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Multifaceted roles of the lipid scramblase TMEM16F in tauopathy 

Mario Victor Zubia 

 
 

ABSTRACT 
 
TMEM16F is a calcium-activated phospholipid scramblase and non-selective ion channel, which 

can move lipids bidirectionally across the plasma membrane. While earliest studies of 

TMEM16F have implicated its function in the release of microvesicles, large extracellular 

vesicles budded directly from the plasma membrane, we have found that knockout of TMEM16F 

from microglia additionally results in increased release of exosomes, extracellular vesicles 

derived from exocytosis of multivesicular bodies. Microglial exosomes have been implicated in 

the spread of soluble tau oligomers in the P301S mouse model of tauopathy. We sought to 

investigate the pathological effect of increased microglial exosomes from TMEM16F knockout in 

these tauopathy mice. When TMEM16F was removed from microglia, we observed worsening 

of hyperphosphorylated tau and microgliosis, suggesting an increase in exosomes can 

contribute towards pathology. However, when TMEM16F was knocked out from all cells, we 

found the opposite phenotype, with knockout mice having a reduction in pathology compared to 

those with TMEM16F intact. In P301S mice, neurons have been shown to aberrantly expose 

phosphatidylserine (PS), targeting them for premature death by microglia. Thus, we investigated 

if neurons with pathological tau burden and removal of TMEM16F still experienced this PS 

exposure and whether a deficiency in PS exposure may explain the reduction in pathology. In 

vitro cultures of tau burdened TMEM16F knockout neurons exposed less PS and had fewer 

interactions with WT microglia that were added to the neuronal cultures.  These findings 

suggest TMEM16F may become activated in neurons with tauopathy to expose PS while 

TMEM16F in microglia may influence the balance of microvesicle and exosome release. Better 

understanding of TMEM16F may facilitate its manipulation in various cell types toward future 

development of therapeutics.   
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1.1 TMEM16F and the TMEM16 Family 
 

Mammalian transmembrane protein 16F (TMEM16F), also known as anoctomin-6 

(Ano6), is a calcium-activated phospholipid scramblase and small-conductance ion channel. 

While the TMEM16F gene was first identified in 2004 [1], its function as a lipid scramblase was 

not discovered until 2010 [2]. In the decade since, researchers have begun to understand the 

diverse roles TMEM16F plays throughout the body and have utilized its properties as a lipid 

scramblase to probe mechanistic studies of how lipids can move across the bilayer and how this 

may lead to downstream cellular processes, including extracellular vesiculation [3-8]. 

1.1.i Founding members of the TMEM16 family 
 

TMEM16F is a member of the TMEM16 family of Ca2+-activated ion channels and lipid 

scramblases (A-K, excluding I) that have a wide milieu of functions and roles throughout the 

body [5, 6, 8]. For decades, scientists knew of the importance of calcium-activated chloride 

currents in a variety of physiological functions but had been unsuccessful in identifying its 

source [9]. In 2008, three independent research groups—including the Jan laboratory—

identified unambiguously, using different techniques and expression systems, that TMEM16A 

and its close paralog TMEM16B (82% transmembrane domain sequence similarity) were 

responsible for this current [10-12].  

These two founding members, TMEM16A and TMEM16B have been well studied since 

their identification and are well established as Ca2+-activated chloride channels. Their channel 

activity plays roles in control of neuronal excitability, transepithelial ion transport, primary 

ciliogenesis, olfaction, phototransduction, smooth muscle contraction, nociception, and cell 

proliferation [5, 6, 8, 13]. When misregulated, they have implications in disease, such as 

TMEM16A overexpression correlated with prognosis in many cancers or TMEM16B being an 

autoimmune target in multiple sclerosis [14, 15]. In addition to TMEM16A and TMEM16B, 

calcium-activated chloride channel activity has also been found in the Drosophila homolog, 
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Subdued [16]. This current, however, has not been definitively shown from any other family 

members. While TMEM16E, TMEM16F, and the fungal homologs nhTMEM16 and afTMEM16 

have possible dual function as a channels and phospholipid scramblases, most other TMEM16 

members are either only phospholipid scramblases or still have unknown function [17-19]. 

1.1.ii TMEM16 family members have broad functions throughout the body 
 

The TMEM16 family has expression across the entire body and may serve a variety of 

functions in many cellular processes and tissues. TMEM16A is expressed in all secretory 

epithelium, certain smooth muscles, and sensory neurons [5, 8, 10]. TMEM16B is found in 

central neurons and controls neuronal excitability in multiple brain regions including 

hippocampus, inferior olive, thalamus, retina, and lateral septum [20, 21]. TMEM16C is 

expressed in the central nervous system (CNS) and has been implicated in febrile seizures and 

sensory neuronal pain processing [5, 8, 22]. Studies of TMEM16E have linked it to multiple 

musculoskeletal disorders including several muscular dystrophies, myopathies, and skeletal 

dysplasias [23-25]. It is localized predominantly to intracellular membrane vesicles and plays a 

role in membrane repair [6, 23-25]. TMEM16F has low expression throughout almost all cells in 

the body, including all immune cells probed thus far, and has an important role as a 

phospholipid scramblase [2, 26-29]. TMEM16G is highly expressed in the prostate and has 

expression very similar to that of prostate cancer genes [30]. TMEM16K expression is found in 

the CNS and in numerous immune cells. It is an interorganelle regulator of endosomal sorting 

and its mutation leads to spinocerebellar ataxia [31]. Other TMEM16 members have unknown 

function, but research into the entire family is rapidly expanding.  

1.1.iii Scott syndrome and TMEM16F as a lipid scramblase 
 

As stated previously, only TMEM16A and TMEM16B have been shown to be bona fide 

Ca2+-activated chloride channels. Instead, most other members including TMEM16C, 
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TMEM16D, TMEM16E, TMEM16F, TMEM16G, and TMEM16K have been shown to have 

phospholipid scrambling ability [32, 33]. 

Mammalian cell membranes are composed of a phospholipid bilayer with asymmetrically 

distributed lipids including phosphatidylserine (PS), phosphatidylethanolamine (PE), and 

phosphatidylinositols (PIs) on the inner leaflet and phosophatidylcholine (PC) and various 

glycosphingolipids (including sphingomyelin (SM) and gangliosides) on the outer leaflet [34-36]. 

This process is established and maintained through ATP-dependent unidirectional phospholipid 

translocases that can either bring aminophospholipids from the outer leaflet inward towards the 

cytoplasm (P4-ATPases) or oppositely, move other lipids from the inner leaflet to the luminal 

side (ATP-binding cassette (ABC) transporters)—referred to as “flippases” and “floppases,” 

respectively [36-38]. Phospholipid scramblases are a third class of proteins that can reversibly 

move these lipids bidirectionally from one leaflet to the other in a calcium-dependent, energy-

independent manner. This leads to transient or sustained collapse of membrane asymmetry, 

similar to the case of apoptotic scrambling [37, 38]. 

Patients with a rare bleeding disorder called Scott syndrome have a deficit in 

coagulation, which is attributed to platelets deficient in lipid scrambling [39]. During coagulation, 

anionic lipids on platelets promote assembly of factors and accelerate formation of thrombin, 

which allows a blood clot to form quickly [39]. Exposure of these negatively charged lipids, 

which are normally sequestered on the inner leaflet, is crucial to this cascade [39]. While 

phospholipid scramblase 1 (PLSCR1) was initially thought to be the scramblase involved in 

Scott syndrome [40, 41], its knockouts in mice and Drosophila ruled it out  to be a scramblase 

completely [42]. It was discovered that Scott syndrome patients have mutations that lead to 

truncation of TMEM16F mRNA [2, 43]. Scott syndrome patient cells bearing these mutations 

were confirmed to have calcium-activated scrambling deficits [2] and TMEM16F knockout mice 

additionally had both deficiencies in scrambling and blood coagulation [7].  This identification of 
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TMEM16F as an elusive scramblase has launched much research into the cellular dynamics of 

lipid asymmetry and consequence of collapse of plasma membrane asymmetry. 

1.1.iv Insights of lipid scrambling by comparison of TMEM16A and TMEM16F 
 

There is much interest in understanding the varied function of TMEM16 family members. 

All TMEM16 proteins have 10 transmembrane domains and can form homodimers, with each 

monomer coordinating two Ca2+ ions [44-46]. Analysis of different TMEM16 members has 

identified those members that are able to scramble (TMEM16C, -D, -E, -F, -G, -K) and particular 

domains which impart scrambling ability [32, 47, 48]. Cryo-EM structures of TMEM16 fungal 

homologues, TMEM16A, and TMEM16F have also revealed a possible pathway for lipid 

scrambling along a hydrophilic groove separate from an ion permeation channel [45, 49-52]. 

Better understanding of how lipids are scrambled will allow for development of pharmacological 

modulators of scrambling activity and its downstream effects.  

1.1.v Diverse roles of TMEM16F and its ability to scramble lipids 
 
 A direct consequence of lipid scrambling from platelets is release of microvesicles that 

aid in coagulation [27]. Apart from coagulation, TMEM16F has been identified to have many 

other roles throughout the body.  Initial assessment of B and T cells from Scott syndrome 

patient cells show scrambling deficits [2] and a later studies identified TMEM16F as mediating 

secretion of sheddase ADAM10, which is often dysregulated in tumorigenesis and some 

neurodegnerative disorders, from these cells [53].TMEM16F on T cells has been shown to be 

important for regulation of T cell receptor secretion at the immunological synapse to prevent 

exhaustion during infection [54]. It has also been shown to be important for T cell membrane 

expansion and release of PD-1, which is a negative regulator of inflammation [26]. Researchers 

have demonstrated that HIV-1 fusion depends upon activation of TMEM16F; PS aids in HIV-1 

envelope binding on target T cells [55]. Furthermore, in infected cells of HIV-1 or Ebola virus, 

replication of virus and release of virions is dependent upon PS exposure mediated by 
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TMEM16F [56, 57]. TMEM16F also has roles in membrane repair after pore formation [58]. In 

arthritis, TMEM16F in neutrophils allows for the formation of microvesicles containing Annexin 

A1 to provide resolution to inflammation within the synovium [59]. During bone formation, 

TMEM16F is important for osteoblast matrix vesicle formation [60]. Additionally, a few studies 

have examined TMEM16F’s role in the nervous system. TMEM16F is important in recruitment of 

fast α-motor neurons to C-boutons of motor neurons [61], in microglial (dys)function in 

neuropathic pain states [62] and in polarization following spinal cord injury [63], and most 

recently, in exposure of PS in neurons after cerebral ischemia [64]. Importantly, many of these 

identified roles of TMEM16F in lipid scrambling lead to extracellular vesiculation and that it is 

these vesicles that impart effect on other cells or processes.  

1.2 Extracellular Vesicles 
 

Very little is known about the role of extracellular vesicles (EVs) in physiology and 

disease. Extracellular vesicles are membrane-enclosed bodies of various origins and sizes that 

are released into the extracellular space and are able to transport lipids, proteins, and various 

RNA species [65-70]. 

1.2.i Classes and origins 

Extracellular vesicles consist of three main populations: apoptotic bodies, microvesicles 

(MVs), and exosomes. Apoptotic bodies (1-5 μm) are cellular blebs released during apoptosis 

[71]. Microvesicles (100 nm-1 μm), also known as microparticles or ectosomes, are EVs 

secreted by direct outward budding from the plasma membrane (Figure 1.1) [71]. Exosomes 

(30-100 nm), the smallest EVs, are intraluminal vesicles (ILVs) that are released through 

exocytosis of multivesicular bodies (MVBs) (Figure 1.1) [72, 73]. ILVs are formed by reverse 

budding into the lumen of late endosomes and are released as exosomes when MVBs fuse to 

the plasma membrane [72, 73].  It is important to note that while size proves useful in attempts 
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to distinguish extremes of these different species of EVs, there is a large heterogeneity amongst 

different populations and overlap exists [67].  

