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EPIGRAPH 
 

“There is some good in this world, and it’s worth fighting for.” 

Samwise Gamgee 
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ABSTRACT OF THE DISSERTATION 
 

The role of microglial TAM receptors in neurodegenerative diseases 
 
 

 
 

by 
 
 

Youtong Huang 
 
 

Doctor of Philosophy in Biology 
 
 

University of California San Diego, 2020 
 
 

Professor Greg Lemke, Chair 
Professor Elina Zúñiga, Co-Chair 

 

 

Many neurodegenerative risk genes are predominantly expressed in microglia, the 

primary immune cells in the central nervous system. Our lab has demonstrated that two 

microglial TAM receptor tyrosine kinases - Axl and Mer – control multiple features of 

microglia physiology. Importantly, recent transcriptomic analysis has linked TAM receptors to 

Alzheimer’s disease (AD) and Amyotrophic lateral sclerosis (ALS). This thesis dissertation 

describes original work that examines the expression and function of TAM receptors and 

their ligands in AD and ALS. We find that in AD and its mouse models, induced expression of 

Axl and Mer in amyloid plaque-associated microglia is coupled to induced plaque decoration 
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by the TAM ligand Gas6 and its co-ligand phosphatidylserine. Prior to plaque deposition in 

the APP/PS1 AD model, genetic ablation of Mer alone leads to a marked increase incidence 

of lethal epileptic seizures. After deposition of plaques, ablation of Axl and Mer results in 

microglia that are unable to normally detect, respond to, organize, or phagocytose amyloid 

beta plaques, a hallmark of AD pathology. These major deficits notwithstanding, TAM-

deficient AD mice develop fewer dense-core plaques than AD mice. Our findings reveal that 

the TAM system is an essential mediator of microglial recognition and engulfment of plaques, 

and that TAM-driven microglial phagocytosis does not constrain, but rather promotes, plaque 

development. In an ALS model, we find that TAM system is similarly strongly activated in 

microglia during disease progression. ALS mice in the absence of Axl and Mer have 

significantly advanced symptom onset, but their disease course is almost twice as long as 

that of TAM-expressing ALS mice. This delayed arrival of the end stage of disease may be 

accompanied by dampened inflammation and an increased survival of ALS-vulnerable motor 

neurons as a result of TAM deficiency. Original work in this dissertation suggests a critical 

and differential involvement of TAM receptors in early and late stages of both AD and ALS. 

With several whole-body TAM receptor antagonists already in development and clinical trials 

as cancer therapeutics, a thorough understanding of the roles of microglial TAM receptors in 

neurodegeneration is of genuine importance to public health.  
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Chapter 1: Introduction 
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1.1 The role of microglia in health and disease 

Microglia are the distinctive tissue macrophages of the central nervous system 

(CNS)1-10. These immune sentinels, which constitute ~10% of the cells in the CNS9, tile the 

parenchyma of the brain and spinal cord. Microglia are a unique class of cells in the CNS in 

terms of their origin, characteristics, and functions in contrast to other glial cell types, such as 

astrocytes and oligodendrocytes. They originate during primitive hematopoiesis in the fetal 

yolk sac and enter and reside in the CNS during early fetal development between E9.5 to 

E10.5, before the formation of the blood-brain barrier (BBB) 11,12. Because of their yolk sac 

origin, these cells are maintained for very extended periods through continuous self-renewal. 

In a normal, healthy CNS, microglia continuously scan their immediate environment, 

exhibiting a ramified morphology, with many locally motile processes13,14.  

 

Microglia have gained increasing recognition over the last decade as to their critical 

roles in the development, homeostasis, and response to CNS injury and disease. They are 

most known for the roles they play in immune surveillance and the phagocytic removal of 

apoptotic cells (ACs) and microbes as professional phagocytes, similar to many tissue 

resident macrophages. Microglia are the first and primary front of cells to mount a response 

towards pathogens and the clearance of debris. In addition, microglia at steady-state are also 

known to provide CNS-specialized functions that are tightly associated with the maintenance 

of brain homeostasis15, such as contributing to circuit plasticity by phagocytic pruning of 

exuberant synaptic elements during development5,16,17, secreting neurotrophic factors such 

as IGF1, BDNF and TGFb 18 19, modulating neuronal activity by sensing ATP 20,21 and 

phagocytosing ACs after adult neurogenesis22 23,24. In response to trauma or infection, these 

cells transform into amoeboid cells. They sense chemokine/nucleotide gradients radiating 
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from sites of injury and infection, migrate to these sites, and produce a panoply of 

proinflammatory effectors such as TNFa, IL-1b, and nitric oxide.  

 

While the CNS was once viewed as a ‘privileged environment devoid of classical 

immune signaling, chronic neuroinflammation is now known to be a hallmark of many 

neurodegenerative diseases (NDs), including Alzheimer’s Disease (AD)25,26, Multiple 

Sclerosis (MS)27, Parkinson’s Disease(PD)26, and Amyotrophic Lateral Sclerosis (ALS)28. 

Emerging evidence suggest that neuroinflammation is not only both induced and regulated 

locally in the CNS, but also actively contributes to pathogenesis in NDs. Microglia, along with 

other glial cells such as astrocytes, are the key cells that produce and respond with 

neuroinflammation, typically recognized as reactive microglia at pathology-impacted regions 

29-31.  

 

However, despite unequivocal acknowledgement of the participation of microglia in 

NDs, whether activated microglia in NDs play a protective or detrimental role in the course of 

neurodegeneration, especially during the chronic progression of disease, is still largely 

unknown. On one hand, reactive microglia may play an active neuroprotective role by 

engulfing pathological structures such as aberrant protein aggregates, recruiting more 

phagocytes with the release of inflammatory cytokines while concomitantly clearing the AC 

corpses that are produced at sites of injury or neurodegenerative lesions. On the other hand, 

while these effectors are critical to an effective immune response, chronic activation of these 

cells due to sustained exposure to accumulated unresolved pathological features can lead to 

functional impairment of microglia. This may inflict secondary cytotoxic damage to neuronal 

function and survival, thus exacerbating neurodegeneration. Elucidating the role of microglia 
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in NDs, specifically the molecular mechanisms whereby microglia mediate responses 

towards disease pathology, is one of the main goals of this thesis.  

 

The degree of contribution of infiltrated monocyte-derived macrophages in NDs is an 

unsettled argument, and studies have shown contradictory results 32,33, in part because 

molecular markers distinguishing resident microglia from blood-derived macrophages have 

also been lacking in disease settings. Though it may be that infiltrated macrophages present 

higher expression of CD45 when evaluated by FACS comparing to resident microglia34, 

CD45 expression also increases in activated myeloid cells thereby obscuring the separation 

of the two populations35,36. In addition, although resident microglia have been shown to 

specifically express Tmem119 as a homeostatic marker37, we and others38 have shown that 

reactive microglia such as those near Ab plaques, a classical hallmark of AD pathology, 

significantly downregulate Tmem119 in AD and other NDs (Fig. 2.3.1-3). Therefore, we have 

not attempted to distinguish resident microglia from infiltrated blood-derived macrophages 

during disease, or from other CNS macrophages found in the meninges, choroid plexus, and 

perivasculature. We have instead studied Iba1+ cells in brain and spinal cord in mouse 

models of AD and ALS – these cells are loosely termed ‘microglia’ in this thesis. This is 

primarily due to the limiting scope of these projects and the available genetic tools when the 

projects started, but also because 1) microglia and infiltrated macrophages are all positive for 

TAM receptors, which is the signaling pathway upon which our project is focused; and 2) 

microglia are the most abundant immune cell type in the CNS (monocytes constitute ~1% of 

all CD45+ cells at even the peak stage of AD39). Several lines of evidence indicate that the 

Iba1+ (or Cx3cr1+) CNS cells we are studying are microglia.  
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1.2 TAM system in microglia and other immune sentinels 

Our laboratory discovered a signaling system that controls two fundamental activities 

– the inhibition of the innate immune inflammatory response and the phagocytosis of ACs 

and membranes – in immune sentinels40-54. This system is composed of the TAM receptor 

tyrosine kinases (RTKs) Tyro3, Axl, and Mer42,46 and their ligands Gas6 and Protein S 

(Pros1)46,55 (Fig.1.2-1).  

 

Our group first identified the TAM RTK family42. We demonstrated that TAM signaling 

operates as the ultimate arm of the innate response to pathogens in immune sentinels, 

where it inhibits the expression and activity of inflammatory cytokines45,46,48,49,56. In dendritic 

cells (DCs), we showed that pathogen detection by pattern recognition receptors activates 

the genes for type I interferons (IFNs), which subsequently induce Axl. Axl in turn binds to 

the R1 chain of type I IFN receptors (IFNARs), and a hybrid Axl-IFNAR complex then 

activates suppressor of cytokine signaling (SOCS) genes 1 and 3, whose products shut 

down Toll-like receptor (TLR) and cytokine receptor signaling49. Thus, Axl is a pleiotropic 

inhibitor of the innate immune response, and its induction is intrinsic to that response46. TAM-

mediated immune suppression in both DCs and macrophages has subsequently been 

demonstrated by many groups. 

 

Concomitantly, TAM receptors and their ligands mediate the phagocytic clearance of 

ACs and phosphatidylserine (PtdSer)-rich membranes from nearly all mature tissues44-46,57. 

This phagocytosis is generally driven by Mer in healthy tissues, but is additionally mediated 

by Axl and Tyro3 in infected, damaged, or degenerating tissues44,46,51,52,56,58. It has been 

documented for DCs and macrophages of the immune system, Sertoli cells of the testis, 

retinal pigment epithelial (RPE) cells of the eye, and microglia23,44,46,47,59-61 (Fig. 1.2-2). TAM-
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mediated phagocytosis of membranes and cells requires the N-terminal ‘Gla domains’ of 

Gas6 and Pros1 (Fig.1.2-1): ~40 amino-acid modules, rich in g-carboxylated glutamic acid 

residues, which mediate binding to PtdSer52,62. This phospholipid is confined to the inner 

leaflet of the plasma membrane in all normal cells, but is displayed on the outer leaflet of 

ACs63-66. It is the most common and potent of the ‘eat-me’ signals by which dead cells are 

recognized by phagocytes67,68. Gas6 and Pros1 thus serve as ‘bridging molecules’ that link 

PtdSer on the surface of phagocytic cargo to the TAM receptors expressed by phagocytes 

(Fig. 1.2-2)54. In their action, Gas6 and Pros1 resemble other PtdSer bridging molecules69-72. 

However, these ligands have the unique ability, via their C-termini, to also bind the TAMs and 

thereby activate their tyrosine kinases (Fig. 1.2-2). This is key to TAM action54,56, since 

ligand-opsonized ACs concomitantly trigger both immune suppression and their own 

phagocytic engulfment. We have shown that Tyro3-/-Axl-/-Mertk-/- triple knock-out (TAM TKO) 

mice47 are viable, but autoimmune44,45,48,58, infertile47, and blind47,59,60,73,74, because TAM 

function is required for phagocytosis and immune suppression in macrophages/DCs, Sertoli 

cells, and the RPE (Fig. 1.2-2). 

 

We have recently shown that microglia normally express high levels of Mer and low 

levels of Axl, and are Tyro3-negative23. Importantly, we have also shown that microglial Axl is 

strongly up-regulated in response to neuroinflammatory stimuli, and in a transgenic mouse 

model of Parkinson’s disease (PD)23. In this respect, microglia are very similar to tissue 

macrophages generally, in that we have previously shown that tissue macrophages in vivo 

express high levels of Mer (in concert with the high affinity Fcg receptor, Mer is now a 

consensus tissue macrophage marker75) and low levels of Axl51. Axl, however, is an 

extremely sensitive inflammation indicator, and its expression in macrophages and DCs is 
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up-regulated from 20- to 100-fold by type I IFNs, IFNg, LPS, and many other inflammatory 

stimuli49,51.  

 

We have further shown that microglia require Mer predominantly and Axl secondarily 

for CNS phagocytosis in two distinct settings – the engulfment of the large number of ACs that 

are generated during adult neurogenesis in the hippocampus and subventricular zone23, and 

the phagocytosis of neural cells that have been infected by viruses61. The neurogenic regions 

of Mertk-/- and Axl-/-Mertk-/- mice have 10-fold and 40-fold more cleaved caspase3+ ACs, 

respectively, than do those of WT mice23, a phenotype that we showed is due to the loss of 

TAM signaling specifically in microglia23. Both Gas6 and Pros1 function as TAM ligands in 

these cells23. Similarly, in a study published together with colleagues in Axel Nimmerjahn’s 

laboratory, we showed that neural cells transduced with Adenovirus 5-based vectors are 

phagocytically cleared within days of transduction by TAM-dependent microglial phagocytosis. 

Both of these phagocytic events require PtdSer exposure on the surface of cells that are to be 

engulfed23,61. Remarkably, several lines of evidence indicate that many of these engulfed cells 

are not dead, but rather are eaten alive, by microglia, simply because they display PtdSer on 

their surface54,61,76,77.   
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1.3 Neurodegenerative diseases 

1.3.1 Alzheimer’s Disease (AD) 

More than 3 million Americans and 50 million people worldwide are currently suffering 

from AD, one of the most prevalent and devastating neurodegenerative diseases. It is the 

most common form of dementia and the sixth leading cause of death in the US adults 

according to the CDC (https://www.cdc.gov/aging/aginginfo/alzheimers.htm). The cost of 

treatment, caregiving and the living of patients’ and their families is tremendous, yet since its 

first case diagnosis by Dr. Alois Alzheimer in 190678, there is still no therapy that effectively 

prevents, halts, or reverses the progression of the disease. 

 

The two classic histopathological hallmarks of AD are the deposition of amyloid beta 

plaques, an aggregation of Ab that is generated from amyloidogenic cleavage of the amyloid 

precursor protein (APP), and the development of intracellular neurofibrillary tangles. Despite 

being first identified by Dr. Alzheimer back in 1900s, how these classical hallmarks give rise 

to the massive loss of neurons and synapses in cognition-related regions such as cerebral 

cortex and hippocampus and the loss of memory capacity among other deficits, is still not 

clear. The amyloid cascade hypothesis postulates that deposition of extracellular Ab is the 

initial pathological event in AD. This is thought to lead to the formation of senile plaques, 

which umbrella all other pathological characteristics79. This hypothesis is strongly supported 

by compelling evidence including the identification of AD pathology in familial AD patients 

carrying various mutations on the APP gene, as well as in the PSEN1/2 gene that encodes 

part of the gamma-secretase complex80 that processes the C-terminal cleavage of Ab. In 

fact, in parallel to this, transgenic mouse models of AD that carry these familial AD 

mutations81-83 reproduce many features of human AD84,85. These transgenic mice include the 

principal model in our studies, the B6.Cg-Tg(APPSwePSEN1dE9) mouse86,87, which carries a 



9 
 

humanized APP695swe ‘Swedish mutation’ transgene (K595N/M596L) paired with a mutant 

human presenilin gene in which exon 9 is deleted (https://www.jax.org/strain/005864). Our 

second model, the APP41 (B6 congenic) mouse, which expresses a ‘Swedish’ + ‘London’ 

(V717I) mutant human APP under the Thy-1 promoter88-90, has an earlier disease onset, 

where amyloid plaques can first be detected at 3 months of age. Another commonly adopted 

AD mouse model, 5XFAD91, is loaded with five AD-linked mutations on APP and PSEN1 

genes and presents precipitous pathology development92.  

 

Despite the supporting evidence for the amyloid cascade hypothesis, studies have 

shown that smaller oligomeric Ab moieties can mediate neuronal death and impair synaptic 

neurotransmission in vitro and in vivo; these Ab oligomers are proposed to be comparatively 

more neurotoxic than plaques93,94 95, and emerging  therapeutics have been redirected to 

target Ab oligomers96. Others have reported a non-linear correlation between amyloid burden 

and cognition in AD individuals97, suggesting a temporal gap between these two events. In 

addition, many AD-linked risk genes have been uncovered, including the epsilon 4 allele of 

the apolipoprotein E (APOE) gene98 99. Of interest, GWAS studies show many AD risk genes 

are expressed abundantly in microglia32,33,100,101, providing novel therapeutic targets and an 

alternative angle for studying neuron non-autonomous contributions to disease. The strong 

link of an active role played by microglia and innate immunity to AD pathogenesis essentially 

begot the project that is covered in detail in section 1.4 and chapter 2 of this thesis. Clearly, 

the amyloid cascade hypothesis cannot encompass the whole story of AD pathogenesis. 

 

Largely based on the component targeted in the amyloid cascade theory  – amyloid b 

plaques - AD clinical trials have not been fruitful despite collective efforts from bench 

science, industries, and governments. Over the past 20 years, active and passive 
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immunotherapy have mainly been focused on developing drugs that decrease the production 

of Ab, either by inhibiting activities of gamma102-106 or beta-secretase107,108, and those that 

promotes clearance of plaques from the brain such as anti- Ab monoclonal antibodies109,110. 

Though a few drugs were shown effective in clearance of Ab plaques in patients’ brains, 

together with the ongoing Biogen Aducanumab in both EMERGE and ENGAGE trials, these 

treatments have almost uniformly failed to efficiently prevent or slow down cognitive decline 

in patients. This only rising star showed a minimally significant improvement in cognition 

outcome but more than 30% of its patients that received the drug developed amyloid-related 

imaging abnormalities, in an APOEe4-aggravating dose-dependent manner, which made it 

impossible for maintaining the double-blind unbiasedness of the clinical study. Not only that, 

some drugs even worsened cognition and increased mortality compared to the placebo, 

which resulted in early termination of those studies104-106,111. Much is to be learned from the 

failed clinical trials. One emerging possibility is that Ab aggregation in forms of dense-core 

plaques could be a compensatory response to toxic species of Ab-induced or idiopathic 

neuronal damage, which may require active engagement of microglia, the validation and 

mechanism of which is explored in detail in chapter 2 of this thesis work. Alternative 

strategies focusing on newly identified AD risk factors and more precisely druggable 

molecular pathways might be considered for therapeutic advancement to combat AD. 
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1.3.2 Amyotrophic Lateral Sclerosis (ALS) 

ALS is one of the most rapidly progressive neurodegenerative diseases, and is the 

most common form of motor neuron disease in adults. First described by the French 

neurobiologist and physician Jean-Martin Charcot in 1869, ALS has since become well-

known in the United States - first as Lou Gehrig’s disease, in remembrance of the Yankee 

baseball player Lou Gehrig diagnosed in 1939, and more recently following the diagnosis of 

cosmologist Stephen Hawking in 1963. The disease is known to be fast progressing, 

uniformly fatal and devastating to patients’ well-being. ALS patients live from 2 to 5 years 

from the time of diagnosis, during which they suffer from progressive muscle atrophy and 

loss of control and initiation of nearly all voluntary movements. ALS patients die from 

respiratory failure in most cases. According to NINDS’s fact sheet, ~30,000 people in the 

U.S. currently have the disease (https://www.ninds.nih.gov/Disorders/Patient-Caregiver-

Education/Fact-Sheets/Amyotrophic-Lateral-Sclerosis-ALS-Fact-Sheet). The socioeconomic 

costs for the care of ALS patients are astronomical. Despite a lack of consensus as to the 

cause, pathological hallmarks of ALS include progressive muscle weakness, spasms, and 

muscle atrophy, usually beginning with one limb and then spreading to all body parts. 

Atrophy is observed in the muscles that mediate speech and swallowing, which are tied to 

the degeneration of upper and lower motor neurons (MNs) in the brain and spinal cord. 

Despite years of efforts and many clinical trials112,113, there are no therapies that halt or 

reverse this deadly disease. 

 

Over the past three decades, researchers have made tremendous progress in 

understanding the pathogenesis of ALS. Like many other neurodegenerative diseases, in 

more than 90% of cases, ALS occurs sporadically and has no genetic linkage in patients. 

The other 5%-10% cases, the so-called ‘familial’ cases, display dominant inheritance, which 
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is where breakthroughs in ALS first appeared. A primary cause of familial ALS are missense 

mutations in the gene encoding the enzyme Cu2+/Zn2+ superoxide dismutase (SOD1). first 

discovered in 1993. These mutations promote disease due to toxic gain of function of 

misfolded aggregated proteins, rather than a loss of enzymatic activity114 115. The first mouse 

model of ALS with transgenic expression of a G93A mutant form of the human SOD1 gene 

was made in 1994, and has been thus far the most widely used ALS transgenic mouse line in 

pre-clinical research116. Since then, clinical studies have uncovered more mutations in TAR 

DNA-binding protein 43 (TARDBP), chromosome 9 open reading frame 72 (C9orf72), and 

the FUS gene, all of which are represented in familial and even in some sporadic cases117. 

Despite diverse genetic mutations, ALS cases have converging pathological hallmarks that 

underlie the devastating clinical symptoms. These include aberrant protein aggregates and 

impaired degradation of these aggregates, marked neuroinflammation, and selective MN 

death.  

 

Neurodegeneration underlying ALS is highly target selective. The disease only affects 

certain MN subsets, and is relatively forgiving on other cell types118 In addition, different 

motor pools are differentially affected: spinal MNs in lateral motor column (LMC) innervating 

limbic skeletal muscle are preferentially more affected than MNs in medium motor column 

(MMC) innervating axial muscles. In addition, MNs in the III, IV, VI nuclei in midbrain and 

brainstem as well as Onuf’s nucleus in lumbosacral spinal cord, controlling eye movements 

and sexual functions respectively, are relatively spared despite loss of all other voluntary 

motor functions at late stage of ALS119,120. Moreover, subtypes of MN with different 

morphological, transcriptional and biophysical properties are selectively resistant to ALS 

based on their corresponding muscle contractile properties. As such, motor units can be 

classified as fast fatigable (FF), fast fatigable-resistant (FR), and slow (S), whose MNs have 
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been found to range from high to low, respectively, in terms of their susceptibility in ALS121. 

The distinction of different lower motor neuron sub-populations primarily relies on 

distinguishing between molecular markers. For example, matrix metalloproteinase 9 (MMP9) 

is only expressed specifically in FF alpha MNs but is absent from FR alpha MNs and ALS-

resistant S MN subpopulations. These are the largest, most-excitable MNs, and are involved 

in producing short-lasting bursts of forceful muscle contraction such as running122,123-125. 

Studies suggest almost all MMP9-expressing MNs are selectively lost at the end stage of 

disease in SOD1G93A mice, while the residual 50% MNs are MMP9-negative122. In addition, 

NeuN is found in ChAT+ alpha MNs but is largely absent in ChAT+ gamma MNs126 127. ERRg 

is often used as a marker for S gamma MNs, which innervate small and slow-contracting 

muscle fibers that typically control behaviors such as keeping the body upright126,128,123. 

Multiple MN-autonomous and non-cell-autonomous mechanisms that mediate the selective 

loss of MNs have been proposed. Among these mechanisms, a role of excessive glutamate-

mediated excitotoxicity and neuroinflammation in forms of compromised glial response29 

have been strongly indicated in ALS pathogenesis, both of which will be discussed further in 

Chapter 3. 

