization of microglia-intrinsic function, we employed a transwell assay to measure the 

chemotaxis activity of microglia. We found that both wild-type and LRRK2 mutant microglia 

chemotax toward ADP, but this chemotaxis activity is elevated in LRRK2 G2019S microglia 

(Figure 16). Observations of reduced MT velocity and elevated chemotaxis in G2019S microglia 

might seem contradictory, but the many layers of signaling-based regulation of chemotaxis 

[216] suggest that LRRK2 regulation may intersect with chemotaxis in a MT-independent 

manner. In sum, we have cataloged a number of changes in microglia-intrinsic cell biological 

processes and functions in LRRK2 G2019S mutants, although the mechanisms underlying these 

effects are unclear, and we have not attempted to link or unify the results across these 

disparate experiments.  
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Table 1 - Summary of LRRK2 G2019S microglia-intrinsic results 
Microglial cell biological 
feature or process 

Observed behavior in 
LRRK2 G2019S mutant 

Mitochondrial 
morphology 

Fragmented 

Lipid droplet morphology 
and accumulation 

Unchanged 

Phagocytosis Impaired 
Pinocytosis Unchanged 
Endosome maturation Impaired 

MT recovery in 
lamellipodia 

Reduced velocity 

Chemotaxis Elevated 
 

4.3 Integration of results and future directions 

In sum, our results fall into two main categories—microglia-induced DA neurotoxicity and 

altered cell-autonomous microglial activity—that would ideally be linked together in an 

overarching model of the role of LRRK2 G2019S microglia in neurodegeneration. Again, such a 

model would address 2 main concerns: 1) the mechanism(s) by which LRRK2 G2019S microglia 

kill (or fail to support) DA neurons and 2) how changes in microglial-intrinsic processes underlie 

those mechanisms. To better understand how neurons die in the presence of LRRK2 mutant 

microglia, future researchers could carry out experiments that we described in Chapter 2.4. 

These include ‘secretomics’ mass spectrometry of wild-type and LRRK2 G2019S microglia 

conditioned medium to identify proteins that are enriched or depleted in LRRK2-conditioned 

medium. Furthermore, differential ultracentrifugation could be used to purify and 

characterized the contents of exosomes and microvesicles from microglial culture medium, and 
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the toxicity of these preparations toward DA neurons could be assessed. Across all of these 

experiments, the goal would be to identify a factor (or set of factors) that contribute to DA 

neurotoxicity, and then rescue the phenotype by neutralizing the factors (if they are proteins 

that are enriched in LRRK2 MCM, exosomes, or microsomes) or adding back recombinant 

versions of factors (if they are depleted in LRRK2 G2019S extracts). Along with rescue, 

recapitulation of DA neurotoxicity by adding or neutralizing components of wild-type microglial 

extracts would provide more certainty regarding the basis of neurotoxicity. Further 

downstream, a full mechanistic understanding of neurotoxicity would require research into the 

ways that neurons respond to and die upon exposure to such factor(s).  

The other half of an overarching model would seek to explain how changes in LRRK2 

G2019S microglial regulation and behavior underlie the observed neurotoxicity. Put more 

simply: what is happening within microglia that leads them to secrete toxic factors (e.g. 

cytokines, exosomes, microvesicles, or another mediator) or withhold supportive factors? Once 

the mediator of toxicity is determined, the modulation of relevant pathways in microglia could 

provide a means of rescuing or recapitulating the phenotype that we observe. For example, 

drawing on the processes characterized in this work, does inhibiting mitochondrial fission in 

LRRK2 mutant microglia with Mdivi-1 [225] rescue neurotoxicity, and does inducing fission via 

Drp1 overexpression [226] recapitulate the phenotype? As another example, does the 

introduction of phosphodeficient RAB8A [66] to LRRK2 G2019S microglia rescue their 

endosome maturation defect and, as a result, rescue the neurotoxicity phenotype? It is clear 

that defining the mechanisms linking LRRK2 to the microglia-intrinsic effects that we observe 

would be very valuable to future efforts to clarify this half of the overarching model. 
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4.4 Therapeutic implications for PD 

Perhaps even superseding the relevance and importance of the idealized model is a more 

therapeutically-oriented question: how does such work relate to Parkinson’s disease, and could 

insights from a complete model help treat PD patients? When we consider the disease course 

of PD, it is important to highlight that age is the strongest risk factor for PD, and LRRK2-

associated PD is the most common late-onset form of the disease [1]. PD develops slowly over 

the course of many years, and once a patient has begun to show signs of Parkinsonism (e.g. 

tremor and bradykinesia), 60% of DA neurons in the SN have already been lost, leading to an 

80% reduction in striatal dopamine levels [59]. After recognition of the disease, treatment is 

essentially the same as it was in the 1960s: relief of symptoms by supplementing CNS dopamine 

levels with oral administration of levodopa [227]. The most promising treatments in the 

pipeline for diagnosed patients are stem cell therapies to replace the dopaminergic neurons 

that are lost in PD. Following successful proof-of-principle studies in macaques [228], these 

stem cell therapies have moved on to human trials in multiple countries [229].  

However, the potentially fatal weakness of such treatments is that significant damage has 

already been done by the time a patient has been diagnosed with PD. As such, understanding 

the earlier, pre-Parkinsonism stages of PD at a cellular level may provide opportunities to 

diagnose the disease earlier and prevent the massive loss of DA neurons, as opposed to 

replacing them once they’re gone. To that end, understanding LRRK2-dependent changes in the 

regulation and behavior of microglia, astrocytes, and neurons could provide new avenues for 

both diagnosis and treatment. If future researchers determine that neurotoxic LRRK2 mutant 

microglia and/or astrocytes release factors that contribute to neurodegeneration, those factors 
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could be evaluated as potential biomarkers for early detection of disease. Furthermore, if 

misregulation of specific pathways or processes in glia—such as exosome release, 

mitochondrial homeostasis, or endolysosomal regulation—could be directly linked to 

neurodegenerative phenotypes, then small molecule-based modulation of these pathways 

could provide a means to prevent DA neuron loss. As such, more fully understanding LRRK2 PD 

from a glial perspective could provide opportunities to improve the way that PD is diagnosed 

and treated. Although we have not yet developed a unified neuron-astrocyte-microglia model 

of LRRK2-depdendent neurotoxicity (Figure 18) or a detailed mechanism for microglia-induced 

neurotoxicity, the tools and resources required to understand these processes are improving at 

a rapid rate.  
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5 METHODS  

5.1 Serum- and BSA-free isolation and culture of primary mouse microglia 

This protocol is a modified and extended version of a previously-published rat microglia 

isolation protocol [118]. Primary microglia cultures were prepared from neonatal mice using 

methods approved by the Janelia Research Campus Institutional Animal Care and Use 

Committee (IACUC; protocols #15-129 and #17-152). This method is appropriate for a single 

researcher to isolate primary microglia from 8-10 mice aged p12-p15. To purify microglia from 

greater numbers of neonatal mice, it is recommended that multiple researchers work in 

tandem to minimize the time between dissection and eventual plating. Long periods of waiting 

lead to increased cell death and decreased isolation efficiency. 

5.1.1 Transcardial perfusion and dissection  

Mice were anesthetized with isoflurane until gasping ceased and a foot pinch elicited no 

response (generally 1-2 minutes, but this varies with age). During anesthetization, 5-10 mL of 

ice-cold perfusion buffer (50 μg/mL heparin [Sigma #H3149-100KU] in DPBS with Ca2+ and 

Mg2+ [DPBS++], sterile filtered) was loaded into a 10 mL syringe equipped with a 25g needle. 

Anesthetized mice were then placed on a wax-coated dissection tray, and 3x25g needles were 

used to pin the limbs to the tray. Pin placement is a choice of personal comfort, but pins were 

placed in 3 approximate locations: the left axilla, the right axilla, and underneath the right groin.  

Graefe forceps (F.S.T #11051-10) were used to pinch the skin along the midsagittal 

plane, inferior to the ribcage. Cut only the pinched skin (and no underlying tissue) using small 

scissors (F.S.T. #14058-09), and continue to cut in the superior direction, stopping near the 

superior end of the ribcage. Use the scissors to extend the incision laterally and remove the flaps 
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of skin that are produced. The skin should now be completely removed above the ribcage. Using 

Graefe forceps to hold the xiphoid process, cut through the abdominal wall laterally. Next, make 

a small incision in the diaphragm to equilibrate with ambient air, and then cut the diaphragm 

laterally. Do not cut any organs, particularly the liver. Oftentimes, the position of the liver 

prevents a clean diaphragm cut; to avoid this, simply close the scissors and use them to push the 

liver away from the diaphragm. Next, cut the ribs parallel to sternum on both sides, and lift up 

the ‘flap’ of ribcage that is produce. Cut this ‘flap’ off completely, again taking care to not cut 

any organs or major blood vessels.  

The heart should now be visible. Insert the syringe needle into inferior side of the left 

ventricle, and use micro dissecting spring scissors (ROBOZ #RS-5603) to cut the right atrium. 

Slowly inject perfusion buffer into the left ventricle. As perfusion progresses, the run-off will 

transition from dark red to clear, and the liver will become white. With perfusion complete, use 

large scissors to decapitate. Spray the head with 70% ethanol before transferring to an ethanol-

soaked paper towel in a laminar flow hood.  

Use a new pair of scissors to cut the skin sagitally on the dorsal side of the head, and 

move the skin to reveal the skull. Next, cut the skull sagitally, and use blunt tweezers (Digi-Key 

#243-1270-ND) to remove either half of the skull, revealing the cortex. Insert a pre-wetted 

spatula (F.S.T. #10090-13) underneath the brain, remove the brain, and transfer to a 50 mL tube 

containing ~8mL douncing buffer (200uL 0.4% DNAse [12,500 units DNAse (Worthington 

#LS002007) in 1mL EBSS, sterile filtered] per 50mL DPBS++, ice cold) in a bucket of ice.  

5.1.2 Douncing 

Repeat the above steps for every mouse, adding brains to the same tube of douncing 

buffer (on ice and in the laminar flow hood). Place an overturned lid of a 60 mm dish on top of a 
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100 mm dish containing packed ice and transfer the brains into the overturned lid. Use a scalpel 

to cut the brains into ~1 mm3 pieces. Pipette 2-3 mL of douncing buffer into the overturned lid, 

and then tip the douncing buffer + brain pieces mixture into a 15mL dounce grinder (Wheaton 

#357544) on ice. Raise the volume of douncing buffer to the horizontal line on the douce 

grinder, and proceed to dounce with 8-12 slow, gentle strokes, taking care to avoid contact 

between the pestle and the bottom of the douncer. Place the douncer back on ice, and allow 

the tissue to settle for 3-4 minutes. Carefully transfer the homogenized supernatant to a fresh 

tube without disturbing the un-homogenized chunks that remain at the bottom of the douncer. 

Add more douncing buffer and repeat the above steps, for a maximum of 3 total rounds of 

douncing. After each round, add the supernatant to the same tube.  

5.1.3 Myelin removal 

Raise the volume of the collected homogenate to 33.5 mL with douncing buffer, and 

then add 10mL of isotonic myelin separation buffer (9mL Percoll PLUS [GE Healthcare 

#17544501], 1mL 10X PBS Buffer pH 7.4 (Thermo Fisher #AM9625), 9uL 1M CaCl2 [Sigma 

#21115-100ML], 5uL 1M MgCl2 [Thermo Fisher #AM9530G]). Invert multiple times to mix 

thoroughly. Centrifuge at 4º C for 15min at 500 x g with slow braking, and transfer the tube(s) 

to an ice bucket in a biosafety cabinet. Remove the top layer of debris with a p1000 pipette, 

ensuring that no debris remains. Remove the cloudy supernatant carefully with a serological 

pipette, leaving ~5mL remaining at the bottom of the tube. Remove the remaining supernatant 

carefully with a p100 pipette, leaving only the pelleted cells.  

Resuspend the pellet in 1mL ice-cold panning buffer (0.5% peptone in dPBS++, sterile 

filtered, de-gassed for at least 30min on the day of dissection), and transfer to a pre-wet 20 μm 
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filter (Sysmex #04-004-2325) set in a 15mL tube on ice. Allow the suspension to pass through 

the filter, and then wash filter with 1mL panning buffer. Continue to wash in 1mL increments, 

for a final suspension volume of 7-9 mL. Centrifuge at 4º C for 10min at 300 x g with slow 

braking. Place the tube back on ice in the biosafety cabinet. 

5.1.4 Magnetic-activated cell sorting (MACS) 

Resuspend the pellet in 135uL panning buffer, and transfer the suspension to a 1.5mL 

microcentrifuge tube on ice. Add 15μL CD11b MicroBeads (Miltenyi Biotec #130-093-634) and 

mix well by flicking the tube. Incubate at 4º C for 15min. Wash with 1mL panning buffer and 

centrifuge at 4º C for 10min at 300 x g with slow braking. Meanwhile, place 2 MS columns 

(Miltenyi Biotec #130-042-201) per sample in the appropriate magnets on a MACS separation 

stand, and wash the column with 500uL panning buffer.  

Resuspend the pellet in 500uL panning buffer, and apply the suspension to the first MS 

column. Allow the suspension to run through the column fully, and then wash 3X with 500uL 

panning buffer. Remove the column from the magnet and place in the upper reservoir of the 

second column. Add 1mL of panning buffer, and use the plunger to elute directly into the 

second column. Wash 3X with 500uL panning buffer. Elute into a fresh 1.5mL microcentrifuge 

tube with 1mL microglia growth medium (MGM) complete. MGM basal (DMEM/F12 [Thermo 

Fisher cat. #21331020] with 100 units/mL Penicillin, 100 μg/mL streptomycin, 1mM sodium 

pyruvate, 1:100 glutamax [Thermo Fisher #35050061], 5 μg/mL insulin [Sigma #I6634-50MG], 

100μg/mL apo-transferrin [Sigma #T1147-5x100MG], 100 ng/mL sodium selenite [Sigma 

#S5261-10G], and 5 μg/mL N-acetyl cysteine [Sigma #A8199-10G], sterile filtered) can be 

prepared ahead of time. MGM complete (MGM basal with 1.5 μg/mL ovine wool cholesterol 
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[Avanti Polar Lipids #700000P-1g], 1 μg/mL heparan sulfate [Sigma #H7640-1MG], 0.001 μg/mL 

gondoic acid [Cayman Chemicals #20606], 0.1 μg/mL oleic acid [Cayman Chemicals #90260], 10 

ng/mL M-CSF [Peprotech cat. # 315-02], and 2 ng/mL TGF-B2 [Peprotech cat. # 100-35B]) must 

be prepared fresh. Fresh MGM complete should be equilibrated in a 50 mL bioreactor (Corning 

#CLS431720-25EA) in a 37º incubator at 10% CO2 for at least 30 minutes prior to use. 

5.1.5 Plating 

Acid-washed coverslips in 24-well plates were previously coated with 0.1mg/mL PDL 

(Thermo Fisher # A3890401) for at least 1 hour before washing 3X with water. Coverslips are 

allowed to dry before coating with collagen. Collagen should be thawed slowly on ice from LN2 

storage and diluted immediately before use to 2 μg/mL in MGM basal or complete. Coat 

coverslips by adding a 60uL collagen bubble to each coverslip and incubating for at least 15min 

in a 37º incubator. Do not allow the bubble to pop. When cells are ready to plate, remove from 

incubator and aspirate collagen solution. Do not allow the coverslips to dry. 

Count eluted cells and dilute to 1e6 cells/mL in MGM complete. Plate a bubble of 50uL 

cell suspension (50,000 cells/bubble) on a 12 mm PDL- and collagen-coated coverslip in a 24-

well plate, and transfer to a 37º incubator at 10% CO2. It is crucial that the bubble remain 

intact. Different bubble volumes may be used, as long as 50,000 cells are plated and the bubble 

does not pop. After transferring the bubble-plated suspensions to the incubator, allow the 

microglia to attach for 30 min. Then, add 450 μL per well of MGM complete, for a final volume 

of 500 μL. Move the microglia back to the incubator and culture according to experimental 

needs. 
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5.2 Serum-free isolation and culture of primary midbrain neurons 

Primary midbrain neuron cultures were prepared from neonatal mice using methods 

approved by the Janelia Research Campus IACUC (protocols #15-129 and #17-152). This 

protocol is appropriate for a single researcher to isolate primary midbrain neurons from 6-8 

mice aged p1. To purify neurons from greater numbers of neonatal mice, it is recommended 

that multiple researchers work in tandem to minimize the time between dissection and 

eventual plating. Long periods of waiting lead to increased neuronal death and decreased 

isolation efficiency. 

5.2.1 Brain isolation 

Transfer 3-4 p1 pups to a paper towel placed on top of an absorbent mat in an uncoated 

dissection tray. Decapitate all pups, spray with 70% ethanol, and transfer to an ethanol-soaked 

paper towel in a laminar flow hood. Use small scissors to cut the skin sagitally on the dorsal side 

of the head, and move the skin to reveal the skull. Next, cut the skull sagitally, and use blunt 

tweezers to remove either half of the skull, revealing the cortex. Insert a pre-wetted spatula 

underneath the brain, remove the brain, and transfer to a 60 mm dish with ~10 mL cold 

dissection buffer (HBSS [Thermo Fisher #24020117] with 10 mM HEPES, 100 units/mL Penicillin, 

and 100 μg/mL streptomycin, sterile filtered). To keep the tissue chilled throughout the 

experiment, we recommend placing the 60cm dish(es) on a metal block set in an ice bucket.  