Identifying universal markers for different populations has been a long sought-after goal 

in the extracellular vesicle field. However, as with size heterogeneity, many EVs of the same 

type have different markers depending on cell of origin or physiological state [72]. Because of 

the main ways in which they are processed and formed, markers on exosomes often contain 

various proteins enriched in endosomes or endosomal membranes, such as tetraspanins (CD9, 

CD63, CD81, CD82), heat shock proteins, MHC complexes, TSG101, or members of the 

ESCRT machinery, involved in sorting and scission of ILVs into endosome, which form MVBs 

[67]. Endosomal sorting complex required for transport (ESCRT) proteins involved in biogenesis 

of ILVs and MVBs consist of about 20 proteins that form four complexes (ESCRT-0, -I, -II, -III) 

and associate with VPS4, VTA1, and Alix [74, 75]. ESCRT-0 recognizes and brings 

ubiquitinated proteins to endosomes, ESCRT-I and -II help with membrane deformation and 

budding, and ESCRT-III helps with scission [76, 77]. Microvesicles also, however, utilize 

ESCRT for scission, so many of the proteins initially thought to be exosome specific are also 

found on MVs [78]. Some MVs utilize the small GTPase ADP-ribosylation factor 6 (ARF6), as it 

recruits some proteins to the plasma membrane including β1 integrins, MHC class 1 molecules, 

membrane type 1-matrix metalloproteinase (MMP14), and VAMP3. Many studies will use size 

and show exclusion on TSG101 or HSP70 to characterize a microvesicle population. As stated, 

however, different cells modulate their machinery depending on its function and even within one 

cell type, multiple forms of exosomes or MVs and cargoes can exist [78].  

1.2.ii Extracellular vesicles in physiology throughout the body and the brain 

Extracellular vesicles have been shown to have many roles throughout the body, 

especially for cellular communication. The cargoes of EVs can contain proteins, messenger 

RNAs (mRNAs), micro RNAs (miRNAs), and DNA [72, 79]. Effects of these cargoes on recipient 
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cells  are broad and can help maintain cell homeostasis [80], affect cell survival [81],  induce 

cellular signaling after either binding or release of content [71, 82, 83], altering gene expression 

[84], or  help protect or repair tissue [85]. While most studies involve the periphery, research into 

EVs and the nervous system has also been rapidly expanding [86]. Gene expression is altered 

in astrocytes upon uptake of neuronal exosomes containing miR-124a, leading to upregulation 

of excitatory amino acid transporter 2 (EAAT2), an important mediator of glutamate uptake in 

the brain [87]. Oligodendrocyte EVs have been shown to secrete exosomes with proteolipid 

protein (PLP), myelin proteins, and proteins against oxidative stress, and can be released upon 

glutamate release from neurons [88, 89]. They have also been shown to release EVs which 

inhibit myelination and differentiation through absence of neurons [90]. Microglial MVs have 

been shown to modulate neuronal excitability [91, 92]. Their exosomes can have similar content 

to peripheral immune cells under basal condition (MHCII, chaperones, tetraspanins, CD13)  [93] 

and release may be influenced by neurotransmitters, including serotonin [94]. In response to 

binding of P2X7 receptors, both microglia and astrocytes can release MVs with IL-1β [95, 96], 

and astrocyte EVs have been shown to contain synapsin 1 [97]. 

1.2.iii Extracellular vesicles in disease 

Exosomes and MVs have been implicated in several disorders, including cardiovascular 

disease, thrombosis, arthritis, and cancer metastasis [69, 98-102]. The surge in EV research 

was, in part, mediated by studying cancer cells and exploring tumor EVs and their effect on 

metastasis and either up or downregulation in target cells [78, 98]. Recent studies have 

explored the role of exosomes in neurodegeneration. Researchers have demonstrated that 

exosomes are able to spread toxic forms of aggregate-prone proteins such as alpha synuclein 

in Parkinson’s disease, amyloid beta in Alzheimer’s disease, and tau in tauopathies [103-107].  

In particular, EVs from microglia, immune cells of the brain, have been shown to contain 

proinflammatory cytokines as well as these toxic forms of proteins  [96, 103, 107, 108].  



 9 

1.3 Neurodegeneration and tauopathy 

1.3.i The brain and neurodegenerative disorders 

The brain is the most complex organ in the body. Its nearly 100 billion neurons help to 

connect, orchestrate, and sync system function throughout the body through about 100 trillion 

synapses [109]. While neurons relay the electrical and chemical signals throughout the body, 

there are numerous other cell types pivotal to brain function such as microglia, astrocytes, 

oligodendrocytes, and NG2-glia [110].  

Neurodegenerative disease is characterized by the progressive degeneration of 

neurons, either in their structure and connectivity or in their function, leading to cell death. There 

are many types of neurodegenerative disorders including, but not limited to, Alzheimer’s disease 

(AD), frontotemporal dementia (FTD) and its variants, progressive supranuclear palsy (PSP), 

Parkinson’s disease, corticobasal degeneration (CBD), dementia with Lewy bodies, multiple 

system atrophy, multiple sclerosis, lateral amyloid sclerosis, and Huntington’s disease [111]. 

Alzheimer’s disease alone affects 24 million people worldwide [111]. These disorders have a 

broad range of clinical syndromes and underlying pathologies, but many share a common 

pathological hallmark of a protein exhibiting prion-like behavior, damaging the neuron it is within, 

and upon spreading causing healthy neurons to become diseased [111]. Clinical syndromes 

that manifest are often a result of the particular subset of neurons that are affected and what 

their normal physiological role is [111]. Unlike most other cells in the body, neurons do not 

undergo cell division, enhancing the need to develop therapeutics to prevent this irreplaceable 

loss from neurodegeneration. 

1.3.ii Alzheimer’s disease and tauopathies 
 

Alzheimer’s disease is the most common form of dementia, accounting for 60 to 80% of 

all cases and affecting 24 million people worldwide and 5 million Americans [109, 111]. In the 

United States, it is the sixth leading cause of death and fifth in people 65 or older, with over 
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122,000 deaths in 2018 alone [109]. Care for patients in 2020 was valued at $305 billion and an 

estimated $244 additional unpaid care from more than 16 million family members [109]. As the 

population ages, AD presents a huge societal health crisis that must be tackled. 

Alzheimer’s disease is characterized by the buildup of extracellular amyloid beta (Aβ) 

plaques and intracellular neurofibrillary tau tangles (NFTs), including smaller oligomers of both 

which also impede neuronal function [112, 113]. In addition to pathology caused by these two 

proteins, AD is accompanied by inflammation and brain atrophy [111, 114]. Amyloid beta is 

thought to form plaques prior to tau tangle formation and for many years it was thought to have 

more weight in disease progression [109]. However, both have been shown to induce deficits 

and degeneration, and furthermore, the rate of tau, rather than Aβ, changes is associated with 

cognitive deficits [113]. Additionally, clinical trials for Alzheimer’s targeting Aβ have failed in late 

stage, raising the question whether tau therapeutics may be more promising [115]. 

While AD is the most common dementia, neurofibrillary tangles are the most common 

intracellular inclusion and are found in most neurodegenerative disorders; over twenty-five are 

classified as tauopathies [116]. Tau deposits are the predominant pathological signature in PSP, 

CBD, frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17), Pick’s 

disease (PiD), chronic traumatic encephalopathy (CTE), and argyrophilic grain disease (AGD). 

Because many mechanisms are shared across these diseases, it can be beneficial to study 

tauopathies as a whole. 

1.3.iii Tau and NFTs 
 

Tau is a 45 to 65 kDa microtubule-associated protein (MAP) important for microtubule 

scaffolding throughout the cell and along axons [116]. Tau proteins are made up of four distinct 

domains, with their N terminal projection domains and microtubule-binding repeat domains  

(MTBD) varying in number resulting in 6 different splice isoforms that have various spatial and 

temporal distribution throughout the brain [117]. The N terminal domain is made of either one 
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(1N) or two repeats (2N) and is important for spacing between microtubules and axon diameter 

[116, 117]. The MTBD is made of three (3R) or four (4R) highly conserved repeat motifs that 

can bind microtubules through an array of weak sites [118]. Tau is an intrinsically disordered 

protein meaning it has no stable sequence-defined secondary structure. This allows for easier 

access to phosphorylation, among other modifications, and can decrease its affinity to 

microtubules, which in healthy neurons, ensures dynamics [119, 120]. However, in tauopathies, 

mutations lead to hyperphosphorylation, and dissociation of tau from microtubules eventually 

leads to their formation of NFTs in the cytosol [116, 120]. Various species of NFTs or oligomers 

of tau fibrils exhibit prion-like behavior, where there is a generation of a tau fibril seed that can 

be secreted from burdened neurons, taken up by an unaffected cell, and then serve as a 

template for more misfolded tau [120, 121].  
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1.2 FIGURES 
 

 
Figure 1.1. Extracellular vesicles and the endolysosomal pathway. Apart from apoptotic 
bodies (1 - 5 µm) that bleb from the cell during apoptosis, two other extracellular vesicles are 
microvesicles (MVs)(100 nm - 1 µm) and exosomes (20 – 150 nm). After endocytosis, early 
endosomes (EEs) mature into late endosomes/ multivesicular bodies (MVBs), containing 
inwardly-budded intraluminal vesicles (ILVs). MVBs can be targeted for the lysosome, where 
ILVs are degraded or brought to the plasma membrane, where ILVs are released as exosomes. 
Abbreviations: EE = early endosome, MVs = microvesicles, MVB = multivesicular body, ILVs = 
intraluminal vesicles, GC = Golgi complex.  

 
  
 
 
 
 
 
 



 13 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 2: Functional roles of TMEM16F in microglia  
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2.1 INTRODUCTION 
 

Microglia are the resident immune cells of the brain. Throughout development and aging, 

they help to prune synapses, scavenge, clear apoptotic debris, and are the first line of defense 

against brain pathologies or assault [122-126]. Unlike other organs in the body, the brain is 

protected by a semipermeable seal—the blood brain barrier—which under normal physiology 

does not allow for entry by other cells, including those of the immune system. Because of this, 

microglia’s roles are vast. But likewise, because they play many pivotal roles, dysegulation often 

manifests alongside neurodegenerative disorders, where improper clearance of pathological 

protein aggregates or hyperinflammation due to these aggregates further damage neurons 

[127]. 

Yolk sac progenitor cells enter the neural tube during embryonic development at E9.5 

and are the only such brain cell not derived from neuroectoderm [128]. Other tissue resident 

macrophages, similarly enter their respective tissues as yolk sac progenitors and persist 

through self-renewal instead of through bone marrow-derived monocytes that become 

macrophages  in circulation [128]. However, because these cells share common lineage, they 

also share many of the same molecular signatures [125, 127, 129] and thus functions and 

abilities including phagocytosis of apoptotic cells or pathogens [130], surveillance [131], and 

secretion of pro- and anti-inflammatory cytokines and chemokines [125].  

Brain specific function of microglia begin early in development with aiding in 

differentiation [132] and migration  of neurons and other glia such as astrocytes [133], promoting 

formation of synapses [134], as well as synapse removal with aide of the complement proteins 

[123]. In the adult, microglia can modulate neuronal activity [135], promote neurogenesis [136], 

and like in development, prune synapses, which in adulthood can affect memory and learning 

[137]. In pathology, microglia are important for phagocytosis and inducing inflammation for 

clearance of aggregate proteins and dying cells  and have unique disease associated microglia 

(DAM) signatures [127, 138]. Large genome wide association studies (GWAS) have identified 
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risk factors and single nucleotide polymorphisms (SNPs) in genes that encode microglial 

proteins that have function in these processes, including TREM2, CD33, and APOE found in 

DAM [139]. While production of inflammatory cytokines and chemokines aid in clearance, 

microglia often become overwhelmed and can lose proper ability of sensing, housekeeping, and 

host-defense and thus an inflammatory state and now improper clearance worsens progression 

of disease [127, 138, 140]. Taken together, it is evident that the role of microglia in 

neurodegeneration is a double-edged sword and understanding the balance of 

neuroinflammation continues to be an important to understanding disease pathogenesis [127, 

140]. 

