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Abstract

To date, Alzheimer's disease (AD) drug candidates have produced negative results in human trials 

and progress moving new targets out of the laboratory and into trials has been slow. However, 

based on three decades of previous work, there is reason to hope that amyloid-based and other 

novel therapies will move at a faster pace towards successful clinical trials. Here we highlight 

selected preclinical research topics that are rapidly advancing in the laboratory.

The amyloid cascade hypothesis

In 1907, experimental observations by Alois Alzheimer led to the identification of Aβ and 

tau pathologies, which are the main pathological constituents in Alzheimer's Disease (AD) 

(Alzheimer, 1987). Thereafter, familial studies identified mutations in APP, PSEN1 and 

PSEN2, that lead to misprocessing of Aβ and autosomal dominant AD (ADAD) that is 

typically of early onset 12. These advances led to the formulation of the amyloid cascade 

hypothesis proposed by Hardy and Higgins in 1992 3. According to this hypothesis, Aβ 
peptide, which originates from sequential proteolytic cleavage of the amyloid precursor 

protein (APP) by β-secretase and the γ-secretase complex, is the causative agent of 

Alzheimer's pathology. In AD, Aβ42 is the more pathologic Aβ fragment (the predominant 

species being Aβ40), and more readily adopts misfolded conformers that are more prone to 

aggregate. Overproduction or reduced clearance of Aβ leads to the accumulation of different 

Aβ conformations i.e. oligomers, fibrils, that can block neuronal transmission and lead to 

synaptic loss and neuronal toxicity. Updated in 2002 to propose tau pathology as 

downstream of the original insult of Aβ accumulation 4, and then more recently in light of 

newly identified genetic risk variants 5, the amyloid hypothesis has been reevaluated to 

include apoE/cholesterol effects, inflammation, and endosomal recycling as additional 

cellular drivers downstream of initial Aβ deposition 6.
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Though the evidence supporting different species of Aβ as causative of AD is strong, it is 

widely recognized that neurofibrillary tangle (NFT) pathology is a closer correlate of 

neuronal death and symptom manifestation in AD 7. Hyperphosphorylated tau is a major 

component of such NFTs and therefore how Aβ might influence tau phosphorylation is an 

important topic. Multiple lines of evidence support elaboration of the amyloid hypothesis 

suggesting that soluble Aβ oligomers cause subsequent tau toxicity. In recent reports, Aβ42 

oligomers have been shown to activate AMP-activated kinase (AMPK), which is associated 

with tau accumulation in AD neurons 8. Using HeLa cell lines and in vivo mouse models, 

Mairet-Coello and colleagues demonstrated that AMPKα1 phosphorylates tau on Serine 262 

in response to Aβ42 oligomers. Furthermore, investigators found that blocking tau 

phosphorylation at Serine 262 prevents neurons from Aβ42-mediated toxicity and 

subsequent dendritic spine loss induced by AMPKα1 phosphorylation. Similarly, Pooler and 

colleagues demonstrated that Aβ increases tau aggregation and propagation by utilizing 

immunofluorescence labeling, cell quantification, fluorescence in situ hybridization, and 

real-time PCR analysis methods in vivo in a mouse model (rTgTauEC × APP/PS1 mice) that 

expresses tau and Aβ. Their results showed that Aβ increases tau spreading in the cortex as 

well as tau-induced neuronal toxicity 9. The lack of tau pathology in most animal models has 

long been cited as a problem for the amyloid cascade hypothesis, but the current consensus 

view is that model systems with human rather than murine tau support this version of the 

amyloid hypothesis 6.

Synaptic loss and elaborations on the amyloid cascade hypothesis

Synaptic loss has long been associated with cognitive decline in AD10 and correlates 

strongly with soluble Aβ early in disease progression, differentiating high pathology control 

from AD cases 11,12. As the field has moved to accept a version of the amyloid hypothesis 

where the primary proximal toxin to neurons and synaptic function is soluble oligomeric 

Aβ 6, we and others have demonstrated accumulations of oligomeric Aβ within presynaptic 

boutons 13,14. Synaptic Aβ consists of multiple oligomeric species, both prefibrillar and 

fibrillar 12,14, and insoluble Aβ fibrils also accumulate in presynaptic terminals 15. The 

recent development of a PET ligand to quantify synaptic density in the living human brain 

should greatly advance AD molecular research as well as empower clinicians with a robust 

complementary diagnostic tool16.