After all brains have been isolated, use a spatula to transfer them to a new 60 mm dish 

filled with chilled dissection buffer. Place the 60 mm dish on top of a 100 mm dish containing 

packed ice, and move the stacked dishes to a dissecting microscope in the laminar flow hood.  
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5.2.2 Midbrain dissection 

Orient the brain with the dorsal side up and the cerebellum on the left side of the 

microscope view. Using angled forceps (F.S.T. #00109-11), hold the brain in place firmly but 

carefully by pinching the midbrain. With a No. 10 (curved) scalpel, cut between the cortical 

hemispheres to allow access to the underlying structures, without cutting into the structures 

that are ventral to the cortex. Cut away connective tissue holding the cortical hemispheres in 

place, and use the scalpel to ‘peel’ one hemisphere away from the rest of the brain. Repeat for 

the other hemisphere. Then, remove both hemispheres by cutting sagitally and discard. Make a 

coronal cut near the forebrain, discarding the rostral fragment. Next, make a cut along the 

entirety of the midsagittal plane. Orient both pieces such that the midsagittal plane is facing 

upwards. 

Isolate one of the hemi-brains, and pinch the cerebellum with angled forceps to hold the 

tissue in place, and make a coronal cut rostral to the midbrain. Make another coronal cut 

caudal to the midbrain. Finally, make an axial cut through to remove the dorsal ~1/3 of the 

midbrain, and retain the ventral midbrain fragment. Transfer this fragment to a fresh 60 mm 

dish filled with dissection buffer on the chilled metal block. Repeat for the other half of the 

brain to obtain a second midbrain fragment. Dissect each brain in the same manner, and collect 

midbrain fragments into the same 60 mm dish. 

Once all midbrain fragments have been isolated, move the midbrain dish onto the 

microscope (on top of the 100 mm dish of packed ice). Using 2 pairs of fine forceps (F.S.T 

#11252-00), hold the fragment in place with one hand while removing all meninges with the 

other hand. Dispose of meninges into a waste dish. Repeat for all midbrain fragments, and then 
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transfer the meninges-free fragments to a new overturned 60 mm lid placed on top of the 100 

mm dish of packed ice. The lid should be dry, and there should be minimal carry-over of buffer 

from the midbrain transfer. Chop the midbrain into fine pieces using the scalpel and add 

dissection buffer to the dish. Cut the end off of a p1000 tip, and use this ‘wide-bore’ tip to 

transfer the pieces to a 15 mL tube on ice. Repeat the addition of buffer and p1000 transfer 

until no pieces remain in the dish. 

5.2.3 Papain digestion 

Allow the chopped pieces to settle at the bottom of the 15 mL tube before aspirating 

the buffer with a p1000. Add 5mL papain solution (1 vial papain [Worthington #LK003178] 

resuspended in 5mL dissection buffer with 1-3 μL benzonase [Sigma #E1014-25KU]) to the tube, 

and transfer to a 37º C water bath. Incubate for 30 min, inverting the tube 3-5 times every 7-8 

minutes.  

After incubation, invert the tube a final 3-5 times and transfer to an ice bucket in a 

biosafety cabinet. Allow the tissue to settle at the bottom of the tube and aspirate using a 

p1000 followed by a p200 (to remove as much papain solution as possible). Resuspend the 

fragment in 1mL low-OVO solution (1 mL low-ovomucoid 10X stock solution raised to 10 mL 

with dissection buffer). Low-ovomucoid 10X stock contains 3g BSA and 3g trypsin inhibitor 

(Worthington #LS003086) in dPBS, with the pH adjusted to 7.4 using ~1 mL of 1 N NaOH for a 

total volume of 200 mL (sterile filtered). Triturate the resuspended fragments 10 times with a 

p1000, and allow the tissue fragments to settle. Aspirate the homogenized supernatant and 

pass through a pre-wet 20 μm filter set in a 15 mL tube on ice. Add 1mL low-ovomucoid buffer 
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and repeat the above trituration and filtration, collecting all supernatant in the same tube. 

Repeat this step until no tissue pieces remain, for a maximum total of 3 rounds of trituration. 

Wash the filter 1 mL at a time with low-OVO solution, until a final volume of 7 mL is 

obtained. Next, use a 5 mL serological pipette to carefully underlay 4.2 mL high-OVO solution (1 

mL high-ovomucoid 6X stock solution raised to 6 mL with dissection buffer) below the cell 

suspension. High-ovomucoid 10X stock contains 6g BSA and 6g trypsin inhibitor in dPBS, with 

the pH adjusted to 7.4 using 10 N NaOH for a total volume of 200 mL (sterile filtered). After 

underlaying the high-OVO solution, a clear lower phase and a cloudy upper phase should be 

visible. Centrifuge at 4º C for 10 min at 500 x g.  

5.2.4 MACS purification 

The volumes of antibodies and beads used below are for ≤ 107 input cells. To purify 

neurons from ≥ 107 input cells, consult the Miltenyi Neuron Isolation Kit (mouse) literature. 

Aspirate the supernatant and resuspend the pellet in 70 μL ice-cold panning buffer. Transfer the 

suspension to a 1.5 mL microcentrifuge tube on ice. Add 20 μL of non-neuronal cell biotin-

antibody cocktail (one component of Miltenyi #130-115-389) and 10 μL CD140a-biotin antibody 

(Miltenyi #130-101-905) to the suspension and flick the tube multiple times to mix well. 

Incubate for 10 min at 4º C. Wash with 1 mL panning buffer and centrifuge at 4º C for 10 min at 

300 x g. Place back on ice. Aspirate the supernatant and resuspend the pellet in 80 μL panning 

buffer. Add 20 μL of anti-biotin microBeads (the other component of Miltenyi #130-115-389), 

and flick to mix well. Incubate for 10 min at 4º C. 

Meanwhile, place 1 MS column per sample in the appropriate magnet on a MACS 

separation stand and wash the column with 500uL panning buffer. After incubation is complete, 



 90 

place the cell suspension back on ice and add 400 μL panning buffer, for a total volume of 500 

μL. Apply suspension to the column and collect the flow-through in a fresh 1.5 mL 

microcentrifuge tube. Because we are using negative selection, the purified neurons are in the 

flow-through. Wash 2X with 500 μL panning buffer, collecting all flow-through in the same tube. 

The final volume should be 1.5 mL. Centrifuge the suspension at 4º C for 10 min at 300 x g. 

5.2.5 Plating and culture 

Aspirate and resuspend the pellet in 400-1000 μL primary neuron culture medium 

(NBA/B27 with 0.5 mM cAMP [Millipore #28745-100MG], 20 ng/mL BDNF [Peprotech #450-02], 

20 ng/mL GDNF [Peprotech #450-10], 4 ng/mL TGF- β3 [R&D Systems #8420-B3-025]). NBA/B27 

is Neurobasal A (Thermo Fisher #10888022) with 2% v/v B27 (Thermo Fisher #17504044), 100 

units/mL Penicillin, 100 μg/mL streptomycin, and 1:100 glutamax (sterile filtered). Count 

neurons, dilute to the desired concentration in primary neuron culture medium, and plate. 

Plate 45,000 cells/well in 100 μL in a 96-well plate, or adjust as necessary for different culture 

vessels. Incubate at 37º C with 5% CO2.  

Regardless of the purification efficiency, some glia will remain in the neuronal culture. 

The next morning, to prevent the growth of unwanted glia, add an equal volume (100 μL for a 

96-well plate) of primary neuron culture medium supplemented with 30 μM 5-FDU (Cayman 

Chemicals #14154) to each well. The final concentration of 5-FDU is 15 μM. Incubate for 10-12 

hours and perform a full medium change with 200 μL fresh primary neuron culture medium. 

Maintain cultures according to experimental needs.  
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5.3 Co-culture of primary microglia and midbrain neurons 

Isolate, plate, and culture primary midbrain neurons from p1 mice as described above. 

Isolate primary microglia from p12-p15 mice as described above and add microglia to plated 

neurons in a 96-well plate at a 1:1 microglia: neuron ratio. Culture in a 1:1 mixture of primary 

neuron culture medium (excluding cAMP) and MGM complete.  

5.4 Microglia conditioned medium (MCM) culture of midbrain neurons 

 MCM experiments were carried out using neurons isolated from p1 pups as described 

above. After treatment with 5-FDU to prevent glial expansion, medium was changed to a 1:1 

mixture of primary neuron culture medium and microglia conditioned medium. MCM was 

collected at 6 DIV from primary microglia isolated and plated as described above. Debris was 

cleared by centrifuging MCM at room temperature for 20 min at 1000 x g, and only the 

supernatant was retained. MCM was stored in aliquots at -80º C.  

5.5 Immunofluorescence of mouse primary cultures 

 Successful immunofluorescence depends on maintaining attachment of primary cells 

throughout fixation and staining, so care must be taken to aspirate and add solutions gently. 

Mouse primary cells were cultured on circular coverslips in TC plates or on optically-compatible 

96-well plates. After washing 2X with dPBS++, cultures were incubated in 4% formaldehyde 

(Thermo Fisher # 28906) in dPBS++ for 20 min at room temperature in the dark. Wells were 

washed 3X with dPBS++ before incubating in blocking buffer (dPBS++ with 5% v/v normal goat 

serum [Thermo Fisher #31873], 0.3% Triton X-100 [Sigma #T8787-50ML], and 1% w/v BSA 

[Sigma #A9418-50G]) for 1 hour in the dark at room temperature. After aspirating blocking 

buffer, the desired primary antibodies in incubation buffer (dPBS++ with 1% w/v BSA) were 
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added to the wells. Antibodies were diluted as follows: rabbit anti-TH (PhosphoSolutions 

#2025-THRAB) at 1:500, chicken anti-MAP2 (Thermo Fisher #PA1-10005) at 1:1000, rabbit anti-

Iba1 (Wako #019-19741) at 1:500, and mouse anti-GFAP (BD Biosciences #556328) at 1:500. 

Primary antibody incubation was performed at 4º C overnight.  

 The next morning, the primary antibodies were aspirated, and the wells were washed 

2X with dPBS++. Depending on the desired color combinations and isotype compatibility, 

appropriate secondary antibodies (all Invitrogen) were diluted to 1:1000 and added to the 

wells. After incubating with the secondary antibody for 60 minutes, the wells were aspirated 

and washed 3X with dPBS++. For optical 96-well plates, 200 μL dPBS++ was added to each well, 

and the plate was sealed with a clear adhesive sealing sheet (Thermo Fisher #AB-0558) and 

stored at 4º C. Coverslips were mounted with ProLong Gold or Diamond (Thermo Fisher 

#P36965 or #P36935) and stored at 4ºC. 

5.6 Imaging and quantification of dopaminergic (TH+) neuron survival 

 Cultures stained for MAP2 and TH were imaged on a Nikon Eclipse microscope with a 

10x air objective. MAP and TH were in either the Cy5 or FITC channels. Nikon’s high-content 

imaging software was used to capture and stitch either 6x6 or 7x7 images per well in a single 

optical plane. The stitched images were imported into Imaris (Bitplane), and the Spots 

detection feature was used to identify MAP2+ and MAP2+/TH+ neuronal soma. As MAP2 is 

expressed across all neurons in our cultures, TH+/MAP2+ soma are considered true TH+ 

neurons. The number of MAP2+ and TH+ neurons per well were recorded, and TH neuron 

survival was quantified by calculating the percentage of MAP2+ neurons that were TH+ on a 

per-well basis. A drop in this percentage indicates loss of TH+ dopaminergic neurons. 
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5.7 Mouse cytokine array 

The Mouse XL Cytokine Array Kit (R&D Systems #ARY028) was used to quantify cytokine 

levels in conditioned media according to the manufacturer’s protocol. Conditioned medium 

(CM) was collected as described above, and debris was cleared by centrifugation at 1000 x g for 

20 min. If CM had been previously collected and was stored at -80º C, the tubes of CM were 

thawed on ice at 4º C (for multiple hours or overnight). On day 1, 1 mL of conditioned medium 

was combined with 0.5 mL of Array Buffer 4 and applied to a previously-blocked Mouse XL 

Cytokine Array blot. The blot was incubated overnight with rocking at 4º C. The next day, the 

detection antibody cocktail, Array Buffer 4/6, 1X Wash Buffer, Chemi Reagent Mix, and 1X 

Streptavidin-HRP were prepared. The blot was washed and stained according to the 

manufacturer’s protocol, and the array was imaged using the automatic exposure 

chemiluminescence settings on a ChemiDoc (BioRad) imager. For greater detection sensitivity, 

SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher #34095) may be used 

in place of the provided Chemi Reagent Mix. 

To quantify the cytokine dot blot, the automated spots detection feature of Imaris 

(Bitplane) was used. The sum of signal intensity for each spot was recorded, and the sum of 

signal intensity for a background spot was subtracted to produce a background-corrected 

intensity.  

5.8 Bead uptake imaging and analysis 

5.8.1 Plating and image acquisition 

Microglia were prepared as described previously (Chapter 5.1), and 45,000 cells/well 

were plated in 300 μL MGM complete on PDL- and collagen-coated 8-well optical coverglass 
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dishes (Ibidi #80826). At 6-8 DIV, 1μm yellow-green fluorescent beads (Thermo Fisher #F13083) 

and 170nm deep-red fluorescent beads (Thermo Fisher #P7220) were both added to the wells 

at concentrations of 6x105 beads/mL and 6x107 beads/mL, respectively. After 2h bead 

incubation, Vybrant DiI lipophilic membrane stain (Thermo Fisher #V22889) was diluted 1:100 

into the wells, and microglia were returned to the incubator for 10 min. The cells were then 

washed gently 3X with pre-warmed MGM basal and fixed in 300uL per well of 4% PFA + 0.1% 

glutaraldehyde in PBS. After 20 min, the fixative was removed before washing 2X with 

PBS+DAPI (1 μg/mL), followed by replacement with 300uL PBS. It should be noted that in our 

testing, DiI also successfully stains microglial membranes post-fixation. Each well was imaged at 

40x on a Nikon Eclipse spinning disk confocal equipped with Nikon’s Perfect Focus System with 

405 nm, 488 nm, 561 nm, and 647 nm lasers using Nikon’s large image acquisition (“tiling”) 

settings. Generally, between 200-900 fields were acquired per well. In our experience, Nikon 

Perfect Focus (PFS) is crucial for successful large image acquisition in this experimental setup. If 

a PFS-enabled system is not available, each field should be acquired manually. In our hands, 

Zeiss Definite Focus technology does not maintain the focal plane sufficiently in large tiling 

experiments (as opposed to single-field, time-lapse experiments). 

5.8.2 Image analysis pipeline 

A custom analysis pipeline was built for the quantification of bead uptake images.  

5.8.2.1 Cell segmentation 

First, the Ilastik machine learning (ML) software package [186] was used to generate cell 

masks from data in the DiI (647 nm laser) channel. To generate the masks, representative DiI 

channel images were imported into the Ilastik Pixel Classification workflow, and images were 
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annotated to identify true DiI signal (label class #1) vs background (label class #2). After 

training, a Random Forest pixel classifier was generated and applied to the DiI channel of every 

image. After the application of the Random Forest pixel classifier, a probability map is 

generated for each image. Using these probability maps and the original DiI raw data as inputs, 

the Ilastik Object Classification workflow was used to threshold the probability maps and export 

cell masks. 

5.8.2.2 Cell Identification and splitting of merged masks 

Because cells (and in particular microglia) in vitro can form clusters and directly contact 

other microglia, the high-quality cell masks produced by ML classifiers must be processed 

further to address merged masks. To this end, FIJI [187] was used to manually mark the 

approximate center of each cell in every large-field, tiled image. A custom ImageJ Macro (IJM) 

script was written to extract a 676x676 pixel window centered around each marked point and 

save each window as a separate image. After this splitting process, each image contains one 

‘target’ cell, but they may also contain other ‘non-target’ cells. Of particular focus are non-

target cells whose masks merge with the target cell. To process these merged masks, a custom 

IJM graphical user interface (GUI) was written to review every image in the full dataset 

individually, with options to 1) accept the target mask as-is, 2) split the target mask away from 

non-target masks by manually drawing a border, or 3) reject the mask entirely. The last option 

is used to remove poor-quality, un-segmentable, aberrantly annotated, or otherwise unusable 

masks/cells from the analysis. Importantly, the researcher running the GUI is blinded to the 

sample type and condition of each cell that is presented during review.  
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Following GUI review, an IJM script was used to apply these single-cell masks to the 

corresponding raw data for each 676x676 window. This produces single-cell, cell-masked 

images with all 4 channels of data. In addition, cell areas were recorded by measuring the size 

of each cell mask. 

5.8.2.3 Per-cell bead quantification 

Cell-masked data from the 1 μm bead (488 nm) and 170 nm bead (647 nm) channels were 

used as inputs for particle identification with Trackmate [199]. Custom Jython scripts were 

written to identify and count the number of large and small beads in each cell using Trackmate. 

Each bead’s location was also recorded for distance-based analyses. 

5.8.2.4 Nuclear segmentation and analysis 

The DAPI (405) and 1 μm bead (488) channels were used to train an Ilastik ML classifier. 

Because the 1uM beads are extremely bright, there is spectral overlap with the adjacent DAPI 

channel. So, the pixel classifier was trained to recognize DAPI (label class #1) vs background and 

beads (label class #2). Following thresholding of the probability maps, an ML object classifier 

was trained to recognize live (label class #1) vs dead (label class #2) nuclei based on the 

structure of the underlying fluorescent signal. After running the pixel and object classifiers on 

each image, live nuclear masks were obtained. The masks were linked to individual cells by 

splitting as described in Chapter 5.8.2.2, and per-cell nuclear measurements (size, number, 

shape) were computed. 