 

Despite increasing depth of research and social awareness of the disease, one of the 

most famous one being the Ice Bucket Challenge in 2014, there is still much to learn and 

explore about the disease itself, its causes, mechanisms, and its treatments. There are only 

two FDA-approved interventional drugs and there is no remedy that halts, reverses. or cures 

the disease. Riluzole, an anti-excitatory therapy approved in 1995 that blunts excessive 

presynaptic glutamate signaling, has been proven to modestly extend median survival by 

about 3 months129. The more recent antioxidant edaravone, though having showed efficacy 

for prolonging tracheostomy-free survival in a skewed sample of regional ALS patients, is still 
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under investigation for its overall effect on survival130 131. On other fronts, despite a clear 

participation of immune activation in pathogenesis of ALS132-134, all anti-inflammatory drugs 

so far have failed clinical trials due to either futility or safety concerns, including Masitinib135 

(an inhibitor of CSF-1R that prevents microglia proliferation), Minocycline136 (inhibitor of 

microglia cytokine production), Thalidomide137 (TNFa inhibitor) and Pioglitazone138 (PPARg 

agonist that acts to suppress NFkB pathway). These failed trials, together with failed clinical 

trials on this front in AD discussed in section 1.3.1, teach a valuable lesson: perhaps directly 

suppressing proinflammatory cytokine production or functionally ablating all microglia has 

more repercussions than it has benefits in human trials. Instead, more pre-clinical studies 

that aim to unravel the neurodegenerative nature of these active players in 

neuroinflammation and target more precisely defined molecular pathways that can modulate 

diverse aspects of disease progression should be warranted.   
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1.4 Significance 

Neurodegenerative diseases by definition are characterized by neuronal dysfunction 

and cell death, usually selective, of the CNS. This leads to functional deficits that often lead 

to irreversible and deleterious damage. Though many diseases have been well characterized 

in pathology from postmortem patient samples, the cause and mechanistic basis of the 

pathogenesis and progression of these NDs remain unclear. Despite this lack of knowledge, 

it’s been shown that common pathological hallmarks such as prominent neuroinflammation, 

abnormal or misfolded protein aggregates, and neuronal excitotoxicity, prevail throughout all 

NDs. It is likely then that there are converging cellular and molecular pathways that regulate 

these common features underlying NDs and that uncovering such fundamental mechanisms 

and their contributions in neurodegeneration hold the key for understanding pathogenesis of 

NDs and identifying potential targets for developing therapeutic intervention. 

 

More compelling evidence that links microglia with NDs has been gathered over the 

past ten years from GWAS and RNAseq studies. Mounting genetic evidence shows that ND 

gene risk alleles are preferentially expressed in microglia compared to other CNS cell 

types139,140. Indeed, microglia are demonstrably important to the biology and pathology of 

AD32,33,100,101 and ALS141. This is perhaps best illustrated by the fact that the Trem2 gene, 

variants of which strongly predispose to the development of AD, is expressed by microglia 

and other myeloid cells, but not by neurons142-145. A role for microglial Trem2 in ALS and MS 

has also been implicated. Microglial activation is observed in the CNS in mouse models of 

ALS29 and ALS postmortem samples146. Interestingly, microglia isolated at late stage of 

disease from SOD1G93A mouse model of ALS show neither an M1 nor M2 signature, 

suggesting a unique genetic landscape of these reactive microglia in NDs. This led to recent 

transcriptomic analyses39,139,141,147 that have identified a distinct group of ‘disease-associated 
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microglia’ that expresses a set of core neurodegenerative genes that are shared across AD, 

ALS and MS and their animal models.  

 

The TAM receptor tyrosine kinases Axl and Mer have been strongly linked to 

neurodegeneration. First, microglial Axl mRNA has been found to be dramatically 

upregulated in both AD and its mouse models39,148,149. An ~20-fold up-regulation of Axl mRNA 

has been measured in laser-captured plaque-associated microglia in early-onset human AD 

patients148. More recently, in RNAseq and single-cell RNAseq analyses of the 5xFAD mouse 

model of AD as well as in the SOD1G93A mouse model of ALS91, Axl mRNA was up-regulated 

25- to 40-fold in ‘disease-associated microglia’ at 6 months of age39,148. An elevated level of 

the soluble Axl ectodomain (sAxl, see below) in cerebrospinal fluid (CSF) and blood has 

been found to be among the most reliable biomarkers of human AD progression150,151 and 

hippocampal sclerosis152 in humans. Indeed, a recent report now classifies Axl as an ‘AD-

associated gene’148. In addition, nuclear receptor (e.g., PPARg) agonists, which elevate both 

Mer expression and phagocytosis in microglia and macrophages51,153,154, have been shown to 

ameliorate disease in mouse neurodegeneration models154-157; and these agonist benefits 

may be Mer-dependent158. Finally, our lab has reported prominent up-regulation of Axl 

specifically in microglia in the Thy1-A53T a-synuclein mouse model of PD23.  

 

The TAM receptors Mer and Axl control multiple features of microglia physiology that 

may indeed impact pathogenesis of NDs. These findings notwithstanding, experimental tests 

of the functional role of microglial TAM signaling in NDs have yet to be performed. In this 

thesis project, we have examined the expression and function of TAM receptors and their 

ligands in AD and in mouse models of AD (Chapter 2), and in a mouse model of ALS 

(Chapter 3). Our studies have shown that TAM signaling is critically involved in both AD and 
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ALS, and the TAM system might emerge as one of the converging mechanisms that 

microglia use in response to common disease associated pathologies in NDs. With several 

whole-body TAM receptor antagonists – including small molecule inhibitors of the TAM 

tyrosine kinases – already in development and clinical trials for the treatment of cancers159, 

exploiting a mechanistic understanding of the role of TAM receptors and their ligands in 

neurodegeneration and their therapeutic potential is of great importance to public health.  
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Figure 1.2-1 TAM receptors and their ligands  
Tyro3, Axl, and Mer are receptor tyrosine kinases (TK) that are activated by the binding of 
the C-terminal ‘SHBG’ domains of the ligands Gas6 (which activates all three RTKs) and 
Pros1 (which activates Mer and Tyro3) via the N-terminal immunoglobulin domains (Ig1/2) of 
the receptors. TAM signaling absolutely requires the coincident binding of Ca2+ ions and 
phosphatidylserine (PtdSer, a common phospholipid) to the N-terminal ‘Gla’ domain of the 
ligands52,54.  
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Figure 1.2-2 TAM receptors and the clearance of ACs and PtdSer-rich membranes  
Sertoli cells (a), RPE cells (b), and microglia/ macrophages (c) all require TAM signaling to 
carry out PtdSer-dependent phagocytosis. TAM mutant mice display a pile-up of ACs in the 
testis, lymphoid organs, and brain, leading to infertility and severe autoimmune disease. 
Their PR outer segments are saturated with oxidized proteins, which leads to PR death and 
blindness. From (49).  
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Chapter 2: Investigating the role of microglial TAM receptors in 
Alzheimer’s Disease  
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2.1 Introduction 

The TAM receptor tyrosine kinases (RTKs) Axl and Mer (gene name Mertk) exert two 

key regulatory functions in macrophages and other immune sentinels1,2. First, these RTKs 

are absolutely required for the phagocytosis of apoptotic cells (ACs)3-5. The ACs that are 

eaten by TAM-expressing phagocytes include the >1011 dead cells that are generated each 

day as a consequence of regular tissue renewal, as well as the added bolus of ACs that 

accumulate during disease3. Mer is expressed by all phagocytic tissue macrophages3. 

Second, both receptors, but most prominently Axl, function as intrinsic negative feedback 

inhibitors of Toll-like and cytokine receptor signaling in dendritic cells and macrophages 

subsequent to immune activation1,2,6. We have previously shown that both of these essential 

functions are TAM-controlled and TAM-dependent in microglia, the specialized tissue 

macrophages of the central nervous system (CNS)7. As genetic and cell biological analyses 

have revealed that many of the genes associated with increased risk for Alzheimer’s disease 

(AD) and other neurodegenerative disorders are expressed in the CNS predominantly or 

exclusively by microglia, these macrophages have attracted increasing interest in the context 

of AD specifically and neurodegeneration generally8,9. 

 

 Human and mouse microglia express high levels of Mer and low levels of Axl at 

steady-state7,10, and we have previously shown that these RTKs, most notably Mer, play a 

critical role in microglial phagocytosis of the ACs that are generated during adult 

neurogenesis7. The third TAM receptor – Tyro3 – is not expressed by microglia7,10, but is 

instead prominently expressed by neurons11. We and others have also shown that 

expression of the Axl gene is markedly up-regulated in microglia and all other tissue 

macrophages by nearly all inflammatory stimuli (e.g., type I and gamma interferons, poly I:C, 

and lipopolysaccharide)5; and that Axl up-regulation is also seen when macrophages are 
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activated during the course of infection, tissue trauma, or disease3,7. Correspondingly then, 

RNAseq analyses of laser-captured plaque-associated tissue from human AD, and single cell 

RNAseq analyses of ‘disease-associated microglia’ in the 5xFAD mouse model of AD, have 

both documented dramatic up-regulation of microglial Axl mRNA in late-stage disease12,13; 

and immunostaining of plaque-associated microglia in human AD has revealed marked Axl 

protein up-regulation specifically in these cells14. Subsequent to Axl up-regulation and 

catalytic activation, ADAM family metalloproteases cleave the Axl ectodomain from the cell 

surface5, and elevated levels of this soluble Axl ectodomain (sAxl) in cerebrospinal fluid have 

been found to be predictive of disease development and progression in human AD15,16. All of 

the above observations have led to the classification of Axl as a prominent ‘AD-associated 

gene’13. This classification notwithstanding, the roles that Axl and its closely-related receptor 

Mer might play in AD have not been studied, and are therefore unknown.   

 

 These considerations led us to examine the expression and function of microglial 

TAM receptors and their ligands in AD and its mouse models. We studied hemizygous 

APP/PS1 mice, which carry a pathogenic, amyloidogenic ‘Swedish mutation’ of the human 

amyloid precursor protein (APP) gene and an activating (exon 9 deletion) mutation of the 

human presenilin 1 (PSEN1) gene17,18, both as transgenes driven by the mouse prion protein 

promoter. In humans, these mutations result in familial AD, due to elevated proteolytic 

production of amyloid beta (Ab) peptides from the amino terminus of APP. We also examined 

hemizygous APP41 mice, which express a ‘Swedish’ + ‘London’ (V717I) mutant human APP 

under the control of the Thy-1 promoter19,20; and in addition examined TAM regulation in 

human AD. We find that the full TAM system, including its universal ligand Gas6 and 

essential co-ligand phosphatidylserine, is engaged concomitant with the deposition of Ab 

plaques in the brain. Using single-cell, live two-photon imaging of compound mutant mice in 
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which both microglia and Ab plaques are fluorescently labeled, we find that Axl/Mer-deficient 

microglia are unable to normally detect, respond to, organize, or phagocytose plaques. 

Remarkably, we further find that TAM-deficient APP/PS1 mice have fewer plaques than their 

TAM-expressing counterparts. We propose a model to account for these results. 
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2.2 Material and Methods 

Mice. The Axl-/ 21, Mertk-/- 21, Axl-/-Mertk-/- 21, and Cx3cr1GFP/+ 22 strains have been described 

previously. B6.Cg-Tg(APPSwePSEN1dE9) hemizygous mice17,18 (APP/PS1) (JAX number: 

005864) were crossed with Axl-/-, Mertk-/- and/or Axl-/-Mertk-/- lines to generate APP/PS1 Axl-/-, 

APP/PS1Mertk-/-, and APP/PS1Axl-/-Mertk-/- mice. For two-photon microscopy, APP/PS1 mice 

were crossed with Cx3cr1GFP/GFP or Cx3cr1GFP/GFP Axl-/-Mertk-/- strains. Only female 

APP/PS1Cx3cr1GFP/+ WT or Axl-/-Mertk-/- and healthy littermates were used in two-photon 

studies to avoid potential gender biases in pathology and microglial responses. APP41 mice, 

which express a ‘Swedish’ + ‘London’ (V717I) mutant human APP under the Thy-1 promoter 

19,20,23, were a kind gift of Drs. Kuo-Fen Lee and Jiqing Xu. All lines have been backcrossed 

for >10 generations to and maintained on a C57BL/6 background. All animal procedures 

were conducted according to protocols approved by the Salk Institute Animal Care and Use 

Committee (Protocol No. 17-00009). Mice of both genders were randomly allocated to 

experimental groups unless otherwise noted.  

 

Reagents and antibodies. Antibodies used were as follows: anti-Axl (R&D AF854), anti-Mer 

(eBioscience DS5MMER and R&D AF591), anti-mouse Gas6 (R&D AF986), anti-human 

Gas6 (R&D AF885), anti-beta-amyloid, clone 6E10 (Biolegend 803001), anti-Iba1 (Wako 

019-19741 and Novus NB100-1028), anti-GFAP (Dako z-334), cleaved Casp3 (Cell 

Signaling 9661), anti-CD68 (BioRad MCA1957), anti-NeuN (Chemicon MAB377), anti-Arc 

(Sysy #156003, Rabbit polyclonal), anti-RTN3 (EMD Millipore ABN1723), anti-Tmem119 

(Abcam AB209064), anti-LAMP1 (BD Biosciences, Cat# 553792, clone 1D4B), and anti-

Trem2 (R&D systems, AF1729). Secondary antibodies for immunohistochemistry were 

fluorophore-conjugated anti-rat (712- 545- 153 or 712- 165- 153 from Jackson 

ImmunoResearch), anti-goat (A-11056 from Life Technologies, or 705-166-147 from Jackson 
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ImmunoResearch), anti-rabbit (A-11071 or A-21206 from Life Technologies), anti-sheep 

(A21098 from Thermo Fisher Scientific) and anti-mouse (A-11029 from Life Technologies, 

715-166-150 or 715- 176- 150 from Jackson ImmunoResearch). Antibodies used in the 

quantification of Ab42 peptides by ELISA were obtained as a kind gift from Dr. Marc Mercken 

from Janssen Pharmaceuticals: JRF AB042/26 for Ab42 and detection antibody JRF/AbN/25, 

unlabeled. Key reagents and their usage were as follows: Thio S (Acros organics 

213150250); Hoechst 33258 in a 1% solution of bisbenzimide in water (Sigma Aldrich B-

2883); TrueBlack® Lipofuscin Autofluorescence Quencher (Biotium #23007). For 

biotinylation of detection antibody JRF/AbN/25 (EZ link Sulfo-NHS-LC Biotin, Thermo Fisher, 

Cat #21217) and subsequent dialysis (Slide-A-lyzer dialysis cassette, Pierce 0728, prod # 

66415). Synthetic human Ab1-42 peptides for ELISA standards (Anaspec Cat # 20276).pSIVA-

IANBD™ was included in the pSIVA apoptotic detection kit (Novus Bio NBP2-29382) 

originally described in Kim et al.24. For in vivo amyloid plaque labeling, MX04 (Tocris 4920) 

was prepared and used as previously described25, following the manufacturer’s instructions. 

Stock MX04 was first dissolved in 100% DMSO then injected i.p. at a final concentration of 

10 mg/kg in 10% DMSO, 45% propylene glycol, 45% PBS, pH 7.5) 24 h prior to imaging.  

 

Immunohistochemistry and histochemistry. Routine perfusion procedures were as 

described previously 7. Briefly, littermates of diseased and healthy mice of WT and Axl-/-

Mertk-/-  mice at P30 and at adult ages (2.5 -16 mo) were anesthetized with a final 

concentration of 100mg/kg Ketamine/10mg/kg Xylazine in accordance with IACUC 

guidelines. Mice were then transcardially perfused with 20U/ml heparin in PBS followed by 

freshly prepared 4% PFA in PBS. Both hemispheres were post-fixed in 4% PFA in PBS 

overnight and subsequently infiltrated in 30% sucrose in PBS for 1 day and flash frozen in 

TBS tissue freezing medium. The left hemisphere was sagittally cryo-sectioned at 15µm, air-
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dried overnight and subsequently processed for staining. Antigen retrieval with citrate buffer 

was performed if needed by heating brain sections to 80°C for 3 min in pre-warmed citrate 

buffer and cooling to room temperature. Non-specific binding was blocked by 1h incubation 

in blocking buffer (PBS containing 0.3% Triton-X100, 0.1% Tween-20, 5% donkey serum and 

2% IgG-free BSA). Sections were incubated overnight at 4°C with primary antibody diluted in 

blocking buffer, then washed in PBS 0.1% Tween-20, and incubated for 2 h at 22–24 °C in 

the dark with fluorophore-coupled secondary antibodies and subsequently in Hoechst for 5 

min diluted in blocking buffer. Sections were washed, sealed with Fluoromount-G 

(SouthernBiotech) and stored at 4 °C. For synaptic staining, freshly sectioned fixed brain 

sections were blocked for 1 hr at room temp in blocking buffer containing 0.3% Triton-X100, 

5% donkey in PBS. Primary antibodies diluted in antibody buffer (blocking buffer + 100mM 

lysine) were incubated overnight at 4 °C. The next day slides were washed in 3 x 5 min with 

PBS + 0.2% Triton X-100 and secondary antibodies diluted in the same antibody buffer were 

applied for 2 hr at room temp followed by nuclear staining and mounting as described above.  

 

 Cortical and hippocampal plaque density was quantified by staining with the 

fluorescent amyloid dye thioflavin S. Thio S binds to the b pleated sheets of dense-core 

senile amyloid plaques and provides for more reliable semi-automated quantification of 

plaques than immunostaining with 6E10. A serial set of 15µm sagittal sections (5 

sections/mouse) were obtained 0.25mm-0.85mm from the midline, each spaced 0.15mm 

apart. Plaque abundance was quantified by histochemistry with Thio S staining using 

published protocols 26. Image analysis of the number of cortical and hippocampal Thio S+ 

plaque was done blind with respect to genotypes and in a semi-automated fashion with set 

intensity thresholds for all conditions, using the ‘analyze particles’ function on ImageJ or FIJI 

software. For evaluating pSIVA-injected APP/PS1 and WT mice, a serial set of 15µm sagittal 
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sections were obtained between 1mm-2mm from the midline (0.5mm before and after the 

corresponding pSIVA injection sites, 15 sections/mouse) from both PSIVA-injected and 

control hemispheres. Serially cut sections from both hemispheres and genotypes (APP/PS1 

vs WT) were further immunostained with 6E10 antibody and evaluated for co-localization of 

fluorescence emitted from pSIVA and amyloid.  

 

Human postmortem AD brain sections. Paraffin-embedded thin sections of postmortem 

human brain tissues were obtained from the UCSD Alzheimer’s Disease Research Center 

(ADRC), courtesy of Dr. Robert Rissman. Three age-matched pairs of AD BRAAK stage 6 

and clinically normal brain sections were evaluated. Sections underwent standard 

deparaffinization and permeabilization with .3% Triton-X100 before treated for 5min with 1X 

TrueBlack in 70% Ethanol. Subsequent immunostaining for human Gas6 and Ab plaques 

using the antibodies detailed above was done with the standard immunofluorescence 

protocol detailed above without detergents in the buffers. 

 

RT-qPCR. RNA from snap-frozen cortex or hippocampal tissue was isolated with TRIzol 

(Thermo Fisher Scientific 15596026) according to the manufacturer’s instructions. The RT 

Transcriptor First Strand cDNA Synthesis Kit (Roche) with anchored oligo(dT) primers 

(Roche) was used for reverse transcription. Quantitative PCR was run in a 384-well plate 

format on a QuantStudio Q5. Gas6 primer sequences used: forward primer 5’-3’ AAC TGG 

CTG AAC GGG GAA G and reverse primer 5’-3’ CTT CCC AGG TGG TTT CCG T. Arc 

(Arg3.1) primer sequences used: forward primer 5’ – 3’ GGAGGGAGGTCTTCTACCGTC 

and reverse primer 5’ – 3’ CCCCCACACCTAC AGAGACA. Relative expression of genes of 

interest was normalized to GAPDH (primer pairs: forward sequence 5’-3’ AGG TCG GTG 

TGA ACG GAT TTG; reverse sequence 5’-3’ GGG GTC GTT GAT GGC AAC).  
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Extraction of soluble Ab and quantification of Ab42 by ELISA. Briefly, whole cortices and 

hippocampi were swiftly dissected from freshly extracted brains on an ice-cold platform and 

‘snap’ frozen in liquid nitrogen. Tissues were lysed on ice in RIPA buffer [50mM Tris-HCl, pH 

=8.0, 150mM NaCl, 0.1% SDS, 1% Triton-X 100, 0.5% deoxycholate] with protease and 

phosphatase inhibitor (Roche, Sigma) at 4:1 RIPA volume/brain wet weight. Homogenates 

were spun at 5000g first to deplete debris and then ultracentrifuged at 100,000 rpm at 4°C for 

1 hour. Supernatants (containing soluble Ab) from the cortical and hippocampal preparation 

were aliquoted and stored at -80oC until further use. Extracts from APP/PS1 WT and Axl-/- 

Mertk-/- and their non-diseased littermates were prepared simultaneously and identically.  

 

 Standard sandwich ELISA measurements of soluble Ab42 were performed based on 

published protocols27. Briefly, 96-well plates were pre-coated with anti-Ab42 JRF 

AB042/26 capture antibody at a concentration of 1.5µg/ml 50ul per well overnight at 4oC. The 

following day, plates were blocked 150µl/well with 1% casein blocking buffer for 2 hours at 

room temperature. Plates were washed five times with PBS + 0.05%Tween-20. JRF/AbN/25 

detection antibody against the N-terminus of Ab had previously been biotinylated and 

dialyzed following manufacturer’s instructions. 25µl biotinylated detection antibody was 

diluted in blocking buffer was mixed with either 25µl of standards (synthetic human Ab1-42 

peptide) or 25µl extracellular media before loaded 50µl per well and in duplets. Following 

overnight incubation at 4oC, plates were rinsed and incubated in streptavidin-HRP at 

50µl/well for 30min and developed in 1:1 mixture of Color Reagent A (H2O2) and Color 

Reagent B (Tetramethylbenzidine) (Cat # DY999). Plates were immediately measured on a 

TECAN Infinite® 200 PRO reader at 450nm.  
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Survival and home-cage video monitoring. Long-term (2 week) continuous digital videos 

of young adult AD mice (1.5-3 mo) housed in their home cages with clear cage lids (2 mice 

per cage) were collected at 25 fps using a high resolution, infrared equipped, digital video 

camera (Sony HandyCam HDR-XR520), set up in a top-down fixed angle for recording. The 

recording room was maintained on a 12h/12h light/red light cycle. Video monitoring of 

sporadic deaths and spontaneous convulsive seizures was performed by reviewing video 

footage via VLC player. Cages were checked every 12h to ensure proper air conduction and 

ample and accessible food and water, and to collect any mouse found dead. Brains from 

mice found dead during the study were freshly extracted, immersion-fixed, and 

immunostained for Arc expression.  

 

pSIVA stereotaxic injections for in vivo PtdSer labeling. Stereotactic injections were 

performed following previously published protocols 28. Briefly, thin wall glass pipettes were 

pulled on a Sutter Flaming/Brown puller and cut using sterile techniques resulting in tip 

diameters of 10-15µm. Adult APP/PS1 and WT control mice (15µmo) were anesthetized with 

isoflurane (4% for induction; 1%-2% during surgery). Mice were head-fixed in a computer-

assisted stereotactic system with digital coordinate readout. Three sites were serially injected 

with pSIVA on the right hemisphere of each animal. Neocortical coordinates were (AP +1mm, 

ML+1.5mm, DV +1mm), (AP 0mm, ML+1.5mm, DV +1mm) and (AP -1mm, ML+1.5mm, DV 

+1mm) along the motor and somatosensory cortex around layer III/IV. First, craniotomy sites 

were marked and an electrical micro-drill with a fluted bit (0.5 mm tip diameter) was used to 

thin a 0.5–1 mm diameter part of the bone over the target injection site. Care was taken to 

ensure uninjured uplifting of the bone segment. Next, undiluted pSIVA dye was loaded into 

the glass pipette with sufficient volume and was gently lowered to the desired depth (using 

the DV coordinates). A total of 500µl pSIVA per injection site was injected slowly at 
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1nl/second over a period of 15-20min and with a 5-minute break halfway and at the end of 

each injection to avoid backflow before carefully retracting the injection pipette to the next 

target injection site (using AP and ML coordinates). At the end of the last injection, mice were 

sutured along the incision of the scalp, and given subcutaneous Buprenex SR (0.5mg/kg). 