Aβ deposits in plaques may in themselves be relatively benign, but are a potential source of 

soluble oligomeric Aβ, which directly causes neurotoxicity and neuronal death through post-

synaptic interactions with glutamate receptors, cellular prion protein, neuroligin, Wnt, and 

insulin receptors 17,18. Complicating work in this area is the difficulty of accurate 

quantification of soluble amyloid oligomers, combined with the precarious structural 

stability that is the nature of oligomers. Recent studies have made use of an oligomer 

sandwich enzyme-linked immunosorbent assay (ELISA) using an anti-Aβ antibody as both 

capture and detection, which accurately quantifies Aβ oligomers with n > 2. With this assay, 

high pathology but nondemented control samples showed lower oligomer levels compared to 

AD samples 19, suggesting that cognition is impaired when soluble oligomers reach a 

threshold.
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Consistent with this hypothesis and extending it into the synaptic compartment, recent 

experiments by Bilousova and colleagues used flow cytometry and confocal microscopy 

methods to measure Aβ and tau within synaptosomes of human cortex and rodent models to 

test the amyloid hypothesis 12. Consistent with a synaptic amyloid cascade, synaptic Aβ 
accumulation occurred early in AD prior to the appearance of phosphorylated tau. Synaptic 

phosphorylated tau was not prevalent until late stage AD compared to earlier stages in both 

human samples and rodent models. Most importantly, soluble Aβ oligomers in synaptic 

terminals were increased in early AD human synaptosomes compared with high pathology 

non-demented controls, suggesting that a threshold soluble synaptic oligomer level is 

associated with the onset of a dementia. Confocal images with conformation dependent 

monoclonal antibodies reveal that both prefibrillar (M55 antibody) and fibrillar Aβ 
oligomers accumulate in AD synapses (M116 antibody; Fig. 1).

Spread of tau pathology

A wide body of literature has shown that cytoskeletal protein tau accumulates in the brain 

leading to the formation of intracellular neurofibrillary tangles (NFTs), and it's long been 

known that tau pathology follows a progression suggestive of regional spread 20. More 

recent evidence has moved towards a model by which tau is released from neurons and may 

travel to surrounding neurons transsynaptically 21.

Recent data has greatly expanded understanding of specific cellular mechanisms driving the 

spread of tau pathology. For example, several lines of evidence demonstrate depolarization-

dependent tau release. Pooler and colleagues utilized KCl-treated primary neuronal cultures 

to stimulate AMPA receptors to propagate action potentials and measured tau release with a 

sandwich ELISA. Investigators found that stimulation of healthy neurons causes tau release 

that is dependent on intracellular calcium and mediated by exosomes and membrane vesicle 

secretion22. Yamada and colleagues utilized in vivo microdialysis to measure tau from brain 

interstitial fluid of wild-type mice, demonstrating that presynaptic glutamate release drives 

tau release and neuronal activity increased extracellular tau 23. Experiments by our group 

expanded on the results from animal model systems into humans by measuring tau release 

from postmortem synaptosome preparations. KCl-mediated depoloarization markedly 

increased tau release from AD synaptosomes 24. Flow cytometry analysis also revealed the 

abundance of tau within presynaptic terminals, along with increased C-terminal truncated 

tau in AD. Similar experiments determining the exact tau peptide released in human AD will 

be important in guiding development of tau immunotherapies 25,26.

Exosomes are ∼100nm extracellular vesicles that are released by most cells, including those 

in the (CNS), and are thought to be derived from late endosomes termed multivesicular 

bodies 27. A good deal of evidence supports the hypothesis that extracellular and trans-

synaptic tau spreading occurs via exosomes 28-31. Recent studies have also implicated 

microglia and microglial-derived exosomes in tau propagation 31,32. Alternatively, exosomes 

may also be a mechanism for sequestration of Aβ and misfolded proteins 33. More recently, 

exosome-associated total and p-tau in plasma have been suggested as predictors of incipient 

AD 34, suggesting promise for exosomes as circulating biomarkers of AD. Having a size in 

the low nanometer range means that there are significant technical barriers in the study of 
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these particles; however, the potential impact on AD diagnosis and treatment has made this 

an active and dynamic areas of focus in the field of neurodegeneration.