5.9 Phagocytosis flow cytometry assay 

Microglia were prepared and plated as described above. Similar to the phagocytosis 

microscopy assay, 1μm yellow-green fluorescent beads (Thermo Fisher #F13083) were added to 
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6-8 DIV microglial cultures at a concentration of 6x105 beads/mL. After 2h incubation, microglia 

were harvested using Accumax, resuspended in FACS buffer (dPBS—with 0.1% BSA), and 

stained with DAPI (1 µg/mL). Samples were analyzed via flow cytometry, and gating on DAPI 

(which preferentially stains dead cells) was used to isolate live microglia populations. Data 

analysis and visualization were performed in FlowJo (FlowJo, LLC). 

5.10 Mitochondrial morphology imaging and analysis 

5.10.1 Sample preparation and image acquisition 

Microglia were prepared and plated as described previously (Chapters 5.1 and 5.8.1). At 

6-8 DIV, microglia were fixed in 4% PFA + 0.2% glutaraldehyde in PBS for 10 minutes, followed 

by 3 washes with PBS. Cells were then permeabilized for 10 minutes in 0.2% Triton X-100 

(Sigma #T8787-50ML) before blocking in 1% BSA (Sigma #A9418-50G) + 5% Normal Goat Serum 

(Thermo Fisher #31873) + 0.2% Triton X-100 for 1 hour at room temperature. Microglia were 

stained using 1:400 anti-TOMM20 (Abcam #ab78547) in 1% BSA + 0.2% Triton X-100 and left 

overnight at 4º. The next morning, the wells were washed 3X, followed by secondary staining 

with 1:1000 Goat anti-Rabbit AF+ 488 (Thermo Fisher #A32731) in 1% BSA + 0.2% Triton X-100. 

The cells were washed 5X in PBS, with 2 of the washes including 1 μg/mL DAPI.  

The wells were imaged in PBS as described in Section 5.8.1 using the 405 nm (DAPI) and 

488 nm (TOMM20) lasers.  

5.10.2 Image analysis pipeline 

 A custom analysis pipeline was built for the quantification of bead uptake images.  
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5.10.2.1 Nuclear segmentation and cell identification 

Rather than employing manual annotation to identify cell locations across large-field, 

tiled images (e.g. Section 5.8.2.2), we instead used our DAPI signal and ML classifiers to 

determine cell positions.  An ML pixel classifier was trained to identify DAPI (label class #1) vs 

background (label class #2). Using pixel prediction maps and the saturated images as inputs, a 

ML object classifier was trained to recognize live (label class #1) vs dead (label class #2) nuclei. 

The pixel and object classifiers were sequentially applied to entire large-field images, and 

output images containing 3 channels (background, live nuclei, and dead nuclei) were obtained. 

Using custom IJM code, the live nuclei were isolated and analyzed. For each live nucleus, the 

centroid and shape were recorded. The positions of the nuclear centroids within the large-field 

image can be used to extract and save 676x676 windows for each nucleus. This window 

extraction process is analogous to the extraction based on manual annotations described in 

Section 5.8.2.2, except that the positions here are derived from automatically-detected nuclei.  

5.10.2.2 Cell segmentation 

Similar to the cell masking described in Section 5.8.2.1, Ilastik was used to generate a ML 

classifier. Whereas the bead uptake imaging experiments included a membrane stain (DiI), the 

mitochondrial morphology experiments did not. However, due to the faint background signal 

inherent to IF staining and the sensitivity of our microscope, it is possible to reconstruct cell 

masks by saturating the TOMM20 signal. To achieve this, lookup tables (LUTs) were adjusted in 

ImageJ to produce a saturated signal throughout the cell area, and an Ilastik ML pixel classifier 

was trained to discriminate saturated TOMM20 (label class #1) from background (label class 
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#2). The classifier was applied to every image to produce pixel probability maps. Using custom 

IJM code, these maps were auto-thresholded and converted into binary masks. 

The nuclear centroids identified in the previous section were then used to extract 

676x676 windows containing the binary cell mask channel for each live nucleus. As in Section 

5.8.2.2, a blinded custom IJM GUI was written with options to 1) accept the target mask as-is, 2) 

split the target mask away from non-target masks by manually drawing a border, or 3) reject 

the mask entirely. These cell-specific masks can be applied to any raw channel (or 

mask/transformation thereof). 

5.10.2.3 Mitochondrial segmentation and quantification 

The unsaturated TOMM20 signal was used as an input to train an Ilastik ML pixel classifier 

for mitochondrial segmentation. The pixel classifier was trained to identify TOMM20 (label class 

#1) vs background (label class #2). Custom IJM code was used for auto-thresholding and 

masking, with segmented mitochondrial binary masks generated as the output.  

Using the nuclear centroids from Section 5.10.2.1, the segmented mitochondrial masks 

were extracted into 676x676 windows, and the cell masks above were applied to the 

corresponding window containing segmented mitochondria (all with IJM code). These 

processing steps produce single-cell, cell-masked segmented mitochondrial masks. For each 

cell, we can then measure the 1) number of mitochondria, 2) the size, shape, and position of 

each mitochondrion, and 3) the area of the cell. In addition, the nuclear masking completed in 

Section 5.10.2.1 allows us to measure the position, size, and shape of each nucleus. 
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5.11 Lipid droplet (LD) imaging and analysis 

5.11.1 Sample preparation and image acquisition 

Microglia were prepared and plated as described previously (Chapters 5.1 and 5.8.1). In 

preparation for lipid droplet staining, a 1X stock of BODIPY 493/503 (Thermo Fisher #D3922)  

was freshly prepared for each experiment by diluting a 1 mg/mL stock 1:20,000 into MGM 

complete. The medium was kept in a bioreactor in the incubator while not in use. At 6-8 DIV, 

each well’s existing medium was removed and reserved in a separate wells of a 24-well dish for 

later use. 300 µL of fresh 1X BODIPY was added to each well, and the cells were incubated with 

BODIPY for 20 minutes. After 2 gentle washes with pre-warmed MGM basal (or complete), the 

reserved medium was added back into the original microglial wells. The cells were allowed to 

equilibrate for 15 minutes before imaging, and Hoechst dye (Thermo Fisher #H21492) was 

added to a final concentration of 1 µg/mL prior to imaging. 

An LSM 880 with Airyscan (Carl Zeiss Microscopy GmbH) was used to image lipid droplets 

in live cells at 63x magnification.  Images of at least 50 cells per condition were acquired with 

BODIPY (488 nm laser) and Hoechst (405 nm laser) channels, and the acquisition settings were 

optimized for Nyquist sampling at 488 nm. Following image acquisition, Zen (Carl Zeiss 

Microscopy GmbH) was used to apply Airyscan deconvolution [230] to each image.  

5.11.2 Image analysis pipeline 

A custom analysis pipeline was built for the quantification of bead uptake images.  

5.11.2.1 Cell segmentation 

Ilastik was used to generate a ML pixel classifier for cell masking. Although BODIPY 

preferentially enriches in lipid droplets [189, 231], it also faintly stains the plasma membrane 
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(PM). As a result, saturation of the BODIPY signal enables visualization of the PM and 

subsequent cell masking. First, the BODIPY channel was saturated using custom IJM code. To 

isolate masks, an Ilastik ML pixel classifier was trained to discriminate BODIPY signal (label class 

#1) from background (label class #2). After running the classifier on every image to produce 

pixel prediction maps, custom IJM code was used to auto-threshold the data and produce 

binary cell masks.  

As in Section 5.8.2.2, a blinded custom IJM GUI was used to further process the masks. All 

images were processed with options to 1) keep a single mask from the image (if there is only 

one cell), 2) split multiple masks from the image (if there are multiple cells), or 3) reject the 

image entirely. The masks output from this code are used in later analyses. 

5.11.2.2 Lipid droplet segmentation and quantification 

Similar to the mitochondrial segmentation in Section 5.10.2.3, the unsaturated BODIPY 

signal was the input for training a lipid droplet segmentation classifier in Ilastik. The ML 

classifier was trained to identify lipid droplets (label class #1) vs background (label class #2). 

After applying the classifier to every image, the resulting prediction maps were auto-

thresholded and converted to lipid droplet masks. The cell masks generated in the previous 

step were then applied to the LD masks to produce single-cell, cell-masked segmented lipid 

droplet masks. Using the cell masks and cell-masked LD masks, we can measure 1) the number 

of LDs, 2) the size, shape, and position of each LD, and 3) the area of the cell.  

5.11.2.3 Nuclear segmentation and analysis 

An Ilastik pixel classifier was trained to discriminate nuclear Hoechst signal (label class #1) 

from background (label class #2). After running the classifier on every image, the resulting pixel 



 102 

prediction maps were auto-thresholded and converted to binary masks using custom IJM code. 

Because the live-cell Hoechst signal was less amenable to automated segmentation than fixed-

cell DAPI signals, a custom IJM GUI was written to manually review the nuclear masks. With this 

GUI, the blinded reviewer can 1) accept the masks, 2) manually draw new masks, or 3) indicate 

that the Hoechst signal was not amenable to either automated or manual segmentation. The 

previously-generated cell masks were then applied to the nuclear masks that were output by 

the GUI. As in previous analyses, we used custom IJM code to measure the size, shape, and 

position of each nucleus.  

5.12 Endosome maturation imaging and analysis 

5.12.1 Sample preparation and image acquisition 

Microglia were prepared and plated as described previously (Chapters 5.1 and 5.8.1). In 

preparation for endosome imaging experiments, stocks of 1000X TMR-dextran (fixable, Thermo 

Fisher #D1817) and FITC-dextran (fixable, Thermo Fisher #D1820) were prepared by dissolving 

25 mg of dextran into 100 mL ddH2O. The dextrans were combined in MGM complete to 

prepare a stock solution that contained 100X TMR-dextran and 100X FITC-dextran.  

For the time lapse endosome maturation experiment, the 100X dual-dextran mixture was 

diluted to 1X in each microglia well. After addition of the dextran mixture, the culture medium 

was very gently mixed by repeated pipetting with a p200. The cells were returned to the 

incubator for 5, 15, or 30 minutes. Following the incubation period, the microglia were fixed in 

4% PFA + 0.1% glutaraldehyde in PBS for 20 minutes and washed gently 3X with PBS.  

The wells were imaged in PBS as described in Section 5.8.1 using the 405 nm (DAPI), 488 

nm (FITC-dextran), and 651 nm (TMR-dextran) lasers. 
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5.12.2 Image analysis pipeline 

A custom analysis pipeline was built for the quantification of endosome maturation data.  

5.12.2.1 Nuclear segmentation and cell identification 

The ML classifiers described for nuclear segmentation in the mitochondrial morphology 

experiments (Section 5.10.2.1) were applied to both the steady-state and time-lapse endosome 

maturation data. After applying the DAPI pixel prediction classifier and the live/dead object 

classifier to these images, custom IJM code was used to extract the centroid and shape of each 

live nucleus. As with the mitochondrial experiments, the nuclear centroids were used as seeds 

for extracting 676x676 windows around each live nucleus in the large-field, tiled images. 

5.12.2.2 Cell segmentation 

The available dye for membrane staining in a spectral region distinct from the spectra of 

FITC and TMR was Vybrant DiO (Thermo Fisher #V22889). However, in validation experiments, 

this very bright far-red dye showed significant spectral overlap with the much dimmer TMR-

dextran. Instead, an ML classifier was trained on combined and saturated TMR+FITC channels 

to segment the dextran-labeled regions of microglial cells (Figure 15c), and these masks were 

used as approximate microglial cell masks. The pixel classifier was trained to identify saturated 

TMR+FITC cell masks (label class #1) vs background (label class #2). After applying the ML pixel 

classifier to all images, custom IJM code auto-thresholded and binary masked the resulting pixel 

prediction maps. 

As in Section 5.10.2.2 of the mitochondrial analysis, the nuclear centroids identified 

above provided seeds for the extraction of 676x676 windows with cell mask data for each 

nucleus-seeded window. Similar to the mitochondrial processing, a blinded IJM GUI was used to 
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1) accept the target mask as-is, 2) split the target mask away from non-target masks by 

manually drawing a border, or 3) reject the mask entirely. After this manual review process, 

single-cell masks are ready for downstream applications. 

5.12.2.3 Quantification of endosome immaturity 

Using custom IJM code, the cell masks were applied to the TMR-dextran and FITC-dextran 

data to obtain cell-masked raw images in each channel. The integrated density of the 

fluorescence intensity across each cell was measured in both channels. For every cell, the 

integrated intensity of the TMR-dextran (ph-insensitive) signal was divided by the integrated 

intensity of the FITC-dextran (pH-sensitive) signal to produce an “endosome maturity” ratio for 

each cell, which were then normalized to the data range of all conditions in a given experiment. 

5.13 Microtubule dynamics imaging and analysis  

Microglia were prepared and plated as described previously (Chapter 5.1 and 5.8.1). In 

preparation for microtubule imaging experiments, a 1 mM stock of SiR-tubulin (Cytoskeleton, 

Inc.) was prepared by dissolving 50 nmol of SiR-tubulin in 50 uL DMSO. SiR-tubulin was diluted 

into MGM complete to a concentration of 100 nM, and microglia were incubated with 100 nM 

SiR-tubulin for 12h. The next day, time lapses of live tubulin-labeled microglia were imaged at 

63x magnification with 30s intervals on an LSM 880 microscopy with Airyscan detector (Zeiss 

GmbH). Airyscan deconvolution was applied to the time lapses using the Zen software package 

(Zeiss GmbH). To quantify MT recovery velocity in microglial lamellipodia, we tracked and 

quantified the motion of individual microtubules using the ImageJ Manual Tracking plugin. 
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5.14 Migration and chemotaxis assays 

In preparation for the migration and chemotaxis assay, culture media and specialized 

culture dishes were prepared. In addition to standard MGM complete, 10 mL of MGM complete 

+ ADP was prepared by diluting ADP (stock prepared with Sigma #A2754-500MG) into MGM 

complete to a final concentration of 100 µM. Additionally, transwell cell culture inserts in a 24-

well dish (polycarbonate, 5 µm pore size; Corning #3421) were coated with PDL for 1 hour at 

room temperature and washed 3X with ddH2O.  

Microglia were isolated from neonatal pups as described previously (Section 5.1). Prior to 

the addition of cells, 500 µL of medium (with or without ADP) was added to the well below the 

transwell insert. The PDL-coated inserts were then added to each well, and 100uL of a 1x106 

cells/mL microglia suspension (1x105 cells/well) in MGM complete was added to the inside of 

the transwell insert. The cells were incubated at 37º and 10% CO2 for 4 hours. 

Following the incubation period, the supernatant above each transwell insert was 

carefully aspirated. The inserts were transferred to clean wells containing 400 µL per well of 

Accumax (Innovative Cell Technologies #AM105-500) and returned to the incubator for 30 

minutes. The medium in the lower portion of each well—which contains the chemoattractant 

and any cells that migrated through the membrane and into suspension—was reserved for later 

use. 

During this incubation step, CyQUANT Direct Cell Proliferation Assay reagents (Thermo 

Fisher #C35011) were prepared according to the manufacturer’s protocol. Following the 

incubation with Accumax, microglia were detached from the bottom of the transwell 

membrane by tilting the insert 10 times in the Accumax solution. After detachment, the inserts 
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were discarded. The reserved medium containing migrated suspension microglia and the 

detachment solution containing migrated adherent microglia were combined, transferred to a 

1.5 mL microcentrifuge tube, and centrifuged for 10 minutes at 300xg. 500 µL of supernatant 

was aspirated, leaving 400 µL of cell suspension in the tube. 100 µL of this suspension was 

mixed with 100uL of 2X CyQUANT detection reagent and transferred to a clear-bottom, black 

96-well plate (Corning #3603). The plate was placed in a 37º incubator for 60 minutes, and 

fluorescence was measured at the bottom of each well with a SPARK plate reader (Tecan Group 

Ltd.) using an excitation wavelength of 508 nm and an emission wavelength of 527 nm.  