TMEM16F had been studied or its expression found in various immune cells including 

platelets, erythrocytes, T cells, B cells, neutrophils, and macrophages [2, 3, 7, 27, 54, 59]. We 

thus sought to examine the role it may have in microglia, which as previously mentioned, has 

many cellular functions found in these immune cell counterparts. 

2.2 RESULTS 

2.2.i TMEM16F is enriched in all extracellular vesicles 
 

TMEM16F’s role in regulation of microvesicles (MVs) was well known from previous 

studies in other immune cells [3, 7, 59], so we wanted to confirm this phenotype in microglia. 

Microglia utilize vesicles for extracellular communication and various forms of x, y, z.  

We first knocked out TMEM16F from the microglial BV2 cell line using CRISPR-Cas9 

technology with guides against exon 2 (described in Ch4: Materials and Methods, Table 4.1), 

which resulted in a premature stop codon in a similar location to that of the mutation found in 

Scott Syndrome [43]. To collect microvesicles and other extracellular vesicles (EVs), we 

stimulated cells with a pulse of calcium ionophore A23187 and then collected media after 90 

minutes of incubation. Collected supernatant was spun down through differential 

ultracentrifugation to isolate different EVs which either pellet or remain in suspension depending 
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on the speed of centrifugation (Ch4: Materials and Methods, Figure 4.1). An important caveat, 

however, is that differential ultracentrifugation does not fully distinguish exosomes from MVs, 

but instead gives a rough estimate of different populations based on size. When different 

extracellular vesicle populations were probed for TMEM16F expression via Western blot, we 

saw enrichment of TMEM16F not only in MVs, which is known from previous studies, but also in 

exosomes (Figure 2.1A). We confirmed that our samples were positive for Alix, an ESCRT-

associated protein and saw that upon Ca2+ stimulation, its expression increased (Figure 2.1B). 

2.2.ii TMEM16F KO microglia secrete fewer microvesicles and more exosomes 
 

Different EV populations were quantified using Nanosight nanoparticle tracking analysis 

(NTA), that uses Brownian motion to determine particle size and ImageStreamX flow cytometry, 

which in addition to fluorescence, forward scatter (FSC) and side scatter (SSC), also uses 

microscopy to take an image of each event. While NTA is better suited for smaller EVs like 

exosomes, ImageStreamX flow cytometry can better quantify MVs [141]. After Ca2+ stimulation 

with calcium ionophore A23187, TMEM16F KO BV2 cells release fewer MVs compared to WT, 

as has been shown for numerous other cell types (Figure 2.1C). Despite releasing fewer MVs, 

they also surprisingly, secrete more exosomes (Figure 2.1C). We verified these results using 

three independent knockout BV2 cell lines, suggesting this phenotype was not due to an off-

target effect of the CRISPR/ Cas9 sgRNAs. When primary microglia were cultured and 

extracellular vesicles were collected and counted, we observed the same increase in exosomes 

from TMEM16F KO cells (Figures 2.1D).  

2.2.iii TMEM16F KO increases cell size in BV2, but not primary microglial cells 
 

To begin to explore possible mechanisms behind this increase, we quantified cell size 

between genotypes. During culture of WT and TMEM16F KO BV2 cells, we observed that 

knockout cells appeared larger that WT. TMEM16F has been suggested to regulate volume 

[142]. It is possible that larger cells have more membrane available or have more volume within 
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the cytoplasm for multivesicular bodies and thus may result in more exosomes being released. 

In BV2 cells, we found that TMEM16F KO cells segregated from WT, both with FSC and SCC, 

with these KO cells thus being larger and more granular, respectively (Figure 2.2A-B). BV2 

cultures that were imaged with brightfield microscopy also showed that knockout cells were 

larger than wildtype (Figure 2.2C-D). To see if this volume increase applies to primary 

microglia, which also secrete more exosomes in the absence of TMEM16F, we analyzed 

primary cells.  Flow cytometric analysis showed KO cells were the same size as WT (Figure 2.2 

E-F). This was confirmed by brightfield microscopy (Figure 2.2G). This suggests that while 

larger cell size may partly contribute to more exosome secretion in BV2 cells, this alone, does 

not explain increased exosome release, as this cell size difference is not present in primary 

microglia.  

2.2.iv TMEM16F KO microglia have enhanced phagocytic ability 
 

Another possible explanation for increased exosome release may be deficient 

degradation of intraluminal vesicles (ILVs) within late endosomes. In the endolysosomal 

pathway, only a few multivesicular bodies (MVBs) fuse with the plasma membrane to release 

exosomes. The remainder will fuse with lysosomes leading to the degradation of ILVs [72, 83]. 

In macrophages infected with mycobacteria, where exosome secretion is increased, MVBs and 

phagosomes are nonfusigenic with lysosomes and fail to acidify [143, 144]. In SH-SY5Y 

neuronal-like cells overexpressing alpha synuclein, impairment of lysosomal function results in 

increased exosomes containing alpha synuclein. Recently, it was also shown that knockdown of 

NDRG1, a cytoplasmic protein involved in regulation of endosome trafficking, or use of 

pharmacologic inhibitors of endolysosomal trafficking—chloroquine or NH4Cl—all resulted in 

increased exosome release [145]. In all cases, impaired lysosomes or impaired trafficking to the 

lysosome leads to inadequate degradation of ILVs from MVBs or phagosomes, leading to their 
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release upon MVB fusion to the plasma membrane. In TMEM16F KO cells, it is possible that 

insufficient degradation is a cause for the release of more ILVs.  

To first probe whether general lysosome machinery or trafficking to the lysosome was 

impaired, we decided to look at phagocytosis, a cellular process by which microglia rely heavily 

on their lysosomes for degradation of phagocytosed material. We assayed phagocytosis using 

pH sensitive fluorophore-conjugated E. coli particles (pHrodo E. coli) that fluoresce upon 

reaching the lysosome. We found that TMEM16F KO cells have increased acidification of E. coli 

particles, as a metric of phagocytic ability, compared to WT (Figure 2.3A). We also observed 

this increase in acidification when we performed this assay in primary microglia with TMEM16F 

knocked out (Figure 2.3B). To ensure acidification was not due to increased cell death, which 

results in alteration of cellular pH [146], we also utilized live imaging microscopy to visualize 

pHrodo E. coli particles (Figure 2.3C). Additionally, we used Alexa 594-conjugated E. coli and 

measured signal within microglia at various timepoints (data not shown). Knockout cells 

phagocytosed more E. coli and the signal was punctate, perinuclear and not broadly 

cytoplasmic suggesting there was not increased cell death from these cells (Figure 2.3C-D). 

While phagocytosis is one of many processes by which early endosomes may form, the lack of 

impairment and furthermore increased ability does not suggest that lysosome machinery is 

contributing to increased exosome release.  

2.3 DISCUSSION 
 

The discovery of TMEM16F as a lipid scramblase has introduced many new approaches 

to study cellular processes that rely upon lipid asymmetry—one of which is extracellular 

vesiculation [38, 83, 147, 148]. TMEM16F was first identified to be responsible for both PS 

exposure on platelets in coagulation and also release of platelet microvesicles [27]. All studies 

examining TMEM16F thus far have focused on microvesicles, but our data provide the first 
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evidence of its effect on exosomes. We found that knockout of TMEM16F from microglia both 

reduces the release of MVs and increases the secretion of exosomes.  

Although the mechanism behind TMEM16F mediated MV biogenesis is not fully known, 

it is proposed that lipid scrambling may both destabilize the plasma membrane and create a 

local lipid profile conducive toward recruitment of factors to help with budding and scission [83, 

148, 149]. Increased exosome release from TMEM16F knockout cells after Ca2+
 stimulation 

likely involves disruption of the phospholipid bilayer, but it is important to first identify where in 

exosome biogenesis and release TMEM16F is playing a role. Exosomes originate from the 

exocytosis of ILVs when MVBs fuse to the plasma membrane [72, 83]. ILVs form from the 

maturation of endosomes through the endolysosomal pathway, so there are several locations in 

which TMEM16F may be acting. 

 In TMEM16F KO, one possible change may be differences in MVBs under basal 

conditions. An increase in the number of MVBs produced or an increase in the number of ILVs 

within each MVB could result in more exosomes being released. Furthermore, because 

TMEM16F can scramble lipids and phospholipid composition is essential to membrane 

curvature of inward budding of ILVs, it is conceivable that dysregulation of scrambling may lead 

to more ILVs or MVBs being produced. Lipid domains have been implicated in protein targeting 

for docking and fusion of MVBs to the plasma membrane [150-152]. Additionally, membrane 

curvature important for inward budding of ILVs may depend on lipid composition of the MVB 

membrane [153, 154]. Late endosomes are highly enriched in sphingolipids and cholesterol 

[154, 155]. On endosomes, which have sphingolipids on their inner leaflet, movement of 

sphingomyelin (SM), a particular sphingolipid, to the outer membrane, allows for neutral 

sphingomyelinase 2 (nSMase2) to covert SM into ceramide [154, 156, 157]. Ceramide, which 

contains monosaturated fatty acid chains, is able to cluster together with a much higher 

propensity than other polysaturated lipids, and cholesterol further stabilizes ceramide into lipid 

rafts [154, 156]. Ceramide lipid rafts promote negative curvature, which allows for inward 
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budding of ILVs from these late endosomes, thereby forming MVBs [154, 156]. If in TMEM16F 

KO cells, there are increased ILVs within MVBs, WT TMEM16F may be responsible for 

maintaining balance of SM on the inner leaflet.  

It is important to note, in the Jurkat T cell line, Hu and colleagues found that knockdown 

of TMEM16F results in no difference at basal state, but a reduction of ILVs after T cell receptor 

(TCR) stimulation [54]. They hypothesize this reduction in ILVs results in deficits in resolving 

TCR activation, as fewer activated TCRs would be sorted for degradation. They also show that 

knockout T cells exhibit higher levels of PD-1 and are less effective late into chronic infection 

[54]. Later studies by Bricogne and colleagues showed that TMEM16F instead traffics PD-1 and 

that its downregulation is through this mechanism of release in extracellular vesicles [26]. These 

differences suggest different activation of T cells may result in various EV biogenesis pathways 

and that in microglia after Ca2+ stimulation, there still may be increased ILVs in TMEM16F 

knockout cells. 

We showed that there was not a deficit and instead an enhancement of acidification of 

E. coli particles after phagocytosis by TMEM16F KO cells. It is still possible, however, that 

increased number of MVBs through mechanism of improper degradation or targeting can lead to 

increased exosome secretion. For microglia, E. coli is a non-physiologic antigen that it would not 

normally encounter. Future studies should examine fluorescently labeled apoptotic cells or 

debris or utilize another type of degradation along the endolysosomal pathway, such as EGF/ 

EGFR [158, 159]. Upon binding to its receptor, EGF can be tracked along early to late 

endosomes and ultimately to the lysosome[158].  

Regarding phagocytosis, Batti et al. and Zhao et al. found that TMEM16F knockout 

impairs phagocytic and inflammatory ability of spinal microglia [62, 63]. Batti and colleagues 

knocked out TMEM16F from monocytic lineage marker LysM, while Zhao and colleagues used 

a complete knockout mouse line [62, 63].  In the complete knockout, microglia had fewer pro-

inflammatory markers [63]. The authors suggest this is due to impairment of inflammatory 
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ability. However, an additional interpretation may be that neurons that also lose TMEM16F, 

have reduction of lipid scrambling, which may reduce their targeting by microglia.  This 

reduction of targeting may thus result in an overall lower inflammatory state that the authors 

observe [63]. In the study of Batti and colleagues, impaired phagocytosis by conditional KO 

microglia is observed through an increase of GABAergic neurons and reduction of engulfed 

material after spinal cord injury [62]. Our results showing an increase of acidification and by 

extension, phagocytosis, are at odds with the observation from Batti and colleagues. As 

explained, we use non-physiologic E. coli, which further suggests the need to test neuronal 

material or apoptotic cells in our microglia study. Understanding differences in phagocytic ability 

and more importantly, lysosomal function will be important to examining the basis for the 

TMEM16F KO mediated increase of exosome secretion. 