ApoE and Cholesterol in AD

The APOE gene encodes an apolipoprotein that functions as a cholesterol carrier (apoE), 

and a good deal of evidence indicates that lipid metabolism modulates Aβ levels. More 

recently, a number of genes regulating lipid metabolism have been implicated in AD 35. 

Cholesterol levels in the brain are thought to play an important role in brain neuronal 

homeostasis with the distribution of cholesterol playing an important role 36. In the brain, 

cholesterol exists in two major pools: unesterified (free cholesterol), which accounts for 95% 

of cholesterol in the brain, and the esterified cholesterol, which constitutes 5% of total 

cholesterol. Free cholesterol resides in cell membranes and functions in cellular membrane 

fluidity, electrical transduction, structure, repair, and permeability 37. Conversely, esterified 

cholesterol is found intracellularly and is sequestered into lipid droplets. Esterified 

cholesterol is thought to function as cholesterol storage in the brain 38,39. HDL, which 

contains free cholesterol and esterified cholesterol, is produced by astrocytes and binds to 

apoE via lipidation by ABC transporters. It is subsequently transported to neurons via apoE 

for the purposes of membrane repair and cellular maintenance 40,41.

Multiple studies have confirmed the role free cholesterol plays in AD models. Schneider and 

colleagues demonstrated in neuronal cultures that reduced free cholesterol is associated with 

reduction in Aβ. Furthermore, when free cholesterol was increased, Aβ aggregation also 

increased 42. Concurrently, Ferrara and colleagues found that free cholesterol promotes Aβ-

mediated neurotoxicity and is associated with a reduction of cell viability markers. 

Additionally, Abramov and colleagues used hippocampal neuronal cultures to demonstrate 

that increasing membrane cholesterol caused neuronal death when treated with Aβ 43.

In neurons, lipid rafts are membrane micro-domains that are enriched for free cholesterol 

and GM1 ganglioside and are thought to promote β-secretase cleavage of APP, producing 

the aggregation-prone Aβ42 44,45. Consistent with this long-held hypothesis, experiments by 

Djelti and colleagues observed significantly elevated free cholesterol when the mRNA of the 

metabolic enzyme CYp46a1, which regulates neuronal cholesterol content, was inhibited 46. 

When investigators isolated lipid rafts from mouse hippocampi on sucrose gradients, APP 

and Aβ peptide levels were increased and tau phosphorylation was observed. The increased 

cholesterol was accompanied by endosomal enlargement, and animals exhibited cognitive 

deficits and neuronal death.

Historically, most neuronal cholesterol literature has focused on free cholesterol due to its 

abundance. However, several studies have sought to manipulate neuronal cholesterol 

dynamics to investigate potential mechanisms in AD. For example, work by Kovacs and 

colleagues has shown that inhibition of acyl-coenzyme A:cholesterol acyltransferase 

(ACAT147), which catalyzes cholesterol ester formation, reduces Aβ generation via 

alteration of the intracellular distribution of cholesterol 36,48. For example, in mice 

containing the London and Swedish mutations, treatment with ACAT inhibitors reduced 

esterified cholesterol by 86%, and Aβ plaque level by 88%-99%, along with a slight 

Gonzalez et al. Page 4

Neurol Clin. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



improvement in spatial learning in mice 48. Similarly, Bryleva and colleagues eliminated 

ACAT1 in triple transgenic mice and saw a 60% reduction in human APP, and observed 

improved cognitive function in mice with cognitive deficits. In this work, lack of ACAT1 

caused an increase in 24-S-OH and cholesterol 39. ACAT inhibition has also been shown to 

enhance autophagy and reduce tau in the triple transgenic AD mouse model 49. Taken 

together, this evidence suggests that the ratio of esterified cholesterol to free cholesterol is a 

primary determinant of AD neuropathology.

Another study investigated associations between neurotoxic Aβ fibrils, intracellular 

vesicular trafficking, and cholesterol homeostasis by labeling esterified cholesterol and free 

cholesterol in rat neuronal cell cultures 47. Neurotoxic Aβ fibril treatment increased free 

cholesterol, reduced esterified cholesterol, and increased vesicular exocytotic markers. These 

results suggest that Aβ fibrils alter cholesterol homeostasis through vesicular trafficking 

mechanisms and that free cholesterol may regulate vesicular trafficking that are involved in 

cellular cholesterol homeostasis. Another hypothesis postulates that Aβ fibrils bind 

membrane cholesterol and attenuate the conversion of free cholesterol to esterified 

cholesterol. Along this line, our group previously reported a marked increase in free 

cholesterol and ganglioside GM1 in Aβ-positive synaptosomes from AD cortex 50, another 

result that may reflect increased rafts in synaptic membrane, or the binding of cholesterol to 

synaptic Aβ.