5.15 Reverse transcription and qPCR 

RNA was purified from live cells using the Direct-zol RNA MiniPrep kit (Zymo Research 

#R2050) according to the manufacturer’s protocol (including the optional in-column DNAse 

treatment). RNA concentrations were determined using the Qubit RNA HS assay kit (Thermo 

Fisher #Q32852) on the Qubit 3.0 fluorometer (Thermo Fisher #Q33216). Following 

quantification, equal amounts of RNA per sample (generally 25-100 ng, depending on the 

experiment) were reverse transcribed using the SuperScript IV VILO system (Thermo Fisher 

#11766050) according to the manufacturer’s protocol. qPCR was performed on cDNA templates 

in a 15uL reaction volume using either the KAPA SYBR FAST qPCR kit (for SYBR-based qPCR; 

Kapa Biosystems #KK4602) or the PrimeTime Gene Expression Master Mix (for probe-based 

qPCR; IDT #1055772). The Ct value for the target gene was normalized to the Ct value of a 

reference gene (either HPRT1 or RPLP0) to the determine DCt for the target gene. The DCt 

values were normalized to an arbitrary reference sample (wild-type microglia for Figure 2a and 
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Figure 9c) to calculate DDCt. This value was then converted to normalized mRNA level by 

calculating 2-DDCt.  
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6 APPENDIX  

6.1 Supplementary Figures and Tables 

 

 

 

 

 

 

 

 

 

 

 

Figure 20 - Ad hoc evaluation of CX3CR1-GFP expressing cells in post-dounce suspension 
Midway through our microglial isolation from a mouse line expressing GFP from the CX3CR1 promoter, we add a small 
volume of our post-douncing cell suspension to a hemocytometer slide and imaged the cell suspension on an EVOS FL 
microscope. Although douncing is typically employed to lyse cells in a tissue/sample, microglia are small enough to escape 
lysis. As such, we observed a high proportion of GFP-positive microglial cells in this dounced suspension. Because microglia 
are in suspension, they adopt a small, spherical morphology that differs from the extended and ramified morphology 
typically observed in vivo and in plated primary culture. 
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Figure 21 - Absence of non-specific, astrocyte, or neuron staining in primary MG immunofluorescence 
Microglia were fixed, stained and imaged as described in Figure 2. We did not observe staining above background 
using secondary antibody alone or with GFAP (astrocyte) and MAP2 (neuronal) primary antibodies.  
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Table 2 - Cytokines analyzed in membrane sandwich-based immunoassays 
Adiponectin/Acrp30 CXCL9/MIG IL-2 PDGF-BB 
Amphiregulin CXCL10/IP-10 IL-3 Pentraxin 
Angiopoietin-1 CXCL11/I-TAC IL-4 Pentraxin 

Angiopoietin-2 
CXCL13/BLC/BCA-
1 IL-5 Periostin/OSF-2 

Angiopoietin-like CXCL16 IL-6 Pref-1/DLK-1/FA1 
BAFF/BLyS/TNFSF13B Cystatin IL-7 Proliferin 
C1q DKK-1 IL-10 Proprotein 
CCL2/JE/MCP-1 DPPIV/CD26 IL-11 RAGE 
CCL3/CCL4/MIP-1a/ß EGF IL-12 RBP4 
CCL5/RANTES Endoglin/CD105 IL-13 Reg3G 
CCL6/C10 Endostatin IL-15 Resistin 
CCL11/Eotaxin Fetuin IL-17A E-Selectin/CD62E 
CCL12/MCP-5 FGF IL-22 P-Selectin/CD62P 
CCL17/TARC FGF-21 IL-23 Serpin 
CCL19/MIP-3ß Flt-3 IL-27 Serpin 
CCL20/MIP-3a Gas IL-28A/B Thrombopoietin 
CCL21/6Ckine G-CSF IL-33 TIM-1/KIM-1/HAVCR 
CCL22/MDC GDF-15 LDL TNF-a 
CD14 GM-CSF Leptin VCAM-1/CD106 
CD40/TNFRSF5 HGF LIF VEGF 
CD160 ICAM-1/CD54 Lipocalin-2/NGAL WISP-1/CCN4 
Chemerin IFN-? LIX CXCL2/MIP-2 
Chitinase IGFBP-1 M-CSF IL-1ra/IL-1F3 
Coagulation IGFBP-2 MMP-2 PD-ECGF/Thymidine 
Complement IGFBP-3 MMP-3 CXCL1/KC 
Complement IGFBP-5 MMP-9 IL-1ß/IL-1F2 
C-Reactive IGFBP-6 Myeloperoxidase Osteoprotegerin/TNFRSF11B 
CX3CL1/Fractalkine IL-1a/IL-1F1 Osteopontin  
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Figure 23 - Biological repeat results for mitochondrial morphology analysis 
A second biological repeat of the mitochondrial morphology microscopy assay shows that the relationships between 
wild-type and LRRK2 G2019S microglia were replicated. The repeat experiment was carried out and analyzed as 
described in Figure 11. (a) Area per mitochondria is significantly reduced in the LRRK2 mutant, whereas (b) the number 
of mitochondria per cell is increased in the LRRK2 G2019S mutant. (c) The total area of mitochondria per cell is similar 
in both genotypes. (d) Average mitochondria-to-mitochondria distances within cells are increased in the LRRK2 G2019S 
mutant. Statistical tests: two-sided Student’s t-test (a, b, c, d). *P<0.05, **P<0.01, ****P<0.0001, ns = not significant. 
Error bars are mean ± standard error. 

Figure 22 - Biological repeat results for lipid droplet microscopy assay 
A second biological repeat of the LD microscopy assay shows that the relationships between wild-type and LRRK2 
G2019S microglia were replicated. The repeat experiment was carried out and analyzed as described in Figure 13. 
(a) Quantification of the area per lipid droplet, (b) number of lipid droplets per cell, and (c) lipid droplet area 
fraction across genotypes and LPS conditions. Statistical tests: one-way ANOVA with Tukey’s post hoc test (a, b, c). 
***P<0.001, ****P<0.0001, ns = not significant. Error bars are mean ± standard error. 
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Figure 25 - Biological repeat results for bead uptake assay 
A second biological repeat of the bead uptake microscopy assay shows that the relationships between wild-type 
and LRRK2 G2019S microglia were replicated. The repeat experiment was carried out and analyzed as described in 
Figure 14. The (a) number of 1 µm beads per cell, (b) 1 µm bead-to-bead distance, (c) number of 170 nm beads per 
cell, and (d) 170 nm bead-to-bead distance were computed across all genotypes and LPS conditions. Statistical 
tests: one-way ANOVA with Tukey’s post hoc test (a, b, c, d). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Error 
bars are mean ± standard error.    

Figure 24 - Biological repeat results for endosome maturation assay 
A second biological repeat of the endosome maturation assay shows that the relationships between wild-type and 
LRRK2 G2019S microglia were replicated. The repeat experiment was carried and analyzed out as described in Figure 
15. Calculating the TMR (pH-insensitive) to FITC (pH-sensitive) ratio in each cell generates endosome maturity 
indices, which are plotted across all time points, genotypes, and LPS conditions. Statistical tests: one-way ANOVA 
with Tukey’s post hoc test (f). **P<0.01, ***P<0.001, ****P<0.0001. Error bars are mean ± standard error.    
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6.2 Image analysis code 

6.2.1 Mitochondrial morphology analysis 

6.2.1.1 Convert_ND2_to_TIF.ijm (also used in bead uptake and endosome experiments) 

input = getDirectory("Choose Target Directory: "); 
parent = File.getParent(input); 
output4 = parent + "\\all_files_16bit\\"; 
list = getFileList(input); 
File.makeDirectory(output4); 
setBatchMode(true); 
for (i = 0; i < list.length; i++) { 
 filename=list[i]; 
 Matt4(input, filename); 
} 
function Matt4(input, filename) { 
 L=lengthOf(filename); 
 filebase=substring(filename,0,L-4); //it's an .nd2 
 fileout = filebase + ".tif"; 
 run("Bio-Formats Importer", "open=" + input +filename + " 
color_mode=Default view=Hyperstack stack_order=XYCZT"); 
 saveAs("Tiff", output4+fileout); 
 imgID = getImageID(); 
 run("Close All"); 
 run("Clear Results"); 
} 

 
6.2.1.2 split_and_save. ijm (also used in bead uptake and endosome experiments) 

input = getDirectory("Choose Target Directory: "); 
parent = File.getParent(input); 
output1 = parent + "\\all_files_16bit_C1\\"; 
output2 = parent + "\\all_files_16bit_C2\\"; 
output5 = parent + "\\all_files_8bit_C1\\"; 
output6 = parent + "\\all_files_8bit_C2\\"; 
output8 = parent + "\\all_files_8bit\\"; 
list = getFileList(input); 
File.makeDirectory(output1); 
File.makeDirectory(output2); 
File.makeDirectory(output5); 
File.makeDirectory(output6); 
 
File.makeDirectory(output8); 
setBatchMode(true); 
for (i = 0; i < list.length; i++) { 
 filename=list[i]; 
 Matt4(input, filename); 
} 
function Matt4(input, filename) { 
 L=lengthOf(filename); 
 filebase=substring(filename,0,L-4); //it's an .nd2 
 fileout = filebase + ".tif"; 
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 //run("Bio-Formats Importer", "open=" + input +filename + " 
color_mode=Default view=Hyperstack stack_order=XYCZT"); 
 open(input+filename); 
 imgID = getImageID();  
 run("Duplicate...", "duplicate"); 
 imgID2 = getImageID();  
 selectImage(imgID); 
 //saveAs("Tiff", output4+fileout); 
 imgID = getImageID(); 
 run("Split Channels"); 
//Get each 16-bit channel and duplicate. get the title of both copies.  
//Saving changes the image/window title, and all images are saved with the 
same name (but separate folders), so we need to wait until after merging to 
save. 
 selectImage("C1-" + fileout); 
 c1=getTitle(); 
 saveAs("Tiff", output1+fileout); 
 run("Close"); 
 
 selectImage("C2-" + fileout); 
 c2=getTitle(); 
 saveAs("Tiff", output2+fileout); 
 run("Close"); 
//Same as above, but convert to 8-bit first 
 selectImage(imgID2); 
 close("\\Others"); //this closes every image except the selected one 
(e.g. close everything 16-bit so that we only have the duplicated 3-channel 
image open) 
 run("8-bit"); 
 saveAs("Tiff", output8+fileout); 
 run("Split Channels"); 
 selectImage("C1-" + fileout); 
 c1a = getTitle(); 
 saveAs("Tiff", output5+fileout); 
 run("Close"); 
 selectImage("C2-" + fileout); 
 c2a = getTitle(); 
 saveAs("Tiff", output6+fileout); 
 run("Close"); 
 run("Close All"); 
 run("Clear Results"); 
} 

 
6.2.1.3 process_nuclear_mask_v3.ijm  

input = getDirectory("Choose experiment folder: "); 
obj_pred = input + "Object_Predictions_nuclear\\"; 
output = input + "Live_nuclei\\"; 
output_ROI = input + "Live_ROI_points\\"; 
output_nuclear_ROI = input + "Live_ROI_full_nucleus\\" 
fileList = getFileList(obj_pred); 
File.makeDirectory(output); 
File.makeDirectory(output_ROI); 
File.makeDirectory(output_nuclear_ROI); 
setBatchMode(true); 
for (i = 0; i < fileList.length; i++) { 
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 filename=fileList[i]; 
 Matt1(input, filename); 
} 
function Matt1(input, filename) {  
 open(obj_pred+filename); 
    L=lengthOf(filename); 
    filebase=substring(filename,0,L-4); 
 imageID = getTitle(); 
//multiply by 10 to get wider range, and then threshold around 10 (value of 
live was 1 before x10) 
 run("Multiply...", "value=10"); 
 setThreshold(5, 14); 
 setOption("BlackBackground", true); 
 run("Convert to Mask"); 
 run("Fill Holes"); 
 live_only = getImageID(); 
 saveAs("Tiff", output+filebase+".tif"); 
 run("Analyze Particles...", "display add"); 
 roiManager("Save", output_nuclear_ROI + filebase + ".zip"); 
 roiManager("Delete"); 
 roiManager("Reset"); 
 
 numberOfPoints = getValue("results.count"); 
 XM = newArray(numberOfPoints); 
 YM = newArray(numberOfPoints); 
  for (i=0; i<numberOfPoints; i++) { 
  XM[i] = getResult("XM", i); 
  YM[i] = getResult("YM",i); 
 } 
 makeSelection("point", XM, YM); 
 roiManager("Add"); 
 roiManager("Save", output_ROI + filebase + ".roi"); 
 roiManager("Delete"); 
 roiManager("Reset"); 
 run("Close All"); 
 run("Clear Results"); 
} 

 
6.2.1.4 HDF5_to_8bit_TIF.ijm (also used in endosome and LD experiments) 

dataDir = getDirectory("Choose Experiment Directory: "); 
pixel_prob = dataDir + "Probabilities_cellMask\\"; 
output = dataDir + "cellMask_raw_TIFs\\"; 
fileList = getFileList(pixel_prob); 
File.makeDirectory(output); 
axisOrder = "yxc"; 
//inputDataset = "[/exported_data: (4152, 5328, 1) float32]"; 
inputDataset = "/exported_data"; 
// DO NOT SET BATCH MODE TO TRUE. It appears to mess up the Ilastik import 
plugin. 
//setBatchMode(true); 
for (i = 0; i < fileList.length; i++) { 
 // import image from the H5 
 L=lengthOf(fileList[i]); 
 filebase=substring(fileList[i],0,L-3); 
 fileName = pixel_prob + fileList[i];  
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 importArgs = "select=" + fileName + " datasetname=" + inputDataset + " 
axisorder=" + axisOrder;     
 run("Import HDF5", importArgs); 
 imageID=getTitle(); 
 newFile = output+filebase+".tif"; 
 saveAs("Tiff", newFile); 
 run("Close All");  
 open(newFile);  
 run("Split Channels"); 
 selectImage(1); 
 c1=getTitle(); 
 selectImage(2); 
 c2=getTitle(); 
 selectWindow(c2); 
 close(); 
 selectWindow(c1); 
 run("8-bit"); 
 //setMinAndMax(100, 5000) 
 saveAs("Tiff", output+filebase+".tif"); 
 run("Close All");  
} 

 
6.2.1.5 Threshold_8bit_Prob_CellMaskTom20_v2.ijm 

input = getDirectory("Choose Experiment Directory: "); 
output = input + "cellMask_thresholded\\"; 
masks = input + "cellMask_raw_TIFs\\"; 
fileList = getFileList(masks); 
File.makeDirectory(output); 
for (i = 0; i < fileList.length; i++) { 
 filename=fileList[i]; 
 Matt1(masks, filename); 
} 
//setBatchMode(false); 
function Matt1(masks, filename) { 
 open(masks+filename); 
    L=lengthOf(filename); 
    filebase=substring(filename,0,L-4); 
 setAutoThreshold("Default dark"); 
 run("Create Mask"); 
 originalMask = getImageID(); 
 run("Duplicate...", " "); 
 smallMask = getImageID(); 
 run("Analyze Particles...", "size=4000-Infinity add"); 
 setForegroundColor(0,0,0); 
 roiManager("Fill"); 
 imageCalculator("Subtract create", originalMask, smallMask); 
 setForegroundColor(255, 255, 255); 
 saveAs("Tiff", output+filebase+".tif"); 
 roiManager("Delete"); 
 roiManager("Reset"); 
 run("Close All"); 
} 
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6.2.1.6 MattCellSplitter3_leading_zeros_buffer.ijm (also used in endosome experiments) 

input = getDirectory("Choose Target Directory: "); 
parent = File.getParent(input); 
list = getFileList(input); 
rois = parent + "//Live_ROI_points//"; 
File.makeDirectory(input+"Results/"); 
File.makeDirectory(input+"CellImages/"); 
setBatchMode(true); 
for (i = 0; i < list.length; i++) { 
                filename=list[i]; 
                MattCellMask(input, filename); 
} 
function MattCellMask(input,filename){ 
                //Define the file naming scheme: 
                L=lengthOf(filename); 
                filebase=substring(filename,0,L-4);  
                // Open the image 
                //run("Bio-Formats", "open=" + input +"Tifs/"+ filename + " 
autoscale color_mode=Default view=Hyperstack stack_order=XYCZT"); 
                open(input+filename); 
                imageID=getTitle(); 
    h=getHeight(); 
    w=getWidth(); 
                roiManager("reset"); 
                roiManager("open", rois +filebase+".roi"); 
                roiManager("measure"); 
                Roi.getCoordinates(x,y); 
                for (j=0; j<nResults; j++){ 
    imagelabel="_Data"; 
    makeRectangle(x[j]-338,y[j]-338,676,676); 
    roiManager("Add"); 
    roiManager("Select", 1); 
    run("Duplicate...", "duplicate");   
     if (x[j]-338<=0){ 
      imagelabel=imagelabel+"_L"; 
     } 
     if (y[j]-338<=0){ 
      imagelabel=imagelabel+"_T"; 
     } 
     if (x[j]+338>=w){ 
      imagelabel=imagelabel+"_R"; 
     } 
     if (y[j]+338>=h){ 
      imagelabel=imagelabel+"_B"; 
     } 
    //*****only un-comment this line if you want to 
change the LUTs for the split images.  
    //However, if they are already 8bit, changing the 
LUTS and saving wont reset the LUTs to the new value. Need to run “Apply 
LUTs” before saving***** 
    //setMinAndMax(257,1028); 
    //run("8-bit"); 
    //run("Enhance Contrast", "saturated=0.35"); 
    jStr = toString(j); 
    if (j<10){ 
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     jZero = "000" + jStr; 
    } 
    else if (j<100){ 
     jZero = "00" + jStr; 
    } 
    else if (j<1000){ 
     jZero = "0" + jStr; 
    } 
    else { 
     jZero = jStr; 
}       
saveAs("Tiff",input+"CellImages/"+filebase+"_"+jZero+imagelabel+".tif"); 
   
    close(); 
    roiManager("select", 1); 
    roiManager("delete"); 
    }               
                selectWindow("Results"); 
                saveAs("text",input+"Results/"+filebase+"_results.txt"); 
                run("Close All"); 
                run("Clear Results"); 
                roiManager("Reset"); 
} 