Each mouse was allowed to recover before placement in their home cage for 1.5-2h before 

undergoing routine perfusion and processing of both PSIVA-injected hemisphere and control 

hemisphere (see previous section).  

 

Surgery and animal preparation for in vivo two-photon imaging. Surgical procedures 

closely followed established protocols 7,28,29. Briefly, mice were anesthetized with isoflurane 

(4-5% for induction; 1%-1.5% for maintenance), head-fixed with blunt ear bars, and kept at 

36°C–37°C on a custom surgical bed (Thorlabs). Eyes were protected with vet ophthalmic 

ointment (Puralube). Depilator cream (Nair) was used to remove hair on top of the mouse’s 

head. The scalp was thoroughly cleansed and disinfected with a two-stage scrub of betadine 

and 70% ethanol. A scalp portion was surgically removed to expose frontal, parietal, and 

interparietal skull segments. Scalp edges were attached to the lateral sides of the skull using 

tissue compatible adhesive (3M Vetbond). A custom-machined metal plate was affixed to the 

skull with dental cement (Coltene Whaledent, cat. no. H00335). Ear bars were removed and 

the head was stabilized by clamping the skull-attached plate with a custom holder. An 

approximately 3mm diameter craniotomy was made over somatosensory cortex (center 

coordinates: AP -1.5mm, ML 1.5mm). A 1.5% agarose solution and coverslip were applied to 

the exposed tissue, and the coverslip was fixed to the skull with dental cement to control 

tissue motion. Imaging commenced immediately after optical window preparation 

(corresponding to 13-14h after intraperitoneal MX04 injection). Depth of anesthesia was 

monitored throughout the experiment and adjusted as needed to maintain a breath rate of 
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approximately 55-65 breaths per minute. Animal temperature was maintained at 36°C–37°C 

and saline supplemented as needed to compensate for fluid loss.   

 

Confocal microscopy. One-photon laser scanning confocal images were acquired with a 

Zeiss LSM 710 Confocal microscope using Plan-Apochromat 20x 0.8-NA air-matched or 63x 

1.4-NA oil objectives (laser lines: 405 nm, 488nm, 594nm and 633nm). Image size was 1024 

x 1024 pixels. Stack thickness is 15µm for mouse brain section and 5µm for postmortem 

paraffin-embedded sections. For synaptic quantification specifically, CA1 apical dendrites 

were imaged at 3 µm thickness and z stack image were obtained (optical slice 0.29 µm, 11 

slices per 3µm stack). Exposure acquisition was set according to the WT or non-mutant 

samples in all experiments. Airyscan super-resolution images were acquired with a Zeiss 

LSM 880 Rear Port Laser Scanning Confocal and Airyscan FAST Microscope using 63x oil 

objective. Whenever possible, ³ 3 images per section, ³ 3-5 sections per animal. Images 

were obtained and processed via the Zen Black and Zen Blue editions. Images for cortical 

and hippocampal plaque quantification were acquired with Olympus VS-120 Virtual Slide 

Scanning Microscope using a 10x objective.  

 

Two-photon microscopy. Live animal imaging was performed as previously described 

7,28,29. Briefly, a Sutter Movable Objective Microscope (MOM) equipped with a pulsed 

femtosecond Ti:Sapphire laser (Chameleon Ultra II, Coherent) with two fluorescence 

detection channels was used for imaging (dichroic beamsplitter: FF520-Di02 (Semrock); blue 

emission filter: FF01-452/45 (Semrock); green emission filter: ET525/70M (Chroma); 

photomultiplier tubes: H7422-40 GaAsP (Hamamatsu)). Laser excitation wavelength was set 

to 830nm. Average laser power was <10-15mW at the tissue surface and adjusted with depth 

as needed to compensate for signal loss due to scattering and absorption. An Olympus 20x 
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1.0-NA water immersion objective was used for light delivery and collection. Z-stacks 

included up to 350 images, acquired at 1µm axial step size, used a 2-frame average, 512 x 

512 pixel resolution, and 2.0x-10x zoom (corresponding to 350µm-72µm fields of view). 

Time-lapse recordings typically included 60-70 images/stack, acquired at 1.0-1.2 µm axial 

step size, used a 2-frame average, 60 stack repeats (corresponding to approximately 94 min 

total recording duration), 512 x 512 pixel resolution, and 3.3x-5x zoom (corresponding to 212 

µm - 142 µm fields of view). Up to thirteen z-stacks, and four to seven time-lapse recordings 

were acquired per animal in layers 1 and 2 of the somatosensory cortex. 

 

Contextual fear condition behavior test. Only male mice were used in this study to limit 

gender-induced variability. 2 batches of animal cohorts were used (n=6-10/ group) and the 

data were analyzed separately for validation and then combined. Briefly, mice were 

habituated 5 consecutive days prior to fear acquisition. On the day of fear acquisition (day 1), 

mice were evaluated for their abilities to remember the association between a context and an 

aversive mild electrical stimulus. Freezing behavior calculated in form of “%freezing”, i.e. 

time the mouse spent being immobile during the time period in the presence of the paired 

context (context test) even when the aversive stimulus is absent, is the readout of the 

memory tests and is monitored by an automated recording system30. After three paired 

stimuli of auditory cue and electric shock in fear acquisition, mice were monitored for their 

freezing behavior at 24h (Day 2) in the original context. To avoid estrogen-related variations, 

only male mice in cohorts with matching ages and group caged ones were use in these 

studies. 

 

Data analysis. For fixed-brain thin sections, maximum intensity projection images of 212µm 

x 212µm (1024x1024 pixel resolution) were analyzed in FIJI. ~5-7 plaques per brain sections 
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(3-5 sections per animal) were randomly chosen in the prefrontal cortex using the 6E10 

channel. Mean fluorescent intensity (MFI) for Mer, Axl, and Gas6 expression analysis, was 

calculated as the quotient of integrated density divided by region of interest, for example, 

Iba1 area or 6E10 area, respectively, which were gated based on their intensity and applied 

for all images in each experiment. Plaque-associated and non-plaque associated Iba1 areas 

were classified manually by investigator blind with respect to genotypes. For quantification of 

dystrophic neurite area using LAMP1 or RTN3, area above set fluorescent thresholds for 

either LAMP1 or RTN3-marked neuritic dystrophy and 6E10 immuno-positive area were 

calculated and summed using the FIJI ‘analyze particle’ tool, and the ratio of summed area 

(LAMP1 or RTN3 area/6E10 area) was calculated on per plaque basis. For LAMP1 analysis 

for convenience of binary categorization, dense-core plaques were defined as plaques that 

contain a single or solid (usually bright) 6E10-positive core area > 100µm2, and diffuse 

plaques were defined as the complement of these dense-core plaques that are characterized 

as those devoid of compact 6E10-positive area > 100µm2.  

 

To assess excitatory synapse changes in hippocampus, co-localization of vGlut1 and 

PSD95 in the apical dendrite area of CA1 of mouse hippocampus was analyzed using Imaris 

software (Bitplane). 3D z stack images were background subtracted and positive puncta of 

vGlut1 and PSD95 were selected and built as ‘spots’ by uniformly thresholding size and 

intensity across all sections and genotypes analyzed. PSD95 spots were then transformed 

into distance vector using the ‘distance transform’ function, which was followed by a 

calculation of distance between vGlut1 spots and PSD95 spots. Puncta were considered 

colocalized if the distance between vGlut1 and PSD95 was £ 0.7 µm. Number of colocalized 

puncta from each image was averaged for one section or for one animal and compared 
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between the experimental groups that contain 3 animals. ³ 3 images per section, ³ 3-5 

sections per animal were analyzed.  

For analyses of two-photon image stacks, Imaris software (version 9.1.2; Bitplane, 

Zurich, Switzerland) was used for three-dimensional reconstruction of GFP microglia and 

MX04-labeled dense-core plaques, and also for the analysis of (a) the distance of the 

centroid of GFP+ microglial cell bodies to the edge of a MX04+ mass, (b) microglial cell body 

volume, and (c) intracellular Ab,from 1µm-step z-series stack images of both genotypes. Two 

types of ‘surfaces’, as digital representations that capture the volume of either a microglia cell 

body or a dense-core (not diffuse) plaque for the GFP channel and MX04 channel, 

respectively, were created under the same threshold for all stack images. For MX04 objects, 

a surface cutoff was set to be at the clear-cut border of the outlining of dense-core plaques, 

exclusive of surrounding diffuse material. Only dense-core plaques whose diameters fell 

between 10µm-40µm were included in the following analysis. For GFP surfaces, filters for 

“Surface grain size”, “Diameter of the largest sphere which fits into object”, “Seed points 

diameter”, “Quality for seed points” (e.g. to determine whether a structure belongs to the 

same or a neighboring cell), and volume cutoff were set to 0.3µm, 7.5µm, 3.75µm, 65a.u. 

and 65µm3, respectively, for capturing the structure of GFP microglial cell bodies in imaging 

volume of 142µm x142µm x 70µm for Fig. 3c and Supplementary Fig. 3a and a normalized 

imaging volume of 350µm x 350µm x 300µm in somatosensory cortex (512 x 512 pixel 

resolution). The same thresholds were applied to all images of both genotypes. Structures on 

edge and/or captured incompletely were manually deleted. Created surfaces were then used 

to determine distance of the centroid of individual GFP surfaces to the closest edge of MX04 

objects with the build-in MATLAB function in Imaris.  
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 For quantification of intracellular Ab, a GFP ‘cell-body only’ channel was built with 

GFP surfaces as mask borders using the ‘set outside voxel to 0’ mask. MX04 and the ‘cell-

body only’ GFP channel were then thresholded to capture the overlapping volume between 

MX04 and GFP channel using the ‘co-localization’ function in Imaris. The overlapping volume 

was then normalized to the total volume of GFP of the image as a representation of the 

percentage of GFP microglia cell body volume occupied by MX04 material. Primary process 

number, total length for PAM, and process polarization ratio for NPAM around dense-core 

plaques whose diameters fell between 10µm- 30µm were analyzed with FIJI based on 

maximum intensity projection stack images of 142µm x142µm x 60µm in volume. 

Measurements of these parameters were performed as described previously 31,32. For 

primary process number and total length, PAM were defined as those whose cell body 

centroids were 0-5µm away from the edge of the nearest MX04 edge 33. On average 3-5 

microglia per plaque that were unambiguously distinct, showed clear process visibility, and 

were not between two plaques were selected. Primary process number and length from PAM 

were measured using the ‘free-hand’ line tool on FIJI. Z-stacks of these projected images 

were gone through to ensure processes continuity from the same cell across layers. Mainly 

distal primary processes were analyzed in this group of cells due to the fact that majority of 

their somata were next to or in direct contact with a plaque surface. For polarization index, 

NPAM were defined as those whose cell body centroids were 20-50µm from a dense-core 

MX04 edge and whose processes were clearly visible. Cells equidistant between two 

plaques were not included in the analysis. Calculation of this index was performed as 

described previously 32. Briefly, processes oriented toward plaques were classified as those 

on the plaque side of a line drawn through the microglial cell body perpendicular to a line 

drawn to the nearest plaque. The polarization index for one microglia cell is the ratio of the 

summed length of all ‘toward’ primary processes divided by the summed length of all 

processes.  
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 For structural dynamics of individual microglia processes, process velocity was 

assessed as previously described29,34, by manually tracing process tips over time using the 

Manual Tracking plug-in on Fiji on Maximum Intensity Projected time lapse Videos, typically 

over 90-minute time spans that cover a FOV of 212µm x 212µm x 70µm in the 

somatosensory cortices of age-matched AD and healthy littermates of WT and Axl-/-Mertk-/- 

mice. As mentioned in the previous section, measurements were made for AD microglia 

whose cell body centroids were within 5µm from the edge of dense-core MeX04 edge as 

measured on projected images (PAM), and for those whose centroids were over 20µm from 

any plaque in the FOV (NPAM). Resting microglia were microglia from non-AD age-matched 

littermates. At least 2-3 and 4-7 processes were quantified from PAM and NPAM, 

respectively, to obtain an average process velocity per microglia. 

 

Statistical analysis. Statistics were performed with GraphPad Prism (version 8.0) software. 

All data in all figure panels of the paper are represented as mean ±1 standard deviation. In 

most cases, ‘‘n’’ is used to denote the number of mice per experimental group and ‘‘N’’ the 

number of brain sections/images/samples analyzed per mouse. Group sample sizes were 

chosen based on previous studies and/or power analysis. Datasets displayed normal 

distribution and equal standard deviations unless indicated by unequal variance test.  
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2.3 Results 

2.3.1 TAM system expression in AD 

Engagement of TAM receptors during disease 

Consistent with earlier mRNA observations, we detected pronounced elevation of 

microglial Axl protein in APP/PS1 mice. This Axl induction in microglia was very tightly 

plaque-associated, however, and was not seen early in disease prior to the deposition of Ab 

plaques. We identified microglia as cells expressing Iba1 (‘ionized calcium-binding adaptor 

molecule 1’), or alternatively, green fluorescent protein (GFP) in Cx3cr1-eGFP mice7. 

Microglia that were near but not touching Ab plaques, identified with the 6E10 antibody 

specific to human APP, were Axl- in aged APP/PS1 mice, while those in direct contact with 

plaques were strongly Axl+ (Fig. 2.3.1-1a). Importantly, Axl protein up-regulation specific to 

plaque-associated microglia has also been seen in human AD14. Quantification of Axl 

fluorescence in plaque-associated versus non-plaque-associated microglia - PAM and 

NPAM, respectively - in the cortex over the full course of disease in APP/PS1 mice revealed 

a modest Axl increase in NPAM between 7 and 12 months; but strong Axl up-regulation was 

only seen in plaque-associated microglia (Fig. 2.3.1-1b). As documented previously, we did 

not detect reproducible plaque accumulation in APP/PS1 mice until ~5 months, and we 

measured no microglial Axl up-regulation prior to this time (Fig. 2.3.1-1b,c). At 9.5 months of 

age, Axl protein levels were ~25-fold higher in PAM versus NPAM (Fig. 2.3.1-1b). In 

accordance with this, we also detected similar expression of Axl surrounding plaques in 

sections of human AD brain at BRAAK stage 6 (Fig. 2.3.1-3). In addition, we detected a 

similar Axl up-regulation in aged APP41 mice, a second amyloidogenic model. In these mice, 

Axl immunoreactivity, in addition to being up-regulated in PAM, frequently displayed an 

interesting distribution that was concentrated at the very center of Ab plaques (Fig. 2.3.1-4a). 
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Since strong Axl activation is always accompanied by cleavage of the Axl ectodomain and 

the generation of sAxl5, this plaque-deposited Axl is almost certainly sAxl.  

 

 In contrast to Axl, Mer is abundant in microglia in non-diseased human and mouse 

brains7,10, and also in the APP/PS1 brain prior to the appearance of plaques. However, Mer 

expression was also up-regulated in PAM in aged APP/PS1 (Fig. 2.3.1-2b) and APP41 (Fig. 

2.3.1-4b) mice. In the 9.5-month APP/PS1 brain, we quantified an ~3.5-fold elevation in Mer 

protein levels in PAM versus NPAM (Fig. 2.3.1-2b). It is important to note that Axl+Merhi 

microglia were the same plaque-associated cells that also markedly up-regulated expression 

of Trem2 (Fig. 2.3.1-5), mutations in which increase the risk of developing human AD35. 

Although we observed that Axl, Mer, and Trem2 were always up-regulated in the same cells, 

Trem2 and the TAM receptors appeared to occupy distinct membrane domains (Fig. 2.3.1-5). 

Most Axl+MerhiTrem2+ microglia surrounding plaques in both APP/PS1 and APP41 mice were 

negative for TMEM119, a marker of homeostatic microglia36, although in the APP41 model 

particularly, 1-2 cells at the very center of plaques were often TMEM119+ (Fig. 2.3.1-6). 

Plaque-associated astrocytes display reactive astrocytosis in AD and its mouse models, but 

unlike microglia, GFAP+ and S100b+ reactive astrocytes expressed no detectable Mer (Fig. 

2.3.1-7 and Ref. 7).   

 

Engagement of TAM ligand and co-ligand during disease 

We found that expression of the obligate Axl and pan-TAM ligand Gas637 was also 

strongly up-regulated specifically on plaques in aged AD mice (Fig. 2.3.1-8a). This plaque-

associated Gas6 has not been previously reported, and was not detected in earlier single cell 

RNAseq analyses of mouse AD models. This is because microglial expression of Gas6 
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mRNA, which is already very high in normal microglia and neurons10, does not change over 

the course of disease in these models12 - and the earlier analyses examined only mRNA. We 

found that the presence of plaque-associated Gas6 protein in APP/PS1 mice was tied to an 

unusual feature of Gas6-Axl interaction: it has been shown that most or all Axl-expressing 

cells in normal wild-type (WT) mouse tissues are constitutively bound by Gas6, and that 

stable expression of Gas6 in these tissues is specifically Axl-dependent5. (Gas6 protein 

expression is lost in Axl-/- but not Mertk-/- tissues, even though Gas6 mRNA levels are 

unchanged in these tissues between these mutants and WT5.) Thus, Gas6 protein cannot be 

detected in normal, non-diseased Gas6-mRNA-rich brains because these brains express 

little or no Axl, and acquired Axl in plaque-associated microglia in AD models leads to 

acquired plaque-localized Gas6. Consistent with this observation, plaque-associated Gas6 

was sharply reduced in APP/PS1Axl-/- mice and eliminated entirely in APP/PS1Axl-/-Mertk-/- 

mice (Fig. 2.3.1-8a, quantified in Fig. 2.3.1-8b). Importantly, amyloid plaques did not develop, 

and Gas6 did not appear, in aged Axl-/-Mertk-/- double mutants without the APP/PS1 allele 

(Fig. 2.3.1-8b), and the level of Gas6 mRNA was constant across WT, APP/PS1, Axl-/-Mertk-

/-, and APP/PS1Axl-/-Mertk-/- cortices at 12 months (Fig. 2.3.1-8c). We also detected 

expression of Gas6 surrounding plaques in sections of human AD brain at BRAAK stage 6, 

but not in age-matched controls (Fig. 2.3.1-9), indicating that acquired Gas6 expression also 

marks plaques in human AD. Gas6 activates both Axl and Mer, but Mer can also be activated 

by the closely-related ligand Protein S (Pros1)37. Although antibodies for high-resolution 

immunohistochemical detection of Pros1 in the mouse are not currently available, microglia 

express abundant Pros1 mRNA10,38, and recent deep proteomic profiling of the 5xFAD 

hippocampus over the course of disease has revealed that elevated Pros1 protein is a novel 

biomarker for disease severity in this model39. It is therefore very possible that amyloid 

plaques are also decorated with Pros1. 
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 In addition to ligands and receptors, effective TAM signaling requires binding of the 

phospholipid phosphatidylserine (PtdSer) to the amino-terminal ‘Gla’ domains of the ligands 

Gas6 and Pros13,37. For example, a ‘Gla-less’ truncation mutant of Gas6 has been shown to 

bind to Axl with the same sub-nanomolar affinity as the full-length ligand, but to be entirely 

incapable of activating the receptor37. With respect to TAM receptor interaction, PtdSer is 

generally externalized on the membrane surface of a cell that is apposed to a TAM-receptor-

expressing cell1. Often this apposed cell is an AC or a membrane fragment thereof3. It is 

important to note that PtdSer is a common phospholipid component of every cell’s plasma 

membrane, but that in all normal cells it is enzymatically confined to the inner (cytoplasm-

facing) leaflet of the membrane3. Externalization of PtdSer on the plasma membrane surface 

(carried out by a set of PtdSer ‘scramblases’3 in response to apoptotic triggers, Ca2+ entry, 

viral infection, and disease stressors) is therefore the key to its action. During AC 

phagocytosis, Gas6 and/or Pros1 ‘bridge’ PtdSer that is externalized on the AC surface to 

TAM receptors on the surface of microglia and other phagocytes3. To visualize 

externalization of PtdSer in the brains of APP/PS1 mice, we stereotaxically injected their 

cortices with pSIVA, a ‘polarity-sensitive indicator for viability and apoptosis’ that fluoresces 

strongly only when bound to PtdSer24. Immediately next to the injection sites, we detected a 

100% coincidence between 6E10+ Ab plaques and pSIVA+ externalized PtdSer but not with 

sham control on the other hemisphere of the subjects (Fig. 2.3.1-10). This PtdSer may mark 

the dystrophic neurites that are a feature of plaques and their immediate surroundings. 

Super-resolution microscopy suggested that Gas6 does indeed serve to ‘bridge’ PtdSer+ Ab 

plaques to TAM+ microglia in the aged APP/PS1 brain (Fig. 2.3.1-11). These results 

demonstrate that all of the essential components of TAM system signaling – the receptors 

themselves, their ligand Gas6, and the essential co-factor PtdSer – are specifically up-

regulated in their expression on and around Ab plaques in the APP/PS1 AD brain 
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2.3.2 TAM activity in AD brains prior to plaques 

Multiple whole-body TAM receptor antagonists – including small molecule inhibitors of 

the TAM tyrosine kinases – are currently in both development and clinical trials for the 

treatment of cancers40. We therefore thought it important to examine the consequences of 

genetic ablation of TAM signaling for the development of disease in APP/PS1 mice, by 

crossing complete Axl-/- and Mertk-/- mouse mutants into this line. We observed striking 

phenotypes in these crosses, but the initial phenotype presented more than two months prior 

to the deposition of Ab plaques and the up-regulation of Axl. 

 

 The APP/PS1 line is subject to neuronal hyperexcitability and epileptic seizures, 

which occur from approximately postnatal day (P) 70 to P150 and result in the sudden death 

of 10-15% of these mice over this period41,42. As noted above, reproducible plaque deposition 

is not observed in APP/PS1 mice until ~P150. Early seizure activity is also seen in other 

amyloidogenic AD mouse lines, such as TG2576, J9, J20, ARC48 and 5XFAD, etc43-45, and 

importantly, epilepsy is a well-recognized comorbidity, especially at early stages of disease, 

in human AD46-48. Indeed, the incidence of spontaneous epileptiform seizures is 87-fold 

higher for early onset AD patients in early stages of disease49-53 than in age-matched controls 

and up to 20% of patients with mild-to-moderate sporadic AD are estimated to have one 

unprovoked seizure49,50,52. When we crossed Axl-/-Mertk-/- double mutants into APP/PS1 mice, 

a large cohort of APP/PS1 Axl-/-Mertk-/- compound homozygotes revealed an unexpected and 

dramatic decrease in viability compared to APP/PS1 mice: by the time these mice are only 

120 days old, more than 40% of the APP/PS1 Axl-/-Mertk-/- population has died (Fig. 2.3.2-1). 