Finally, it is also possible that increased MVB fusion events at the plasma membrane are 

leading to more exosomes. Researchers have shown that various proteins require specific lipid 

domains for endosomal targeting [150-152]. If TMEM16F plays a role in regulating these 

domains on the plasma membrane for docking and fusion of MVBs, then knockout of TMEM16F 

may result in increased exosome release. Better understanding of the mechanism of how 

TMEM16F mediates or regulates MV or exosome secretion will allow for modulation of EVs 

through inhibitors or agonists that may help to slow progression of disease and can have huge 

implications in biomedical research. 
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2.4 FIGURES 

 
Figure 2.1. Knockout of TMEM16F from microglia alters extracellular vesiculation. A) 
Western blot of extracellular vesicle populations after Ca2+stimulation against TMEM16F shows 
an enrichment in both microvesicles and exosomes. B) Western blot of Alix in Ca2+-stimulated 
EVs. C) Knockout of TMEM16F from BV2 cells produce fewer MVs (p = 0.111) and more 
exosomes (p = <0.0001) when counted using ImageStreamX and Nanosight NTA, n = 4, x 5 
replicates per genotype. MV data is combination of ImageStreamX and NTA counts. D) 
TMEM16F KO primary microglia also produce more exosomes upon Ca2+stimulation and 
counting with Nanosight NTA (p = 0.0154), n = 3, x 5 replicates per genotype. Normalized 
secretion unit for C,D were particle counts/ viable cells/ lowest count. Statistical significance was 
determined using Mann-Whitney test between BV2 MVs, between BV2 exosomes, and primary 
exosomes. Error bars in SEM. 
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Figure 2.2 BV2 TMEM16F KO cells are larger than WT, while primary cells exhibit no 
differences in size.  A) FACS plot depicting WT and TMEM16F KO BV2 cells. B) Gating of WT 
cells shows KO cells are shifted upwards. C) Representative BV2 cells and trace and D) 
Quantification of size between TMEM16F KO and WT BV2 cells (p < 0.0001, Mann-Whitney 
test, n = 50 – 60 cells. E) FAC plot depicting WT and TMEM16F KO primary microglia. F) Gating 
of WT cells show no difference between TMEM16F KO microglia. G) Quantification of size 
based on pixels between primary WT and TMEM16F KO cells (n = 80 – 100 cells). Error bars in 
SEM. 
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Figure 2.3 TMEM16F KO cells have enhanced phagocytosis and acidification. A) Plate 
reader phagocytosis assay of pHrodo E. coli and TMEM16F WT and TMEM16F KO BV2 cells. 
Cytochalasin D (CytoD) inhibits actin polymerization and suppresses phagocytosis. (n = 4, 
significance begins at arrow, * = p < 0.05, two-way ANOVA, Tukey’s multiple comparisons test). 
B) Fluorescence of pHrodo E. coli phagocytosis assay with TMEM16F WT and TMEM16F KO 
primary microglia, n = 3. (Significance begins at arrow, ** = p < 0.01, two-way ANOVA, Tukey’s 
multiple comparisons test). C) Representative image of TMEM16F WT and TMEM16F KO BV2 
cells with pHrodo Red E. coli particles from the end of the experiment. D) Quantification of 
fluorescence within TMEM16F WT and KO BV2 cells from live microscopy (** p < 0.01, **** p < 
0.0001, two-way ANOVA, Sidak’s multiple comparisons test). Scale bar, 50 µm. Error bars in 
SEM. 
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CHAPTER 3: TMEM16F mediates aberrant neuronal lipid scrambling in the P301S model 

of tauopathy  
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3.1 INTRODUCTION 
 

Progressive cognitive dysfunction and neuronal loss are correlated with neurofibrillary 

tangles (NFTs), which are composed of hyperphosphorylated tau filaments and tau aggregates 

[113, 120]. In Alzheimer’s disease, spreading of tau begins in the entorhinal cortex (Braak stage 

I/II) and then spreads to the limbic areas including hippocampus (Braak stage III/IV) and finally 

to the neocortex (Braak stage V/VI) [160]. While AD is a secondary tauopathy, due to Aβ also 

affecting its pathology, this progression of spread is found in many models of tauopathy [161]. 

One of which is the P301S (PS19) mouse model that is widely utilized to study 

tauopathies and their progression of disease [161, 162]. These mice contain a human 1N4R 

MAPT transgene harboring the familial P301S mutation associated with several types of 

tauopathy [116, 162]. Mice begin to exhibit phenotypic disease pathology as early as 3 months 

in the form of microgliosis in some brain regions, including white matter and spinal cord [162]. 

By 6 months, microgliosis is spread to grey matter of the entorhinal cortex, amygdala, and 

hippocampus [162]. Additionally, neurofibrillary tangles can be found in these brain regions and 

mice begin to exhibit behavioral memory and learning deficits (Morris water maze and 

contextual fear conditioning) [162-164]. By 9 months, neuronal loss and ventricle abnormality is 

significant [165]. The founding line and many studies utilize a C57BL/6 x C3H mixed 

background. Interestingly, a delay in onset has been reported both in mixed background and in 

congenic crosses [166, 167]. 

There are several mechanisms which are known or thought to mediate pathological tau 

spread. Directly from neurons, naked tau seeds can be directly translocated through the plasma 

membrane into the extracellular space [168], or enclosed tau can be secreted through 

exosomes [169] or microvesicles [120, 170, 171]. New studies have also begun to implicate 

microglia in spreading of soluble tau oligomers, which it can obtain through phagocytosis or 

endocytosis of neuronal EVs [120]. To first assess the role microglia play in tauopathy, Asai et 

al. pharmacologically depleted microglia in PS19 mice by using PLX3397, an antagonist against 
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CSF1R that is crucial receptor required for microglial maturation, replication, and function [107]. 

They found that removal of microglia resulted in a reduction of the spread of 

hyperphosphorylated tau [107]. Microglia were able to phagocytose tau and secrete it within 

exosomes. Furthermore, when exosome machinery in microglia or in the brain was inhibited, tau 

secretion was equally inhibited [107]. This demonstrated that microglia could worsen tauopathy 

disease progression and spread of pathological tau through exosomes [107].  

3.2 RESULTS 

3.2.i Conditional microglial knockout of TMEM16F in PS19 mice worsens disease progression 
 

While testing functional roles of TMEM16F in microglia, we discovered that cells lacking 

TMEM16F release more exosomes, as discussed in Chapter 2.2.ii. To assess whether this 

increased exosome release from microglia has pathological relevance in the context of 

tauopathy, we crossed TMEM16F flox/flox Cx3cr1-Cre+ (also referred to as Cre+ henceforth) 

mice to PS19+ mice. Among brain cells, Cx3cr1, the fractalkine receptor, is highly and 

selectively expressed on microglia and thus its Cre line is often used to study microglia specific 

knockouts [172]. At 6 months, we observed no differences between PS19+ Cre+ and PS19+ 

Cre- mice in both levels of microgliosis (microglial density within the hippocampus) and that of 

hyperphosphorylated tau (AT8+ neurons within the pyramidal layer of CA1) using 

immunohistochemistry against Iba1 and AT8, respectively (Figure 3.1A-B). Additionally, there 

was no significant difference between PS19- and PS19+ mice in terms of microgliosis, 

suggesting a delay in onset of disease (Figure 3.1C). This falls in accordance with Iba et al. and 

Zhang et al., as our Cx3cr1-Cre line is on a C57BL/6 background and establishing our PS19 

Cx3cr1-Cre line required backcrossing of the PS19 mixed background onto this C57BL/6 one 

[166, 167].  

To allow progression of pathology, we continued to age mice to 7 months and assessed 

a small n to determine if pathology was present. While not significant due to the small n, there 
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was a trending difference in both gliosis and hyperphosphorylated tau between PS19- and 

PS19+ mice (Figure 3.1 D-E). Among PS19+ mice, however, the trend seemed less obvious 

between Cre- and Cre+ (Figure 3.1D-E). Despite this, we decided to move forward with 

behavioral tests to assess memory and learning. Testing for memory and learning would occur 

after a few weeks which would allow pathology to advance. 

3.2.ii PS19+ conditional TME1M16F KO mice have partially perturbed behavior 
 

Mice were first probed for baseline exploratory and anxiety behaviors using the open 

field test and elevated plus maze, respectively. In open field, total movement was similar among 

all genotypes, although PS19+ mice spent a larger proportion of time in the center of the field, 

suggesting less anxious behavior (Figure 3.2A-B). This dampening of anxiety was also seen in 

the elevated plus maze, where PS19+ trended towards spending more time in the open arm, 

both as more time elapsed towards the end of the trial and when compared to their total 

distance (Figure 3.2 C-D). Elevated plus maze data was slightly confounded by PS19- 

TMEM16F WT mice exhibiting higher baseline than expected. Additionally, mice exhibited no 

significant differences in nociception when tested on a hot plate (Figure 3.2E). We proceeded to 

assess various types visual-spatial learning and memory using active place avoidance (APA).  

In the APA test, mice are placed onto a rotating wheel with one quadrant providing a foot 

shock upon entry. Various trials and probes are used to test visual-spatial learning and 

reference memory [173].  During the training trials, where a shock is active, we found that 

PS19+ Cre+ mice made more entrances and had shorter latency to enter the shock zone 

compared to other genotypes (Figure 3.3). When the shock was removed and then replaced 

(probe and reinstatement), PS19+ Cre+ also had a high number of entrances (Figure 3.3A,C). 

This suggested that compared to PS19+ Cre- and PS19- Cre+ mice, microglial knockout in 

tauopathy worsens learning. Unfortunately, these results are confounded by the poor 

performance of PS19- Cre- nontransgenic mice which exhibited poor learning in probe and 
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reinstatement. They had no differences in total movement in open field or hindpaw withdrawal in 

hot plate, however, suggesting this was not caused by differences in pain perception or 

impairments in movement (Figure 3.2A, E). The large variability across all genotypes, 

additionally made statistical significance difficult to assess. 

3.2.iii Tau pathology is exacerbated in PS19 conditional TMEM16F KO mice 
 

To examine pathology of this cohort at the conclusion of testing (9-10 mo), 

immunohistochemistry was performed to assess microgliosis and tau hyperphosphorylation. 

Among PS19+ mice, those deficient in TMEM16F had elevated numbers of AT8+ neurons 

within CA1 (Figure 3.4A-B). PS19+ mice with TMEM16F removed also had increased density 

of microglia within the hippocampus (Figure 3.4C-D). These data showing an exacerbation of 

disease pathology when TMEM16F is knocked out of microglia suggest intact microglial 

TMEM16F is important for deceleration of disease progression. 

3.2.iv Global knockout of TMEM16F reduces disease progression in PS19 mice 
 

To assess knockout of TMEM16F from all cells, we crossed PS19+ mice with a global 

TMEM16F KO mouse. As with the conditional knockout, we first assessed pathology at 6 

months. Unlike the conditional knockout, however, no further aging was required, as differences 

were detected at this timepoint. Surprisingly, PS19+ TMEM16F KO mice had no AT8+ neurons 

within CA1 compared to PS19+ TMEM16F WT mice, which had several (Figure 3.5A-B). 

Additionally, levels of microglia were reduced within the hippocampus of PS19+ TMEM16F KO 

mice compared to PS19+ mice with TMEM16F (Figure 3.5 C-D). As an assessment to 

determine if these differences also occur earlier, we looked at 3-month-old mice, but observed 

no significant differences (data not shown). This reduction in pathology observed at 6 months 

was in stark contrast to the opposite phenotype observed in the conditional knockout mice, 

where removing TMEM16F from microglia worsens disease progression. This suggested that 

TMEM16F within other cells may also be affecting disease progression in P301S mice. 
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Disease progression in tauopathy involves the degeneration of neurons, so it is 

conceivable that knockout of TMEM16F from neurons is overcoming the effect seen from 

microglia. Recently, it was found that neurons bearing tau filaments aberrantly expose 

phosphatidylserine, which targets them for premature efferocytosis by microglia [174]. 