 
6.2.1.7 MattCellAnalyzerGUI5.ijm 

//Dialog.setLocation(x,y) 
dir1 = getDirectory("Choose Source Directory: "); 
input = dir1 + "all_files_8bit_C1\\CellImages\\"; 
mask = dir1 + "cellMask_thresholded\\CellImages\\"; 
output1 = dir1 + "Correct\\"; 
output2 = dir1 + "Incorrect\\"; 
output3 = dir1 + "DilatedMasks\\"; 
output4 = dir1 + "Incorrect_no_mask\\"; 
list = getFileList(input); 
File.makeDirectory(output1); 
File.makeDirectory(output2); 
File.makeDirectory(output3); 
File.makeDirectory(output4); 
for (i = 0; i < list.length; i++) { 
 filename=list[i]; 
 MattGUI4(input, filename); 
} 
function MattGUI4(input, filename){ 
 L=lengthOf(filename); 
 filebase=substring(filename,0,L-4); 
 open(input+filename); 
 print(filebase); 
 imageID=getImageID();  
 //Find the center of the original image and identify if it is in the 
expected place 
 h=getHeight(); 
 w=getWidth(); 
 x=338; 
 y=338;  
 if(w!=676){   
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  left=indexOf(filebase,"_L"); 
  right=indexOf(filebase,"_R"); 
  if(left!=-1){ 
   x=w-338; 
  }   
 } 
 if(h!=676){ 
  top=indexOf(filebase,"_T"); 
  bottom=indexOf(filebase,"_B"); 
 
  if(top!=-1){ 
   y=h-338; 
  }  
 } 
 
 //Prep the image for viewer inspection 
 run("Duplicate...", " "); 
 run("RGB Color"); 
 w1=getTitle(); 
 open(mask+filename); //Cell masks and one-channel TOM20 cell images 
both have the exact same name (different folders)  
 imageID2=getImageID(); 
 //Test if the center pixel is in a cell mask 
 selectImage(imageID2); 
 Center=getPixel(x,y); 
 //Continue with visualization 
 run("Duplicate...", " "); 
 w2=getTitle(); 
 run("8-bit"); 
 run("RGB Color"); 
 run("Combine...", "stack1="+w1+" stack2="+w2); 
 setLocation(600,600); 
 // If the center is not in a mask, throw it into a special folder 
 if(Center==0){ 
  selectImage(imageID); 
  saveAs("Tiff", output4+filename); 
         run("Close All"); 
 } 
 // If the center is in the mask: 
 if(Center!=0){ 
 A=getNumber("Do you need to split cells? 1 - No 2 - Yes 3 - Discard:", 
1); 
  if(A==1){ 
   //Proceed with preparing the mask as usual 
    newImage("Selection", "8-bit black", w, h, 1); 
    tempID=getImageID(); 
    setPixel(x,y,255); 
    selectImage(imageID2); 
    run("Duplicate...", " "); 
    tempID2=getImageID(); 
    run("8-bit"); 
    run("Multiply...","value=255"); 
    run("32-bit"); 
    run("Subtract...","value=255"); 
    run("Square"); 
    run("8-bit"); 
    run("Fill Holes"); 
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    roiManager("reset"); 
    run("Analyze Particles...", "display add");  
   
    //close(); 
    selectImage(tempID); 
    run("Clear Results"); 
    numROIs=roiManager("count"); 
    for (j=0; j<numROIs; j++){ 
     roiManager("select", j); 
     run("Measure"); 
    } 
    close(); 
    selectImage(tempID2); 
    run("8-bit"); 
    run("Multiply...","value=255"); 
    if(numROIs>1){ 
     MaxVals=Table.getColumn("Max"); 
     MaxIndex=Array.findMaxima(MaxVals, 1); 
     ROInum=MaxIndex[0]; 
    }else{ 
     ROInum=0; 
    } 
    roiManager("select", ROInum); 
    run("Add...", "value=255"); 
    run("Clear Outside"); 
    makeRectangle(0, 0,w, h); 
    run("Subtract...", "value=200"); 
    run("Multiply...", "value=8");     
    roiManager("deselect"); 
    makeRectangle(0, 0,w, h);     
    run("Erode"); 
    roiManager("reset"); 
    saveAs("Tiff", output3+filename); 
    selectImage(imageID); 
    saveAs("Tiff", output1+filename); 
    run("Close All"); 
    roiManager("reset");    
  }else if(A==2){ 
    //If more than once cell, ask user to select the one 
that is intended 
    roiManager("reset"); 
    setTool("freehand"); 
    waitForUser("Cell Selector", "Trace the cell that you 
want to keep or divide."); 
    roiManager("add");     
    selectImage(imageID2); 
    roiManager("select", 0); 
    run("Clear Outside"); 
    makeRectangle(0, 0,w, h); 
    run("Subtract...", "value=0.9"); 
    //Then proceed with preparing the mask as usual 
    newImage("Selection", "8-bit black", w, h, 1); 
    tempID=getImageID(); 
    setPixel(x,y,255); 
    roiManager("reset");   
    selectImage(imageID2); 
    makeRectangle(0, 0,w, h); 
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    run("Duplicate...", " "); 
    tempID2=getImageID(); 
    run("8-bit"); 
    //waitForUser; 
    run("Multiply...","value=255"); 
    run("32-bit"); 
    run("Subtract...","value=255"); 
    run("Square"); 
    run("8-bit"); 
    run("Fill Holes"); 
    //waitForUser; 
    roiManager("reset"); 
    run("Analyze Particles...", "display add"); 
    //waitForUser; 
    close(); 
    selectImage(tempID); 
    run("Clear Results"); 
    numROIs=roiManager("count"); 
    for (j=0; j<numROIs; j++){ 
     roiManager("select", j); 
     run("Measure"); 
    } 
    close(); 
    selectImage(imageID2); 
    run("8-bit"); 
    run("Multiply...","value=255"); 
    if(numROIs>1){ 
     MaxVals=Table.getColumn("Max"); 
     MaxIndex=Array.findMaxima(MaxVals, 1); 
     ROInum=MaxIndex[0]; 
    }else{ 
     ROInum=0; 
    } 
    roiManager("select", ROInum); 
    run("Add...", "value=255"); 
    run("Clear Outside"); 
    makeRectangle(0, 0,w, h); 
    run("Subtract...", "value=200"); 
    run("Multiply...", "value=8"); 
     
    roiManager("deselect"); 
    makeRectangle(0, 0,w, h); 
     
    run("Erode"); 
    roiManager("reset"); 
    saveAs("Tiff", output3+filename); 
    selectImage(imageID); 
    saveAs("Tiff", output1+filename); 
    run("Close All"); 
    roiManager("reset");    
  }else { 
   selectImage(imageID); 
   saveAs("Tiff", output2+filename); 
            run("Close All");    
  } 
 } 
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6.2.1.8 MaskApply3_1Channel.ijm 

//mask = getDirectory("Choose Dilated Mask Diretory: "); 
input = getDirectory("Choose Target Directory (should contain a CellImages 
folder): "); 
parent = File.getParent(input); 
target = input + "CellImages\\"; 
mask = parent + "\\DilatedMasks_BlackEdge\\"; 
output = input + "CellMasked\\"; 
list = getFileList(mask); 
File.makeDirectory(output); 
setBatchMode(true); 
for (i = 0; i < list.length; i++) { 
 filename=list[i]; 
 Matt4(target, filename); 
} 
//setBatchMode(false); 
function Matt4(target, filename) { 
 L=lengthOf(filename); 
 filebase=substring(filename,0,L-4); 
 open(target+filename); 
 c2=getImageID();  
 open(mask+filename); 
 run("Divide...", "value=255"); 
 c1=getImageID(); 
 imageCalculator("Multiply create", c2, c1); 
 //selectImage(c2); 
 //waitForUser(""); 
 saveAs("Tiff", output+filename);  
 run("Close All"); 
 run("Clear Results"); 
}  

 
6.2.1.9 MaskApply3_2Channel.ijm 

//mask = getDirectory("Choose Dilated Mask Diretory: "); 
input = getDirectory("Choose Target Directory (should contain a CellImages 
folder): "); 
parent = File.getParent(input); 
target = input + "CellImages\\"; 
mask = parent + "\\DilatedMasks_BlackEdge\\"; 
output = input + "CellMasked\\"; 
list = getFileList(mask); 
File.makeDirectory(output); 
setBatchMode(true); 
for (i = 0; i < list.length; i++) { 
 filename=list[i]; 
 Matt4(target, filename); 
} 
//setBatchMode(false); 
function Matt4(target, filename) { 
 L=lengthOf(filename); 
 filebase=substring(filename,0,L-4); 
 open(target+filename); 
 run("Split Channels"); 
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 selectImage(1); 
 c2=getTitle(); 
 selectImage(2); 
 c3=getTitle(); 
 //selectImage(3); 
 //c4=getTitle(); 
 //selectImage(4); 
 //c5=getTitle();  
 open(mask+filename); 
  run("Divide...", "value=255"); 
  c1=getTitle(); 
 imageCalculator("Multiply", c2, c1); 
 imageCalculator("Multiply", c3, c1); 
 //imageCalculator("Multiply", c4, c1); 
 //imageCalculator("Multiply", c5, c1);  
 run("Merge Channels...", "c1="+c2+" c2="+c3+" create"); 
 saveAs("Tiff", output+filename); 
  
  
 run("Close All"); 
 run("Clear Results"); 
 roiManager("Reset"); 
} 
 

6.2.1.10 analyze_mito_masks_for_Matlab.ijm 

 
input = getDirectory("Choose cell-masked mito object predictions: "); 
output1 = input + "MitoMask_tifs\\"; 
output1a = input + "MitoMask_rois\\"; 
output1b = input + "MitoMask_results\\"; 
fileList = getFileList(input); 
File.makeDirectory(output1); 
File.makeDirectory(output1a); 
File.makeDirectory(output1b); 
setBatchMode(true); 
for (i = 0; i < fileList.length; i++) { 
 filename=fileList[i]; 
 Matt1(input, filename); 
} 
function Matt1(input, filename) {  
 open(input+filename); 
    L=lengthOf(filename); 
    filebase=substring(filename,0,L-4); 
 run("Set Measurements...", "area mean min centroid center fit 
integrated redirect=None decimal=3"); 
//Isolate the  mitos, then save image to a separate file 
 parentID = getImageID(); 
 run("Duplicate...", "duplicate"); 
 run("Multiply...", "value=10"); 
 setThreshold(8, 32); 
 run("Convert to Mask"); 
 tubularID = getImageID(); 
 saveAs("Tiff", output1+filebase+".tif"); 
//Save  ROIs and analyze particles results table 
 selectImage(tubularID); 
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 run("Analyze Particles...", "display exlude add"); 
 if (roiManager("count") > 0){ 
  roiManager("Save", output1a + filebase + ".zip"); 
  roiManager("Reset");   
  selectWindow("Results"); 
  saveAs("Results", output1b + filebase + ".csv"); 
 } 
 run("Clear Results");  
 run("Close All"); 
 run("Clear Results"); 
 roiManager("Reset"); 
}  

 
6.2.2 Lipid droplet microscopy analysis 

6.2.2.1 Threshold_8bit_Prob_CellMask_BODIPY_v3.ijm 

input = getDirectory("Choose Experiment Directory: "); 
masks = input + "cellMask_raw_TIFs_v2\\"; 
output = input + "cellMask_thresholded_v2\\"; 
fileList = getFileList(masks); 
File.makeDirectory(output); 
setBatchMode(true); 
for (i = 0; i < fileList.length; i++) { 
 filename=fileList[i]; 
 Matt1(masks, filename); 
} 
function Matt1(masks, filename) { 
 open(masks+filename); 
    L=lengthOf(filename); 
    filebase=substring(filename,0,L-4); 
 //run("Invert LUT"); 
 setAutoThreshold("Default dark"); 
 run("Create Mask"); 
 originalMask = getImageID(); 
 run("Duplicate...", " "); 
 smallMask = getImageID(); 
 //run("Analyze Particles...", "size=50000-Infinity add"); 
 run("Analyze Particles...", "size=0-50000 add"); 
 //setForegroundColor(0,0,0); 
 roiManager("Fill"); 
 run("Fill Holes"); 
 run("Invert LUT"); 
 //imageCalculator("Subtract create", originalMask, smallMask); 
 //setForegroundColor(255,255,255); 
 saveAs("Tiff", output+filebase+".tif"); 
 roiManager("Reset"); 
 run("Close All"); 
 run("Clear Results"); 
} 

 
6.2.2.2 Matt_CellMask_GUI_LD_v3.ijm 

exp_dir = getDirectory("Choose Experiment directory"); 
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//input = exp_dir + "all_files_8bit_C1_saturated_for_CellMasking/"; 
input = exp_dir; 
masks_dir = exp_dir + "cellMasks_for_GUI/"; 
output1 = exp_dir + "CellMaskGUI_correct_images/"; 
output2 = exp_dir + "CellMaskGUI_masks_preliminary/"; 
output3 = exp_dir + "CellMaskGUI_rejected_no_ROIs_traced_no_mask_found/"; 
output4 = exp_dir + "CellMaskGUI_rejected_bad_images/"; 
list = getFileList(masks_dir); 
File.makeDirectory(output1); 
File.makeDirectory(output2); 
File.makeDirectory(output3); 
File.makeDirectory(output4); 
for (i = 0; i < list.length; i++) { 
 filename=list[i]; 
 if (indexOf(filename, ".tif")>=0) { 
  Matt4(input, filename); 
 } 
} 
function Matt4(input, filename){ 
 L = lengthOf(filename); 
 filebase=substring(filename,0,L-4); 
 //orgIG is the original 8bit BODIPY image 
 open(input+filename); 
 orgID = getImageID(); 
 w = getWidth(); 
 h = getHeight(); 
 open(masks_dir+filename); 
 maskID = getImageID(); 
 run("Duplicate...", "duplicate"); 
 maskTempID = getImageID(); 
 maskTempTitle = getTitle(); 
 selectImage(orgID); 
 run("Duplicate...", "duplicate"); 
 orgTempID = getImageID(); 
 orgTempTitle = getTitle(); 
 run("Combine...", "stack1=" + orgTempTitle + " stack2=" + 
maskTempTitle); 
 combinedID = getImageID(); 
 combinedTitle = getTitle(); 
 makePoint(w/2, h/2); 
 run("Add Selection..."); 
 makePoint(w/2+w, h/2); 
 run("Add Selection..."); 
 setLocation(400,400); 
 //NOTE: use doWand(x,y) at the center point of the image, then 
roiManager("Add") to select the central(default) ROI/mask 
 A=getNumber("Choose an option: 1 - keep single cell (the cell in 
the middle, or only 1 cell in image) || 2 - Trace/split multiple cells 
|| 3 - Reject: ", 1); 
 //use doWand on the center point of the image to find the ROI. 
Save only that mask, and apply it to the bodipy image and save 
 if(A==1){ 
  roiManager("reset"); 
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  selectImage(maskID); 
  centerPix=getPixel(w/2,h/2);   
  if(centerPix !=0){ 
  selectImage(maskID); 
  doWand(w/2, h/2, 1, "8-connected"); 
  roiManager("add"); 
  run("Clear Outside"); 
  run("Select None"); 
  saveAs("tiff", output2 + filename); 
  selectImage(orgID); 
  saveAs("tiff", output1+ filename);   
  } 
  else { 
   selectImage(maskID); 
   saveAs("tiff", output2 + filename);  
  } 
 }  
 else if(A==2){ 
  roiManager("reset"); 
  setTool("freehand"); 
  waitForUser("Cell Selector", "Trace the cell(s) that you 
want to keep or divide. To keep an ROI, press [t]."); 
  numROIs=roiManager("count"); 
  if(numROIs==0){ 
   waitForUser("Cell Selector", "When you trace a cell, 
don't forget to press [t]."); 
  } 
  if (numROIs!=0){ 
              for (j=0; j<numROIs; j++){ 
             selectImage(maskID); 
               run("Select None"); 
               run("Duplicate...", "duplicate"); 
               mask_A2_tempID = getImageID(); 
                
               roiManager("select", j); 
               run("Clear Outside"); 
               run("Select None"); 
               saveAs("tiff", output2+filebase + "_" + 
toString(j)+".tif"); 
               run("Close"); 
               selectImage(orgID); 
    saveAs("tiff", output1+filebase + "_" + 
toString(j)+".tif"); 
              } 
  } 
  else{ 
   selectImage(orgID); 
   saveAs("tiff", output3 + filename); 
  } 
 } 
 else{ 
  selectImage(orgID); 
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  saveAs("tiff", output4+filename); 
 } 
 run("Close All"); 
 run("Clear Results"); 
 roiManager("reset");  
} 
 
6.2.2.3 process_preliminary_masks_v2.ijm 

exp_dir = getDirectory("Choose Experiment directory"); 
prelim_masks = exp_dir + "CellMaskGUI_masks_preliminary_BlackEdge/"; 
list = getFileList(prelim_masks); 
output1 = exp_dir + "CellMaskGUI_masks_finalized/"; 
File.makeDirectory(output1); 
setBatchMode(true); 
for (i = 0; i < list.length; i++) { 
 filename=list[i]; 
 if (indexOf(filename, ".tif")>=0) { 
  Matt4(prelim_masks, filename); 
 } 
} 
function Matt4(prelim_masks, filename){ 
 open(prelim_masks + filename); 
 run("Invert LUT"); 
 maskID = getImageID(); 
 w = getWidth(); 
 h=getHeight(); 
 run("Remove Overlay"); 
 run("Select None"); 
 roiManager("reset"); 
 run("Analyze Particles...", "display add"); 
 if (roiManager("count")>1){ 
         Area=newArray(roiManager("count")); 
         for (j=0; j<roiManager("count");j++){ 
                 roiManager("select", j); 
                 getStatistics(Area[j], mean, min, max, std, histogram); 
         } 
         AreaLarge = 0; 
         for (j=0; j<(roiManager("count"));j++){ 
                 if (Area[j]>AreaLarge){ 
                         AreaLarge=Area[j]; 
                         large = j; 
                 } 
         } 
   roiManager("select", large); 
   run("Clear Outside"); 
   roiManager("select", large); 
   roiManager("fill"); 
   saveAs("tiff", output1+filename);       
 } 
 else{ 
  open(prelim_masks + filename); 
  saveAs("tiff", output1+filename); 
 } 
 run("Close All"); 
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 run("Clear Results"); 
 roiManager("reset"); 
} 
 