Essentially all of this enhanced lethality was due to mutation of Mertk alone (Fig. 2.3.2-1a) 

since we do not observe this phenomenon in APP/PS1 Axl-/- mice. Interestingly, APP/PS1 

mice with genetic ablation of TAM ligand Gas6 also phenocopy the mortality rate of the 
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Mertk-mutant APP/PS1 mice and their mortality also peaks early in their disease, before the 

time of initial plaque deposition. This suggests a pivotal role of Gas6 signaling through Mer in 

the pre-plaque deposition stage in APP/PS1 mice, the loss of which is at least partially 

responsible for the increased early sudden death cases. Sudden death in the APP/PS1Axl-/-

Mertk-/- and APP/PS1Mertk-/- populations was first observed immediately after weaning and 

genotyping, sooner than was seen in APP/PS1 (Fig. 2.3.2-1a), so the survival curves shown 

in Fig. 2.3.2-1a could even be an overestimation of the actual viability of all Mertk-mutant 

APP/PS1 mice. Note that non-transgenic WT and Axl-/-Mertk-/- littermate mice have 

essentially normal lifespans21, and early death is not seen in these mice (Fig. 2.3.2a top 

panel). Video monitoring of APP/PS1Axl-/-Mertk-/- and APP/PS1Mertk-/- mice (Supplemental 

Videos 1, 2, Fig 2.3.2-1b) suggested that sudden death in the compound mutants was, as 

has been well-documented for the APP/PS1 allele alone41,42, the result of lethal seizures.  

 

Next, we sought to identify the mechanistic basis of the dramatic increase in lethality 

in Mer-mutant APP/PS1 mice. In APP/PS1Mertk-/-  individuals analyzed immediately after a 

lethal convulsive seizure, staining for the neuronal activity indicator Arc (Arg3.1)54 

demonstrated massive synchronous hyperactivation of granule cell neurons in the dentate 

gyrus (DG) of the hippocampus, a common initiating locus for temporal lobe epilepsy in 

humans and status epilepticus in mice55 (Fig. 2.3.2-2). Arc expression was also detected in 

multiple additional loci throughout the brain (Fig. 2.3.2-2), and >99% of this expression was 

neuronal (Fig. 2.3.2-3). Arc was only sparsely expressed in DG neurons in similarly fixed WT 

and Mertk-/- brains (Fig. 2.3.2-3). It is important to note that this heightened large-scale Arc 

expression in DG neurons is a seizure-activity-induced neuronal response, as we found there 

is neither a difference in Arc-expressing cell number in the DG in regularly perfused AD 

transgenic mice comparing with their healthy littermates with and without the loss of TAM 
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receptors, nor is there difference in Arc mRNA in cortex among the above-mentioned 

genotypes (Fig. 2.3.2-4). Therefore, it is unlikely that the seizures are primed or enhanced by 

an over-activation of immediate early gene in DG neurons at basal levels, although the 

possibility that such phenomenon could occur in other relevant brain regions in non-

convulsive APP/PS1Mertk-/-  brains should not be excluded and warrants more investigation. 

For example, in APP/PS1Mertk-/- mice not experiencing an acute seizure, we again detected 

sparse Arc+ expression in the DG, but also more widely distributed Arc+ cells across several 

layers of the neocortex (Fig. 2.3.2-3), indicative of recent synchronous cortical 

hyperactivation.  

 

For all APP/PS1-containing lines, lethal seizures and Ab plaques were anti-correlated 

over time, in that the incidence of sudden death decreased precipitously with the first 

deposition of plaques at ~5 months of age (Fig. 2.3.2-1). In fact, our data suggest the 

increased mortality rate is related to other pre-plaque deficits in the APP/PS1 mice that are 

additionally potentiated by the loss of Mertk, resulting in more disturbances in the 

excitatory/inhibitory (E/I) balance of their DG circuitry. The full mechanistic basis for TAM 

regulation of seizures in APP/PS1 mice necessitates more investigation, but among some 

hypotheses we have tested, observations suggest that it is related to previously described 

TAM activity during adult neurogenesis7.  

 

We first asked whether unexpected death could be in part be explained by 

uncontrolled over-production of pro-inflammatory cytokines in the absence of TAM receptors, 

and therefore we looked at the mRNA expression for various pro-inflammatory cytokines. We 

have conducted preliminary RT-qPCR experiments to examine the expression of a few 

common pro-inflammatory cytokines and immune-regulatory genes, including IL-1b, TNFa, 
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IL-6, IFNa4, IFNb, IFNg and iNOS, in mRNA isolated from the cortices and hippocampi of 

APP/PS1 and APP/PS1Axl-/-Mertk-/- mice together with age-matching non-diseased WT and 

Axl-/-Mertk-/-  mice at 2 months and 4 months of age. Despite the well-characterized 

immunosuppressive role of TAM receptors in all tissue macrophages, loss of TAM receptors 

in whole cortex-extract mRNA from APP/PS1 mice does not seem to advance or exacerbate 

the levels of expression of the tested pro-inflammatory genes in the brain (Fig. 2.3.2-5). 

Though we do not exclude the possibility of non-detectable subtle difference in pro-

inflammatory cytokine production mediated by the loss of TAMs to have contributed to the 

mortality phenotype, the dramatic drop in viability seen between these ages in APP/PS1Axl-/-

Mertk-/- mice is unlikely to be caused by a severe over-production of cytokines such as a 

cytokine storm, but instead corroborates with our observation that the exacerbated mortality 

rate is a direct result of lethal seizures.  

 

The subgranular zone (SGZ) of the DG - a thin layer of cells immediately interior to 

the granule cell layer - is one of two principal centers of adult neurogenesis in the mouse 

brain, the other being the subventricular zone (SVZ); and we have previously shown that 

microglial Mer plays an essential role in the phagocytosis of ACs that are generated during 

this neurogenesis7. Mertk-/- and tamoxifen-injected Mertkf/fCx3cr1CreER mice, in which Mertk is 

inactivated only in microglia, display substantial AC accumulation in the SVZ7, and microglia 

in the Axl-/-Mertk-/- SVZ display elevated expression of activation markers7. Despite the 

unchanged cytokine expression levels at 2 and 4 months from mRNA extracted from whole 

cortex and hippocampus among the genotypes tested (Fig. 2.3.2-5), we saw an increase in 

the expression level of Iba1 and the number of amoeboid-shaped microglia specifically in the 

DG of Axl- and Mer-deficient mice at 2.5 months, which indicates a region-specific 

hyperactivation state of microglia, an aberrant phenotype absent in the DG of WT and 
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APP/PS1 mice. This observation was further confirmed and quantified in the P30 SGZ of Axl-

/-Mertk-/- mice, where microglia expressed elevated levels of the lysosomal activation marker 

CD68 (Fig. 2.3.2-6). CD68 elevation was restricted specifically to the Axl-/-Mertk-/- SGZ and 

DG, and no elevation was detected in APP/PS1 mice relative to WT (Fig. 2.3.2f). At P30, the 

Axl-/-Mertk-/- SGZ and DG also displayed accumulation of cleaved caspase 3-positive 

(cCasp3+) ACs relative to WT, and APP/PS1Axl-/-Mertk-/- mice displayed markedly higher 

levels of these ACs than either APP/PS1 or Axl-/-Mertk-/- mice alone (Fig. 2.3.2-6). In an 

independent set of collaborative studies, we have also measured decreased microglial 

phagocytic indices and elevated numbers of ACs in the Mertk-/-, Axl-/-Mertk-/- and tamoxifen-

injected Mertkf/fCx3cr1CreER dentate gyrus (relative to WT) using histochemical criteria56, 

together with elevated numbers of newborn cells detected 24 hours after a systemic pulse of 

bromodeoxyuridine (BrdU)56. Enhanced lethality, again due entirely to epileptic seizures, has 

also been seen when the APP/PS1 line is crossed with knock-outs for interleukin-18 (IL-

18)42, and perturbations in both hippocampal physiology and adult neurogenesis in the SGZ 

and dentate gyrus similar to those that we have detected in Axl-/-Mertk-/- mice have also been 

reported for IL18-/- mice57.  

 

Soluble Ab oligomers are known to be toxic for neurons58,59, to some extent more than 

plaques, leading to excitotoxicity of neurons on a cellular level and contributing to aberrant 

neuronal activity on circuitry and network level 45,60. We also asked whether APP/PS1Axl-/-

Mertk-/-  compared to APP/PS1 mice have higher levels of soluble Ab42, the most neurotoxic 

form of Ab and the main component of neuritic plaques later on in disease, that might 

predispose the former with a more severe E/I imbalance in dentate circuitry. We prepared 

soluble fractions of cortical and hippocampal lysates from APP/PS1 and APP/PS1Axl-/-Mertk-

/- mice by ultracentrifugation and measured the level of Ab42 at 4 months with ELISA. There 
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was no significant difference in soluble Ab42 levels in either cortex or hippocampus between 

the two genotypes. This suggests early production and clearance of soluble Ab42 in these 

brain regions are likely not dependent upon TAM-mediated responses (Fig. 2.3.2-7). These 

results suggest no additional accumulation or lack of clearance of Ab42 in soluble forms in 

TAM-deficient APP/PS1 mice, and is therefore unlikely to serve as a cause of the worsened 

viability prior to plaque deposition seen in these mice.  

 

Taken together, the above observations suggest that the inflammatory environment, 

AC accumulation, and aberrant newborn cells that continuously appear in the dentate gyrus 

of the Axl-/-Mertk-/- mice may promote an excitation-inhibition imbalance, already perturbed in 

APP/PS1 mice41, which results in hippocampal detonation of the lethal seizures that occur in 

pre-plaque APP/PS1Axl-/-Mertk-/- individuals.   
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2.3.3 TAM activity in AD brains during disease  

Microglial TAM system activity at plaques 

Is the up-regulation of TAM components of significance to microglial interaction with 

plaques? To address this question, we used live two-photon imaging to examine the role of 

TAM signaling in microglia in aged APP/PS1 mice, when Axl was up-regulated and plaques 

were abundant. We analyzed hemizygous APP/PS1 mice that also carried a single 

Cx3cr1GFP allele22 to label microglia. These compound mutants were then crossed with WT or 

Axl-/-Mertk-/- mutant alleles. We labeled Ab plaques in these mice using prior (overnight) 

intraperitoneal injection of Methoxy-X0425 (MX04), a brain-penetrant fluorescent amyloid dye 

(see Methods). We then live-imaged 4-7 plaque-containing volumes per mouse in multiple 

mice, in layers 1/2 of somatosensory cortex, for ~90 min for each volume, using 

modifications of two-photon methods described previously7,29 (see Methods).   

 

 Representative, side-by-side 90-minute time-lapse recordings of these analyses are 

shown in Supplementary Videos 3 and 4. Detailed quantification of microglial properties and 

behavior allowed us to establish multiple critical differences in plaque recognition and 

interaction between WT and Axl-/-Mertk-/- microglia. First, we observed many fewer microglia 

encapsulating MX04-labeled Ab plaques in Cx3cr1GFPAPP/PS1Axl-/-Mertk-/- compared to 

Cx3cr1GFPAPP/PS1 mice (Fig. 2.3.3-1a). Most plaques were completely enveloped by 

multiple, tightly bound, and dynamic microglia in Cx3cr1GFPAPP/PS1 mice (Fig. 2.3.3-1a, 

left), whereas some plaques were entirely unattended by microglia in Cx3cr1GFPAPP/PS1Axl-

/-Mertk-/- mice (Fig. 2.3.3-1a, right). Surface building reconstruction and quantification of 

imaging volumes (Fig. 2.3.3-1b) yielded a flat distribution of microglia cell body distances 

from plaques in Cx3cr1GFPAPP/PS1Axl-/-Mertk-/- mice, but showed a very pronounced bias for 

microglia to be in contact with (positioned 0-2µm from) plaques in Cx3cr1GFPAPP/PS1 mice 
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(Fig. 2.3.3-1c). This distribution difference was independent of the size of the Ab plaque, 

although in Cx3cr1GFPAPP/PS1 mice, larger plaques were bound by more microglia (Fig. 

2.3.3-1c; Supplementary Fig. 2.3.3-1a).  

 

 Similarly, there were obvious differences in both microglial morphology and motility 

between Cx3cr1GFPAPP/PS1Axl-/-Mertk-/- and Cx3cr1GFPAPP/PS1 brains (Fig. 2.3.3-1a, d-g). 

Cx3cr1GFPAPP/PS1Axl-/-Mertk-/- microglia often displayed a typically ramified ‘resting’ 

configuration that was not substantially different from that seen in WT mice, particularly in 

regions between Ab plaques (Fig. 2.3.3-1a, right; Supplementary Video 3). In marked 

contrast, microglia in Cx3cr1GFPAPP/PS1 mice displayed a classically activated ‘amoeboid’ 

morphology, with larger cell bodies and fewer, shorter processes (Fig. 2.3.3-1a, left; 

Supplementary Video 3). Quantification revealed that Cx3cr1GFPAPP/PS1Axl-/-Mertk-/- PAM 

elaborated significantly more (Fig. 2.3.3-1d, Supplementary Fig. 2.3.3-1b) and longer (Fig. 

2.3.3-1e, Supplementary Fig. 2.3.3-1c) primary processes per plaque and per cell than 

Cx3cr1GFPAPP/PS1 PAM. At the same time, processes from NPAM – those microglia 

positioned >20µm from plaques - were strongly oriented toward plaques in the 

Cx3cr1GFPAPP/PS1 cortex, but showed no orientation bias in the Cx3cr1GFPAPP/PS1Axl-/-

Mertk-/- cortex (Fig. 2.3.3-1f, Supplementary Fig. 2.3.3-1d). In addition, microglial process 

motility – a reduction in which indicates microglial activation - was significantly reduced in 

APP/PS1 mice relative to WT, even for microglia whose cell bodies were positioned >20µm 

from the edge of the nearest plaque (NPAM) (Fig. 2.3.3-1g). In stark contrast, process 

motility was only modestly lower than WT for APP/PS1Axl-/-Mertk-/- PAM (microglia <5 µm 

from the nearest plaque) (Fig. 2.3.3-1g), and was not statistically different from WT for 

APP/PS1Axl-/-Mertk-/- NPAM (Fig. 2.3.3-1g). Finally, microglia normally respond to disease 

development in both human AD and its mouse models by proliferating in the vicinity of 



66 
 

plaques, such that microglial numbers are elevated relative to normal brains in the plaque-

burdened cortex and hippocampus. Mutation of Trem2 in the context of the 5xFAD mouse 

AD model has been found to blunt this microgliosis ~2-fold61,62, and we measured a similar 

loss in the number GFP+ microglia, primarily those in close proximity to (0-10 µm from) 

plaques, in the cortex of Cx3cr1GFPAPP/PS1Axl-/-Mertk-/- mice relative to their 

Cx3cr1GFPAPP/PS1 counterparts (Supplementary Fig. 2.3.3-1e). Thus, by all of the above 

measures, TAM-deficient microglia were dramatically deficient in their ability to detect, bind, 

and respond to amyloid plaques.   

 

TAM-dependent phagocytosis and shaping of plaques 

We have previously shown that microglia are unusually vigorous phagocytes that 

exhibit an absolute TAM receptor requirement for the phagocytosis of ACs7. In all phagocytic 

macrophages, the TAM receptors and their ligands become concentrated within a phagocytic 

cup that extends toward, contacts, and then surrounds the phagocytic target5. Since TAM-

mediated phagocytosis of ACs is also entirely dependent on PtdSer externalization on the 

AC surface3,37,63, and since we find that all Ab plaques are decorated with both externalized 

PtdSer (Fig. 2.3.1-10) and Gas6 (Fig. 2.3.1-8), we used two-photon imaging to measure 

phagocytic engulfment of MX04-labeled amyloid plaque material into GFP+ microglia that 

were either WT or Axl-/-Mertk-/-. We used volumetric reconstructions to quantify internalized 

MX04 signal both per normalized volume and per GFP volume (see Methods). These 

measurements revealed a striking deficit: we quantified ~10-fold lower levels of 

phagocytically engulfed MX04-labelled plaque material inside of Axl-/-Mertk-/- as compared to 

WT microglia by both measures (Fig. 2.3.3-2a, b). [Note that nearly 10% of GFP+ WT 

microglial volume is occupied by MX04-labeled amyloid material (Fig. 2.3.3-2b).] These data 
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indicate that microglia cannot effectively phagocytose amyloid material without TAM 

receptors.  

 

 One consistent pathological feature of amyloid plaques, both dense-core neuritic and 

amorphous diffuse plaques, in both AD and its mouse models, is the presence of a 

surrounding halo of damaged, dystrophic neuronal membranes64. This membrane halo, 

which is thought to be shaped by microglial engagement with plaques and microglial 

phagocytic activity33, is marked by the expression of several marker proteins, including the 

autophagic and endo-lysosomal vesicular marker LAMP165 (representative examples in Fig. 

2.3.3-2c). As documented above (Fig. 2.3.1-10), the dystrophic membranes associated with 

plaques also display the externalized PtdSer required for TAM-mediated phagocytosis3, and 

TAM-deficient microglia are compromised in their association with plaques (Fig. 2.3.3-1c). 

When we measured the area ratio of LAMP1+ membranes to 6E10+ plaques, both dense-

core and diffuse, over many plaques in multiple mice (Supplementary Fig. 2.3.3-2), we 

quantified a 10-fold increase in the area of the LAMP1+ halo surrounding plaques, measured 

relative to the area of associated 6E10+ plaques, in APP/PS1Axl-/-Mertk-/- versus APP/PS1 

mice at 12 months (Fig. 2.3.3-2d). This difference was primarily driven by a large expansion 

of LAMP1 expression surrounding weakly-staining, diffuse plaques (arrowheads in Fig. 2.3.3-

2c), but was also seen for dense-core plaques (Supplementary Fig. 2.3.3-3a, b). A second 

protein that also displays a similar although more circumscribed distribution in dystrophic 

membranes surrounding plaques is the endoplasmic reticulum protein reticulon-3 (RTN3)66. 

When we performed a similar area ratio analysis for RTN3 expression surrounding 6E10-

labeled plaques, we again measured a large increase in the RTN3/6E10 ratio in APP/PS1Axl-

/-Mertk-/- mice (Fig. 2.3.3-2e). As for LAMP1, this difference was primarily driven by a large 

expansion of RTN3 surrounding weakly-staining, diffuse plaques, but was also seen for 
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dense-core plaques (Supplementary Fig. 2.3.3-3c,d). Visual inspection of many 6E10+ 

profiles in multiple mice gave the impression that diffuse, poorly-organized 6E10+ plaques 

were more commonly seen in APP/PS1Axl-/-Mertk-/- than in APP/PS1 mice (Supplementary 

Fig. 2.3.3-2), and quantification in APP/PS1Mertk-/- and APP/PS1 mice confirmed this 

impression (Supplementary Fig. 2.3.3-3e). Finally, and in further keeping with these 

phagocytic deficits, we always detected a field of uncleared cCasp3+ debris surrounding 

6E10+ plaques in aged APP/PS1Axl-/-Mertk-/- mice, but never in APP/PS1 mice 

(Supplementary Fig. 2.3.3-3f). 

 

Dense-core plaque burden in the absence of TAM signaling 

Microglial phagocytosis has heretofore been thought to constrain the growth of 

plaques9. Thus, a direct prediction from the almost complete inability of APP/PS1Axl-/-Mertk-/- 

microglia, which are also reduced in number, to recognize and engulf Ab material is that 

aged TAM-deficient AD mice should display a much higher plaque burden than their AD 

counterparts with normal WT microglia. Our initial indication that this was not the case came 

from the observation that most of the volumes that we recorded in APP/PS1Axl-/-Mertk-/- mice 

in our two-photon imaging sessions contained fewer MX04-labeled plaques than APP/PS1 

volumes with WT microglia (representative examples in Fig. 2.3.3-3a). In order to measure 

plaque burden in these two mouse populations, we used semi-automated quantification of 

Thioflavin S (Thio S)-stained dense-core plaques in whole-brain sections to assess the effect 

of Axl and Mer deletion on cortical and hippocampal plaque accumulation, size, and number 

across disease development (see Methods for sample preparation and data collection). We 

also used the same methods to quantify dense-core plaques in the cortex and hippocampus 

of APP/PS1Axl-/- and APP/PS1Mertk-/- single compound mutant mice at 12 months. 

Representative Thio S-stained sagittal sections of APP/PS1 and APP/PS1Axl-/-Mertk-/- brains, 
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at 12 months of age, are shown in Fig. 2.3.3-3b. Even prior to quantification, it was clear that 

APP/PS1Axl-/-Mertk-/- mice displayed many fewer, not many more, plaques than APP/PS1 

mice, and that plaques were distributed over a wider expanse of the APP/PS1 brain (Fig. 

2.3.3-3b).  

 

 Quantification revealed that across the entirety of the time period examined, from 

initial plaque appearance to fulminant plaque deposition, the cortices of APP/PS1Axl-/-Mertk-/- 

mice indeed displayed fewer Thio S+ dense-core plaques than those of APP/PS1 mice (Fig. 

2.3.3-3c). At 12 months of age, APP/PS1Axl-/-Mertk-/- mice showed a 35% reduction in 

cortical Thio S+ plaque density relative to APP/PS1 mice (Fig. 2.3.3-3d). This reduction was 

seen across all cross-sectional plaque sizes, but was most pronounced for smaller plaques 

(Supplementary Fig. 2.3.3-4a). A similar reduction was seen in the hippocampus, a second 

prominent site of plaque deposition in the APP/PS1 line (Supplementary Fig. 2.3.3-4b). 

Importantly, these reductions in dense-core plaque density were not due to any change in 

the production of Ab peptide, since measurement of soluble Ab levels in the cortex and 

hippocampus at both 4 months (Fig. 2.3.2-7) and 12 months (Supplementary Fig. 2.3.3-4c) 

revealed no difference between APP/PS1 and APP/PS1Axl-/-Mertk-/- mice. Similarly, no 

change was apparent between these genotypes in the expression of the APP precursor 

protein in the cortex (Supplementary Fig. 2.3.3-4d). (Differences in the expression of APP or 

Ab cannot occur cell-autonomously as a result of Axl and Mertk mutation, since these genes 

are not expressed in the CNS neurons that express the human APP transgene in APP/PS1 

mice.) Consistent with these findings of equivalent APP and Ab levels between APP/PS1 and 

APP/PS1Axl-/-Mertk-/- mice, we detected equivalent reductions in a synaptogenesis index – 

the physically paired expression of the pre-synaptic marker vGlut1 and the post-synaptic 
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marker PSD9567,68 – between these genotypes and wild-type mice within the CA1 region of 

the 15mo hippocampus (Supplementary Fig. 2.3.3-4e). 

 

 When we quantified dense-core plaque burden in the cortex and hippocampus of 

single compound mutants at 12 months, we found that nearly all of the observed effect was 

due to the action of Mer. APP/PS1Mertk-/- mice displayed reductions in dense-core plaque 

burden in both regions that were comparable to those seen in APP/PS1Axl-/-Mertk-/- mice 

(Supplementary Fig. 2.3.3-4f), whereas APP/PS1Axl-/- mice, while displaying a statistically 

insignificant trend toward reduced plaque density in the hippocampus, displayed cortical 

plaque burdens that were equivalent to APP/PS1 (Supplementary Fig. 2.3.3-4g). These data 

demonstrate that TAM, primarily Mer, signaling promotes the deposition of dense-core 

plaques.  

 

Behavioral consequences of TAM deletion  

The alteration in Ab pathology in cortex and hippocampus and exacerbated level of 

neuritic damage in APP/PS1 Axl-/-Mertk-/- mice led to the question of whether these 

pathological changes may reflect difference in the mice’s cognitive abilities. However, ways 

to address this question are unfortunately limited and their results complicated. As Mertk-/- 

mice are blind due to photoreceptor degeneration69, traditional measures relying on the ability 

of the mice to recognize surroundings in order to evaluate impairment of working memory, 

such as the Morris Water Maze, cannot be used. Aside from this, whole-body deficiency of 

Axl and Mer result in mice with a panoply of autoimmune phenotypes, including sickness 

behavior, that might affect interpretation of behavior data. Having in mind these potential 

complications, we carefully performed contextual and cued fear conditioning tests70,71, which 

do not rely on visual cues or require energy- costly behaviors, on APP/PS1, APP/PS1Axl-/-
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Mertk-/- mice and their non-transgenic littermates at 12 months. The APP/PS1 mouse has 

been shown to present defects in this model at 7-8 months of age, just after the plaque 

burden starts to become evident72.  