Efferocytosis is the phagocytosis of dying cells and cellular debris, which often carry the 

molecular signature of exposed phosphatidylserine [35, 175]. Premature efferocytosis, also 

known as primary phagocytosis or phagoptosis, is the phagocytosis of living cells [175]. In the 

brain it is regulated in development with neuronal death in the hippocampus [176] and 

cerebellum [177], but often becomes misregulated in neurodegeneration [175, 178-180]. 

Brelstaff et. al demonstrate P301S neurons have an increase in reactive oxygen species, which 

leads to exposure of phosphatidylserine (PS) [174]. It is possible that this PS exposure is 

mediated by lipid scramblase TMEM16F and that in the global knockout, neurons with mutant 

tau are not exposing PS and thus are not being targeted for premature death by microglia.   

3.2.v TMEM16F KO reduces PS exposure from tau burdened neurons 
 

To test the role of TMEM16F on lipid scrambling from neurons with or without tau 

burden, we cultured primary neurons from PS19 TMEM16F mice to obtain TMEM16F WT and 

KO neurons with or without mutant tau (and thus propensity for tau hyperphosphorylation or 

aggregation). To assess basal PS exposure in these neurons, cells were labeled with a live 

neuronal marker (NeuroFluor NeuO) and probed with Annexin V, which binds PS, and a 

Caspase 3 reporter (NucView 405) to exclude apoptotic cells from analysis. PS19+ TMEM16F 

WT neurons had significantly higher PS signal per neuron, compared to both PS19- genotypes 

as well as PS19+ TMEM16F KO neurons (Figure 3.6A-B). It is possible that TMEM16F is 

affecting cell death and that some neurons that have PS exposure may be excluded from 

analysis. However, we saw that all genotypes had similar high percentages of living cells (98-
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99%), suggesting this was not the case (Figure 3.6C). Together, these data demonstrate 

TMEM16F is mediating PS exposure in tau burdened neurons. 

PS exposure is linked to total hyperphosphorylated tau burden [174]. It is possible that 

TMEM16F affects this tau burden within neurons and that its knockout reduces it, which may 

result in the lower PS exposure observed. To see if neurons with or without TMEM16F differed 

in the amount of resulting tau burden, we stained neurons for hyperphosphorylated tau and 

looked for differences between genotypes. Preliminary assessment of the proportion of AT8+ 

neurons to total neurons indicate similar results for both TMEM16F WT and KO neurons, which 

suggests the reduction in PS exposure from TMEM16F knockout is not due to an altered 

expression of the P301S transgene (data not shown).  

3.2 vi Microglia have fewer interactions with tau burdened TMEM16F KO neurons  
 

To begin to assess how tau burden and thus PS exposure of neurons correlates to 

phagocytosis by microglia, we added WT microglia into primary neuronal cultures. Preliminary 

assessment shows a trend that after three days, microglial interaction with AT8+ neurons is 

reduced by TMEM16F removal from neurons (Figure 3.7). This is in accordance with research 

showing that PS exposure allows for targeting by microglia [181]. Subsequent analysis is 

needed to assess efferocytosis. 

3.4 DISCUSSION 
 

Despite expression in almost all cells of the body, the role of TMEM16F in the brain and 

central nervous system (CNS) is largely unknown. Thus far, only three studies have explored 

TMEM16F in the CNS. Two have demonstrated the role of TMEM16F in regulating spinal cord 

microglia in neuropathic pain states [62] and spinal cord injury [63] and one has examined 

neurons after cerebral ischemia in relation to scrambling ability [64]. Because of TMEM16F 

implication in both lipid scrambling and extracellular vesiculation, there exist many more aspects 

to explore. 
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Our data adds, in part, to a growing body of research showing extracellular vesicles play 

an important role in the spreading of pathological proteins. While proteins secreted directly from 

dying or overwhelmed cells are able to be taken up by neighboring ones, those encased in 

extracellular vesicles are afforded additional protection from degradation, which can allow for 

more time in the extracellular space and longer range of spread [148]. In tauopathies, where 

hyperphosphorylated tau oligomers elicit prion-like behavior, microglial exosomes are one such 

mechanism of their spread [107, 116]. Our discovery that knockout of TMEM16F in microglia 

increased release of exosomes prompted us to examine a possible functional consequence in 

P301S mice. We found that conditional knockout of TMEM16F from microglia exacerbates 

pathology and slightly impairs memory and learning behavior in these mice. Surprisingly, 

complete knockout of TMEM16F resulted in a reduction of pathology, which suggested the 

detrimental effects of microglial knockout of TMEM16F were overcome by beneficial effects of 

another cell type. Aberrant lipid scrambling from neurons and thus exposure of PS has been 

implicated in neuronal loss during neuroinflammation [174, 179, 180, 182]. To see if TMEM16F 

was mediating this exposure, we examined P301S neurons with or without TMEM16F and 

found that knockout reduces PS exposure that becomes elevated with tau burden. Preliminary 

assessment of neuronal/ microglial cocultures suggests this reduction in PS exposure of 

TMEM16F KO neurons also reduces interactions with WT microglia, supporting the assertion 

that aberrant PS exposure from neurons may lead to their early death by microglia. Collectively, 

these findings demonstrate multifaceted roles of TMEM16F in extracellular vesiculation and in 

lipid scrambling in brain cells in tauopathy. 

Our PS exposure data is confirmed by a recent study examining neuronal TMEM16F 

after cerebral ischemia. They found that knockdown of TMEM16F in neurons reduces PS 

exposure after ischemia and this reduction helps to prevent neuronal loss by preventing 

microglial targeting [64]. Previously, Brelstaff and colleagues demonstrated that reactive oxygen 

species (ROS) are increased in P301S+ neurons and that this increase corresponds to PS 
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exposure [174]. It is known that ROS and Ca2+ as second messengers to one another and have 

significant cross talk [183]. ROS is known to activate both ryanodine receptors (RyRs) and IP3 

receptors (IP3Rs) on the endoplasmic reticulum, which allow for Ca2+ release and subsequent 

store-operated Ca2+ entry [183, 184]. Increased intracellular Ca2+ can then enter mitochondria 

and increase respiratory chain activity which in turn, leads to elevated ROS [183]. Both RyR and 

IP3R function at internal Ca2+ stores within hippocampal neurons and other central neurons 

[185]. Additionally, both Ca2+ and ROS can act as inhibitors of flippases such as the P4-ATPase 

ATP11C, which with otherwise move phosphatidylserine from the outer to inner leaflet [35, 175].  

It has been reported separately that in both human Alzheimer’s patients and mouse 

models of tauopathy, there is Ca2+ dyshomeostasis [186-188]. In models where human Tau 

(hTau), V337M 2N4R hTau, or P301L 0N4R hTau have been overexpressed in neuronal cells in 

vitro [188] or in mice, Ca2+ is elevated [186, 189]. The latter two mutations of human tau affect 

microtubule binding and, specifically, the P301L 0N4R mutation utilized in the JNPL3 mouse 

model of tauopathy heavily phenocopies the P301S (1N4R) model used in our current study 

[161, 162, 186, 187, 189]. Finally, ROS stimulation with tert-butyl hydroperoxide (tBHP) in HEK 

cells overexpressing TMEM16F has been shown to increase PS exposure [190]. Taken 

together, it is certainly conceivable that tau burden within neurodegenerative neurons lead to 

ROS, which increases cytoplasmic Ca2+, activates TMEM16F, and results in lipid scrambling 

and exposure of phosphatidylserine which can then target the cell for premature efferocytosis. 

The prospect of TMEM16F inhibition to reduce pathology in neurodegeneration presents an 

exciting future therapeutic strategy. However, our data also shed light on an opposing 

mechanism from microglia that requires attention.  

While future studies need to assess the bioactive content of exosomes from TMEM16F 

knockout microglia, it is conceivable they play a role in tau pathology, given microglial 

exosomes are known carriers of tau oligomers in tauopathy [107]. Our data in microglial 

conditional knockout mice support this hypothesis, in that mice which have microglia that 
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secrete more exosomes have a worsening of tauopathy. It was thus surprising to see a 

reduction in pathology when TMEM16F was removed from all cells. One potential mechanism of 

tau secretion from neurons is through microvesicle release, as it has also been found in cerebral 

spinal fluid of Alzheimer’s patients [171, 191]. As neurons become overburdened with tau 

oligomers and filaments, they begin to secrete these species into the extracellular space, where 

they can be taken up by microglia [120]. Aggregation of tau forms higher order oligomers and 

this type of oligomerization has been shown to be targeted towards the plasma membrane [147, 

192]. Because microvesicles (MVs) are released from the plasma membrane and tau has been 

discovered within neuronal MVs in disease patients, it is likely neurons may partially spread tau 

with microvesicles. As Brelstaff et al. and our data have also demonstrated, tau burden also 

leads to PS exposure [174], which additionally can result in neuronal loss in pathology [165].  

One possible explanation for our finding of global TMEM16F knockout mice, is that in 

addition to PS exposure being prevented from tau burdened neurons, tau secretion may vary 

depending on cell type. In neurons where tau forms higher order oligomers and fibrillary tangles, 

these species may be released through MVs [147, 192] and in microglia, where tau is 

presumably broken up into smaller oligomers, it may be spread through exosomes [107, 120]. If 

TMEM16F affects vesiculation from neurons as it does in all other cell types that have been 

studied, knockout would presumably reduce MV release. In the conditional microglial knockout, 

neurons with TMEM16F intact could still secrete tau fibrils through MVs and also expose PS 

owing to increased ROS. The increase in exosomes from TMEM16F KO microglia, which may 

contain lower order tau oligomers would exacerbate pathology. In the global knockout, however, 

where both neurons and microglia are lacking TMEM16F, neurons would be deficient in MV 

release and also PS exposure. This would not only reduce possible release, but also 

subsequent uptake, of tau containing MVs by other neurons and also microglia. Preventing the 

opportunity of microglial uptake would in turn dampen the release of tau-containing exosomes, 

despite these microglia being capable of increased exosome release. In addition, because tau 
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burdened neurons do not aberrantly expose PS, they are not targeted for efferocytosis by 

microglia, further preventing exacerbation of pathology. 

While complex, this proposed mechanism may correspond to the timeline of pathology 

we see in our mouse study. We were able to see reduction in pathology from our global 

knockout mice by 6 months, but we were unable to see differences between microglial 

TMEM16F cKO mice at 6 and 7 months. It may take longer to separate out differences from 

increased microglial tau spreading as compared to presumed deficient neuronal tau release in 

microvesicles. Neuronal loss in P301S mice is usually not seen until late stage in disease 

progression around 9 months [162, 165]. Thus, protective effects of TMEM16F knockout in 

neurons may first involve a reduction of MV release and later the prevention of lipid scrambling 

and thus reduction of premature efferocytosis and neuronal loss.  