In contrast, a study conducted by Hutter-Paier and colleagues showed that ACAT inhibition 

reduced esterified cholesterol levels by 89%, reduced accumulation of Aβ plaques by 

88%-99%, reduced insoluble Aβ by 83%-96%, and reduced soluble Aβ by 34% in brain 

homogenates of transgenic mice expressing human APP 48. Furthermore, spatial learning 

and memory in mice improved and correlated with reduced Aβ levels. These results suggest 

that reduced esterified cholesterol through ACAT inhibition may reduce AD pathogenesis. 

Similarly, several studies demonstrate that ACAT1 deficiency in mice (ACAT-/-) results in 

reduced APP and Aβ levels 39,49. These studies imply that reduced esterified cholesterol 

levels prevent Aβ accumulation in AD. Overall, the literature concerning esterified 

cholesterol in AD is varied. Because cholesterol pool dynamics associated with AD 

pathogenesis remain unclear and difficult to measure due to fast turnover of cholesterol 

pools, more research is needed to investigate the potential mechanisms underlying 

cholesterol esterification. Furthermore, functional studies and imaging studies in total 

cholesterol versus esterified and free cholesterol turnover need to be conducted in human 

models.

In recent reports, cholesterol in AD has been found to be mediated by APOE. Arold and 

colleagues measured free cholesterol across apoE isoforms in synaptosomes from both 

human and targeted replacement mice expressing human apoE isoforms (apoETR). 

Consistent with the hypothesis that synaptic Aβ is cleared by apoE, apoE levels were 

increased in Aβ-positive synapses in normal samples compared to late AD samples, 

suggesting effective clearance in normal samples. Furthermore, the apoE2 isoform expressed 

higher levels of apoE and free cholesterol compared to apoE4 samples. These results suggest 

that the increased lipidation capacity of the apoE2 isoform is optimal for Aβ clearance 

compared to the apoE4 isoform 51. Additionally, Hu and colleagues demonstrate that 
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apoETR mice expressing human apoE4 have reduced apoE-associated cholesterol and 

increased Aβ accumulation compared to mice expressing apoE3 and apoE2 isoforms 52. 

Adding important data from human subjects, Shinohara and colleagues show that the 

APOE2 allele is associated with lower incidence of cognitive decline during aging using 

retrospective clinical data 53. This was validated with experiments on aged apoE2TR mice 

that exhibited reduced synaptic loss and increased apoE levels when compared to either 

apoE3TR or apoE4TR mice. Additionally, free cholesterol was reduced among apoE2 mice, 

but not in apoE4 mice. Overall, despite the lack of consensus, there is strong experimental 

evidence suggesting APOE isoform mediates cholesterol dynamics contributing to 

pathological changes in AD.

Inflammation and the innate immune system in AD

ApoE and inflammation

A wide body of evidence suggests that aggregated proteins can initiate an immune response 

that can exacerbate neurodegenerative conditions such as AD. Injured neurons are thought to 

release distress signals, initiating a strong response from microglia, the immune cells of the 

CNS. This inflammatory response may itself injure neurons and synapses, but may 

ultimately protect circuits. Much work is needed to understand the early sequence of events 

that occur in vivo 54. ApoE, genetic variants of which contribute differentially to AD risk, is 

the predominant apolipoprotein present in the CNS. It is mainly produced by astrocytes and 

activated microglia in the brain 55. Recent lines of evidence make it clear that apoE is a key 

mediator of the immune response to stressors both in the brain and in the periphery 56,57.

Studying APOE effects in the periphery, Gale and colleagues evaluated the innate immune 

response to organ injury in sepsis using whole blood from healthy APOE3/3 and APOE3/4 
humans. Healthy volunteers were given lipopolysaccharide (LPS) to induce an inflammatory 

response. The APOE3/4 volunteers exhibited higher temperatures, TNFα levels, and IL-6 

levels compared to the APOE3/3 volunteers. This suggests that APOE genotype modulates 

immune response to TLR signaling during systemic stressors in the periphery 57. Similarly, 

Ringman and colleagues analyzed 77 plasma signaling proteins in a small cohort of ADAD 

subjects with PSEN1 or APP mutations (mean age, 33 - 42 years, mostly asymptomatic). 