 

Mice were subject to three pairs of tone-shock on during fear acquisition trial (day 1) 

and subject context test in the same context 24 hrs after fear learning (day 2), during which 

freezing level as an index of mice fear learning and memory retention, respectively, was 

monitored. To our surprise, APP/PS1 mice showed a dramatic reduction in their freezing 

level during and after three pairs of tone-shock, which suggests that the two AD groups have 

learning or working memory defects in acquiring the association of tone and shock. These 

results are not unprecedented; in fact, several reports on defects in learning in APP/PS1 

mice in other behavioral paradigms such as the Morris Water Maze73,74, but few behavioral 

studies acknowledge learning defects during initial fear acquisition phase in fear conditioning 

experiment75. Statistical tests show that APP/PS1 Axl-/-Mertk-/- mice spent even less time 

freezing during individual time components compared to APP/PS1 mice (Supplementary 

Fig. 2.3.3-5), indicating an even more dramatic learning deficits. The immediate average 

motion during the 2s-electrical shocks, usually in manners of jumps or rapid running, was 

unchanged among all groups (data not shown), suggesting equal intensity of shocks are 

delivered and AD mice do not have impaired reflex. A Hargreaves test measuring pain 

threshold of these groups of mice is being carried out currently to ensure the difference in 

freezing level is not caused by a lack of pain sensitivity in the AD transgenic mice. 

Furthermore, our studies showed that APP/PS1Axl-/-Mertk-/- have a trend of less freezing 

during day 2 context test compared to APP/PS1 mice, suggesting worsened contextual fear 

memory in these mice (Fig. 2.3.3-5-c). Auditory cue tests showed no difference in freezing 

behavior between APP/PS1 Axl-/-Mertk-/- and APP/PS1 (data not shown). Taken together, 
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these behavioral results are consistent with decreased cortical and hippocampal dense-core 

ThioS+ plaques and increased neuritic dystrophy phenotype that may reflect a multi-modal 

neurodegeneration and contribute to worsened learning and memory deficits in APP/PS1Axl-

/-Mertk-/- mice comparing to APP/PS1 mice and their non-transgenic littermates.  
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2.4 Conclusion & Discussion 

Taken together, our findings reveal a novel and significant role of microglia TAM 

receptors, Axl and Mer in all of AD pathogenesis.  

 

At pre-plaque stage, loss of TAMs – especially Mer –dramatically shortens the 

lifespan of APP/PS1 mice due to lethal seizures. This decreased viability is unlikely to be due 

to a buildup or overproduction of neurotoxic soluble Ab, or a ‘cytokine storm’ caused by a 

sudden rise of pro-inflammatory cytokines. Rather, it may be caused by an accumulation of 

ACs that contribute to a heightened hippocampal E/I imbalance as a secondary insult on top 

of a soluble Ab disturbed neurocircuitry. Our results of TAM activity upon plaque deposition 

and thereafter lead to two principal conclusions. First, the TAM system is required for 

effective microglial recognition of, response to, and phagocytosis of Ab plaques. And second, 

TAM-mediated microglial phagocytosis of Ab material does not constrain, but rather 

promotes, the formation of dense-core plaques.  

 

 The first of these conclusions is consistent with extensive prior knowledge as to the 

biochemistry and cell biology of TAM action in microglia and other tissue macrophages3,5,7. 

All Ab plaques are decorated by membranes that display the externalized phospholipid 

PtdSer, an essential TAM co-ligand37 (Fig. 2.3.1-10). This PtdSer is bound by the amino 

terminal ‘Gla’ domain of the TAM ligand Gas637 (Fig. 2.3.1-8a,b). The C-terminal ‘SHBG’ 

domain of this ligand1,37 then binds to the Axl and Mer that are expressed on the surface of 

phagocytic microglia (Fig. 2.3.1-1-4). In this arrangement (Fig. 2.3.4-1), the TAM ligand 

serves as a physical ‘bridge’ between a microglial cell and an Ab plaque in the same way 

that TAM ligands bridge a phagocytic macrophage to a PtdSer-expressing apoptotic cell 

during TAM-dependent engulfment1,3-5,7,37. In the absence of Axl and Mer, microglia are 
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compromised in their attachment to plaques (Fig. 2.3.3-1a-c), do not re-orient their processes 

toward plaques (Fig. 2.3.3-1f), are blunted in their proliferative response to plaques 

(Supplementary Fig. 2.3.3-1e), and are not activated by plaques, as assessed by process 

reduction, retraction, and motility (Fig. 2.3.3-1d, e, g). Most strikingly, Axl-/-Mertk-/- microglia 

display a 10-fold reduction in their ability to phagocytically engulf Ab plaque material as 

measured directly in vivo (Fig. 2.3.3-2a, b). 

 

 There are some similarities between the phenotypes we describe for APP/PS1Axl-/-

Mertk-/- mice and those seen when Trem2-/- mice are crossed into amyloidogenic AD mouse 

models – either 5xFAD or an alternative APP/PS1 line35,61,62,76-78 – but in general the TAM 

phenotypes are far stronger. The closest similarities are seen with respect to (a) blunted 

microgliosis of plaque-associated cells, which is reduced ~2-fold in the Trem2-/- compound 

mutants62,76 (also ~2-fold for Axl-/-Mertk-/- compound mutants) and (b) a 2-4-fold reduction in 

the number of microglia that associate with plaques in the Trem2-/- compound 

mutants61,62,76,77 (~5-fold in the Axl-/-Mertk-/- compound mutants). Loss of Trem2 from the 

APP/PS1-21 line results in a ~3.5-fold increase in the volume of the halo of dystrophic 

LAMP1+ membranes surrounding ‘filamentous’ (diffuse) plaques and a ~1.5-fold increase for 

compact plaques in late-stage disease78, whereas these numbers for the APP/PS1Axl-/-Mertk-

/- mice are ~8-fold and ~4-fold at a comparable stage of disease. Since dystrophic neurites 

arise around plaques devoid of microglial coverage33, the paucity of microglial plaque 

association seen in APP/PS1Axl-/-Mertk-/- mice (Fig. 2.3.3-1a-c) may unleash significant 

collateral axonal damage. 

 

 There is no consensus among research groups as to the effect of Trem2 deletion on 

Ab plaque burden over time in amyloidogenic AD models (reviewed in refs. 35 and 76), with 
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different groups reporting either marginal increases or decreases, or no changes, in plaque 

density (measured with Thio S, 6E10, or amyloid dyes) that vary with the model employed 

and the age analyzed, and that are not consistently seen between the cortex and 

hippocampus. In contrast, APP/PS1Axl-/-Mertk-/- mice display a consistent reduction in dense-

core plaque density, in both the cortex and the hippocampus, across the full course of 

disease in APP/PS1 mice. Most strikingly, Trem2-/- microglia exhibit a ~2-fold reduction in 

their ability to phagocytose MX04-labeled Ab material62 and display entirely normal 

phagocytosis of ACs in in vitro assays61, whereas Axl-/-Mertk-/- microglia exhibit a 10-fold drop 

in their ability to phagocytose MX04-labeled Ab material in vivo (Fig. 2.3.3-2a,b), and are 

completely incapable of any AC phagocytosis in in vitro assays7. Together, these results 

argue that Mer and Axl are the main receptors that microglia use to detect, engage, and 

engulf amyloid plaques. Indeed, it is possible that some of phenotypes observed in Trem2-/- 

mice are in part TAM-mediated, since single cell RNA seq analyses have suggested that up-

regulation of Axl mRNA in the 5xFAD model is Trem2-dependent12. 

 

 The second of our principal conclusions is contrary to expectation. How is it possible 

that a 10-fold reduction in phagocytic capacity (Fig. 2.3.3-2a,b), coupled with a 2-fold 

reduction in microglial numbers (Supplementary Fig. 2.3.3-1e) and a 5-fold reduction in 

plaque binding to microglia (Fig. 2.3.3-1c), results in 35% fewer dense-core plaques (Fig. 

2.3.3-3d)? This remarkable finding should be considered in light of two sets of prior analyses 

in the 5xFAD mouse model79-81. First, using two-photon imaging methods similar to those 

outlined above, Baik and colleagues found that microglial extrusion and deposition, via 

exocytosis or microglial cell death, of previously-phagocytosed Ab material was essential for 

the growth of plaques in the 5xFAD brain79. An acidic environment, such as that found in the 

microglial lysosomes into which engulfed Ab materially is deposited82, is known to promote 
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the formation and compaction of large, densely-packed, protease-resistant Ab fibrils79,83,84 

(Fig. 2.3.4-1). A second, key observation is provided by recent studies in which microglia 

were killed by pharmacological inhibition of the CSF1 receptor80,81, which is constitutively 

required for microglial survival. These studies demonstrated that plaques never develop in 

the 5xFAD brain when microglia are killed, except in those limited regions where microglia 

are spared from death, where there is a 100% spatial correspondence between the presence 

of surviving microglia and the presence of Ab plaques80. Together with our results, these 

findings suggest that phagocytic microglia are required for the aggregation, organization, and 

compaction of dense-core Ab plaques from loosely-organized Ab material, and that the TAM 

receptors Axl and Mer are fundamental components of the molecular machinery through 

which this is achieved (Fig. 2.3.4-1). They are consistent with the hypothesis that plaque 

formation may represent a defense mechanism that limits the dissemination of highly toxic, 

pre-plaque Ab oligomers throughout the AD brain, and may in part explain why agents that 

disaggregate plaques but do little to halt the production of Ab peptides have for the most part 

failed as AD therapeutics9,85. 
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Figure 2.3.1-1. Axl upregulation is strictly plaque-associated.   
 

Axl protein (green) in 9.5 mo APP/PS1 mice (a), but not in 4 mo APP/PS1 mice (c), is up-
regulated in microglia (Iba1, red) that are in contact with Ab plaques (6E10, white), but not in 
microglia not contacting plaques (arrowheads in lower panels). Iba1 expression is also up-
regulated in plaque-associated microglia. Hoechst stains nuclei. (b) Quantification of Axl 
mean fluorescence intensity (MFI) in cortical Iba1+ microglia in APP/PS1 mice over time 
reveals Axl up-regulation co-incident with the first deposition of plaques at ~5 mo, only in 
plaque-associated Iba1+ cells (green points). Lower panels in a, c are enlargements of upper 
panels. a and c contain representative images from N > 3 sections per mouse from n > 3 
mice. Data in b were measured from N > 3 images per mouse from n > 3 mice per timepoint. 
Scale bars 10µm.  
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Figure 2.3.1-2 Mer upregulation in plaque-associated microglia 
(a) Expression of Mer protein (green) in 9.5 mo APP/PS1 mice is seen in all cortical microglia 
(Iba1, red), but is further upregulated in microglia that invest Ab plaques (6E10, white). (b) 
Quantification of Mer protein up-regulation in cortical Iba1+ microglia in APP/PS1 mice at 9.5 
months. a contain representative images from N > 3 sections per mouse from n > 3 mice. 
Data in b were measured from N > 3 images per mouse from n > 3 mice. Scale bar 10µm. P 
values as shown. Mann-Whitney test.  
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Figure 2.3.1-3 Axl upregulation specifically in plaque-affected area in AD human postmortem 
brain  
Axl protein (green) also is induced highly around 6E10+ plaques (white) on sections of 
postmortem cortex from human patients with advance (BRAAK stage 6) AD at plaque-
affected areas (top panels), but not at plaque-free areas (middle panels) or in cognitively 
healthy age-matching controls (bottom panels). Representative images obtained from 
immunostaining of > 3 sections from 3 individuals of each condition. Scale bar 10µm. 
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Figure 2.3.1-4 Expression of Axl and Mer in plaque-burdened areas in APP41 mouse model 
of AD  
 
(a) Immunohistochemical analyses demonstrate that Axl protein (green) in 15 mo APP41 
mice is up-regulated in cortical microglia (Iba1, red) that are in contact with Ab plaques 
(6E10, white), and is also often concentrated in plaque centers, consistent with strong prior 
activation of Axl and subsequent cleavage of its ectodomain. (As is seen for other RTKs, 
robust activation of Axl results in nearly complete cleavage of the ectodomain from the cell 
surface.) Hoechst 33258 stains nuclei. (b) Expression of Mer protein (green) in 15 mo APP41 
mice is seen in all cortical microglia (Iba1, red), but is further up-regulated in microglia that 
invest Ab plaques (6E10, white). Representative images obtained from immunostaining of 
N > 3 sections from n > 2 mice of each genotype. Scale bars 10µm.   
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Figure 2.3.1-5 Mer and Trem2 are co-upregulated but not in colocalization in the same 
ensemble of plaque-associated microglia  

 

The same cortical microglia that up-regulate Mer (green) and Iba1 (white) protein expression 
in 9.5 mo APP/PS1 mice also up-regulate expression of Trem2 (red). Lower panels are 
enlargements of upper panels. Representative images obtained from N > 3 sections per 
mouse from n > 3 mice. Scale bar 10µm. 
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Figure 2.3.1-6 Expression of Tmem119 is downregulated in plaque-affected areas in AD 
brains 
 

Expression of the homeostatic microglial marker TMEM119 (green) is lost in cortical 
microglia that surround plaques (6E10, white) in 15 mo APP41 mice (a) and in 15 mo 
APP/PS1 (b), except for 1-2 cells at the very center of plaques. Representative images 
obtained from immunostaining of N > 3 sections from n > 2 mice of each genotype. Scale 
bars 100µm.  
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Figure 2.3.1-7 Plaque-induced up-regulation of Mer is not present in reactive astrocytes 
The up-regulated Mer expression (green) seen in 15 mo APP41 mice is not present in 
GFAP+ reactive astrocytes (red). (Activated S100b+ astrocytes are also negative for Mer 
expression by IHC depicted in Fourgeaud et al., 2016). Circles mark the position of Ab 
plaques. Representative images obtained from immunostaining of N > 3 sections from n > 2 
mice of each genotype. Scale bar 10µm.   
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Figure 2.3.1-8 TAM ligand Gas6 decorate all Ab plaques 
(a) There is no Gas6 protein (green) and are no plaques (Thio S, white, since 6E10 is 
human-specific) in the cortex of 12 mo WT (not shown) or Axl-/-Mertk-/- mice (left panels), but 
abundant Gas6 specifically associated with Ab plaques (6E10, white) in APP/PS1 mice 
(second panels). Plaque-associated Gas6 is unchanged in APP/PS1Mertk-/- mice (third 
panels), severely reduced in APP/PS1Axl-/- mice (fourth panels), and eliminated entirely in 
APP/PS1Axl-/-Mertk-/- mice (fifth panels). Dotted ovals mark Gas6/6E10 coincidence. (b) 
Quantification of results in a expressed as Gas6 MFI per 6E10+ area. (c) There is no change 
in the expression of cortical Gas6 mRNA between the indicated genotypes (n = 6 mice per 
group). a contain representative images from N > 3 sections from n > 3 mice of each 
genotype, quantified in b. Error bars in b, c and all subsequent panels in the thesis are ±1 
standard deviation. P values as shown. One-way ANOVA test. 
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Figure 2.3.1-9 Gas6 decoration of Ab plaques 
Gas6 protein (green) also decorates 6E10+ plaques (white) on sections of postmortem cortex 
from human patients with advanced (BRAAK stage 6) AD (left panels), but is not evident in 
the plaque-free cortex of cognitively normal age-matched controls (right panels). 
Representative images obtained from immunostaining of >3 sections from 3 individuals of 
each condition. Scale bar 100µm.  
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Figure 2.3.1-10 TAM co-ligand phosphatidylserine similarly labels majority of Ab plaques  
Externalization of PtdSer (detected with pSIVA, green, upper left panel) in the cortex of 15 
mo APP/PS1 mice is specific to 6E10+ Ab plaques (lower left panel). PBS-injected sham 
control shows no specific plaque-associated fluorescence (right panels). Scale bar 50µm.   
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Figure 2.3.1-11 Gas6 bridges plaque-associated microglia and Ab plaques 
Airyscan super-resolution image of the juxtaposition of plaque-associated microglia (Iba1, 
red), Gas6 (green), and Ab plaque (6E10, white) in 12 mo APP/PS1 mice. Representative 
images obtained from immunostaining of >3 sections from 3 APP/PS1 mice. Scale bar 10µm. 
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Figure 2.3.2-1 Genetic deletion of Mer and TAM ligand Gas6 exacerbates lethal epileptic 
seizures  
(a) Survival curves for the indicated genotypes. The onset of plaque deposition (pd) occurs at 
~P150. P values calculated by log-rank (Mantel-Cox) test. (The APP/PS1 versus 
APP/PS1Axl-/- and APP/PS1Mertk-/- versus APP/PS1Axl-/-Mertk-/- differences are not 
significant: P=0.3012 and 0.3608, respectively.) n, number of mice per population. (b), Young 
(18 d) APP/PS1Mertk-/- mice immediately after death from seizure. Note the distended 
hindlimbs, which are a typical posture subsequent to this event.  
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Figure 2.3.2-2 Post-seizure APP/PS1Mertk-/- brain present widely distributed Arc expression 
Arc expression in the brain (left three panels) and hippocampus (right three panels) of 
APP/PS1Mertk-/- and Mertk-/- mice. Top two panels show Arc expression in the olfactory bulb 
(OB), cortex (Ctx), striatum (Str), hypothalamus (Hth), superior colliculus (SC), and 
hippocampus (Hc), especially in the DG, of a P18 APP/PS1Mertk-/- individual immediately 
after lethal seizure. An age-matched APP/PS1Mertk-/- mouse but without lethal seizure 
displays occasional Arc+ cells in the DG and cortex (middle panels). Mertk-/- mice, which 
never experience lethal seizures, display occasional Arc+ cells in the DG (lower panels). 
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Figure 2.3.2-3 Large-scale Arc expression in young APP/PS1Mertk-/- brain 
(a) Nuclear Arc expression (green, left panels) and expression of the neuronal nuclear 
marker NeuN (red, middle panels) in the cortex (top panels) and striatum (bottom panels) of 
the APP/PS1Mertk-/- brain shown in Fig. 2.3.2-2 (top) are co-incident (right panels). (b) Arc 
expression (white) in the cortex in an P18 APP/PS1Mertk-/- mouse in the absence of 
apparent seizure.   
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Figure 2.3.1-4 Baseline Arc expression in the hippocampus is unchanged in the absence of 
overt seizure 
(a) Arc-expressing cell number is unchanged in DG of regularly perfused WT or Mertk-/- 
APP/PS1 and their healthy littermates without apparent seizures at 2 mo (b) No significant 
difference were detected in Arc mRNA extracted from whole hippocampus among the above-
mentioned genotypes (n = 6-8 mice per group). a data points represent averaged number of 
Arc+ cells quantified from N >3 sections from n= 6-8 mice of each indicated genotype. One-
way ANOVA test. 
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Figure 2.3.2-5 Inflammatory-related gene expression is unchanged in young AD mice 
Inflammatory-related gene expression as indicated is unchanged in mRNA extracted from 
whole cortex of 2 mo (a) and 4 mo (b) mice with indicated genotypes. Relative expression (y-
axis) of each gene was first normalized to housekeeping gene Gapdh and then presented in 
relative to the mean of the WT group for each respective gene. n ≥ 5 per genotype. No 
significance shown for any gene expression. One-way ANOVA test.  
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Figure 2.3.2-6 AD-predisposed induction of microglial CD68 expression and accumulation of 
cCasp3 in SGZ of P 30 APP/PS1 Axl-/- Mertk-/- 

(a) Hoechst staining (top panels), CD68 expression (middle panels), and cleaved caspase 3+ 
ACs (lower panels) of the P30 DG, whose SGZ is a site of neurogenesis. Panels are 
representative images from >3 sections from >3 mice of each genotype. (b) Quantification of 
results in a. Points are average signal from 4-5 sections per mouse; 3-5 mice per genotype. 
P values calculated using Kruskal-Wallis with Dunn’s posthoc test (cCasp3) and one-way 
ANOVA with Holm-Sidak multiple comparison test (CD68).   
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Figure 2.3.2-7 Soluble Ab42 levels are unchanged at 4 mo in APP/PS1Axl-/-Mertk-/-  
Soluble Ab42 levels quantified in APP/PS1 (gray) versus APP/PS1Axl-/-Mertk-/- (red) cortex 
(left) and hippocampus (right) at 4 months. Data points represent levels of soluble Ab42 in n 
³ 5 mice of each genotype.  
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Figure 2.3.3-1 Microglia use Axl and Mer to detect, engage, and react to Ab plaques 
(a) Representative video stills from two-photon imaging of microglia (GFP signal, white) and 
amyloid plaques (MX04 signal, red) in 16 mo APP/PS1 and APP/PS1Axl-/-Mertk-/- cortex. (b) 
Imaris surface builds of microglial volumes at 0-5µm (white) and 5-20µm (green) from the 
edge of nearest plaque (red) in APP/PS1 and APP/PS1Axl-/-Mertk-/- cortex. (c) Distribution of 
distances of microglial cell body centroids from the edge of Ab plaques in APP/PS1 and 
APP/PS1Axl-/-Mertk-/- cortex. A total of 22 and 37 plaques were investigated from 3 and 4 
mice for APP/PS1 and APP/PS1Axl-/-Mertk-/-, respectively. (d) Primary microglial processes 
per nearest plaque for PAM (microglia <5µm from plaques) in APP/PS1 (A/PS) and 
APP/PS1Axl-/-Mertk-/- (A/PS A/M-/-) cortex. (e) Summed length of primary microglial 
processes per nearest plaque for PAM in APP/PS1 and APP/PS1Axl-/-Mertk-/- cortex. (f) 
Process polarization to nearest plaque (ratio of summed length of primary processes 
oriented toward plaque to summed length of all primary processes) for NPAM 
(microglia >20µm from plaques) in APP/PS1 and APP/PS1Axl-/-Mertk-/- cortex. (g) Process 
motility for cortical PAM, NPAM, and non-diseased microglia in mice of the indicated 
genotypes. Data points are from 7-29 representative plaques from n = 3 mice from both 
genotypes (d-f), and 18-52 microglia from 2 (WT and Axl-/-Mertk-/-) and 3 (APP/PS1 and 
APP/PS1Axl-/-Mertk-/-) mice (g). 