Our findings, in conjunction with other studies, establish an exciting framework to study 

manipulation of pathological tau release, which may aid in development of future therapeutics 

not only in tauopathy but also other neurogenerative disease. 
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3.5 FIGURES 

 
Figure 3.1 7-month-old, but not 6-month-old PS19 Cx3cr1-Cre mice display differences in 
disease pathology. A) Representative images of AT8 immunostaining of hyperphosphorylated 
tau in the hippocampus and CA1 (inset) in 6-month-old PS19+ Cre- and Cre+ mice. Scale bar, 
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300 µm for hippocampus and 80 µm for inset. B) Quantification of AT8+ neurons within CA1 
pyramidal layer in PS19+ Cre-, n = 3 and PS19+ Cre+ 6 mice, n = 6; 3-4 hippocampal sections/ 
mouse. C) Quantification of number of microglia per area (count / area(px) x 1E5) in the 
hippocampal regions CA1, CA3, and dentate gyrus (DG) of 6-month-old PS19- Cre-, n = 6 mice; 
PS19- Cre+, n = 5; PS19+ Cre-, n = 3; PS19+ Cre+, n = 6. D) Quantification of average # of 
AT8+ neurons in CA1 of 7-month-old PS19+ Cre- and PS19+ Cre+ mice, n = 3 each. E) 
Quantification of microglia per area (count/ area (px) x 1E5) in the hippocampus in PS19- Cre-, 
PS19- Cre+, PS19+ Cre-, and PS19+ Cre+, n = 3 mice each. No statistical significance, but 
trending difference between PS19- and PS19+ mice. Error bars in SEM. 
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Figure 3.2 Baseline activity and anxiety slightly perturbed.  A) Open field total movement 
and total movement by time in 7- to 8-mo in PS19- Cre-, n = 16 mice; PS19+ Cre-, n = 16; 
PS19- Cre+, n = 13; PS19+ Cre+, n = 17. B) Proportion of movement within center of field/ total 
movement between mice in (A). (**** = p < 0.001, Kruskal-Wallis test, Dunn’s multiple 
comparisons test). C) Percent within open arm of EPM over total time and per minute during 
trial in PS19- Cre-, n = 16 mice; PS19+ Cre-, n = 17; PS19- Cre+, n = 13; PS19+ Cre+, n = 17. 
D) Proportion of distance within open arm to total distance in mice in (C). E) Latency to hindpaw 
removal in hotplate test in PS19- Cre-, n = 16 mice; PS19+ Cre-, n = 17; PS19- Cre+, n = 13; 
PS19+ Cre+, n = 17. Error bars in SEM. 
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Figure 3.3 Modest impairment to visual/ spatial learning in PS19+ conditional TMEM16F 
KO mice.  A) Number of entrances into shock quadrant for all trials (habituation, three trials, 
probe (shock removed), reinstatement (shock reinstated), 10d recall, reversal (shock moved to 
opposite quadrant), and trial 2 of new quadrant in PS19- Cre-, n = 16; PS19+ Cre-, n = 11; 
PS19- Cre+, n = 15; PS19+ Cre+, n = 17. B) Number of entrances into shock quadrant in trials 1 
and 2 for mice in (A). C) Latency to first entrance into shock quadrant over trials detailed in (A) 
for mice in (A). D) Latency to first entrance for trial 1 and trial 3 for mice in (A). E)Two way 
design latency to first entrance in trial 1 (p = 0.183, two-way ANOVA) and trial 3 (p = 0.0476, 
multiple t tests) for mice in (A). Error bars in SEM. 
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Figure 3.4 TMEM16F KO in microglia worsens pathology in tauopathy. A) Representative 
images of AT8 immunostaining of hyperphosphorylated tau in the hippocampus and CA1 (inset) 
in 9- to 10-month-old PS19+ Cre- and Cre+ mice. Scale bar, 300 µm for hippocampus and 80 
µm for inset. B) Quantification of AT8+ neurons within CA1 pyramidal layer in PS19+ Cre-, n = 
11 and PS19+ Cre+, n = 10 mice; 3-4 hippocampal sections/ mouse. (p = 0.002, Mann- Whitney 
test) C) Representative images of Iba1 immunostaining of microglia in the hippocampus and DG 
(inset) of 9- to 10-month-old PS19- Cre-, PS19- Cre+, PS19+ Cre-, and PS19+ Cre+ mice. 
Scale bar, 300 µm for hippocampus and 80 µm for inset.  D) Quantification of number of 
microglia per area (count / area(px) x 1E5) in the hippocampus of 9 to 10-month-old PS19- Cre-, 
n = 12 mice; PS19- Cre+, n = 14; PS19+ Cre-, n = 12; PS19+ Cre+, n = 10. (** = p < 0.01, **** = 
p < 0.0001, Ordinary one-way ANOVA, Tukey’s multiple comparisons test). Error bars in SEM. 
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Figure 3.5 Complete TMEM16F knockout reduces progression of disease. A) 
Representative images of AT8 immunostaining of hyperphosphorylated tau in the hippocampus 
and CA1 (inset) in 6-month-old PS19+ TMEM16F WT and TMEM16F KO mice. Scale bar, 300 
µm for hippocampus and 80 µm for inset. B) Quantification of AT8+ neurons within CA1 
pyramidal layer in PS19+ WT, n = 7 and PS19+ KO mice, n = 6; 3-4 hippocampal sections/ 
mouse. (p = 0.03, Mann- Whitney test) C) Representative images of Iba1 immunostaining of 
microglia in the hippocampus and CA1 (inset) of 6-month-old PS19- TMEM16F WT, PS19- 
TMEM16F KO, PS19+ TMEM16F WT, and PS19+ TMEM16F KO mice. Scale bar, 300 µm for 
hippocampus and 80 µm for inset.  D) Quantification of number of microglia per area (count / 
area (px) x 1E5) in the hippocampus of 6-month-old PS19- TMEM16F WT, PS19- TMEM16F 
KO, PS19+ TMEM16F WT, and PS19+ TMEM16F KO mice, n = 6 per genotype. (* = p < 0.05, 
Ordinary one-way ANOVA, Tukey’s multiple comparisons test). Error bars in SEM. 
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Figure 3.6 TMEM16F KO reduces PS exposure in P301S neurons.  A) Representative 
images of NucView 405 (Caspase 3 activity), NeuroFluor NeuO (neurons), and Annexin V 
(exposed phosphatidylserine) immunostaining in primary PS19- TMEM16F WT, PS19+ 
TMEM16F WT, PS19- TMEM16F KO, and PS19+ TMEM16F KO neurons. Scale bar, 50 µm in 
all images. B) Quantification of average Annexin V fluorescence per live cell per image of PS19 
TMEM16F neurons; 100 – 300 cells per image, 41 - 45 images per genotype. Live cell regions 
of interest were created by removing NucView 405 masks from those of NeuroFluor NeuO. (* = 
p < 0.05, **** = p < 0.0001, Kruskal-Wallis test, Dunn’s multiple comparisons test). C) 
Quantification of living cells [live (NeuroFluor NeuO)/ total cells] between PS19- TMEM16F WT, 
PS19+ TMEM16F WT, PS19- TMEM16F KO, and PS19+ TMEM16F KO neurons. Error bars in 
SEM. 
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Figure 3.7 Microglia have fewer interactions with AT8+ TMEM16F KO neurons. A) 
Representative images of AT8 and CD11b immunostaining of hyperphosphorylated tau and 
microglia, respectively, in PS19+ TMEM16F WT and PS19+ TMEM16F KO neurons + WT 
microglia coculture. B) Quantification of microglia contact within 50 µm of AT8+ neuronal cell 
bodies in PS19+ TMEM16F WT and PS19+ TMEM16F KO neuron-microglia cocultures, n = 25 
AT8+ cells per genotype (p = 0.17, Mann-Whitney test). Error bars in SEM. 
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CHAPTER 4: CONCLUDING REMARKS 
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4.1 CONTRIBUTIONS TO THE FIELD 
 

The work described in these chapters provides novel insight into the function of 

TMEM16F in physiology, in relation of extracellular vesiculation and in disease, in the context of 

tauopathy. 

 In Chapter 2, we assessed the role that TMEM16F plays in microglia. We found that 

knockout of TMEM16F results in decreased microvesicle (MV) release, as has been reported for 

all other cell types studied, as well as increased release of exosomes. We began to probe this 

mechanism and ruled out acidification impairment or increased volume as causes for this 

increase exosome formation/ release. This provides insight into the interconnectivity of the 

endolysosomal pathway, the plasma membrane, and the interplay between different 

extracellular vesicles, their biogenesis, and their release. 

In Chapter 3, we looked at the functional consequence of increased microglial exosome 

release in the context of tauopathy, where microglial exosomes have been shown to mediate 

spread of mutant tau oligomers [107]. We found that knockout of TMEM16F in microglia 

exacerbated disease pathology, consistent with an increase of exosomes which could further 

spread toxic tau species to neurons. In the complete removal of TMEM16F from all cells, 

however, we found a reduction in pathology, suggesting other cell types were being differentially 

affected by TMEM16F removal. Given their prominence in neurodegenerative disease and a 

recent study examining aberrant phosphatidylserine (PS) exposure [174], we assessed the role 

of TMEM16F in neurons to expose PS and found that tau burdened neurons with TMEM16F 

knocked out no longer aberrantly exposed PS. These neurons had fewer interactions with 

microglia further supporting a body of research showing exposure of PS can lead to targeting 

and death of living cells. These experiments demonstrate a multifaceted role of TMEM16F 

depending on cell type in the tauopathy brain. In tauopathy, microglia might utilize TMEM16F’s 

scramblase ability to properly regulate exosome formation/ release, while neuronal TMEM16F 

may mediate neuronal loss through PS exposure.  
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4.2 FUTURE DIRECTIONS 

4.2.i Mechanistic insights into TMEM16F and extracellular vesiculation 
 
Our work reveals exciting new understanding of TMEM16F in regulation of not just MVs, 

but also exosomes. Extracellular vesicles have physiological functions in almost every cell type 

across the body. The ability to regulate their secretion can have huge implications in health and 

disease.  

Future directions of exploring the role of TMEM16F in extracellular vesiculation are to 

examine how it can regulate exosome formation. At the plasma membrane, lipid domain 

alteration both induces curvature and recruits proteins able to aide in fission [193]. Given the 

role of TMEM16F to alter lipid composition on a particular leaflet of the bilayer, it seems likely 

this is a mechanism for TMEM16F-mediated membrane blebbing and release of MVs. Exosome 

machinery utilizes much of the same processes used in the formation of ILVs and MVBs. Thus, 

next steps can involve using various forms of microscopy to quantify ILV and MVB formation 

after Ca2+
 stimulation. Assessing lysosomal function through receptor degradation assays can 

further pinpoint where TMEM16F may be acting. Furthermore, additional microscopy 

approaches can be utilized to assess MVB fusion at the plasma membrane.  

As with almost every other protein, TMEM16F is not unifunctional, so it will be important 

to examine what exactly is being acted upon and how knockout will affect that process and 

downstream processes as well. Additionally, our study focuses on only microglia after Ca2+ 

stimulation. It will be important to assess EVs in other cell types with various stimulations to see 

if the results are consistent and under what conditions they can be replicated. The cargo and 

formation of EVs varies dramatically depending on cell type and stimulation, so TMEM16F may 

also exhibit varying regulatory abilities. Studying TMEM16F and its functions will not only prove 

useful for understanding its ability as a phospholipid scramblase but also shed light on how it 

may be targeted for future therapeutics.   
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4.2.ii Targeted TMEM16F manipulation may prove therapeutic in tauopathy 
 

Tauopathies, both primary and secondary in nature, present a huge societal burden and 

impending health and economic crisis as the population of the world ages and their lifespan 

increases [109].  Our research expands upon previous studies showing that tau can be spread 

by extracellular vesicles. We must, however complete our validation. Immediate future steps are 

to further show that microglia can contribute to neuronal loss of tau burdened neurons with 

TMEM16F intact. To solidify that TMEM16F is responsible for PS exposure, we can utilize 

TMEM16A/ F inhibitors. Furthermore, to better grasp causes leading to activation of TMEM16F 

to induce this PS exposure, we can test ROS stimulation on TMEM16F KO neurons and also 

test anti-ROS antioxidants in tau burdened neurons with or without TMEM16F. Understanding 

how PS exposure is altered and how TMEM16F affects it may help prevent neuronal loss and 

decelerate neurodegeneration. 