6.2.2.4 convert_ilastik_8bit_to_LD_mask.ijm 

input = getDirectory("Choose directory with Ilastik segmentation outputs 
(TIFs): "); 
dirName = File.getName(input); 
parent = File.getParent(input); 
output = parent + "\\" + dirName +"_LD-Masks\\"; 
list = getFileList(input); 
File.makeDirectory(output); 
setBatchMode(true); 
for (i = 0; i < list.length; i++) { 
 filename=list[i]; 
 if (indexOf(filename, ".tif")>=0) { 
  Matt4(input, filename); 
 } 
} 
function Matt4(input, filename) { 
 roiManager("reset"); 
 open(input+filename); 
 parentID = getImageID();  
 run("Multiply...", "value=10"); 
 setThreshold(8, 12); 
 run("Convert to Mask"); 
 run("Analyze Particles...", "size=0-30 add"); 
 setForegroundColor(0,0,0); 
 roiManager("Fill"); 
 setForegroundColor(255,255,255); 
 run("Remove Overlay"); 
 saveAs("Tiff", output+filename); 
 run("Close All"); 
 run("Clear Results"); 
 roiManager("reset"); 
  
} 
 

6.2.2.5 MaskApply3_1Channel_LDs_all.ijm 

target = getDirectory("Choose directory that contains the images to be cell-
masked (e.g. LD masks, raw images): "); 
dirName = File.getName(target); 
parent = File.getParent(target); 
parent2 = File.getParent(parent); 
//changed this from "parent2" to "parent" for processing nuclear masks 
//changed this from "parent" to "parent2" for processing LD masks 
mask = parent2 + "\\CellMaskGUI_masks_finalized\\"; 
output = parent + "\\" + dirName + "_CellMasked\\"; 
//changed this from "mask" to "target" for processing nuclear masks 
//changed this from "target" to "mask for processing LD masks 
list = getFileList(mask); 
File.makeDirectory(output); 
setBatchMode(true); 
for (i = 0; i < list.length; i++) { 
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 filename=list[i]; 
 if (indexOf(filename, ".tif")>=0) { 
  Matt4(target, filename); 
 } 
} 
function Matt4(target, filename) { 
 L=lengthOf(filename); 
 outInd = indexOf(filename, "Out"); 
 filebase=substring(filename,0,outInd+3); 
 open(target+filebase + ".tif"); 
 c2=getImageID();  
 open(mask+filename); 
 run("Divide...", "value=255"); 
 c1=getImageID(); 
 imageCalculator("Multiply create", c2, c1); 
 saveAs("Tiff", output+filename);  
 run("Close All"); 
 run("Clear Results"); 
 roiManager("reset"); 
} 

 
6.2.2.6 analyze_LD_masks_for_Matlab.ijm 

input = getDirectory("Choose LD object predictions: "); 
parent = File.getParent(input); 
output1 = parent + "\\FinalOutput_LD_tifs\\"; 
output2 = parent + "\\FinalOutput_LD_rois\\"; 
output3 = parent + "\\FinalOutput_LD_results\\"; 
File.makeDirectory(output1); 
File.makeDirectory(output2); 
File.makeDirectory(output3); 
fileList = getFileList(input); 
setBatchMode(true); 
for (i = 0; i < fileList.length; i++) { 
 filename=fileList[i]; 
 if (indexOf(filename, ".tif")>=0) { 
  Matt1(input, filename); 
 } 
} 
function Matt1(input, filename) {  
 open(input+filename); 
    L=lengthOf(filename); 
    filebase=substring(filename,0,L-4);     
    saveAs("tiff", output1 + filename); 
 run("Set Measurements...", "area mean min centroid center fit 
integrated redirect=None decimal=3"); 
 run("Analyze Particles...", "display exlude add"); 
 if (roiManager("count") > 0){ 
  roiManager("Save", output2 + filebase + ".zip"); 
  roiManager("Reset");   
  selectWindow("Results"); 
  saveAs("Results", output3 + filebase + ".csv");  
 } 
 run("Close All"); 
 run("Clear Results"); 
 roiManager("Reset");  
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} 

 
6.2.2.7 CellAreas_LD_v1.ijm 

dir1 = getDirectory("Choose Cell Mask Directory: "); 
parent = File.getParent(dir1); 
list = getFileList(dir1); 
setBatchMode(true); 
for (i = 0; i < list.length; i++) { 
 filename=list[i]; 
 Matt5(dir1, filename); 
 setResult("Label", i, filename); 
} 
saveAs("Results", parent+"\\CellAreas.txt"); 
function Matt5(dir1, filename) {  
 open(dir1+filename); 
  run("Divide...", "value=255"); 
  run("Measure"); 
 close(); 
} 
 
 

6.2.3 Bead uptake analysis 

6.2.3.1 MattCellSplitter2.ijm 

input = getDirectory("Choose Source Directory: "); 
list = getFileList(input+"Tifs/"); 
File.makeDirectory(input+"Results/"); 
File.makeDirectory(input+"CellImages/"); 
setBatchMode(true); 
for (i = 0; i < list.length; i++) { 
                filename=list[i]; 
                MattCellMask(input, filename); 
                }  
function MattCellMask(input,filename){ 
                //Define the file naming scheme: 
                L=lengthOf(filename); 
                filebase=substring(filename,0,L-4);  
                // Open the image 
                run("Bio-Formats", "open=" + input +"Tifs/"+ filename + " 
autoscale color_mode=Default view=Hyperstack stack_order=XYCZT"); 
                imageID=getTitle(); 
    h=getHeight(); 
    w=getWidth(); 
                roiManager("reset"); 
                roiManager("open", input+"ROIs/"+filebase+"_cells.roi"); 
                roiManager("measure"); 
                Roi.getCoordinates(x,y); 
                for (j=0; j<nResults; j++){ 
 
    imagelabel="_Data"; 
    makeRectangle(x[j]-338,y[j]-338,676,676); 
    roiManager("Add"); 
    roiManager("Select", 1); 
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    run("Duplicate...", "duplicate");  
     if (x[j]-338<=0){ 
      imagelabel=imagelabel+"_L"; 
     } 
     if (y[j]-338<=0){ 
      imagelabel=imagelabel+"_T"; 
     } 
     if (x[j]+338>=w){ 
      imagelabel=imagelabel+"_R"; 
     } 
     if (y[j]+338>=h){ 
      imagelabel=imagelabel+"_B"; 
     }  
 saveAs("Tiff",input+"CellImages/"+filebase+"_"+toString(j)+imagelabel+"
.tif");   
    close(); 
    roiManager("select", 1); 
    roiManager("delete"); 
    } 
                selectWindow("Results"); 
                saveAs("text",input+"Results/"+filebase+"_results.txt"); 
                run("Close All"); 
                run("Clear Results"); 
} 

 
6.2.3.2 PrepForNetworkLocal2.ijm 

dir1 = getDirectory("Choose Source Directory: "); 
input = dir1 + "CellImages\\"; 
output = dir1 + "PMforSegmenter16000\\"; 
list = getFileList(input); 
File.makeDirectory(output); 
setBatchMode(true); 
 
for (i = 0; i < list.length; i++) { 
 filename=list[i]; 
 Matt1(input, filename); 
} 
 
function Matt1(input, filename) { 
 open(input+filename); 
           L=lengthOf(filename); 
     filebase=substring(filename,0,L-4);  
 run("Split Channels"); 
   selectImage(1); 
   c1=getTitle(); 
   selectImage(2); 
   c2=getTitle(); 
   selectImage(3); 
   c3=getTitle(); 
   selectImage(4); 
   c4=getTitle();    
   //run("Merge Channels...", "c3="+c1+" c5="+c2+" c6="+c3+" 
c7="+c4+" create keep ignore"); 
   //saveAs("Tiff", input+filebase+".tif"); 
   selectImage(4); 
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   setMinAndMax(0, 16000); 
   //run("Enhance Contrast", "saturated=0.35"); 
   run("Yellow"); 
   run("8-bit"); 
   saveAs("Tiff", output+filebase+"_PM.tif"); 
   run("Close All"); 
} 

 
6.2.3.3 MattCellAnalyzerGUI4_updated.ijm 

dir1 = getDirectory("Choose Source Directory: "); 
input = dir1 + "PMforSegmenter_unsat\\"; 
mask = dir1 + "Object_Predictions_unsat\\"; 
output1 = dir1 + "Correct_unsat\\"; 
output2 = dir1 + "Incorrect_unsat\\"; 
output3 = dir1 + "DilatedMasks\\"; 
list = getFileList(input); 
File.makeDirectory(output1); 
File.makeDirectory(output2); 
File.makeDirectory(output3); 
 
for (i = 0; i < list.length; i++) { 
 filename=list[i]; 
 MattGUI4(input, filename); 
} 
 
function MattGUI4(input, filename){ 
 L=lengthOf(filename); 
 filebase=substring(filename,0,L-4); 
 open(input+filename); 
 print(filebase); 
 imageID=getImageID();  
 //Find the center of the original image and identify if it is in the 
expected place 
 h=getHeight(); 
 w=getWidth(); 
 x=338; 
 y=338;  
 if(w!=676){ 
   
  left=indexOf(filebase,"_L"); 
  right=indexOf(filebase,"_R"); 
  if(left!=-1){ 
   x=w-338; 
  }  
 } 
 if(h!=676){ 
  top=indexOf(filebase,"_T"); 
  bottom=indexOf(filebase,"_B"); 
 
  if(top!=-1){ 
   y=h-338; 
  }  
 } 
 //Prep the image for viewer inspection 
 run("Duplicate...", " "); 
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 run("RGB Color"); 
 w1=getTitle(); 
 open(mask+filebase+"_ObjectClass.tif"); 
 imageID2=getImageID(); 
 //Test if the center pixel is in a cell mask 
 selectImage(imageID2); 
 Center=getPixel(x,y); 
 //Continue with visualization 
 run("Duplicate...", " "); 
 w2=getTitle(); 
 run("8-bit"); 
 run("RGB Color"); 
 run("Combine...", "stack1="+w1+" stack2="+w2); 
 setLocation(600,600); 
 // If the center is not in a mask: 
 if(Center==0){ 
 
 A=getNumber("ALERT ALERT ALERT                                                                                                       
Is there a cell here? 1 - no 2 - yes:", 1); 
  if(A==1){ 
   selectImage(imageID); 
   saveAs("Tiff", output2+filename); 
            run("Close All"); 
            //If not, save the image as incorrect so it can be thresholded 
  }else{ 
   // If so, correct the misplaced center 
   run("ROI Manager..."); 
   roiManager("reset"); 
   setTool("multipoint"); 
   waitForUser("Cell Selector", "Put the dot back where it was 
supposed to go. If you miss, just make another. Only the last is kept."); 
   roiManager("add"); 
   roiManager("Select", 0); 
   Roi.getCoordinates(a,b); 
   //Check if it is one cell or more than one 
   B=getNumber("Number of cells in this mask?", 1); 
   if(B==1){ 
    //If one cell, proceed with selecting the mask and 
saving it 
    newImage("Selection", "8-bit black", w, h, 1); 
    tempID=getImageID(); 
    setPixel(a[0],b[0],255); 
    selectImage(imageID2); 
    run("Duplicate...", " "); 
    tempID2=getImageID(); 
    run("8-bit"); 
    run("Multiply...","value=255"); 
    run("32-bit"); 
    run("Subtract...","value=255"); 
    run("Square"); 
    run("8-bit"); 
    run("Fill Holes"); 
    roiManager("reset"); 
    run("Analyze Particles...", "display add"); 
    selectImage(tempID); 
    run("Clear Results"); 
    numROIs=roiManager("count"); 
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    for (j=0; j<numROIs; j++){ 
     roiManager("select", j); 
     run("Measure"); 
    } 
    close(); 
    selectImage(imageID2); 
    run("8-bit"); 
    run("Multiply...","value=255"); 
    if(numROIs>1){ 
     MaxVals=Table.getColumn("Max"); 
     MaxIndex=Array.findMaxima(MaxVals, 1); 
     ROInum=MaxIndex[0]; 
    }else{ 
     ROInum=0; 
    } 
    roiManager("select", ROInum); 
    run("Add...", "value=255"); 
    run("Clear Outside"); 
    makeRectangle(0, 0,w, h); 
    run("Subtract...", "value=200"); 
    run("Multiply...", "value=8"); 
     
    roiManager("deselect"); 
    makeRectangle(0, 0,w, h); 
     
    run("Erode"); 
    roiManager("reset"); 
    saveAs("Tiff", output3+filebase+"_Mask.tif"); 
    selectImage(imageID); 
    saveAs("Tiff", output1+filename); 
    run("Close All"); 
    roiManager("reset"); 
   }else{ 
    //If more than once cell, ask user to select the one 
that is intended 
    roiManager("reset"); 
    setTool("freehand"); 
    waitForUser("Cell Selector", "Trace the cell that you 
want to keep or divide."); 
    roiManager("add");     
    selectImage(imageID2); 
    roiManager("select", 0); 
    run("Clear Outside"); 
    makeRectangle(0, 0,w, h); 
    run("Subtract...", "value=1"); 
 
    //Then proceed with preparing the mask as usual 
    newImage("Selection", "8-bit black", w, h, 1); 
    tempID=getImageID(); 
    setPixel(a[0],b[0],255); 
    roiManager("reset"); 
    selectImage(imageID2); 
    makeRectangle(0, 0,w, h); 
    run("Duplicate...", " "); 
    tempID2=getImageID(); 
    run("8-bit"); 
    //waitForUser; 
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    run("Multiply...","value=255"); 
    run("32-bit"); 
    run("Subtract...","value=255"); 
    run("Square"); 
    run("8-bit"); 
    run("Fill Holes"); 
    roiManager("reset"); 
    run("Analyze Particles...", "display add"); 
    //waitForUser; 
    close(); 
    selectImage(tempID); 
    run("Clear Results"); 
    numROIs=roiManager("count"); 
    for (j=0; j<numROIs; j++){ 
     roiManager("select", j); 
     run("Measure"); 
    } 
    close(); 
    selectImage(imageID2); 
    run("8-bit"); 
    run("Multiply...","value=255"); 
    if(numROIs>1){ 
     MaxVals=Table.getColumn("Max"); 
     MaxIndex=Array.findMaxima(MaxVals, 1); 
     ROInum=MaxIndex[0]; 
    }else{ 
     ROInum=0; 
    } 
    roiManager("select", ROInum); 
    run("Add...", "value=255"); 
    run("Clear Outside"); 
    makeRectangle(0, 0,w, h); 
    run("Subtract...", "value=200"); 
    run("Multiply...", "value=8"); 
    roiManager("deselect"); 
    makeRectangle(0, 0,w, h); 
    run("Erode"); 
    roiManager("reset"); 
    saveAs("Tiff", output3+filebase+"_Mask.tif"); 
    selectImage(imageID); 
    saveAs("Tiff", output1+filename); 
    run("Close All"); 
    roiManager("reset");    
   } 
  } 
 } 
 
 // If the center is in the mask: 
 if(Center!=0){ 
 A=getNumber("Do you need to split cells? 1 - No 2 - Yes 3 - Discard:", 
1); 
  if(A==1){ 
   //Proceed with preparing the mask as usual 
    newImage("Selection", "8-bit black", w, h, 1); 
    tempID=getImageID(); 
    setPixel(x,y,255); 
    selectImage(imageID2); 



 136 

    run("Duplicate...", " "); 
    tempID2=getImageID(); 
    run("8-bit"); 
    run("Multiply...","value=255"); 
    run("32-bit"); 
    run("Subtract...","value=255"); 
    run("Square"); 
    run("8-bit"); 
    run("Fill Holes"); 
 
    roiManager("reset"); 
    run("Analyze Particles...", "display add"); 
    //close(); 
    selectImage(tempID); 
    run("Clear Results"); 
    numROIs=roiManager("count"); 
    for (j=0; j<numROIs; j++){ 
     roiManager("select", j); 
     run("Measure"); 
    } 
    close(); 
    selectImage(tempID2); 
    run("8-bit"); 
    run("Multiply...","value=255"); 
    if(numROIs>1){ 
     MaxVals=Table.getColumn("Max"); 
     MaxIndex=Array.findMaxima(MaxVals, 1); 
     ROInum=MaxIndex[0]; 
    }else{ 
     ROInum=0; 
    } 
    roiManager("select", ROInum); 
    run("Add...", "value=255"); 
    run("Clear Outside"); 
    makeRectangle(0, 0,w, h); 
    run("Subtract...", "value=200"); 
    run("Multiply...", "value=8"); 
    roiManager("deselect"); 
    makeRectangle(0, 0,w, h); 
    run("Erode"); 
    roiManager("reset"); 
    saveAs("Tiff", output3+filebase+"_Mask.tif"); 
    selectImage(imageID); 
    saveAs("Tiff", output1+filename); 
    run("Close All"); 
    roiManager("reset"); 
    