 

  



106 
 

 

  

 

  

APP/PS1 APP/PS1Axl-/-Mertk-/-
a

APP/PS1 APP/PS1Axl-/-Mertk-/-
b

GFP 0-5 +m
MX04

GFP 5-20 +m
30 +m

MX04
GFP
30+m

0-2 2-4 4-6 6-8 8-10 10-1212-14

5

15

20

distance from plaque (MX04) (+m)

m
ic

ro
gl

ia
 p

er
 p

la
qu

e

APP/PS1

14-16 16-18 18-20

15-30+m diameter plaques

Axl-/-Mertk-/-
APP/PS1

c
P<0.0001

P=0.0155

10

ed

2

6

10

pr
im

ar
y 

pr
oc

es
se

s 
/ p

la
qu

e

60

80

20

40

to
ta

l l
en

gt
h 

of
 p

rim
ar

y 
pr

oc
es

se
s 

/ p
la

qu
e 

(+
m

)

A/PS A/PS
A/M-/-

A/PS A/PS
A/M-/-

P<0.0001
P<0.0001

<5 <5 <5 <5

gf

0.2

0.6

1.0

pr
oc

es
s 

po
la

riz
at

io
n 

ra
tio

 / 
pl

aq
ue

0.5

1.0

1.5

pr
oc

es
s 

m
ot

ilit
y 

 (+
m

/m
in

)

WTA/PS A/PS
A/M-/-

A/PS A/PS A/M-/- A/PS
A/M-/-

A/PS
A/M-/-

P=0.0084

>20 >20 <5 >20 <5 >20

P=0.0199
P<0.0001

P=0.0004

P<0.0001 P<0.0001 P=0.0004
P<0.0001

P<0.0001 P<0.0001



107 
 

 

Figure 2.3.3-2 TAM-deficient microglia can neither phagocytose nor organize plaques 
(a, b) MX04-labeled Ab plaque material engulfed within GFP+ microglia, imaged in vivo, in 16 
mo. APP/PS1 (A/PS) versus APP/PS1Axl-/-Mertk-/- (A/PS A/M-/-) cortex, normalized to 
imaging volume (a) and the volume of GFP+ cells (b). (c) Representative images of the halo 
of LAMP1+ dystrophic membranes (green, lower panels) that surround 6E10+ plaques in 12 
mo. APP/PS1 (A/PS; left) versus APP/PS1Axl-/-Mertk-/- (A/PS A/M-/-; right) cortex. 
Arrowheads mark weakly-staining, diffuse 6E10+ plaques, which are more common in the 
APP/PS1Axl-/-Mertk-/- brain (see also Supplementary Fig. 2.3.3-2). (d) Quantification of the 
ratio of LAMP1+ area to 6E10+ plaque area for all plaque sizes, both dense-core and diffuse. 
(e) Quantification of ratio RTN3+ area to 6E10+ plaque area for all plaque sizes, both dense-
core and diffuse. Data are 13-15 volumetric images from n= 3 and 4 mice for APP/PS1 and 
APP/PS1Axl-/-Mertk-/-, respectively (a-b). Data are 94-113 plaques (d) and 56-96 plaques (e) 
investigated from N > 3 sections per mouse from n = 3 mice of each genotype. 
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Figure 2.3.3-3 TAM-driven microglial phagocytosis favors plaque formation 
 (a) Representative two-photon imaging volumes (X and Y 350µm, Z 300µm) of MX04-
labeled plaques in 16 mo APP/PS1 and APP/PS1Axl-/-Mertk-/- cortex. (b) Representative 
sagittal sections from 12 mo APP/PS1 (top) and APP/PS1Axl-/-Mertk-/- (bottom) brains, 
stained for dense-core plaques with thioflavin S (Thio S). (c) Quantification (see Methods) of 
Thio S-labeled dense-core Ab plaque density, for cross-sectional plaque areas of all sizes, in 
APP/PS1 (gray) and APP/PS1Axl-/-Mertk-/- (red) cortex over time. Boxed data at 12 months 
are detailed in d. (d) Thio S-labeled plaque density in cortex (of APP/PS1 (gray) and 
APP/PS1Axl-/-Mertk-/- (red) mice at 12 mo. Data points represent plaque density in n= 6-8 
mice of the indicated genotypes averaged from N > 5 cortical sections of each brain.   
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Supplementary Figure 2.3.3-1 APP/PS1Axl-/-Mertk-/- microglia are unresponsive to Ab 
plaques   
 (a) Distribution of distance of microglial cell body centroids, in 2µm bins, from the edge of 
MX04-labeled Ab plaques with diameters of 10-15µm in APP/PS1 (gray) and APP/PS1Axl-/-
Mertk-/- (red) cortex. Values obtained for 56 and 23 plaques from 3 and 4 mice for APP/PS1 
and APP/PS1Axl-/-Mertk-/-, respectively. (b) Number of imaged GFP+ primary processes per 
PAM (microglia <5µm from plaques) in APP/PS1 (gray, A/PS) and APP/PS1Axl-/-Mertk-/- (red, 
A/PS A/M-/-) cortex. (c) Summed length of primary microglial processes per PAM in APP/PS1 
(gray) and APP/PS1Axl-/-Mertk-/- (red) cortex. (d) Process polarization ratio to nearest plaque 
per NPAM (microglia >20µm from plaques; see Materials and Methods) in APP/PS1 (gray) 
and APP/PS1Axl-/-Mertk-/- (red) cortex. (e) Quantification of microglial cell density in the 
cortex of 16 month APP/PS1 (gray) and APP/PS1Axl-/-Mertk-/- (red) mice for microglia 0-10 
µm, 10-20 µm, and >20 µm from the edge of the nearest plaque. Data points are from 45-129 
measured PAM investing 10-29 plaques (b, c), 21-49 cells peripheral to 7-24 plaques (e), 
and 3-5 imaging volumes (e) from 2 (APP/PS1) and 3-4 (APP/PS1Axl-/-Mertk-/-) mice. For all 
supplementary figure panels, errors bars are +1 STD. 
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Supplementary Figure 2.3.3-2 Expansive areas of plaque-associated dystrophic LAMP1+ 
membrane and poorly compacted plaques in the APP/PS1Axl-/-Mertk-/- brain 
A collection of 24 sections in both APP/PS1 (top six rows) and APP/PS1Axl-/-Mertk-/- (bottom 
six rows) cortex, each stained with antibodies to both LAMP1 (green) and 6E10 (white). This 
montage, which is a subset of the images used to generate the data in Fig. 2.3.3-2d, is 
composed of images taken from three different mice of each genotype at 12 months. Note 
that: (a) 6E10+ Ab plaques are in general more compact and brightly stained in APP/PS1 
mice and more diffuse and weakly stained in APP/PS1Axl-/-Mertk-/- mice; and (b) the area 
occupied by LAMP1+ membrane is in general much larger in APP/PS1Axl-/-Mertk-/- mice. 
Scale bars, 10µm. 
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Supplementary Figure 2.3.3-3 Accumulation of LAMP1+ dystrophic membrane and apoptotic 
cell debris in the APP/PS1Axl-/-Mertk-/- brain 
(a) Quantification of LAMP1/6E10 area ratio as in Fig. 4d, but only for dense-core plaques 
(plaques with solid 6E10+ cores with areas > 100µm2). (b) Quantification of LAMP1/6E10 
area ratio as in Fig. 2.3.3-2d, but only for diffuse plaques (plaques without solid 6E10+ cores 
with areas > 100µm2). Quantification of RTN3/6E10 area ratio as in Fig. 2.3.3-2e for dense-
core (c) and diffuse plaques (d) by the same criteria noted above. (e) Number of dense-core 
(ThioS+ 6E10+) and diffuse plaque (ThioS- 6E10+) was represented as fraction of total 
plaques in prefrontal cortex of 12 mo APPP/PS1 and APP/PS1 Mertk-/- mice. Data points 
represent images analyzed collected from n ³ 6 mice/group. (f) cCasp3+ apoptotic debris 
(cyan, lower panels) accumulates around 6E10+ Ab plaques (upper panels) in the 
APP/PS1Axl-/-Mertk-/- (right panels) but not the APP/PS1 (left panels) hippocampus. Scale 
bar, 100µm. 
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Supplementary Figure 2.3.3-4 TAM (Mer) signaling promotes Ab plaque accumulation 
 
(a)Thio S+ plaque density in APP/PS1 (gray) versus APP/PS1Axl-/-Mertk-/- (red) cortex for 
plaques of the indicated size at 12 months. (b) Thio S+ plaque density (all plaque sizes) in 
APP/PS1 (gray) versus APP/PS1Axl-/-Mertk-/- (red) hippocampus at 12 months. (c) Soluble 
Ab42 levels quantified in APP/PS1 (gray) versus APP/PS1Axl-/-Mertk-/- (red) cortex and 
hippocampus at 12 months. (d) Li-Cor immunoblot of human amyloid precursor protein 
(APP) at 100kDa using human-specific antibody 6E10 (upper) quantification relative to 
loading control protein GAPDH as fold changes to intensity of the non-transgenic WT group 
(lower) shows no difference in APP protein level between APP/PS1 and APP/PS1Axl-/-Mertk-/- 
group. Each lane and data point represent individual animal. (e) Quantification of 
immunostaining of excitatory pre- and post-synaptic puncta, vGlut1 and PSD95, respectively, 
in 15 mo CA1 region of mice with genotypes noted. Co-localization analysis shows similar 
synaptic deficits in APP/PS1 and APP/PS1Axl-/-Mertk-/- mice comparing to their non-diseased 
littermates. Fold changes (y axis) of co-localized puncta number of each animal are 
normalized to that of WT. Data points represent individual animals that are an average of 
data from N > 9 images out of > 3 hippocampal sections/animal.  (f) ThioS+ plaque density 
(all plaque sizes) in APP/PS1 (gray) versus APP/PS1Mertk-/- (pink) cortex and hippocampus 
at 12 months. (g) Thio S+ plaque density (all plaque sizes) in APP/PS1 (gray) versus 
APP/PS1Axl-/- (white) cortex and hippocampus at 12 months. Data points represent plaque 
density in n= 6-8 mice of the indicated genotypes averaged from N > 5 cortical sections for 
each brain. 
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Supplementary Figure 2.3.3-5 APP/PS1 mice lacking TAM receptors show worsened 
cognitive deficits compared to age-matched APP/PS1 mice 
(a,b) 12mo APP/PS1 Axl-/-Mertk-/- mice show significantly less freezing response during and 
after tone-shock-paired fear acquisition and (c) a slight trend of less freezing response in 
context test 24hrs after fear acquisition compared to 12mo. APP/PS1 mice. n=12-18 per 
genotype, males only. One-way ANOVA test.  
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Figure 2.3.4-1 Mer upregulation in plaque-associated microglia 
Microglial Axl and Mer do not bind plaques directly, but are bridged to the PtdSer-rich 
dystrophic membranes of plaques via TAM ligands (Fig. 2.3.1-8,10a,b), whose N-terminal 
and C-terminal domains bind PtdSer and Axl/Mer, respectively3, 37. Gas6 is shown, but a role 
for the Mer ligand Pros137 is not excluded. The PtdSer-TAM ligand-TAM receptor complex is 
an essential component of the mechanism through which microglia detect and respond to 
plaques. Engagement of this complex activates the TAM tyrosine kinases (TK), which drives 
remodeling of the microglial actin cytoskeleton, phagocytosis, and internalization of forming 
plaque material. Internalized phagocytic cargo is eventually transferred to lysosomes, whose 
acidic interiors promote the aggregation of large Ab fibrils. Exocytosis or microglial death 
then delivers this aggregated material to growing dense-core plaques. 
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Supplemental Movie Legends 

Movie S1. Continuous home cage monitoring set-up. A representative video clip 

illustrating continuous top-down recording of home cage activity of a mouse cohort. 

Recording for this sequence was performed during dark cycle housing, under red light 

illumination (see Materials and Methods). In this example, an APP/PS1Mertk-/- mouse (age 

2.5 mo) in the cage at the lower right displays a series of abnormal, seizure-like motor 

behaviors that led to its death shortly after the end of the clip. 

 

Movie S2. APP/PS1Mertk-/- mutants develop lethal seizures. A video montage of distinct 

seizure activities exhibited by two different individuals. First, an APP/PS1Mertk-/- mouse 

(P18), the individual shown in Fig. S3A, at the end of a lethal seizure. Second, an 

APP/PS1Axl-/-Mertk-/- mouse (P20) in a tonic-clonic seizure. Third, the same individual 

alternating between frozen distended postures in which its body is elevated. Fourth, the 

same individual exhibiting tremor and pronounced hyperactivity. This mouse died from 

seizure after the recording. 

 

Movie S3. Microglia show reduced interaction with amyloid plaques in somatosensory 

cortical layer 1 of 16mo APP/PS1Axl-/-Mertk-/- as compared to APP/PS1 mice. Left, 

example two-photon time-lapse recording showing microglia (GFP signal, white) and amyloid 

plaques (MX04 signal, red) in somatosensory cortical layer 1 of an anesthetized 

APP/PS1Cx3cr1GFP/+ mouse. Each image is a maximum-intensity projection of a 70 µm-thick 

z-stack (1.2µm axial step size) recorded every ~93s between 100µm and 30µm depth below 

the pia. Right, example two-photon time-lapse recording showing microglia (GFP signal, 

white) and amyloid plaques (MX04 signal, red) in somatosensory cortical layer 1 of an age-

and gender-matched anesthetized APP/PS1Axl-/-Mertk-/-Cx3cr1GFP/+ mouse. Each image is a 

maximum-intensity projection of a 70µm-thick z-stack (1.2µm axial step size) recorded every 
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~93s between 94µm and 24µm depth below the pia. Elapsed time is indicated in the upper 

right corner. Amyloid plaques are closely encapsulated by highly polarized microglia in 

APP/PS1 but not APP/PS1Axl-/-Mertk-/- mice. Additionally, microglia near plaques typically 

show fewer and less elaborate processes, higher process polarization, and reduced process 

motility in APP/PS1 as compared to APP/PS1Axl-/-Mertk-/- mice. Supplemental movies 3 and 

4 were prepared using Fiji and custom-written scripts in Igor Pro (version 6.04; 

WaveMetrics). Scale bar, 30 µm. 

 

Movie S4. Microglia show reduced interaction with amyloid plaques in somatosensory 

cortical layers 1/2 of 16mo APP/PS1Axl-/-Mertk-/- as compared to APP/PS1 mice. Left, 

example two-photon time-lapse recording showing microglia (GFP signal, white) and amyloid 

plaques (MX04 signal, red) in somatosensory cortical layers 1/2 of an anesthetized 

APP/PS1Cx3cr1GFP/+ mouse. Each image is a maximum-intensity projection of a 70µm-thick 

z-stack (1.2µm axial step size) recorded every ~93s between 148µm and 78µm depth below 

the pia. Right, example two-photon time-lapse recording showing microglia (GFP signal, 

white) and amyloid plaques (MX04 signal, red) in somatosensory cortical layers 1/2 of an 

age-and gender-matched anesthetized APP/PS1Axl-/-Mertk-/-Cx3cr1GFP/+ mouse. Each image 

is a maximum-intensity projection of a 70µm-thick z-stack (1.2µm axial step size) recorded 

every ~93s between 135µm and 65µm depth below the pia. Elapsed time is indicated in the 

upper right corner. Amyloid plaques are closely encapsulated by highly polarized microglia in 

APP/PS1 but not APP/PS1Axl-/-Mertk-/- mice. Additionally, microglia near plaques typically 

show fewer and less elaborate processes, higher process polarization, and reduced process 

motility in APP/PS1 as compared to APP/PS1Axl-/-Mertk-/- mice. Scale bar, 30µm. 
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Chapter 3: Expression and function of the TAM system in a mouse 
model of ALS  
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3.1 Introduction 

In light of our findings in AD, we further explored the potential role of the microglial 

TAM receptors Axl and Mer in ALS, another deadly and irreversible neurodegenerative 

disease. It is characterized by progressive muscle weakness and paralysis resulting from the 

death of motor neurons (MNs) predominantly1,2,3,4,5. Over 5000 people in the U.S. are 

diagnosed with ALS each year, and the life expectancy of an ALS patient averages 2 to 5 

years from the time of diagnosis. There are currently no therapies that halt or reverse this 

deadly disease. 

 

Though the exact mechanism of selective MN death is still unclear in ALS, glutamate-

mediated excitotoxicity underlying disrupted calcium homeostasis has long been recognized 

as one of the major and early-occurring pathological features contributing to MN 

degeneration in sporadic and familial ALS patients 6-9. Indeed, Riluzole, one of the two FDA-

approved drugs10, aims at dampening this exact phenomenon serving as a glutamate 

antagonist. Interestingly, ALS-prone neurons, such as MMP9+ FF alpha MNs that express 

calcium-permeable glutamate receptors, are especially more susceptible to aberrantly 

elevated intracellular calcium and higher rates of neuronal firing due to a lack of intracellular 

calcium-binding components such as calbindin D28K and parvalbumin11 12,13. Undoubtedly, 

dampening MN excitotoxicity especially in ALS-susceptible MNs may alleviate the MN 

degenerative process and preservation of motor functions in ALS.  

 

ALS is but a MN-autonomous disease. Patients with ALS carrying mutations in SOD1, 

C9orf72 and TARDBP present with dramatic inflammation in the CNS, particularly in but not 

limited to the ventral horn of spinal cord and motor cortex. Transgenic mice with mutations in 

these genes also develop ALS-like symptoms and profound immune dysfunction. Although it 
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is widely appreciated that immune dysregulation is a key feature of ALS pathogenesis and 

there is little doubt that microglia are the master regulators of neuroinflammation in ALS, 

whether immune responses drive or protect against ALS progression is yet to be addressed. 

Indeed, studies in patients with ALS and in its transgenic mouse models suggest a seemingly 

contradictive, dual action role for neuroinflammation – an initial protective, anti-inflammatory 

response is followed by a subsequent chronic toxic response. These reactive microglia can 

lose their surveillance role when chronically activated, and secrete proinflammatory cytokines 

and toxic agents14,15 that worsen MN axonal dieback, death, and disease progression in 

ALS16,17. Furthermore, TNF-α secreted by activated microglia can promote an E/I imbalance 

in MN which potentiates MN susceptibility to excitotoxicity18,19. 

 

The TAM receptors Axl and Mer play major roles in the phagocytic clearance of 

apoptotic cells20-24 and the feedback inhibition of the innate immune response23-27 in 

macrophages and other immune sentinels, activities that are closely related to pathological 

changes in ALS. Importantly, recent evidence suggests that Axl is a prominent component of 

a ‘disease-associated microglia’ gene signature in SOD1 mice at late stage of disease28,29. 

This evidence notwithstanding, an understanding of whether and how microglia act through 

TAM receptors to regulate ALS progression is yet to be experimentally addressed.  

 

Our aim is to study the role of TAM receptors in microglia at various timepoints along 

the disease progression of ALS in mice. To do this, we have crossed mice genetically 

deficient for both or single microglial TAM receptors - Axl and Mer - into the SOD1G93A 

(SOD1) mouse model of ALS30. We have evaluated these mice in comparison to SOD1 mice 

for changes in disease course31, MN death, and inflammation, in order to assess the impact 

of loss of microglial TAM signaling in ALS. New studies using microglia-specific conditional 
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knockout mice are also underway to validate key findings from whole-body knock-outs. 

Outcomes from our studies will advance our understanding of the engagement of the TAM 

signaling pathway and its role in microglia in the development of ALS. Microglial TAM 

pathway-targeted therapies may ameliorate microglial local immune responses and motor 

circuitry degeneration in disease. As TAM receptors are already drug targets in the clinic, 

treating symptomatic patients with TAM inhibitors may hold promise with respect to 

improving quality of life.  
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3.2 Material and Methods 

Mice  

The Axl-/ 32, Axl-/-Mertk-/- 32 strains have been described previously. We employ a congenic B6 

version of the most widely studied model – the SOD1G93A (SOD1) mouse 30 – which we have 

obtained from Jackson Laboratory (JAX number: 004435). This mouse has been the most 

extensively studied rodent model; it displays clinical symptoms of ALS and motor neuron 

death31. Its B6 version displays a spectrum of ALS-associated phenotypes similar to that of 

the original B6SJL hybrid, but with an ~30d later age of onset and an average lifespan of 

~157 d. The B6.SOD1 mice were crossed with Axl-/- and/or Axl-/-Mertk-/- lines to generate 

SOD1 Axl-/- and SOD1 Axl-/- Mertk-/- mice. All lines have been backcrossed for >10 

generations to and maintained on a C57BL/6 background. All animal procedures were 

conducted according to protocols approved by the Salk Institute Animal Care and Use 

Committee (Protocol No. 17-00009). Mice of both genders were randomly allocated to 

experimental groups unless otherwise noted.   

 

Tail suspension behavior scoring  

To objectively score the severity of ALS disease phenotype for SOD1 transgenic mice, we 

have modified the 5-point phenotype scoring system of Solomon et al.33 to monitor disease 

progression. Briefly, score 1 = shaking or splaying of both hindlimbs when suspended by tail 

(symptomatic phase) while score 0 represents time prior to appearance of symptomatic 

phase; score 2= unable to extend of both hindlimbs and/or changes for gait in two days in a 

row (disease onset); 3= minimal joint movement in show of extreme weakness or paralysis in 

both hind limbs; score 4 or end point (E.P.) = mouse unable to right to sternum after being 

placed on its side for more than 20 seconds.  
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Histology and immunohistochemistry  

Mice at day 80, day 120 and day 160 were routinely anesthetized with ketamine/xylazine and 

perfused with 4% PFA in PBS as described in Chapter 2.2. Spinal cords were dissected out 

under a dissection microscope, separated into cervical, thoracic and lumbar segments and 

post-fixed in 4% PFA in PBS solution overnight before switching to 30% sucrose in PBS for 1 

day and flash frozen in TBS tissue freezing medium. Cross-sections of cords were cryo-

sectioned at 25µm, air-dried overnight before staining. For lumbar motor neuron 

quantification, spinal cord cross-sections were evaluated for at least 3 sections per spinal 

cord level that contain at least 6 ventral horns per animal. Immunohistochemistry procedures 

were previously described in section 2.2.  

 

RT-qPCR  

RNA from snap-frozen whole spinal cord tissue was isolated with TRIzol (Thermo Fisher 

Scientific 15596026) according to the manufacturer’s instructions and following the 

procedure listed in Ch 2.2. The following primer sequences were used:  

TNFa primer sequences used were forward primer 5’-3’ GCC ACC ACG CTC TTC TGT CT 

and reverse primer 5’-3’ CAG CTG CTC CTC CAC TTG GT.  

IFNa4 forward primer 5’-3’ CCC ACA GCC CAG AGA GTG AC and reverse primer 5’-3’ 

GCC CTC TTG TTC CCG AGG T.  

IL-6 forward primer AGA CAA AGC CAG AGT CCT TCA GA and reverse primer 5’-3’ GCC 

ACT CCT TCT GTG ACT CCA.  
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IL-1b forward primer 5’-3’ CCT CTC CAG CCA AGC TTC C reverse primer 5’-3’ CTCA TCA 

GGA CAG CCC AGG T.  

IFNg forward primer CAA TCA GGC CAT CAG CAA CA and reverse primer 5’-3’ AAC AGC 

TGG TGG ACC ACT CG.  

IL-4 forward primer 5’-3’ AGGAGCCATATCCACGGATGCGA and reverse primer 5’-3’ 

TGTTCTTCGTTGCTGTGAGGACGT.  

Relative expression of genes of interest was normalized to GAPDH with forward sequence 

5’-3’ AGG TCG GTG TGA ACG GAT TTG and reverse sequence 5’-3’ GGG GTC GTT GAT 

GGC AAC.  

 

Immunoblot analysis  

Tissues were ‘snap frozen’ in liquid nitrogen. Frozen tissues were lysed using RIPA buffer 

and phosphatase protease inhibitor (Roche, Sigma) for 30min on ice. Supernatants were 

stored at −80°C after samples were spun down at 12 000rpm for 5min. Immunoblotting 

followed previously a published protocol34. Briefly, equal amounts of protein (10ug) in 

3XLaemmli buffer and 0.1M DTT were separated by electrophoresis through 4-12% Bis-Tris 

polyacrylamide gels (Novex, Life Technologies) and were transferred to PVDF membranes. 