When analyzing the timeline of pathology in P301S mice with conditional microglial or 

global knockout of TMEM16F, we hypothesized that other factors beside neuronal PS exposure 

may be at play. It is possible that higher order tau oligomers are packaged within neuronal MVs 

and that secretion of these MVs precedes aberrant PS exposure. If true, then TMEM16F 

knockout would first influence neurons by reducing their ability to produce MVs and thus 

decelerate spreading of tau earlier in disease. Knockout microglia lacking TMEM16F would be 

unable to take up these tau filled MVs (that were never released) and thus could not process 

them into smaller oligomers to spread with their exosomes. Tackling this hypothesis will require 

isolation of different populations of vesicles from neurons and microglia but could prove exciting 

if pathological tau is indeed spread through different vesicle populations depending on cell type. 

Our study and future work into EVs in the spreading of tau oligomers helps provide 

support and lay the groundwork for future studies into assessing how other pathological proteins 

in neurodegenerative disorders may spread via brain cells throughout the course of disease. 

Furthermore, apart from spreading of pathological proteins in the brain, cells across the entire 
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body have been implicated in secretion of toxic proteins. Our studies can be applied to other 

pathological states and hopefully understanding the role of TMEM16F in extracellular vesicle 

generation and release can guide future development of therapeutics to slow or halt disease. 
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CHAPTER 5: MATERIALS AND METHODS 
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Animals 

TMEM16F complete knockout and TMEM16F flox/flox mice were generated as 

described previously (Yang et al., 2012) and backcrossed to C57BL/6 background for two to 

four generations. For TMEM16F complete knockout mice, backcrossing beyond three or four 

generations resulted in nonviable knockout mice, so these mice were kept on an F1 C57BL/6 / 

129S1 background for het x het crossings. TMEM16F flox/flox were bred with Cx3cr1-Cre mice.  

P301S tau (PS19) breeder males were purchased from Jackson laboratory (B6;C3-Tg(Prnp-

MAPT*P301S)PS19Vle/J) and crossed to TMEM16F flox/flox Cx3cr1-Cre mice or TMEM16F 

complete KO mice.  

All animal procedures were approved by the UCSF Institutional Animal Care and Use 

Committee and performed according to the guidelines provided. 

 

CRISPR/ Cas9 Knockout of TMEM16F in BV2 cells 

Using CRISPR/ Cas9 technology, TMEM16F was knocked out of the BV2 cell line (gift 

provided by the Gan lab). sgRNA guides were designed using https://crispr.mit.edu and 

checked for cross reactivity. The human mutation in Scott Syndrome results in a stop codon in 

exon 2/3, so we sought to induce a mutation either here or in exon 1/2 (numbering varies 

depending on isoform). 

 

Table 5.1. CRISPR/ Cas9 sgRNA guides 

Targeted exon and PAM sgRNA guides 

Exon 1: 

GCTGGAGGAGGACGACGATGAGG 

CACCGGAGGAGGACGACGATG 

AAACCATCGTCGTCCTCCTCC 

Exon 2, reverse: 

AGGTGGGGCAGACAATTGTCTGG 

CACCGTGGGGCAGACAATTGTC 

AAACGACAATTGTCTGCCCCAC 
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CRISPR/ Cas9 guides were cloned into plasmid pSpCas9(BB)-2A-Puro (PX459) V2.0 (a 

gift from Feng Zheng, Addgene plasmid #62988; http://n2t.net/addgene:62988; 

RRID:Addgene_62988) using standard techniques. BV2 cells were nucleofected using a Lonza 

Nucleofector 2b device (Lonza Bioscience, Morrisville, NC) with Amaxa Kit T nucleofection 

reagents (Lonza) using program A-030 as instructed by nucleofection manual available on the 

Lonza website. Cells were allowed to undergo selection and serial dilution produced clonal 

populations which were then probed for TMEM16F expression  by Western blot (TMEM16F 

antibody, Jan lab) and then sequenced with pGEM®-T Easy Vector cloning (Promega) to 

determine site of mutation on each strand.  

 

 Primary cultures 

Murine microglia cultures were prepared from P3-P5 pups from TMEM16F WT x 

TMEM16F WT or TMEM16F KO x TMEM16F KO breeding pairs. Three to four cortices per T75 

flask was dissected out and minced. Tissue was trypsinized in 0.25% Trypsin EDTA for 25 

minutes, shaking once after 10 - 15 minutes. Tissue was washed two times with plating media 

(Dulbecco’s Modified Eagle’s Medium (DMEM), high glucose, (Gibco), 10% FBS, 50U/mL 

PenStrep) and triturated with a 10 mL, 5 mL, and 1 mL pipette. After each trituration step, tissue 

was allowed to setting and supernatant was passed through a 0.4 µm filter. Collected 

supernatant was spun at 500 x g for 5 minutes and the cell pellet was resuspended and plated 

into T75 flasks precoated with 100 µg/ mL poly-L lysine (PLL). On DIV1, flasks were washed 

two times with PBS and then plating media plus 10 ng/ml GMCSF (Sigma) was added. On days 

7, 12 and 16, flasks were shaken for 3 hours at 37°C at 120 rpm and supernatant (released 

cells) were plated.  

For primary hippocampal and cortical neuronal cultures, cortices and hippocampi were 

dissected from E15-E18 pups from PS19- TMEM16 WT x PS19+ TMEM16F WT or PS19- 

TMEM16F KO x PS19+ TMEM16F KO mouse breeding pairs. During dissection, while tissue 
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from each pup was collected individually in dissection media (HBSS without Ca2+ and Mg2+, 

50U/mL PenStrep, 1mM sodium pyruvate, 20mM HEPES, 0.45% glucose), pups were 

genotyped and samples were pooled based on genotype prior to papain digestion. Dissection 

media was replaced with dissection media with 200 U/mL papain (that had been heat-activated 

for at least 30 minutes at 37 °C) for 20 minutes at 37 °C. Papain media was removed and cells 

were washed with plating media (Dulbecco’s Modified Eagle’s Medium (DMEM) with high 

glucose (Gibco), 10% FBS, 50U/mL PenStrep). Neurons were triturated with three to four 

subsequent flamed glass pipette trituration steps. During each step, after tissue settled, 

supernatant was passed through a 70 µm filter. Neurons were counted, resuspended in plating 

media, and plated onto 0.01% poly-L-ornithine (Sigma) coated, HNO3-treated coverslips at a 

density of 1,300 cells/ mm2 (150k cells per 12mm glass coverslip or 35mm glass bottom dish). 

After 30 minutes at 37 °C, plating media was removed and replaced with maintenance media 

(Neurobasal-Plus, 50U/mL PenStrep, 500 µm Glutamax, 2% B27-Plus ) + 5% horse serum. On 

DIV1, media was replaced with maintenance media with 0% serum. Twice a week, half of the 

conditioned media was exchanged for fresh maintenance media.  

 

Extracellular vesicle collection 

Extracellular vesicles were collected through differential ultracentrifugation. Cells were 

plated in two T75 flasks per genotype and allowed to grow to confluency in DMEM plus 10% 

FBS (which was spun down at 100,000 x g and filtered 3x through a 0.2um filter). Cells were 

washed twice in calcium-free DPBS and incubated with 3 µM calcium ionophore A23187 

(Sigma) in calcium-free DPBS for 5 minutes at 37 °C [47]. Cells were washed once with DPBS 

and incubated in calcium-containing buffer (140mM NaCl, 2.5mM KCl, 5mM CaCl2, 1.0mM 

MgCl2, 20mM HEPES, pH7.4) for 1.5 hours at 37 °C. Supernatant was collected from stimulated 

cells and centrifuged at 200 x g for 5 minutes. Meanwhile, flasks were trypsinized and these 

cells were added to this pellet obtained from the 500 x g centrifugation. Decanted supernatant 
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from 500 x g centrifugations was subsequently centrifuged at 2,000 x g for 20 minutes to collect 

apoptotic bodies and debris. Supernatant was then centrifuged at 16,500 x g for 20 minutes. 

The resulting supernatant was passed through a 0.2 µm filter and the pellet was resuspended in 

filtered DPBS and centrifuged once more at 16,500 x g for 20 minutes. This supernatant was 

passed through a 0.2 µm filter into the collection tube from the first 16,500 x g centrifugation and 

the MV pellet was collected. Finally, filtered supernatant was centrifuged at 100,000 x g for 60 

minutes. Decanted supernatant was discarded and the exosome pellet was collected. All pellets 

(cell, apoptotic body/ debris, MV, exosome) were kept on ice during the centrifugations and 

resuspended in 15 µl filtered DPBS for subsequent analyses. 

The initial pellet obtained from 500 x g and added trypsinized cells were then counted to 

establish viability and obtain normalizing values. 

 

Biochemistry 

 Cell pellets were lysed using RIPA buffer (ThermoFisher). Protein content of 

resuspended EV pellets and of cells was quantified using Pierce BCA protein assay kit (Thermo 

Scientific) captured on a Synergy H4 plate reader (BioTek Instruments, Winooski, VT) and SDS 

sample loading buffer was added to samples. SDS-Page gels were loaded with 20 µg protein 

per well (or maximum collected EV sample otherwise), run, and then transferred to 

nitrocellulose membrane using semi-dry transfer with a Trans-Blot Turbo transfer system (Bio-

Rad Laboratories, Herculues, CA). After transfer, blots were washed three times quickly with 

H2O, then blocked in 5% milk in TBS + 0.1% Tween 20 (TBST) for 1 hour at room temperature, 

shaking. After three quick H2O washes, blots were incubated in primary antibody in TBST 

overnight at 4 °C. After primary incubation and three quick H2O washes, blots were washed 

twice with H2O for 10 minutes and then one time with TBST for 10 minutes. Antibodies used 

were TMEM16F developed in the Jan lab (1:2000, rabbit), Alix (1:750, mouse) (Cell Signaling, 

#2171), and α-tubulin (1:10,000, mouse) (Sigma, #T9026).  Washed blots were then incubated 
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with 1:12,000 secondary HRP anti-rabbit or anti-mouse antibody (Invitrogen) for 1 hour at room 

temperature, shaking. Finally, they after three quick H2O washes, then were washed two times 

with H2O for 10 minutes, one time with TBST for 10 minutes, and then processed with either 

West Pico or Femto ECL for 3 minutes (Thermo Fisher) and scanned on a C-DiGit Blot Scanner 

(LI-COR, Lincoln, NE). After development of main protein (TMEM16F or Alix), blots were 

stripped with stripping buffer (0.2 M glycine, pH 2.5) for 15 minutes and then washed three 

times with H2O. The blot procedure was repeated with the loading control. 

 

Nanoparticle Tracking Analysis 

One tenth of resuspended microvesicle or exosome pellets were diluted into 25 µl 

filtered DPBS. Extracellular vesicle concentration (EV/ mL) was determined using nanoparticle 

tracking analysis (NTA), using a NanoSight LM10 instrument configured with a complementary 

metal-oxide semiconductor camera and blue 405 nm laser (Mavern Instruments, Malvern, 

United Kingdom). Videos were recorded five times for each sample, at 60s each, using a pump 

flow rate of 40 AU and controlled temperature of 22 °C. All analysis was performed using NTA 

v3.2 software. Extracellular vesicle counts were normalized to cell counts for data presented. 