  }else if(A==2){ 
 
    //If more than once cell, ask user to select the one 
that is intended 
    roiManager("reset"); 
    setTool("freehand"); 
    waitForUser("Cell Selector", "Trace the cell that you 
want to keep or divide."); 
    roiManager("add"); 
    selectImage(imageID2); 
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    roiManager("select", 0); 
    run("Clear Outside"); 
    makeRectangle(0, 0,w, h); 
    run("Subtract...", "value=0.9"); 
    //Then proceed with preparing the mask as usual 
    newImage("Selection", "8-bit black", w, h, 1); 
    tempID=getImageID(); 
    setPixel(x,y,255); 
    roiManager("reset"); 
    selectImage(imageID2); 
    makeRectangle(0, 0,w, h); 
    run("Duplicate...", " "); 
    tempID2=getImageID(); 
    run("8-bit"); 
    //waitForUser; 
    run("Multiply...","value=255"); 
    run("32-bit"); 
    run("Subtract...","value=255"); 
    run("Square"); 
    run("8-bit"); 
    run("Fill Holes"); 
    //waitForUser; 
    roiManager("reset"); 
    run("Analyze Particles...", "display add"); 
    //waitForUser; 
    close(); 
    selectImage(tempID); 
    run("Clear Results"); 
    numROIs=roiManager("count"); 
    for (j=0; j<numROIs; j++){ 
     roiManager("select", j); 
     run("Measure"); 
    } 
    close(); 
    selectImage(imageID2); 
    run("8-bit"); 
    run("Multiply...","value=255"); 
    if(numROIs>1){ 
     MaxVals=Table.getColumn("Max"); 
     MaxIndex=Array.findMaxima(MaxVals, 1); 
     ROInum=MaxIndex[0]; 
    }else{ 
     ROInum=0; 
    } 
    roiManager("select", ROInum); 
    run("Add...", "value=255"); 
    run("Clear Outside"); 
    makeRectangle(0, 0,w, h); 
    run("Subtract...", "value=200"); 
    run("Multiply...", "value=8"); 
     
    roiManager("deselect"); 
    makeRectangle(0, 0,w, h); 
     
    run("Erode"); 
    roiManager("reset"); 
    saveAs("Tiff", output3+filebase+"_Mask.tif"); 
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    selectImage(imageID); 
    saveAs("Tiff", output1+filename); 
    run("Close All"); 
    roiManager("reset"); 
    
  }else { 
   selectImage(imageID); 
   saveAs("Tiff", output2+filename); 
            run("Close All");  
  } 
} 
} 
   

6.2.3.4 MaskApply2.ijm 

dir1 = getDirectory("Choose Source Directory: "); 
output = dir1 + "MaskedData\\"; 
listn= getFileList(dir1+"DilatedMasks\\"); 
File.makeDirectory(output); 
setBatchMode(true); 
for (i = 0; i < list.length; i++) { 
 filename=list[i]; 
 Matt4(dir1, filename); 
} 
function Matt4(dir1, filename) { 
 L=lengthOf(filename); 
 filebase=substring(filename,0,L-12); 
 open(dir1+"CellImages\\"+filebase+".tif"); 
 run("Split Channels"); 
 selectImage(1); 
 c2=getTitle(); 
 selectImage(2); 
 c3=getTitle(); 
 selectImage(3); 
 c4=getTitle(); 
 selectImage(4); 
 c5=getTitle(); 
 open(dir1+"DilatedMasks\\"+filename); 
  run("Divide...", "value=255"); 
  c1=getTitle(); 
 imageCalculator("Multiply", c2, c1); 
 imageCalculator("Multiply", c3, c1); 
 imageCalculator("Multiply", c4, c1); 
 imageCalculator("Multiply", c5, c1); 
  
 run("Merge Channels...", "c1="+c2+" c2="+c3+" c3="+c4+" c4="+c5+" 
create"); 
 saveAs("Tiff", output+filebase+"_MaskData.tif"); 
 run("Close All"); 
} 

 
6.2.3.5 RunTrackmate_v2_1um.py 

from fiji.plugin.trackmate import Model 
from fiji.plugin.trackmate import Settings 
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from fiji.plugin.trackmate import TrackMate 
from fiji.plugin.trackmate import SelectionModel 
from fiji.plugin.trackmate import Logger 
from fiji.plugin.trackmate.detection import LogDetectorFactory 
from fiji.plugin.trackmate.tracking.sparselap import SparseLAPTrackerFactory 
from fiji.plugin.trackmate.tracking import LAPUtils 
from ij import IJ 
import fiji.plugin.trackmate.visualization.hyperstack.HyperStackDisplayer as 
HyperStackDisplayer 
import fiji.plugin.trackmate.features.FeatureFilter as FeatureFilter 
import sys 
import fiji.plugin.trackmate.features.track.TrackDurationAnalyzer as 
TrackDurationAnalyzer 
import os 
from ij import IJ, ImagePlus, ImageStack 
import fiji.plugin.trackmate.Settings as Settings 
import fiji.plugin.trackmate.Model as Model 
import fiji.plugin.trackmate.SelectionModel as SelectionModel 
import fiji.plugin.trackmate.TrackMate as TrackMate 
import fiji.plugin.trackmate.Logger as Logger 
import fiji.plugin.trackmate.detection.DetectorKeys as DetectorKeys 
import fiji.plugin.trackmate.detection.DogDetectorFactory as 
DogDetectorFactory 
import fiji.plugin.trackmate.tracking.sparselap.SparseLAPTrackerFactory as 
SparseLAPTrackerFactory 
import fiji.plugin.trackmate.tracking.LAPUtils as LAPUtils 
import fiji.plugin.trackmate.visualization.hyperstack.HyperStackDisplayer as 
HyperStackDisplayer 
import fiji.plugin.trackmate.features.FeatureFilter as FeatureFilter 
import fiji.plugin.trackmate.features.FeatureAnalyzer as FeatureAnalyzer 
import fiji.plugin.trackmate.action.ExportStatsToIJAction as 
ExportStatsToIJAction 
import fiji.plugin.trackmate.io.TmXmlReader as TmXmlReader 
import fiji.plugin.trackmate.action.ExportTracksToXML as ExportTracksToXML 
import fiji.plugin.trackmate.io.TmXmlWriter as TmXmlWriter 
import fiji.plugin.trackmate.features.ModelFeatureUpdater as 
ModelFeatureUpdater 
import fiji.plugin.trackmate.features.SpotFeatureCalculator as 
SpotFeatureCalculator 
 
import fiji.plugin.trackmate.features.spot.SpotContrastAndSNRAnalyzer as 
SpotContrastAndSNRAnalyzer 
import fiji.plugin.trackmate.features.spot.SpotContrastAndSNRAnalyzerFactory 
as SpotContrastAndSNRAnalyzerFactory 
import fiji.plugin.trackmate.features.spot.SpotIntensityAnalyzer as 
SpotIntensityAnalyzer 
import fiji.plugin.trackmate.features.spot.SpotIntensityAnalyzerFactory as 
SpotIntensityAnalyzerFactory 
import fiji.plugin.trackmate.features.spot.SpotMorphologyAnalyzer as 
SpotMorphologyAnalyzer 
import fiji.plugin.trackmate.features.spot.SpotMorphologyAnalyzerFactory as 
SpotMorphologyAnalyzerFactory 
import fiji.plugin.trackmate.features.spot.SpotRadiusEstimator as 
SpotRadiusEstimator 
import fiji.plugin.trackmate.features.spot.SpotRadiusEstimatorFactory as 
SpotRadiusEstimatorFactory 
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import fiji.plugin.trackmate.features.track.TrackSpeedStatisticsAnalyzer as 
TrackSpeedStatisticsAnalyzer 
import fiji.plugin.trackmate.util.TMUtils as TMUtils 
import fiji.plugin.trackmate.action.ExportStatsToIJAction as 
ExportStatsToIJAction 
import fiji.plugin.trackmate.action.ExportAllSpotsStatsAction as 
ExportAllSpotsStatsAction 
import ntpath 
from ij.gui import WaitForUserDialog 
#Get directory 
srcDir = IJ.getDirectory('Chose the directory with masked TIF files to be 
analyzed') 
parentDir = os.path.dirname(srcDir[:-1]) 
spotStatDir = parentDir + '/Spot_Statistics_1um' 
#We want to put the results in a new directory called SpotStatDir in the 
parent directory. 
#Check whether the directory exists. Create it if not 
if not os.path.exists(spotStatDir): 
 os.makedirs(spotStatDir) 
#iterate through the directory's .tif files 
for root, directories, filenames in os.walk(srcDir): 
 for filename in filenames: 
  if '.tif' in filename: 
 
   #get the full file path, and open it for trackmate to use 
late 
   fullFile = root+filename 
   print fullFile 
   imp = IJ.openImage(fullFile) 
   filebase=ntpath.basename(filename)[:-4] 
   #create the model and set the parameters. I've left in the 
tracking stuff from the sample code, even though we don't use it. 
   #most important things here are the detetector settings, 
which can be changed for different experiments/beads 
   model = Model() 
   model.setLogger(Logger.IJ_LOGGER) 
   settings = Settings() 
   settings.setFrom(imp) 
   settings.detectorFactory = LogDetectorFactory() 
   settings.detectorSettings = { 
    'DO_SUBPIXEL_LOCALIZATION' : True, 
    'RADIUS' : .5, 
    'TARGET_CHANNEL' : 2, 
    'THRESHOLD' : 500., 
    'DO_MEDIAN_FILTERING' : True, 
   } 
 
   #we threshold in the detector settings, so we don't use the 
quality filter 
   filter1 = FeatureFilter('QUALITY', 0, True) 
   settings.addSpotFilter(filter1) 
   settings.trackerFactory = SparseLAPTrackerFactory() 
   settings.trackerSettings = 
LAPUtils.getDefaultLAPSettingsMap()  
   settings.trackerSettings['ALLOW_TRACK_SPLITTING'] = True 
   settings.trackerSettings['ALLOW_TRACK_MERGING'] = True 
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 settings.addSpotAnalyzerFactory(SpotIntensityAnalyzerFactory()) 
  
 settings.addSpotAnalyzerFactory(SpotContrastAndSNRAnalyzerFactory()) 
  
 settings.addSpotAnalyzerFactory(SpotMorphologyAnalyzerFactory()) 
  
 settings.addSpotAnalyzerFactory(SpotRadiusEstimatorFactory()) 
   settings.addTrackAnalyzer(TrackDurationAnalyzer()) 
   filter2 = FeatureFilter('TRACK_DISPLACEMENT', 10, True) 
   settings.addTrackFilter(filter2) 
 
   #create the trackmate, check it, and then execute the 
processing 
   trackmate = TrackMate(model, settings) 
   ok = trackmate.checkInput() 
   if not ok: 
    sys.exit(str(trackmate.getErrorMessage())) 
   ok = trackmate.process() 
   if not ok: 
    continue 
    #sys.exit(str(trackmate.getErrorMessage())) 
   #ExportAll... uses the selectionModel, so we generate one 
and then execute the function. This generates an ImageJ results/table window,  
   #which we can select and then save as a CSV in the output 
directory. Need to close everything before the next loop iteration. 
   selectionModel = SelectionModel(model) 
   #show the image for debugging/quality control 
   #displayer = HyperStackDisplayer(model, selectionModel, 
imp) 
   #displayer.render() 
   #displayer.refresh() 
   #myWait = WaitForUserDialog ("myTitle", "myMessage") 
   #myWait.show() 
  
 ExportAllSpotsStatsAction(selectionModel).execute(trackmate) 
   IJ.selectWindow('All Spots statistics') 
   IJ.saveAs('Results', spotStatDir + '/' + filebase + '.csv') 
   IJ.run('Close') 
   IJ.run('Close All') 
   IJ.run('Clear Results') 

 
6.2.3.6 RunTrackmate_v2_170nm.py 

from fiji.plugin.trackmate import Model 
from fiji.plugin.trackmate import Settings 
from fiji.plugin.trackmate import TrackMate 
from fiji.plugin.trackmate import SelectionModel 
from fiji.plugin.trackmate import Logger 
from fiji.plugin.trackmate.detection import LogDetectorFactory 
from fiji.plugin.trackmate.tracking.sparselap import SparseLAPTrackerFactory 
from fiji.plugin.trackmate.tracking import LAPUtils 
from ij import IJ 
import fiji.plugin.trackmate.visualization.hyperstack.HyperStackDisplayer as 
HyperStackDisplayer 
import fiji.plugin.trackmate.features.FeatureFilter as FeatureFilter 
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import sys 
import fiji.plugin.trackmate.features.track.TrackDurationAnalyzer as 
TrackDurationAnalyzer 
import os 
from ij import IJ, ImagePlus, ImageStack 
import fiji.plugin.trackmate.Settings as Settings 
import fiji.plugin.trackmate.Model as Model 
import fiji.plugin.trackmate.SelectionModel as SelectionModel 
import fiji.plugin.trackmate.TrackMate as TrackMate 
import fiji.plugin.trackmate.Logger as Logger 
import fiji.plugin.trackmate.detection.DetectorKeys as DetectorKeys 
import fiji.plugin.trackmate.detection.DogDetectorFactory as 
DogDetectorFactory 
import fiji.plugin.trackmate.tracking.sparselap.SparseLAPTrackerFactory as 
SparseLAPTrackerFactory 
import fiji.plugin.trackmate.tracking.LAPUtils as LAPUtils 
import fiji.plugin.trackmate.visualization.hyperstack.HyperStackDisplayer as 
HyperStackDisplayer 
import fiji.plugin.trackmate.features.FeatureFilter as FeatureFilter 
import fiji.plugin.trackmate.features.FeatureAnalyzer as FeatureAnalyzer 
import fiji.plugin.trackmate.action.ExportStatsToIJAction as 
ExportStatsToIJAction 
import fiji.plugin.trackmate.io.TmXmlReader as TmXmlReader 
import fiji.plugin.trackmate.action.ExportTracksToXML as ExportTracksToXML 
import fiji.plugin.trackmate.io.TmXmlWriter as TmXmlWriter 
import fiji.plugin.trackmate.features.ModelFeatureUpdater as 
ModelFeatureUpdater 
import fiji.plugin.trackmate.features.SpotFeatureCalculator as 
SpotFeatureCalculator 
import fiji.plugin.trackmate.features.spot.SpotContrastAndSNRAnalyzer as 
SpotContrastAndSNRAnalyzer 
import fiji.plugin.trackmate.features.spot.SpotContrastAndSNRAnalyzerFactory 
as SpotContrastAndSNRAnalyzerFactory 
import fiji.plugin.trackmate.features.spot.SpotIntensityAnalyzer as 
SpotIntensityAnalyzer 
import fiji.plugin.trackmate.features.spot.SpotIntensityAnalyzerFactory as 
SpotIntensityAnalyzerFactory 
import fiji.plugin.trackmate.features.spot.SpotMorphologyAnalyzer as 
SpotMorphologyAnalyzer 
import fiji.plugin.trackmate.features.spot.SpotMorphologyAnalyzerFactory as 
SpotMorphologyAnalyzerFactory 
import fiji.plugin.trackmate.features.spot.SpotRadiusEstimator as 
SpotRadiusEstimator 
import fiji.plugin.trackmate.features.spot.SpotRadiusEstimatorFactory as 
SpotRadiusEstimatorFactory 
 
import fiji.plugin.trackmate.features.track.TrackSpeedStatisticsAnalyzer as 
TrackSpeedStatisticsAnalyzer 
import fiji.plugin.trackmate.util.TMUtils as TMUtils 
import fiji.plugin.trackmate.action.ExportStatsToIJAction as 
ExportStatsToIJAction 
import fiji.plugin.trackmate.action.ExportAllSpotsStatsAction as 
ExportAllSpotsStatsAction 
import ntpath 
#Get directory 
srcDir = IJ.getDirectory('Chose the directory with masked TIF files to be 
analyzed') 
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parentDir = os.path.dirname(srcDir[:-1]) 
spotStatDir = parentDir + '/Spot_Statistics_170nm' 
#We want to put the results in a new directory called SpotStatDir in the 
parent directory. 
#Check whether the directory exists. Create it if not 
if not os.path.exists(spotStatDir): 
 os.makedirs(spotStatDir) 
#iterate through the directory's .tif files 
for root, directories, filenames in os.walk(srcDir): 
 for filename in filenames: 
  if '.tif' in filename: 
   #get the full file path, and open it for trackmate to use 
late 
   fullFile = root+filename 
   #print fullFile 
   imp = IJ.openImage(fullFile) 
   filebase=ntpath.basename(filename)[:-4] 
   #create thenmodel and set the parameters. I've left in the 
tracking stuff from the sample code, even though we don't use it. 
   #most important things here are the detetector settings, 
which can be changed for different experiments/beads 
   model = Model() 
   model.setLogger(Logger.IJ_LOGGER) 
   settings = Settings() 
   settings.setFrom(imp) 
   settings.detectorFactory = LogDetectorFactory() 
   settings.detectorSettings = { 
    'DO_SUBPIXEL_LOCALIZATION' : True, 
    'RADIUS' : .25, 
    'TARGET_CHANNEL' : 3, 
    'THRESHOLD' : 125., 
    'DO_MEDIAN_FILTERING' : True, 
   } 
   #we threshold in the detector settings, so we don't use the 
quality filter 
   filter1 = FeatureFilter('QUALITY', 0, True) 
   settings.addSpotFilter(filter1) 
   settings.trackerFactory = SparseLAPTrackerFactory() 
   settings.trackerSettings = 
LAPUtils.getDefaultLAPSettingsMap()  
   settings.trackerSettings['ALLOW_TRACK_SPLITTING'] = True 
   settings.trackerSettings['ALLOW_TRACK_MERGING'] = True 
  
 settings.addSpotAnalyzerFactory(SpotIntensityAnalyzerFactory()) 
  
 settings.addSpotAnalyzerFactory(SpotContrastAndSNRAnalyzerFactory()) 
  
 settings.addSpotAnalyzerFactory(SpotMorphologyAnalyzerFactory()) 
  
 settings.addSpotAnalyzerFactory(SpotRadiusEstimatorFactory()) 
   settings.addTrackAnalyzer(TrackDurationAnalyzer()) 
   filter2 = FeatureFilter('TRACK_DISPLACEMENT', 10, True) 
   settings.addTrackFilter(filter2) 
 