Membranes were blocked with blocking buffer (1% casein block in PBS) (Biorad) and 

subsequently incubated with primary and secondary antibodies and washed with TBST 

(50mM Tris-HCl pH7.5, 0.15M NaCl and 0.25% Tween-20) in between. Blots were developed 

using an Odyssey Gel Imaging System (Li-Cor). Immunoblot were quantified using 

ImageStudio using GAPDH and beta-actin as loading control.  
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Antibodies and reagents  

For immunohistochemistry, antibodies used were as follows: anti-Axl (R&D AF854), anti-Mer 

(eBioscience DS5MMER and R&D AF591), anti-mouse Gas6 (R&D AF986), anti-misfolded 

human mutant SOD1 B8H10 (misSOD1) (Medilabs MM-0070-P), anti-MMP9 (Abcam 

Ab38898), anti-NeuN (Chemicon MAB377), anti-Iba1 (Wako 019-19741 and Novus NB100-

1028), anti-CD68 (BioRad MCA1957), anti-Tmem119 (Abcam AB209064), anti-cleaved 

Casp3 (cCasp3) (Cell Signaling 9661), anti-Choline-Acetyl Transferase (ChAT) (Millipore 

AB1444P). Same fluorophore-conjugated antibodies were used as described in Ch 2.2. For 

immunoblotting, additional antibodies besides those listed above are anti-GAPDH (Millipore 

MAB374) and anti-beta-actin (Li-Cor 926-42210), both used as loading control.  For Li-Cor 

detection, IRDye 680RG IgG secondary antibodies of the corresponding species were used.  

 

Confocal microscopy 

 Confocal images of ventral horn or tilescan of lumbar spinal cord were acquired with a Zeiss 

LSM 710 Confocal microscope using Plan-Apochromat 20x 0.8-NA air-matched or 63x 1.4-

NA oil objectives (laser lines: 405 nm, 488nm, 594nm and 633nm). Image size was 1024 x 

1024 pixels. Images were obtained and processed via the Zen Black and Zen Blue editions.  

 

Data analysis  

For lumbar spinal cord sections, maximum intensity projection images were analyzed in FIJI. 

At least 3 sections containing 6 ventral horns per lumbar spinal cord level per animal were 

quantified in each analysis. At least 3 animals per genotype at each disease stage were used 

in each analysis. Cross sections from lumbar level L4-L5 were pooled for Iba1 and CD68 

expression analysis. Both were calculated as the quotient of their respective occupied area 
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divided by area of ventral horn, which were gated based on their intensity and applied for all 

images in each experiment. For motor neuron and subtypes quantification analysis, lumbar 

spinal cord between L1-2 and L3-5 were quantified separately and in both lateral and medial 

motor columns. Co-localization of ChAT, NeuN and MMP9, markers for generic motor 

neurons, alpha motor neurons and fast-fatigable motor neurons that are to susceptible to 

ALS, respectively.   

 

Statistics  

Data analysis and statistical tests were performed using GraphPad Prism (version 8.0) 

software. All data in all figure panels of the paper are represented as mean ±1 standard 

deviation. In most cases, ‘‘n’’ is used to denote the number of mice per experimental group 

and ‘‘N’’ the number of brain sections/images/samples analyzed per mouse. Datasets 

displayed normal distribution and equal standard deviations unless indicated by unequal 

variance test.  
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3.3 Results 

3.3.1 Characterization of microglial response and TAM system expression along the 

disease progression in the SOD1 mice  

We first initiated studies of TAM system regulation in microglia during disease 

progression in the SOD1 mouse model for ALS, where we have adopted a multi-point 

phenotype scoring system of Solomon et al.33 to monitor disease progression. As for human 

AD35-38 and mouse models of PD20 and AD29 (Chapter 2), we again observed dramatic up-

regulation of TAM expression in sick SOD1 mice (Fig. 3.3.1-1). Increased Mer and Axl 

expression is strong enough to be detected easily on western blots of cervical, thoracic, and 

lumbar spinal cord extracts from SOD1 mice, at both disease stage 3 (extreme weakness in 

both hind limbs/minimal joint movement) and at end point (E.P., mouse unable to right to 

sternum after being placed on its side), as well as in SOD1 brain lysates. This suggests a 

strong pan-induction of TAMs across the CNS at late and end stage of disease, even in 

regions of only mild degeneration such as the thoracic portion of the spinal cord. 

We further investigated the onset and extent of TAM expression upregulation in 

whole spinal cord during ALS disease development at progressive disease stages or at 

various timepoints, postnatal (P) 80, P120 and P160 as well as at end point (Fig. 3.3.1-2a & 

b, respectively). These results suggest that TAM receptors – Axl and Mer – are both 

expressed at steady state in mouse spinal cord, however, their expression upregulation 

precedes the symptomatic stage of the disease (score 1, hind limb trembling) - typically 

between P80 and P120 - and this robust increase of expression for both TAM receptors 

persists throughout the disease course. Interestingly, we also found that the ligand of both 

Axl and Mer receptors, Gas6, also acquires increasingly higher expression in ALS lumbar 

spinal cord after symptomatic phase (score 1) but before score 2, and further peaks at E.P. 

(Fig. 3.3.1 -2b). In line with the knowledge in the field that long before symptoms appear, 
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immune dysregulation is tied with the pathogenesis of ALS39, we find that the TAM system is 

involved early and persistently throughout the disease progression.  

 

We next investigated the cellular specificity and spatial distribution of these TAM 

receptors and their ligand Gas6. We examined these questions at score 3 of SOD1 mice, a 

timepoint with extensive upregulation of TAM receptors and their ligand Gas6 expression and 

corresponding to complete hindlimb paralysis. Immunostaining of sections from lumbar spinal 

cord demonstrated that essentially all Axl upregulation occurred in Iba1-labeled microglia, 

and nearly all Iba1 positive cells were also Axl positive (Fig. 3.3.1-3a,b). Similarly, despite a 

high basal level of expression, robust Mer expression also was seen exclusively in Iba1+ 

cells, suggesting that an elevated TAM receptor response was restricted to microglia (Fig. 

3.3.1-3c). Upon further examination, we noticed overall more heightened Iba1 expression in 

the ventral horn than that of in the dorsal horn. These Iba1-high microglia assumed a typical 

activated morphology with enlarged cell body and few ramified processes and were 

distributed near ChAT+ MNs. We found higher TAM expression in these activated Iba1+ cells 

in the ventral horn (Fig. 3.3.1-3a-c). Interestingly, Gas6, the obligate Axl ligand, only partially 

co-localized with Iba1 and Axl+ microglia in the diseased cord. These AxlhiIba1hi activated 

microglia were usually found in immediate proximity to these unique Gas6-positive puncta 

(Fig. 3.3.1-3d). Although the exact cellular identity of these other Gas6-expressing cells is 

yet to be identified, they may be stressed/apoptotic MNs that have externalized PtdSer, a co-

ligand of TAM receptors, and are thus coated with Gas6 on their surfaces. Section 3.3.5 will 

elaborate further with this working hypothesis. 
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3.3.2 Functional role of TAMs in disease progression of ALS 

To evaluate whether ALS disease progression is altered by the lack of TAM 

receptors, we crossed SOD1 mice with Axl-/-Mertk-/- mice to determine overall impact of 

microglial TAMs on disease course. We also crossed the SOD1 mice with single Axl-/- mice to 

determine contribution of Axl receptor alone. We have characterized the entire disease 

course using unbiased cohort behavioral scoring, and have investigated changes in immune 

dysregulation, microgliosis, phagocytic response, and survival of MNs and their subtypes at 

various timepoints of ALS development.  

 

Involvement of TAMs in ALS disease course 

To assess potential alternation at the onset of disease stages, we monitored the 

clinical score on a tri-weekly basis in cohorts of SOD1, SOD1 Axl-/- and SOD1 Axl-/-Mertk-/- 

mice. Following the objective scoring system by Solomon et al.33 for disease progression, we 

found that SOD1 mice on B6 background in our hands, reached symptomatic phase (clinical 

score 1) around day 110, disease onset (clinical score 2) around day 140, and clinical end 

point (E.P. or score 4) on average at day 154 (Fig. 3.3.2-1a), which is consistent with 

published results on for SOD1G93A mice on B6 background 30,40. Through preliminary studies, 

we also found no significant difference between genders in terms of latency to reach each 

disease stage (Fig. 3.3.2-1b), so for all behavioral testing based on tail suspension motor 

symptoms, cohorts with equal percentage of both sexes were studied and compared.  

 

Interestingly, SOD1 Axl-/-Mertk-/- mice showed a very different course of disease 

progression (Fig. 3.3.2-2). Initially, these Axl-/-Mertk-/- mutant SOD1 mice displayed a 

significantly earlier occurrence of the symptomatic phase (clinical score 1, SOD1 mice 109.6 
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± 16.55 days; SOD1 Axl-/-Mertk-/- 81.87 ± 9.325 days, p<0.0001, Fig. 3.3.2-3a), and also 

showed a slightly more rapid disease progression period until reaching disease onset 

(clinical score 2, SOD1 mice 138.9 ± 12.01 days, SOD1 Axl-/-Mertk-/- 128.2 ± 17.52 days, 

p=0.0006, Fig. 3.3.2-3b). However, at later stages of the disease, mutant Axl-/-Mertk-/- SOD1 

mice showed a trend of delayed onset of clinical score 3 and a significantly late arrival at end 

stage in comparison to SOD1 mice (for score 3, SOD1 mice 154.3 ± 12.84 days, SOD1 Axl-/-

Mertk-/- 163.8 ± 12.44 days, p = 0.0516. And for E.P., SOD1 mice 154.7 ± 13.66 days, SOD1 

Axl-/-Mertk-/- 178.2 ± 13.12 days, p < 0.0001, Fig. 3.3.2-3c,d). Consequently, despite showing 

earlier motor symptoms, SOD1 Axl-/-Mertk-/- mice have a mean extension of life span by 

~15% compared to SOD1 mice. They also displayed an almost twice as prolonged mean 

length of disease course, from symptomatic phase to E.P., compared to the SOD1 mice (Fig. 

3.3.2-3d).  

 

Of note, SOD1 mice that are only deficient of Axl receptor (SOD1 Axl-/-) demonstrate 

a latency to E.P. that falls in between that of SOD1 Axl-/-Mertk-/- and SOD1 cohorts (SOD1 

Axl-/- mice 163.7 ± 10.12 days; SOD1 mice 154.7 ± 13.66 days; SOD1 Axl-/-Mertk-/- 178.2 ± 

13.12 days. Log-rank tests, p = 0.0188 between SOD1 and SOD1 Axl-/- curves; p = 0.0004 

between SOD1 Axl-/-Mertk-/- and SOD1 Axl-/- curves) (Fig. 3.3.2-3d). It is noteworthy that these 

SOD1 Axl-/- mice also show a modest advancement of symptomatic phase compared to 

SOD1 mice, although to significantly less extent than that in SOD1 Axl-/-Mertk-/- mice. This 

indicates that Axl alone, which has been implicated as one of the top upregulated signature 

gene in ‘disease associated microglia’ and prominent ‘neurodegenerative genes’41, cannot 

fully account for the alteration of disease course phenotype seen in SOD1 mice lacking both 

Axl and Mer, suggesting a synergistic effect of both TAM receptors in restraining disease 

onset and contributing to its progression.   
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These confounding but intriguing observations demonstrate that TAM receptors may 

play differential roles at different stages of the disease – initial upregulation of TAM receptors 

seen in Fig. 3.3.1-1 prior to score 1 and 2 may act to constrain and protect against the onset 

of motor symptoms such as loss of fine motor control and splaying of hindlimbs. However at 

later stages, the chronically high expression of Axl and Mer may be related to detrimental 

mechanisms that accelerate the worsening of paralysis and deterioration of the organisms. 

Further investigation with SOD1G93A Mertk-/- mice is warranted to confirm the role of Mer in 

ALS onset and progression.   

 

TAM activity in early stage of ALS  

Next, we set out to investigate the mechanistic basis for altered disease course in 

SOD1 Axl-/-Mertk-/- mice. We asked whether deficiency of TAM receptors may result in 

differential composition of motor neurons and preferentially affect ALS-susceptible MN 

subpopulation such as FF alpha MNs. If so, this may account for the advancement of earlier 

onset of motor weakness -- hindlimb splaying (clinical score 1) and gait changes among 

others (score 2) -- observed in TAM-deficient mice compared to SOD1 mice.  

 

In order to profile and quantify MN number and the ALS-susceptible FF MN 

subpopulation, we performed immunohistochemistry using combinations of antibodies for 

choline acetyl transferase (ChAT), NeuN42,43 and MMP94,44,45 for co-labeling the cell bodies of 

MNs, alpha MNs and FF alpha MNs, respectively. Lumbar spinal cord sections were 

matched and selected from SOD1 mice collected at day 80, prior to symptomatic phase 

(score 1), in comparison to SOD1 Axl-/-Mertk-/- mice at the same age. Both motor pools in 
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lumbar spinal cord, lateral motor column (LMC) and medial motor column (MMC), were 

analyzed but only data from LMC is shown (Fig. 3.3.2-4) since in our hands majority of 

MMP9+ cells are present in the LMC. Data from lumbar L1-2 and L3-5 were separated due to 

differential number of MNs at these levels (Fig. 3.3.2-4b-c and -4e-g). Firstly, we found that 

at day 80, although there was a trend toward fewer ChAT+ cells at both L1-2 and L3-5 in 

SOD1 mice, there was no statistical difference in the total number of ChAT + cells in the 

ventral horn (VH) among WT, SOD1, and SOD1 Axl-/-Mertk-/- mice (Fig. 3.3.2-4b, 4d), 

suggesting that a severe loss of MN soma was absent at this age. When co-labeling with 

NeuN as a marker for mature alpha MNs, however, we saw a statistically significant, albeit 

modest, decrease in the number of ChAT+NeuN+ MNs in the VH from L3-5 specifically in the 

SOD1 Axl-/-Mertk-/- group compared to SOD1 group (Fig. 3.3.2-4c, 4e). This suggests that a 

potential loss of function of mature alpha MNs or even their death, occurred in TAM-deficient 

mice already at day 80, an age when motor symptoms such as hindlimb trembling are absent 

in SOD1 mice but are present in almost 50% of SOD1 animals. Next, we focused on the VH 

in L3-5 for quantifying MMP9-expressing alpha MNs. Co-immunoreactivity analyses of 

MMP9, NeuN, and ChAT revealed that the SOD1 spinal cord also showed a trend of 

decrease in the number of triple positive cells (MMP9+ChAT+NeuN+) compared to WT and 

SOD1 mice (Fig. 3.3.2-4f). These results suggest that TAM deficiency in microglia may 

trigger an acceleration of the degeneration of ALS-vulnerable FF alpha MNs already at day 

80, worsening the denervation of the fast-fatigable muscle groups. However, since the total 

number of ChAT+ MN was unchanged (Fig. 3.3.2-4b, 4d, 4g), whether the specific decrease 

in the number and percentage of MMP9+ and NeuN+ MN population in TAM-mutant spinal 

cords was due to a downregulation of MMP9 and NeuN expression in MNs or an early onset 

of death of these MNs (Fig. 3.3.2-4e and 4f) is still to be evaluated.   
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To follow up, we next investigated how TAM-deficiency can result in a specific 

reduction of the ALS-vulnerable FF alpha MNs subpopulation. Given the immunosuppressive 

role of TAM receptors in DCs and macrophages and the strong upregulation of microglial 

TAM expression in late-stage disease (Fig. 3.3.1-1 and 3.3.1-2), we hypothesized that 

microglial TAM receptors might regulate the neuroinflammation that arises prior to the 

symptomatic phase of ALS. If so, a loss of TAM receptors in these crucial disease-activated 

microglia might result in uncontrolled cytokine and chemokine dysregulation and an 

exacerbated pro-inflammatory environment already at day 80 in Axl-/- Mertk-/-SOD1G93A+ 

compound mutants. We performed RT-qPCR on mRNA extracted from whole spinal cord 

from SOD1 and SOD1 Axl-/-Mertk-/- and their non-diseased littermates at day 80 for a battery 

of pro- and anti-inflammatory cytokines and agents and quantified their mRNA relative 

expression (Fig. 3.3.2-5). Contrary to our hypothesis, we did not find any statistically 

significant difference from whole spinal cord extracts among the above-mentioned genotypes 

in any of the cytokine mRNAs tested. Though we do not exclude the possibility that subtle or 

regional changes in cytokine production by local microglia with and without TAMs may have 

been overshadowed by the coarse whole-tissue mRNA extraction in the initial stage (day 80), 

dramatic changes in the expression of certain cytokines in later stages of disease (day 120 

and 160), such as TNF-a and IL-1b, are after all detectable in whole tissues (Fig. 3.3.2-6).  

 

TAM activity at late stages of disease  

We next aimed to study how the absence of TAMs confers a delay in the mice 

reaching clinical end stage and thereby prolonging their lifespan. We first evaluated 

inflammatory responses in spinal cord by measuring the expression of a battery of cytokine 

mRNAs using RT-qPCR during disease development, both after symptomatic stage (day 

120) and at late stage (day 160) in terms of SOD1 mice disease course. In accordance with 
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published results, the main neuroinflammatory agents in SOD1 transgenic mice, TNF-a and 

IL-1b, present a trend of increasing expression at day 120 and are dramatically upregulated 

at the end stage of disease (day 160) compared with their WT littermates (Fig. 3.3.2-6). 

Surprisingly, despite a well-described immunosuppressive role of TAMs as negative 

feedback inhibitors of Toll-like and cytokine receptor signaling in other immune sentinels 

following immune activation25-27, at late stage of disease (day 160) in SOD1 mice, we found 

instead that SOD1 Axl-/-Mertk-/-  mice have significantly, albeit modestly, lower level of 

specifically TNF-a expression comparing to SOD1 mice at this same age. To note, we did 

not observe a change in type I IFN response measured by expression level of IFNa (Fig. 

3.3.2-6), which TAM receptors are known to suppress in antigen presenting cells such as 

DCs27, at either time points during the chronic neuroinflammation in SOD1 mice lacking TAM 

receptors. As paralysis, along with other aspects of the disease, is less progressed in these 

SOD1 Axl-/-Mertk-/-  compared to SOD1 mice that have survived to day 160, investigation is 

underway to find out whether this decreased TNF-a expression at day 160 in TAM-mutant 

spinal cord is causal to the delayed E.P. phenotype or is a mere reflection of the stage of 

disease progression.  

 

We then asked whether this altered inflammatory environment in TAM-mutant SOD1 

mice at day 160 indicates an altered microglial activation and response towards pathology. 

For this, we first characterized the microglial activation state by performing immunostaining 

on spinal cord sections that contain L4-5 from SOD1 and SOD1 Axl-/-Mertk-/- mice at day 160 

since this is the age not only with a more robust inflammatory response but also with a fair 

enough portion of SOD1 mice still alive (though morbid). We quantified the percent area 

occupied by Iba1 in the VH area (Fig. 3.3.2-7a). As expected, both SOD1 and SOD1 Axl-/-

Mertk-/- mice spinal cords compared with their non-transgenic littermates, showed a robust 
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increase in Iba1-occupied area and number of Iba1+ cells that display the characteristic 

activated ‘amoeboid’ morphology, as opposed to the ‘resting’-like ramified morphology at 

physiological conditions. To note, Iba1 area and microglia morphology do not show a 

baseline difference in WT and Axl-/-Mertk-/- spinal cord in non-diseased setting (Fig. 3.3.2-7a). 

However, we found SOD1 Axl-/-Mertk-/- mice have notably less Iba1 coverage comparing to 

the SOD1 mice at day 160, indicating lower microglia activation, proliferation and/or other 

myeloid cell infiltration, which is consistent with our cytokine expression analysis at the same 

age (Fig. 3.3.2-6). Furthermore, co-localization analysis of the immunoreactivity of Iba1 and 

CD68, a marker of lysosomes specific to microglia, shows a markedly lower level of CD68 

occupied area in VH of SOD1 Axl-/-Mertk-/- mice in comparison to SOD1 mice at day 160 (Fig. 

3.3.2-7b).  

 

These results suggest that, in addition to the reduction of microglial activation that 

may contribute to the modestly ameliorated pro-inflammatory environment observed in SOD1 

Axl-/-Mertk-/- mice at late stage, microglia in SOD1 Axl-/-Mertk-/- mice also present with a 

reduction of phagocytic capacity as indicated by a reduction of CD68 immunoreactivity. 

Based on these findings, we subsequently evaluated the severity of motor neuron 

degeneration in SOD1 mice at late stage (day 160). As TAM receptor/ligand activation is 

dependent on the regulated display of externalized PtdSer46,47, we reasoned that microglia 

that are Axl-/-Mertk-/- would have impaired detection of PtdSer and clearance of these target 

cells. Interestingly, recent studies have uncovered various PtdSer exposure events in a non-

apoptotic manner56-58, subjecting them to be ‘eaten alive’ in challenging settings, a process 

that can be dependent on TAM receptors. In the case of ALS, this loss of TAMs in SOD1 

mice may spare some stressed PtdSer-displaying but still living MNs at late stage, which 

would be consistent with the delayed latency to reach E.P. phenotype observed in TAM-
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mutant SOD1 mice (Fig. 3.3.2-2). To test this hypothesis, we again assessed the number 

and percentage of MNs, alpha MNs and the most ALS-susceptible FF alpha MNs by labeling 

and co-labeling with ChAT, NeuN and MMP9, respectively. We showed that on L1-2 for both 

LMC and MMC, there is a reduction in the number of total ChAT+ cells and in NeuN+ ChAT+ 

co-labeled alpha MNs in SOD1 and SOD1 Axl-/-Mertk-/- compared to WT (Fig. 3.3.2-8a-c), but 

no difference was detected between the two transgenic groups. On level L3-5 for LMC 

specifically where large alpha MN soma are abundant physiologically, we did see a 

significant though modest restoration of both ChAT+ and ChAT+NeuN+ co-labeled cell 

number in SOD1 Axl-/-Mertk-/- mice compared to SOD1 mice (Fig. 3.3.2-8e-f). Similarly, for 

the number of MMP9+ FF alpha MNs, we saw a consistent though minor rescue of the 

number of MMP9+ NeuN+ ChAT+ (triple+) cells in SOD1 Axl-/-Mertk-/- compared to SOD1 

mice (Fig.3.3.2-8g). Considering the fact that SOD1 Axl-/-Mertk-/- mice have an almost twice 

longer disease course and an early loss of MMP9+ ALS-susceptible MNs compared to SOD1 

mice (Fig. 3.3.2-4g), the rate of MN loss was dramatically diminished in TAM-mutant SOD1 

mice. These results suggest that TAM-mediated phagocytosis partially contributes to MN 

loss and faster neurodegeneration.  
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3.4 Conclusion 

Taken together, our results indicate that TAM receptors Axl and Mer are crucially 

involved in the pathogenesis of ALS. We found that both receptors, together with their ligand 

Gas6, are upregulated in the spinal cord of SOD1 mice prior to disease onset, which persists 

and peaks at end-stage. High-resolution confocal analysis showed that Axl and Mer are 

located exclusively in microglia. Interestingly, we found that TAMs play differential roles at 

early and late stages of ALS. Whole body genetic knockout of Axl and Mer resulted in an 

earlier occurrence of symptomatic phase but significantly slowed the loss of motor function 

and prolonged the lifespan in SOD1G93A mice. We have not fully explored the mechanistic 

basis of such a dramatic alteration in the disease course due to TAM deficiency, but 

observations suggest that it may be related to the previously described TAM-mediated 

phagocytosis in microglia and other tissue macrophages 20,34,48. We showed that both Iba1 

and CD68, a macrophage-specific phagocytic marker, are expressed at a lower level in the 

absence of TAMs at late stage, suggesting a dampening of aberrant activation and 

phagocytic capacity in these TAM-mutant myeloid populations in the spinal cord. 

Correspondingly, we detected diminished expression of TNF-a, known to contribute to MN 

excitotoxicity and to drive the worsening of ALS, which suggests an ameliorated pro-

inflammatory environment in spinal cord of SOD1 Axl-/-Mertk-/- mice compared to SOD1 mice. 

Consistent with these findings, despite showing an initial loss of ALS-vulnerable MNs, TAM-

mutant mice show a comparatively much slower rate of MN degeneration until the late stage 

compared to that in SOD1 mice expressing TAMs.  