 

Flow cytometry 

BV2 or primary cells cultured in plating media (DMEM, 10% FBS, 50 U/mL PenStrep) 

were removed from plates with 0.25% trypsin-EDTA, collected and spun down for 5 minutes at 

500 x g. Pellets were washed two times with DPBS with no Ca2+
 or Mg2+ and counted to 125,000 

cells per genotype/tube. Volume was brought to 1 mL with live imaging buffer (140 mM NaCl, 

2.5 mM KCl, 5 mM CaCl2, 1 mM MgCl2, 20 mM HEPES, pH 7.4) and taken to be counted on a 

FACSCalibur flow cytometer (BD Biosciences, San Jose, CA). Prior to counting, cells were 

passed up and down and then passed through a 70 µM filter. Flow cytometry data was analyzed 

used FlowJo version 10 software. 
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pHrodo E. Coli plate reader assays 

BV2 or primary cells were seeded into 96 well plates at 75,000 cells per well, 4 

replicates per genotype, and left overnight. The next day, cells were washed two times with 

imaging buffer (DPBS, 20 mM HEPES, 5 mM dextrose, 0.5 M sodium pyruvate). For control 

cells, 1 uM cytochalasin D in imaging buffer and cells were incubated for 10 minutes at 37 °C. 

pHrodo E. Coli was prepared fresh when possible by adding 2 mL to 2 mg pHrodo Red E. coli 

tube (Invitrogen, #P35361). Particles were vortexed for 20 seconds and then sonicated for 1 

minute. A 1:5 pHrodo E. Coli particles: imaging buffer was added to cells and control no cell 

wells(100 µl per 96 well condition) and taken to a Synergy H4 plate reader and recorded signal 

every minute for 55 minutes. After recording pHrodo signal, cells were washed two times with 

buffer. Cells were then incubated with Hoescht 33342 dye (1:500 in imaging buffer, Thermo 

Scientific, #62249) and 7-AAD viability dye (1:130, BioLegend, # 420403) for 10 minutes at 37 

°C and then washed two times with imaging buffer. Signal was read on the Synergy H4 plate 

reader. Background pHrodo signal from no cell wells was subtracted from other conditions and 

then these values were normalized to respective Hoescht signal. If 7-AAD signal was high, 

signal was not included in analysis. 

 

pHrodo Red E. Coli and E. Coli 594 live imaging 

Glass bottom 35 mm dishes were pre coated with 100 µg/mL PLL and BV2 or primary 

cells were seeded at 125,000 cells. The next day, E. Coli particles were prepared (2 ml imaging 

buffer into 2 mg particles, plus 2 µl of 100x NaN3 stock (3% w/v). Particles were sonicated for 1 

minute. E. coli particles were counted using a hemocytometer and added to cells such that there 

were 30-100 particles per cell. Imaging buffer was supplemented with 1% FBS. For pHrodo 

particle experiments, particles were added in and plates were imaged on a Nikon-TE2000 

Inverted Scope (Nikon Instruments, Melville, NY) with Okolab environmental control incubator 

cage (37 °C, 5% CO2) (Okolab, Ottaviano, Italy) for 1 hour, imaged every 5 minutes. For E. coli 
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594 particles, particles were added into several plates and taken to the microscope, where after 

every 15 minutes, a plate was quenched with 50 µl Trypan blue and imaged. Images were 

analyzed with ImageJ software. 

 

Immunohistochemistry 

Male PS19 TMEM16F mice (either complete knockout or microglial conditional 

knockout) of various ages (3 month-, 6 month-, 7 month-, 9/10 month-old) were anesthetized 

using isofluorane and perfused with 1x PBS Following perfusion, right hemispheres were placed 

into 4% paraformaldehyde (PFA) in 1x PBS overnight at 4°C. Left hemispheres were frozen on 

dry ice and stored at -80°C. After fixation, brains were switched into 30% sucrose for two days. 

Brains were frozen in OCT and sectioned into 40 µm thick coronal sections using a Leica 

CM350 S cryostat (Leica Microsystems, Buffalo Grove, IL). Brain sections were stored 

cryoprotectant solution (40% 1x PBS, 30% glycerol, 30% ethylene glycol) at -20°C. 

 

DAB staining 

Free floating sections were washed eight times in 1x Tris buffered saline (TBS) for 5 

minutes. Sections were quenched with 1% hydrogen peroxide (H2O2) in TBS for 5 minutes and 

washed three times in TBS for 5 minutes. Blocking was combined with primary incubation in 

TBS++++ media (1x TBS, 0.13 M glycine, 1.5% bovine serum albumin, 0.4% Triton X-100) at 

300 µl per 24 well dish for 3 hours, shaking, at room temperature. Either AT8 (1:500, mouse) (a 

kind gift from Peter Davies) or Iba1 (1:3000, rabbit) (Wako Chemicals, #019-19741) were used. 

After incubation, sections were washed three times with TBS and incubated with 1:300 

secondary HRP anti-mouse or anti-rabbit (Invitrogen) antibody in TBS++++ for 1 hour, shaking, 

at room temperature. ABC-HRP peroxidase (Vector Laboratories) was prepared, as instructed 

(1:300 A + 1:300 B) in TBS++++. Sections were washed three times with TBS and replaced with 

ABC solution for 1 hour, shaking, at room temperature. Afterwards, sections were washed 3 
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times in 0.1 M Tris pH 8.0 and then stained with DAB for either 1 minute (AT8) or 5 minutes 

(Iba1), while constantly shaking. Staining was performed in small batches to control time within 

solution as close as possible to either 1 or 5 minutes, within two or three seconds. DAB solution 

was prepared fresh before development (0.1 M Tris pH8.0, 1x DAB, 1.5% H2O2). Finally, 

sections were washed three times with 0.1 M Tris and mounted onto coverslips and allowed to 

dry fully overnight. Slides were washed in distilled water (dH2O) for 5 minutes, shaking, and then 

in FD cresyl violent 1:1 solution for 5 minutes. Slides were washed two times in dH2O and then 

went through a series of dehydrations. First, slides were submerged in 95% ethanol (EtOH) with 

0.1% glacial acetic acid for 15 seconds, then incubated in two 100% EtOH washes for 2 minutes 

each. Slides were then incubated two times in xylene for 5 minutes each and finally 

coverslipped using Permount mounting media (Fisher). After drying, sections were imaged 

using an Aperio AT2 slide scanner (Leica Biosystems, Buffalo Grove, IL). Images were 

processed and analyzed with Slide Scope Virtual Scan and  ImageJ software. 

 

Immunocytochemistry 

 Cells on coverslips were washed three times with PBS for 5 minutes and then fixed for 8 

minutes at room temperature with 4% PFA in PBS. Cells were washed 3 times with TBS and 

incubated in blocking/ primary solution TBS++++ for 3 hours at room temperature or overnight 

at 4 °C. Map2 (1:100, rb) (Chemicon, #AB5622), AT8 (1:500, ms), and CD11b-FITC (1:100) 

(eBioscience, # 53-0112) were used. Cells were washed two times with TBS for 5 minutes and 

two times with TBSTx (TBS, 0.1% Triton X-100) for 10 minutes. Coverslips were then incubated 

for 1 hour with secondary 1:500 Alexa 555 or Alexa 647 anti- mouse or rabbit (Invitrogen). They 

were washed two times with TBS for 5 minutes and two times with TBSTx for 10 minutes. 

Coverslips were finally mounted onto coverslips using DAPI FluorMount-G (SouthernBiotech). 

Once dry, coverslips were imaged using an SP8-X inverted confocal microscope with HyD 

hybrid detectors (Leica Microsystems, Wetzlar, Germany). 
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PS exposure assay 

On DIV 16-18, cultured primary neurons were washed twice with DPBS and then incubated with 

2 µM NeuroFluor NeuO (Stem Cell Technologies, #01801) in neuronal maintenance media for 1 

hour at 37 °C. Neurons were washed two times with maintenance media and left until stained or 

three times with physiological saline solution (140 mM NaCl, 4 mM KCl, 2.5 mM CaCl2, 1 mM 

MgCl2, 10 mM dextrose, 10 mM HEPES, 0.1 mM EGTA, pH 7.4) (PSS) if was about to be 

processed. Neurons were incubated in Annexin V APC (1:200) (BD Biosciences, #550474) and 

NuvView (1:200) (Biotium, #10405) for 15 minutes at 37 °C. Neurons were washed three times 

with PSS and then imaged using a Leica SP8-X inverted confocal microscope with HyD hybrid 

detectors, adaptive focus control, and Okolab environmental control incubator cage (37 °C, 5% 

CO2). 40-45 areas of the coverslip were selected based on NeuroFluor NeuO and then imaged.  

 

Behavioral Assays 

Male PS19 Cx3cr1-Cre mice 28-32 weeks of age were transferred to the Gladstone Behavioral 

Core and acclimated to the new housing at least 2 weeks prior to any testing. Researchers 

conducting all behavioral tests were blinded to the mouse genotype during testing and analysis. 

Statistical analysis for all behavioral tests was completed using Prism 7 (GraphPad, 

RRID:SCR_002798). 

 

Elevated Plus Maze 

Mice were brought into the testing room to acclimate in dim light 1 hour prior to testing. Mice 

were placed in the center of an elevated plus maze (Kinder Scientific Inc., Poway, CA) at the 

start of testing and allowed to freely explore the maze for 10 minutes. The elevated plus maze 

was situated 63 cm above the ground and was comprised of two “closed” arms (38 x 5 x 5 cm) 

with high walls (16.5 cm) and two “open” arms (38 x 5 x 5 cm) without any walls. The software 
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recorded time and distance traveled as well as the entries into each arm using infrared 

photobeam breaks. The maze was cleaned with 70% ethanol between mice. 

 

Open Field 

Mice were brought into the testing room to acclimate 1 hour prior to testing in normal light. Mice 

were placed in the middle of clear acrylic enclosures (41 x 41 x 30 cm) that were housed inside 

larger sound and light attenuating cubicles (Lafayette Instruments, Lafayette, IN). All mice were 

allowed to freely explore the enclosure for 15 minutes. The Flex-field/Open Field Photobeam 

Activity System (San Diego Instruments Inc., San Diego, CA) was used to track ambulatory and 

fine movements as well as rearing behavior using infrared photobeam arrays placed just outside 

the enclosure. The box was cleaned with 70% ethanol between mice. 

 

Interactive Place Avoidance 

Mice were transferred to testing room 60 minutes prior to testing to habituate and 

acclimate. Testing was performed using the BioSignal Corp. Place Avoidance system and 

Tracker software. Distinct black & white visual cues were placed on the walls of the room 

surrounding the apparatus [173]. The mice were place inside a plexiglass cylinder (40 cm 

diameter) with a lid and the cylinder and grid were cleaned with 70% alcohol between trials. 30 

animals can be tested per group, per week (five to six trials). Trials were 10 minutes in length 

and each animal was given one trial per day. The Probe/Reinstatement test on Day 5 was split 

into two 5 min segments, with the Probe segment first with the current source (shock) turned off 

while the Reinstatement segment occurs during the second 5 minutes with the current source 

being turned back on but not until the mouse completely left the shock zone if still present after 

the first 5 minutes. The grid arena was rotated at 1 RPM clockwise during the trials such that the 

animal must actively navigate against the rotation of the arena otherwise they entered the 

aversive zone (circle, box or wedge of space designated by the experimenter as the aversive 
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zone which was fixed relative to the external configuration of spatial cues surrounding the arena 

(Active Avoidance). The Tracker program video tracked the animal’s path within the arena. 

When the animal entered the aversive zone, the Tracker activated a 0.2 mA current source for 

500 milliseconds and issued it repeatedly every 1.5 seconds until the animal left the zone. 

 

Hot Plate Test 

Mice were transferred to testing room 60 minutes prior to testing to habituate and acclimate. 

The hot plate test was measured on a black anodized, aluminum plate (IITC Life Science Inc., 

Woodland Hills, CA) which is heated to a constant temperature of 52°C, as measured by a built-

in digital thermometer. During testing, mice were placed in clear, open-ended cylindrical 

enclosure, which was placed on top of the hot plate. The latency to respond with either a hind 

paw lick, hind paw flick, or jump (whichever comes first) was measured and the experimenter 

stopped the timer when the response was observed. The mouse was immediately removed 

from the hot plate and returned to its home cage. Each animal was only tested once and to 

prevent injury, the maximum latency was 30 seconds. The hot plate was cleaned with 70% 

ethanol between mice. 
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5.1 FIGURES 
 

 
Figure 5.1 Schematic of extracellular vesicle collection.  Full detail is listed under 
“Extracellular vesicle collection”, but briefly cells were stimulated with Ca2+ ionophore A23187 
and then supernatant was collected. After each centrifugation step of increased speed, the 
pellet was collected, and the supernatant was used for subsequent centrifugations.  
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