   #create the trackmate, check it, and then execute the 
processing 
   trackmate = TrackMate(model, settings) 
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   ok = trackmate.checkInput() 
   if not ok: 
    sys.exit(str(trackmate.getErrorMessage())) 
   ok = trackmate.process() 
   if not ok: 
    sys.exit(str(trackmate.getErrorMessage())) 
 
   #ExportAll... uses the selectionModel, so we generate one 
and then execute the function. This generates an ImageJ results/table window,  
   #which we can select and then save as a CSV in the output 
directory. Need to close everything before the next loop iteration. 
   selectionModel = SelectionModel(model) 
  
 ExportAllSpotsStatsAction(selectionModel).execute(trackmate) 
   IJ.selectWindow('All Spots statistics') 
   IJ.saveAs('Results', spotStatDir + '/' + filebase + '.csv') 
   IJ.run('Close') 
   IJ.run('Close All') 
   IJ.run('Clear Results') 

 
6.2.3.7 CellAreas.ijm 

dir1 = getDirectory("Choose Source Directory: "); 
list = getFileList(dir1+"DilatedMasks\\"); 
setBatchMode(true); 
for (i = 0; i < list.length; i++) { 
 filename=list[i]; 
 Matt5(dir1, filename); 
 setResult("Label", i, filename); 
} 
saveAs("Results", dir1+"CellAreas.txt"); 
function Matt5(dir1, filename) { 
 open(dir1+"DilatedMasks\\"+filename); 
  run("Divide...", "value=255"); 
  run("Measure"); 
 close(); 
} 

 
6.2.3.8 isolate_and_analyze_live_nuclear_masks.ijm 

input = getDirectory("Choose directory containing nuclear object predictions: 
"); 
dirName = File.getName(input); 
parent = File.getParent(input); 
parent2 = File.getParent(parent); 
output = parent + "\\" + dirName + "_live_nuclei_masks\\"; 
output2 = parent2 + "\\cellMasked_nuclear_results\\"; 
output3 = parent2 + "\\cellMasked_nuclear_rois\\"; 
fileList = getFileList(input); 
File.makeDirectory(output); 
File.makeDirectory(output2); 
File.makeDirectory(output3); 
 
setBatchMode(true); 
for (i = 0; i < fileList.length; i++) { 
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 filename=fileList[i]; 
 if (indexOf(filename, ".tif")>=0) { 
  Matt1(input, filename); 
 } 
} 
 
function Matt1(input, filename) { 
    L=lengthOf(filename); 
    filebase=substring(filename,0,L-4); 
    filebase = filebase + "_MaskData"; 
    open(input + filename); 
    run("Multiply...", "value=10"); 
 setThreshold(5, 14); 
 run("Convert to Mask"); 
 saveAs("tiff", output + filebase + ".tif"); 
 run("Analyze Particles...", "display add"); 
 if (roiManager("count") > 0){ 
  roiManager("Save", output3 + filebase + ".zip"); 
  roiManager("Reset"); 
  selectWindow("Results"); 
  saveAs("Results", output2 + filebase + ".csv"); 
  
 } 
 run("Close All"); 
 run("Clear Results"); 
 roiManager("reset"); 
} 
 
 

6.2.4 Endosome maturation microscopy 

6.2.4.1 process_nuclear_mask_v4_endo.ijm 

 
input = getDirectory("Choose experiment folder: "); 
obj_pred = input + "Object_Predictions_nuclear\\"; 
output = input + "Object_Predictions_nuclear_masks\\"; 
output_ROI = input + "Live_ROI_points\\"; 
output_nuclear_ROI = input + "Live_ROI_full_nucleus\\" 
fileList = getFileList(obj_pred); 
File.makeDirectory(output); 
File.makeDirectory(output_ROI); 
File.makeDirectory(output_nuclear_ROI); 
setBatchMode(true); 
for (i = 0; i < fileList.length; i++) { 
 filename=fileList[i]; 
 Matt1(input, filename); 
} 
function Matt1(input, filename) {  
 open(obj_pred+filename); 
    L=lengthOf(filename); 
    filebase=substring(filename,0,L-4); 
 imageID = getTitle(); 
//multiply by 10 to get better dynamic range, and then threshold around 10 
(value of live was 1 before x10) 
 run("Multiply...", "value=10"); 
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 setThreshold(5, 14); 
 setOption("BlackBackground", true); 
 run("Convert to Mask"); 
 run("Fill Holes"); 
 live_only = getImageID(); 
 saveAs("Tiff", output+filebase+".tif"); 
 run("Analyze Particles...", "display add"); 
 roiManager("Save", output_nuclear_ROI + filebase + ".zip"); 
 roiManager("Delete"); 
 roiManager("Reset"); 
 numberOfPoints = getValue("results.count"); 
 XM = newArray(numberOfPoints); 
 YM = newArray(numberOfPoints); 
  for (i=0; i<numberOfPoints; i++) { 
  XM[i] = getResult("XM", i); 
  YM[i] = getResult("YM",i); 
 } 
 makeSelection("point", XM, YM); 
 roiManager("Add"); 
 roiManager("Save", output_ROI + filebase + ".roi"); 
 roiManager("Delete"); 
 roiManager("Reset");  
 run("Close All"); 
 run("Clear Results"); 
} 
 

6.2.4.2 Threshold_8bit_Prob_CellMaskTMR_v2.ijm 

 
input = getDirectory("Choose Experiment Directory: "); 
output = input + "cellMask_thresholded\\"; 
masks = input + "cellMask_raw_TIFs\\"; 
fileList = getFileList(masks); 
File.makeDirectory(output); 
for (i = 0; i < fileList.length; i++) { 
 filename=fileList[i]; 
 Matt1(masks, filename); 
} 
function Matt1(masks, filename) { 
 open(masks+filename); 
    L=lengthOf(filename); 
    filebase=substring(filename,0,L-4); 
 setAutoThreshold("Default dark"); 
 run("Create Mask"); 
 originalMask = getImageID(); 
 run("Duplicate...", " "); 
 smallMask = getImageID(); 
 run("Analyze Particles...", "size=4000-Infinity add"); 
 setForegroundColor(0,0,0); 
 roiManager("Fill"); 
 imageCalculator("Subtract create", originalMask, smallMask); 
 setForegroundColor(255,255,255); 
 saveAs("Tiff", output+filebase+".tif"); 
 roiManager("Delete"); 
 roiManager("Reset"); 
 run("Close All"); 
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} 
 

6.2.4.3 MattCellAnalyzerGUI6_endo_8bit.ijm 

dir1 = getDirectory("Choose Source Directory: "); 
input = dir1 + "all_files_8bit_C1+C2_sat\\CellImages\\"; 
mask = dir1 + "cellMask_thresholded\\CellImages\\"; 
output1 = dir1 + "Correct\\"; 
output2 = dir1 + "Incorrect\\"; 
output3 = dir1 + "DilatedMasks\\"; 
output4 = dir1 + "Incorrect_no_mask\\"; 
output5 = dir1 + "Incorrect_overlapping_masks\\"; 
list = getFileList(input); 
File.makeDirectory(output1); 
File.makeDirectory(output2); 
File.makeDirectory(output3); 
File.makeDirectory(output4); 
File.makeDirectory(output5); 
for (i = 0; i < list.length; i++) { 
 filename=list[i]; 
 MattGUI4(input, filename); 
} 
function MattGUI4(input, filename){ 
 L=lengthOf(filename); 
 filebase=substring(filename,0,L-4); 
 open(input+filename); 
 iStr = ""+ i; 
 lenStr = "" + list.length; 
 currCt = iStr + " of " + lenStr; 
 print(filebase + " " + currCt); 
 imageID=getImageID(); 
 //Find the center of the original image and identify if it is in the 
expected place 
 h=getHeight(); 
 w=getWidth(); 
 x=338; 
 y=338;  
 if(w!=676){   
  left=indexOf(filebase,"_L"); 
  right=indexOf(filebase,"_R"); 
 
  if(left!=-1){ 
   x=w-338; 
  }   
 } 
 if(h!=676){ 
  top=indexOf(filebase,"_T"); 
  bottom=indexOf(filebase,"_B"); 
 
  if(top!=-1){ 
   y=h-338; 
  }  
 } 
 //Prep the image for viewer inspection 
 run("Duplicate...", " "); 
 run("RGB Color"); 
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 w1=getTitle(); 
 open(mask+filename); 
 imageID2=getImageID(); 
 //Test if the center pixel is in a cell mask 
 selectImage(imageID2); 
 Center=getPixel(x,y); 
 //Continue with visualization 
 run("Duplicate...", " "); 
 w2=getTitle(); 
 run("8-bit"); 
 run("RGB Color"); 
 run("Combine...", "stack1="+w1+" stack2="+w2); 
 makePoint(x, y); 
 run("Add Selection..."); 
 makePoint(w+x, y); 
 run("Add Selection..."); 
 setLocation(400,400); 
 setLocation(600,600); 
 // If the center is not in a mask: 
 if(Center==0){ 
  selectImage(imageID); 
  saveAs("Tiff", output4+filename); 
         run("Close All"); 
 } 
 // If the center is in the mask: 
 if(Center!=0){ 
 A=getNumber("Do you need to split cells? 1 - No || 2 - Yes  || 3 - 
Discard  || 4 - Overlapping Masks || :", 1); 
  if(A==1){ 
   //Proceed with preparing the mask as usual 
    newImage("Selection", "8-bit black", w, h, 1); 
    tempID=getImageID(); 
    setPixel(x,y,255); 
    selectImage(imageID2); 
    run("Duplicate...", " "); 
    tempID2=getImageID(); 
    run("8-bit"); 
    run("Multiply...","value=255"); 
    run("32-bit"); 
    run("Subtract...","value=255"); 
    run("Square"); 
    run("8-bit"); 
    run("Fill Holes"); 
    roiManager("reset"); 
    run("Analyze Particles...", "display add");   
    //close(); 
    selectImage(tempID); 
    run("Clear Results"); 
    numROIs=roiManager("count"); 
    for (j=0; j<numROIs; j++){ 
     roiManager("select", j); 
     run("Measure"); 
    } 
    close(); 
    selectImage(tempID2); 
    run("8-bit"); 
    run("Multiply...","value=255"); 
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    if(numROIs>1){ 
     MaxVals=Table.getColumn("Max"); 
     MaxIndex=Array.findMaxima(MaxVals, 1); 
     ROInum=MaxIndex[0]; 
    }else{ 
     ROInum=0; 
    } 
    roiManager("select", ROInum); 
    run("Add...", "value=255"); 
    run("Clear Outside"); 
    makeRectangle(0, 0,w, h); 
    run("Subtract...", "value=200"); 
    run("Multiply...", "value=8");     
    roiManager("deselect"); 
    makeRectangle(0, 0,w, h);     
    run("Erode"); 
    roiManager("reset"); 
    saveAs("Tiff", output3+filebase+"_Mask.tif"); 
    selectImage(imageID); 
    saveAs("Tiff", output1+filename); 
    run("Close All"); 
    roiManager("reset");    
  }else if(A==2){ 
    //If more than once cell, ask user to select the one 
that is intended 
    roiManager("reset"); 
    setTool("freehand"); 
    waitForUser("Cell Selector", "Trace the cell that you 
want to keep or divide."); 
    roiManager("add");     
    selectImage(imageID2); 
    roiManager("select", 0); 
    run("Clear Outside"); 
    makeRectangle(0, 0,w, h); 
    run("Subtract...", "value=80"); 
    //Then proceed with preparing the mask as usual 
    newImage("Selection", "8-bit black", w, h, 1); 
    tempID=getImageID(); 
    setPixel(x,y,255); 
    roiManager("reset");     
    selectImage(imageID2); 
    makeRectangle(0, 0,w, h); 
    run("Duplicate...", " "); 
    tempID2=getImageID(); 
    run("8-bit"); 
    //waitForUser; 
    run("Multiply...","value=255"); 
    run("32-bit"); 
    run("Subtract...","value=255"); 
    run("Square"); 
    run("8-bit"); 
    run("Fill Holes"); 
    //waitForUser; 
    roiManager("reset"); 
    run("Analyze Particles...", "display add"); 
    //waitForUser; 
    close(); 
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    selectImage(tempID); 
    run("Clear Results"); 
    numROIs=roiManager("count"); 
    for (j=0; j<numROIs; j++){ 
     roiManager("select", j); 
     run("Measure"); 
    } 
    close(); 
    selectImage(imageID2); 
    run("8-bit"); 
    run("Multiply...","value=255"); 
    if(numROIs>1){ 
     MaxVals=Table.getColumn("Max"); 
     MaxIndex=Array.findMaxima(MaxVals, 1); 
     ROInum=MaxIndex[0]; 
    }else{ 
     ROInum=0; 
    } 
    roiManager("select", ROInum); 
    run("Add...", "value=255"); 
    run("Clear Outside"); 
    makeRectangle(0, 0,w, h); 
    run("Subtract...", "value=200"); 
    run("Multiply...", "value=8");    
    roiManager("deselect"); 
    makeRectangle(0, 0,w, h); 
     
    run("Erode"); 
    roiManager("reset"); 
    saveAs("Tiff", output3+filebase+"_Mask.tif"); 
    selectImage(imageID); 
    saveAs("Tiff", output1+filename); 
    run("Close All"); 
    roiManager("reset");    
  }else if(A==4){ 
   selectImage(imageID); 
   saveAs("Tiff", output5+filename); 
            run("Close All"); 
  }else { 
   selectImage(imageID); 
   saveAs("Tiff", output2+filename); 
            run("Close All");    
  } 
 } 
} 
 

6.2.4.4 MaskApply3_3Channel.ijm 

input = getDirectory("Choose Target Directory (should contain a CellImages 
folder): "); 
parent = File.getParent(input); 
target = input + "CellImages\\"; 
mask = parent + "\\DilatedMasks_BlackEdge\\"; 
output = input + "CellMasked\\"; 
list = getFileList(mask); 
File.makeDirectory(output); 
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setBatchMode(true); 
 
for (i = 0; i < list.length; i++) { 
 filename=list[i]; 
 Matt4(target, filename); 
} 
function Matt4(target, filename) { 
 L=lengthOf(filename); 
 filebase=substring(filename,0,L-9);  
 open(target+filebase + ".tif"); 
 run("Split Channels"); 
 selectImage(1); 
 c2=getTitle(); 
 selectImage(2); 
 c3=getTitle(); 
 selectImage(3); 
 c4=getTitle(); 
 open(mask+filename); 
 run("Divide...", "value=255"); 
 c1=getTitle(); 
 imageCalculator("Multiply", c2, c1); 
 imageCalculator("Multiply", c3, c1); 
 imageCalculator("Multiply", c4, c1);  
 run("Merge Channels...", "c1="+c2+" c2="+c3+ " c3="+c4+" create"); 
 saveAs("Tiff", output+filename);  
 run("Close All"); 
 run("Clear Results"); 
 roiManager("Reset"); 
} 
 

6.2.4.5 Endosome_analysis_for_matlab.ijm 

dir1=getDirectory("Choose a Directory"); 
dirName = File.getName(dir1); 
parent = File.getParent(dir1) + "\\"; 
output=parent+dirName + "_endo_ratios\\"; 
File.makeDirectory(output); 
filelist = getFileList(dir1);  
setBatchMode(true); 
for (i = 0; i < lengthOf(filelist); i++) { 
    if (endsWith(filelist[i], ".tif")) {  
        open(dir1 + File.separator + filelist[i]); 
        filename=filelist[i]; 
        L=lengthOf(filename); 
  filebase=substring(filename,0,L-4); 
  run("Split Channels"); 
  selectImage(1); 
  ch1=getTitle(); 
  selectImage(2); 
  ch2=getTitle(); 
  selectImage(3); 
  ch3=getTitle(); 
  imageCalculator("Add create", ch1, ch2); 
  imageCalculator("Add create", ch1, ch2); 
  setThreshold(1,65335); 
  setOption("BlackBackground", false); 



 152 

  run("Convert to Mask"); 
  rename("Mask"); 
  roiManager("reset"); 
  run("Analyze Particles...", "add"); 
  close(); 
  roiManager("select", 0); 
  roiManager("rename", "Cell"); 
  imageCalculator("Divide create float", ch2, ch1); 
  saveAs("Tiff", output+filebase+"_Ratio.tif"); 
  run("Set Measurements...", "integrated display redirect=None 
decimal=3");  
  run("Merge Channels...", "c1="+ch1+" c2="+ch2+" create"); 
  roiManager("select", 0); 
  run("Measure"); 
  run("Next Slice [>]"); 
  roiManager("select", 0); 
  run("Measure"); 
  run("Close All"); 
    } 
} 
saveAs("Results", parent+dirName+"_endo_ratio_vals.csv"); 
run("Close All"); 
run("Clear Results"); 
roiManager("reset"); 
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