 

Despite many efforts in drug development and clinical trials for the past 20 years, 

ALS remains uniformly intractable, irreversible, and fatal. We lack therapeutic targets that are 

accessible in the CNS and whose mode of action is understood. Importantly, our findings 
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suggest the TAMs may be such targets with translatable potential. As small-molecule and 

monoclonal antibody inhibitors of TAM receptors are already in clinical trials as cancer 

therapeutics49-53 and readily cross the BBB53, our findings may provide insights into TAM 

receptors as therapeutic targets whose perturbation may extend the lifespan of ALS patients.  
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3.5 Discussion and Future Directions  

I.  Glutamate-mediate excitotoxicity-induced PtdSer exposure as a potential 

mechanism of TAM-mediated phagocytosis of ALS-vulnerable MNs  

 

TAM receptors, expressed at high abundance by professional phagocytes, have been 

shown to be critical for the clearance of PtdSer-externalized ACs in multiple tissues22,34,54,55. 

This process is critically mediated by the bridging of TAM ligands, Gas6 and Pros1, between 

membranes with externalized PtdSer and TAM receptors expressed by phagocytes (Fig. 1.2-

2). Interestingly, recent studies have uncovered various PtdSer exposure events in a non-

apoptotic manner56-58. Besides ACs, distressed but nonetheless living cells may also present 

externalized PtdSer on surface, subjecting them to be ‘eaten alive’ in challenging settings, 

such as adult neurogenesis, viral-infected astrocytes, or in stroke-induced penumbra20,59,60. 

This is a process that has been termed ‘phagoptosis’ in which TAM-dependent phagocytosis 

has been recognized to be responsible for the clearance of these non-apoptotic PtdSer-

presenting cells. In addition, synapse-localized exposed PtdSer is found in a more transient 

manner during synaptic pruning and elimination61-63. One of the main components in the 

regulatory machinery of PtdSer asymmetry is through Ca2+-dependent scramblases48,59,64. 

Conceivably, an abnormally high intracellular calcium concentration due to excessive firing 

could theoretically induce exposure of PtdSer on MNs or locally at neuromuscular junctions 

(NMJs) in events of glutamate-mediated excitotoxicity in ALS.  

 

Together with our results, our current working hypothesis is as follows (Fig. 3.3.3-1): 

in SOD1 mice, an abnormally heightened intracellular Ca2+ as a result of excitotoxicity in 

Ca2+-sensitive FF alpha MNs may trigger an increased externalization of the ‘eat-me’ signal 

PtdSer locally at NMJs and/or on MN cell bodies in the VH. In recognition of exposed PtdSer, 
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TAM ligands, such as Gas6, may tag these cells and their processes, surrendering them to 

be phagocytosed ‘live’ or at least preemptively before their apoptosis by TAM-expressing 

microglia. This may cause a selective loss of Ca2+ dysregulation-prone MNs and dissociation 

of NMJs (the separation of the terminal Schwann cells and motor axon from the motor 

endplate of the muscle) followed by subsequent axonal dieback and muscle denervation. Our 

studies in late stage are consistent with this hypothesis. Firstly, we found that Gas6 

expression does not co-localize completely with Axl in SOD1 cord but these non-colocalizing 

Gas6 surfaces, though entities non yet defined, are very often adjacent to Axl-expressing 

Iba1+ cells (Fig. 3.3.1-3d). We would like to examine further whether such phenomenon 

suggests an interaction between stressed PtdSer-exposing MNs coated with the TAM ligand 

Gas6 and TAM-expressing microglia in ALS spinal cord. Secondly, at late stage SOD1 Axl-/-

Mertk-/- mice have reduced level of TNF-a expression (Fig. 3.3.2-6) possibly due to a 

decreased microglial activation (Fig. 3.3.2-7), and a more benign microenvironment that may 

ameliorate calcium dysregulation in MNs comparing to SOD1 mice. Moreover, TAM-deficient 

microglia, blind from PtdSer externalized on MNs, indeed show a reduction phagocytic 

capacity (Fig. 3.3.2-7). Converging evidence suggest a TAM absence results in microglia 

with inefficient ‘phagoptosis’ and a delay in the eventual death of these alpha motor neurons 

as a consequence (Fig. 3.3.2-8). Altogether this promotes preservation of some basic motor 

function of ALS mice and contributes to the extension the lifespan of SOD1 mice in the 

absence of Axl and Mer (Fig. 3.3.2-2).  

 

II. Investigation of TAM activity in inflammatory response and skeletal muscle 

denervation in the periphery 
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We will be continuing our endeavors in searching for a full mechanistic basis for the 

above-mentioned selectively early loss of markers for FF alpha MNs (Fig. 3.3.2-4e,f) and the 

foreshown hindlimb weaknesses (Fig. 3.3.2-2a) in TAM-mutant SOD1 mice. One lead for us 

is to pin down other potential localities of TAM action at this stage of disease besides in the 

CNS. As TAMs are expressed in almost all tissue resident macrophages23,24, we speculate a 

role for TAMs in the peripheral nervous system that includes the intramuscular nerves, the 

NMJs, and the skeletal muscles, regulating the progressive motor denervation in ALS.  

 

Studies demonstrate an early peripheral inflammatory response and macrophage 

activation near NMJs that persist throughout ALS disease course65-67. This peripheral 

response coincides with NMJ dissociation and skeletal muscle denervation that may precede 

symptom onset in ALS rodent models and human patients, though whether these 

macrophages play a protective/resolving or detrimental role remains unclear68 69. Given the 

concomitant functions of TAMs in mediating phagocytosis and pleiotropic 

immunosuppression in numerous tissue resident macrophages, we speculate that TAM-

expressing resident macrophages near NMJs play a pivotal but similarly divergent role at 

different stages of disease: restraining local inflammation in the early stage of the disease 

and dutifully clearing degenerating overexcited NMJs as disease progresses, thereby 

accelerating loss of motor function in later stage of disease. We will evaluate this possibility 

experimentally. 

 

III. On TAM-mediated selective loss of MMP9 expression in the spinal cord at early 

stage 
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Our results on ALS-vulnerable cells in the spinal cord (Fig. 3.3.2-4) suggest that while 

the total ChAT+ cell number are unchanged, a selective loss of MMP9/NeuN/ChAT (triple 

positive) cell number is reduced in TAM-mutant SOD1 mice at pre-symptomatic phase. It is 

unclear if this is a reflection of simple downregulation of MMP9 in alpha MNs or whether this 

signifies an early death of this subset of ALS-vulnerable cells already at this stage. Of note, 

Kaplan et al.4 found that in the presence of mutant SOD1, MMP-9 expressed by fast motor 

neurons themselves enhances activation of ER stress and is sufficient to trigger axonal die-

back and death of these alpha MNs. Further studies from C. Henderson group4 and V. Lee 

group70, using multiple mouse models of ALS with different genetic predispositions and 

various targeting strategies, uncover that downregulation or inactivation of MMP9 can not 

only improve motor symptoms but also lengthen the average life span of these mice. We are 

now curious whether microglial TAMs play a role in regulating neuronal MMP9 expression 

and therefore, the loss of TAM mediating a downregulation of MMP9 in response to 

misfolded SOD1 as a MN-intrinsic self-preservation mechanism for longer survival of this 

ALS-susceptible subset and of the diseased organism.  

 

IV. Caveats  

 

One caveat to our studies concerns the cell type specificity of TAM receptors. In the 

CNS, we and others have shown that besides microglia, TAMs are also expressed on brain 

microvascular endothelial cells (BMECs)71. Brain endothelial Mer is particularly important for 

maintenance of blood brain barrier (BBB) integrity, especially upon pathological challenge 

such as viral infection. ALS concerns both upper motor neurons, the majority of which are in 

the motor cortex and brain stem, as well as lower motor neurons whose cell bodies dwell in 

the ventral horns of the cervical and lumbar spinal cord. Numerous studies have shown 
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impairment of BBB and blood spinal cord barrier (BSCB) in SOD1 mouse models72-74 and 

patients 75,76, including signs of IgG deposition and increased leukocyte infiltration into the 

CNS. Thus, how much the phenotypes described above are the result of a leaky blood-brain 

barrier in the absence of TAMs rather than microglial TAMs alone needs to be further 

investigated. In the peripheral nervous system, Axl and Mer are also expressed by Schwann 

cells, a subset of which, the perisynaptic Schwann cells, makes up the tripartite synapse of 

NMJs. Though Brosius Lutz et al.77 showed both Axl and Mer mediate myelin clearance by 

Schwann cells after CNS axotomy, we have no knowledge of whether Axl and Mer are 

similarly expressed in perisynaptic Schwann cells and their role in maintaining integrity of 

NMJs, especially in neurodegenerative disease settings. Moreover, reports suggest that 

apart from microglia, infiltrating blood-derived monocytes, which may also be TAM 

expressing, may contribute to neuroinflammation and worsening of disease78. Our current 

study is not optimized for discerning these two myeloid populations. We have speculated that 

the majority of TAM action in the SOD1 ALS model occurs in microglia at least in the CNS. 

To delineate the role of microglial TAMs (or rather, myeloid TAMs) in ALS pathogenesis, we 

have generated floxed alleles of Axl and Mer on the SOD1 animal model, and plan to cross 

them with tamoxifen-inducible cell type-specific driver, including the Cx3cr1-CreERT line for 

myeloid cell-specific deletion79and VECadh5-CreERT line for endothelial-specific deletion80. 

One of the beauties of this setup is that we can achieve conditionally inactivation of the Mertk 

and Axl genes in only one population at different stages of disease, e.g. prior to symptomatic 

onset and at later stage, and thus attempt to differentiate the dual action of TAMs along the 

disease course on top of cell type-specific ablation of TAMs. Since lineage tracing studies 

showed muscle resident macrophages originate from both yolk-sac and bone-marrow81, we 

plan to re-treat the mice with tamoxifen every month since the start point in order to maintain 

a stable knockdown of TAMs.  
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A second caveat is that our studies are only conducted on the SOD1G93A mouse 

model of ALS. We chose this model because SOD1G93A was the first ALS mouse model 

established30 is by far the most frequently used model for in vivo experiments. Its disease 

course is stable with low variance on the B6 background. However, mutations in SOD1 are 

not the most represented in ALS patients: only 20% of familial and 1% of sporadic patients 

carry SOD1 mutations10. Therefore, results in mutant SOD1 transgenic mice may not exactly 

be translatable to human disease, which may underlie the failure of several ALS clinical trials 

predicated on results obtained in this model10,82. Other ALS mouse models that involve 

mutations in more pathologically prevalent genes, such as mice that present cytoplasmic 

accumulation of TDP43 (rNLS8, JAX number: 028412)83 must be evaluated.  

 

Finally, besides the above-listed future directions, we will also use pharmacological 

methods to validate the motor symptom findings in corroboration with our genetic knockout 

animals. We will treat SOD1 with a Mer inhibitor, UNC2025 53, in SOD1 mice both before 

(day 60 onwards) and after disease onset (day 100 onwards). We expect after-onset 

inhibitor-treated SOD1 mice to develop motor symptoms the same time as vehicle-treated 

control mice but have delayed disease progression and extended life span similar to or even 

longer than SOD1 Axl-/- Mertk-/- mice. Outcome from our studies would suggest the optimal 

window and strategy to treat ALS mice, and perhaps also ALS patients, with TAM inhibitors. 
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Figure 3.3.1-1. TAM upregulation is throughout all levels of SOD1 mouse spinal cord at late 
stages of ALS 
Extracts of cervical, thoracic and lumbar spinal cord and brain of WT and two SOD1 mice at 
disease score 3 and end point (E.P.) immunoblotted for Mer and Axl. SOD1 spinal cord 
lysates demonstrate robust up-regulation of Axl and Mer at all levels of spinal cord as well as 
in brain at late and end stage of disease. Axl-/-Mertk-/- extracts are antibody specificity 
controls; GAPDH is a loading control.  
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Figure 3.3.1-2. Time course of TAM upregulation in the development of ALS 
Extracts of whole spinal cord of two biological replicates of SOD1, WT and Axl-/-Mertk-/- 
genotypes at indicated time point (A) or indicated ALS score according to Solomon et al., 
2011 (B) immunoblotted for Mer, Axl, Gas6 or misfolded SOD1 (B8H10) and GAPDH as a 
loading control. Data are representative of two independent experiments each with two 
technical replicates for a total of n = 4 biological replicates/genotype/timepoint or disease 
score.  
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Figure 3.3.1-3. TAM receptors are up-regulated specifically in microglia in the spinal cord 
Sections of SOD1 lumbar L4 spinal cord at stage 3, stained with the indicated antibodies for 
Iba1, ChAT and Axl (A) at low magnification overview and at high magnification at ventral 
horn of these sections for Axl (B), Mer (C) and TAM ligand Gas6 (D). Lower panels of B-D 
are enlargements of the upper panels. Expression of Mer and Axl at non-diseased baseline 
is seen at low levels in spinal microglia in healthy WT mice or prior to motor symptom onset 
in SOD1 mice (data not shown) and their expression up-regulation is exclusively in Iba1-
labeled microglia at late stage of disease and Gas6 expression is in large in colocalization 
with Iba1 and Axl, or in juxtaposition with them. Scale bar = 200µm(A), and 20µm (B-D). A-D 
contain representative images from N > 3 sections per mouse from n > 3 mice. 
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Figure 3.3.2-1. Disease progression of SOD1 mice.  
(A) SOD1 mice of both males and females are evaluated for the onset day of key motor 
symptoms for reaching each disease stage based on a modified objective scoring system. 
Averaged days of arrival at each disease stage from pooled 3 cohorts of a total of 64 SOD1 
mice are shown (A) or of 30 females and of 34 males (B). No statistically significant 
difference between genders was observed as for the average day to arrival at each individual 
disease score or overall disease progression. Mann-Whitney test and two-way ANOVA. P > 
0.05. Mean ± SD is shown and applies to all subsequent panels in this chapter.  
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Figure 3.3.2-2. Comparison of disease progression of SOD1 and SOD1 Axl-/-Mertk-/- mice.  
Pooled cohorts of SOD1 and SOD1 Axl-/-Mertk-/- mice are evaluated for the onset day of 
reaching disease stage. Animal numbers n for each group at each disease stage are noted 
on the graph. SOD1 Axl-/-Mertk-/- mice show markedly advanced arrival of early stages of 
disease (score 1 and 2) but significantly delayed appearance of E.P. in comparison to SOD1 
mice. Two-way ANOVA with Sidak’s multiple comparison test, P values as noted.  
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Figure 3.3.2-3. Comparisons of latency to reach individual disease stages among SOD1, 
SOD1 Axl-/-, SOD1 Axl-/-Mertk-/- mice.  
Reverse Kaplan-Meier plots showing the cumulative probability (expressed in percentage) to 
reach clinical score 1 (A), 2 (B), 3 (C) and end point (E.P.) (D) of each indicated genotype. P  
< 0.0001 (A), = 0.0072 (B), 0.0151 (C), <0.0001 (D) between SOD1 and SOD1 Axl-/-Mertk-/-, 
P = 0.0023 (A), 0.0209 (B), 0.02010 (C), 0.0550 (D) between SOD1 and SOD1 Axl-/- curves 
and P = 0.0115 (A), 0.1087 (B), 0.0020 (C), 0.0003 (D) between SOD1 Axl-/-and SOD1 Axl-/-
Mertk-/-. Log-rank test. n number as noted.  
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Figure 3.3.1-1. Direct electrical interaction drives lateral inhibition between ORNs.  
Sections of lumbar spinal cord featuring ventral horn (VH) labeled with antibodies as 
indicated in representative images (A) and quantified for ChAT+ total MN number on L1-2 
level (B) and on L3-5 level (D), and for co-localization analysis with alpha MN marker NeuN 
(C, E) and fast fatigable (FF) alpha MN marker MMP9 at L3-5 level (F), where the majority of 
FF MNs are found. All MMP9 MNs are NeuN+, though some NeuN+ cells are not MMP9+. 
Since almost MMP9+ cells are preferentially found in lateral motor column (LMC), only LMC 
data is shown at this stage of disease. MN composition of lumbar LMC in spinal sections L3-
5 from the indicated genotypes is visualized in G for the three populations of ChAT+ MNs: 
NeuN-MMP9- (non-alpha MNs), NeuN+MMP9- (non-FF alpha MNs) and NeuN+MMP9+ MNs 
(FF alpha MNs). A non-significant reduction of MMP9+ MNs percentage was seen 
specifically in SOD1 Axl-/-Mertk-/- but not in SOD1 mice at day 80 (F,G). Data points represent 
cell number per VH pooled from n ≥ 3 per genotype. One-way ANOVA test. P values as 
noted. n.s., not significant.  

  



163 
 

 

  

100µm

ChAT MMP9 NeuN Merge

W
T

SO
D
1

SO
D

1 
A-

/-M
-/-

A

0

5

10

15

ChAT+ cells
LMC L1-2 

C
hA

T+
 c

el
l n

um
be

r/V
H

 

0

5

10

15

20

25

ChAT+ cells 
LMC L3-5

C
hA

T+
 c

el
l n

um
be

r/V
H

 

0

5

10

15

C
hA

T+
N

eu
N

+ 
ce

ll 
nu

m
be

r/V
H

ChAT+NeuN+ MNs 
LMC L1-2

WT 

SOD1 

SOD1 AM-/-

0

5

10

15

20

25

C
hA

T+
N

eu
N

+ 
ce

ll 
nu

m
be

r/V
H

ChAT+NeuN+ MNs 
LMC L3-5

P = 0.0188
n.s.

B

D

W
T

SOD1

SOD1 A
M-/-

0

5

10

15

20

C
el

l n
um

be
r p

er
 V

H

MMP9+ NeuN+ ChAT+

MMP9- NeuN- ChAT+
MMP9- NeuN+ ChAT+

P = 0.0128
P = 0.0012

P = 0.0595

0

5

10

15

Tr
ip

le
+ 

ce
ll n

um
be

r/V
H

MMP9+ NeuN+ ChAT+ cells 
LMC L3-5

WT 

SOD1 

SOD1 AM-/-

G

C

E F



164 
 

 

Figure 3.3.2-5. Inflammation-related gene expression analysis reveals no detectable level of 
neuroinflammation in either SOD1 group at day 80 
Gene expression of the indicated cytokines were measured from mRNA prepared from whole 
spinal cord of the indicated genotypes at day 80 and quantified by qPCR after being 
normalized to housekeeping gene Gapdh. Relative expression (y-axis) of each gene in 
different groups is relative to the mean of the WT group for the respective gene. n ≥ 5 per 
genotype. One-way ANOVA test.  

  

IFN- IL-1 IL-4 IL-6 TNF- IFN-
0

1

2

3

Fo
ld

 c
ha

ng
es

 in
 s

pi
na

l m
R

N
A 

 
(N

or
m

al
iz

ed
 to

 G
AP

D
H

)

Day 80
SOD1 Axl-/-Mertk-/-

Axl-/-Mertk-/-

SOD1
WT



165 
 

 
Figure 3.3.2-6. TAM deficiency in SOD1 mice leads to reduced level of inflammatory 
response through gene expression analysis at day 120 and day 160 
Gene expression of the above-mentioned cytokines in the indicated genotypes after 
symptomatic onset (day 120, A) and at late stage (day 160, B) were measured and 
quantified by qPCR relative to WT group. SOD1 Axl-/-Mertk-/- group shows ameliorated level 
of TNF-α expression comparing to SOD1 mice at day 160 and a similar trend at day 120 
though not significant. n ≥ 5 per genotype. One-way ANOVA test. Statistically significant P 
values as noted.  

  

IFN- IL-1 IL-4 IL-6 TNF- IFN-
0

5

10

15
Fo

ld
 c

ha
ng

es
 in

 s
pi

na
l m

R
N

A 
 

(N
or

m
al

iz
ed

 to
 G

AP
D

H
)

Day 120
SOD1 Axl-/-Mertk-/-

Axl-/-Mertk-/-

SOD1-tg
WT

IFN- IL-1 IL-4 IL-6 TNF- IFN-
0

5

10

15

20

25

Day 160

Fo
ld

 c
ha

ng
es

 in
 s

pi
na

l m
R

N
A 

 
(N

or
m

al
iz

ed
 to

 G
AP

D
H

)

SOD1 Axl-/-Mertk-/-

Axl-/-Mertk-/-

SOD1-tg
WT

P = 0.0077 P <0.0001

P = 0.0001

P = 0.0128

P = 0.0095

P = 0.0082

P = 0.0111

n.s.



166 
 

 
 
Figure 3.3.2-7. Direct electrical interaction drives lateral inhibition between ORNs.  
(A) Representative lumbar spinal cord at day 160 overview (left three sets of panels) and 
enlarged zoom-in view of VH (right yellow boxed panels) co-labeled with Iba1, generic 
myeloid cell marker whose expression increases upon activation and CD68, a myeloid-
specific lysosomal marker indicative of phagocytic capacity. (B) Quantification of the percent 
area of VH occupied by Iba1 (left) and CD68 (right) in the genotypes indicated. SOD1 Axl-/-
Mertk-/- group shows a notable reduction of both Iba1+ as well as co-localizing CD68+ area 
comparing to SOD1 mice. Data points represent area percentage per VH averaged bilaterally 
per cord section pooled from n = 3 per genotype. One-way ANOVA test. Statistically 
significant P values as noted. Scale Bar = 200µm. 

  

0

2

4

6

8

10

C
D

68
 a

re
a 

%
 p

er
 V

H

CD68 levels

SOD1 Axl-/-Mertk-/-

Axl-/- Mertk-/-

SOD1
WT

P = 0.0134 
P < 0.0001 

P < 0.0001 

SOD1 Axl-/-Mertk-/-

Axl-/- Mertk-/-

SOD1
WT

0

5

10

15

20

Ib
a1

 a
re

a 
%

 p
er

 V
H

Iba1 levels
P = 0.0009 

P < 0.0001 

P < 0.0001 

A

B

SO
D
1

SO
D

1 
A-

/-M
-/-

CD68 Iba1 merge merge



167 
 

Figure 3.3.2-8. Delayed loss of MN and ALS-vulnerable MN subsets in spinal lumbar 
sections of SOD1 Axl-/-Mertk-/- mice comparing to at day 160 
Quantification of ChAT+ NeuN+ MN number in medium motor column (MMC) and LMC on 
L1-2 level (A, C) and on L3-5 level (D, F), respectively. Quantification of FF alpha MN 
number is also quantified with MMP9 co-labeling with NeuN and ChAT at L3-5 (G). ChAT+ 
total MN number is significantly reduced at late stage of disease comparing with WT on both 
L1-2 and L3-5 levels in LMC as quantified in (B, E), though there is a modest rescue effect in 
total ChAT+ MN number in TAM-mutant SOD1 mice. The same phenotype is seen in both 
quantification of ChAT+ NeuN+ alpha MNs and MMP9+ChAT+NeuN+ (triple positive) cells 
on L3-5 LMC where MMP9+ cells are abundantly encountered in WT mice. MN composition 
of lumbar LMC in spinal sections L3-5 from the indicated genotypes is visualized in H for the 
three populations of ChAT+ MNs: NeuN-MMP9- (non-alpha MNs), NeuN+MMP9- (non-FF 
alpha MNs) and NeuN+MMP9+ MNs (FF alpha MNs). An overall preservation of total ChAT+ 
MNs as well as a specific rescue of ALS-vulnerable FF alpha MNs is seen in SOD1 Axl-/-
Mertk-/- comparing with in SOD1 mice at day 160 (E-H). Data points represent cell number 
per VH pooled from n ≥ 3 per genotype. One-way ANOVA test. P values as noted. 
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