Surprisingly, signaling proteins were not altered in mutation carriers, but APOE genotype 

affected the level of 17 proteins. They found that in persons with the e2/3 and e3/3 
genotypes, apoE and superoxide dismutase (SOD1) levels were significantly higher than in 

e3/4 genotypes. Furthermore, IL-13, IL-3, IL-4, IL-5, and IL-12p40 levels were elevated in 

e3/4 compared to e3/3 and e2/3 genotypes. These results suggest that APOE genotype 

modulates inflammatory mediators in AD, with e4 carriers demonstrating elevated 

inflammatory mediators 58.

Focused on chronic neuroinflammation, Tai and colleagues reported results from transgenic 

mice expressing five familial AD mutations and human apoE isoforms (EFAD mice) 56. 

Results showed that impaired apoE4 function modulates Aβ-induced neuroinflammatory 

signaling; increases were observed in detrimental TLR4-p38a signaling, while the beneficial 

IL-4R-nuclear receptor pathway was suppressed. However, the differential modulation 

varied with progression of disease. In mixed glial cultures from such mice, oligomeric Ab-
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induced TNFα secretion was increased by apoE4 via the TLR4 pathway, suggesting TNFα 
and TLR4 as potential targets for APOE-modulated Aβ-induced neuroinflammation.

Furthermore, data from Rodriguez and colleagues support the hypothesis that APOE 
genotype affects Aβ-associated neuroinflammation. Investigators studied the impact of 

APOE genotype on Aβ-associated microglial activity in EFAD mouse models. E4FAD mice 

had increased levels of Aβ plaques compared to E3FAD and E2FAD mice. Moreoever, 

IL-1β levels and microglial reactivity were increased in E4FAD mice compared to E3FAD 

and E2FAD mice 59. Overall, results from these reports strongly suggest that APOE 
genotype influences Aβ-mediated microglial activation and neuroinflammatory processes in 

AD progression.

In a series of experiments in APP transgenic mouse models, Chakrabarty and colleagues 

studied interleukin-10 (IL-10) expression and its effects on apoE and Aβ 60. IL-10 is a 

cytokine that attenuates inflammatory cascades by inhibiting inflammatory cytokines. 

Investigators found that IL-10 expression exacerbated AD pathology by increasing plaque 

burden and reduced synaptic markers, and also produced cognitive decline as measured by 

fear tone conditioning tasks. Importantly, IL-10 also increased apoE expression and apoE 

colocalization with insoluble Aβ, and both IL-10 and apoE reduced phagocytosis of Aβ by 

microglia 60. Despite these studies, more work is needed to determine whether apoE 

isoforms differentially affect this Aβ-mediated inflammatory response in AD.

Microglia in AD

Microglia are the innate immune cells of the CNS and have been known to play an essential 

role in mediating and responding to inflammatory signals in the brain. Like the importance 

of cholesterol metabolism, the evidence showing that inflammatory mediators and innate 

immunity are critical mediators in AD has exploded in recent years 6. For example, it has 

been known for decades that inflammation plays a role in the pathogenesis of AD and early 

studies looking at the use of NSAIDs and AD have highlighted the inverse correlation 

between NSAID use and AD development 61. Furthermore, the innate immune system has 

been implicated in AD, for example complement pathway proteins were observed near 

plaques and tangles in 1989 and microglia have been shown to interact with and internalize 

senile plaques 62,63.

Recent genome-wide association studies have identified single nucleotide polymorphism 

(SNPs) in immune genes that confer an elevated risk in developing AD. Of particular 

interest to the field is the microglial-enriched triggering receptor expressed on myeloid cells 

2 (TREM2), which has sharply highlighted the strength of the association between 

inflammatory pathways and innate immunity and AD 64,65. TREM2 is a cell surface receptor 

expressed in microglia that signals via its co-adaptor protein TYROBP, a tyrosine kinase 

protein. R47H, the most frequently studied TREM2 SNP, has been shown in some meta-

analysis studies to increase the risk of developing AD to the same degree as possessing a 

single allele of APOE4, which has long been the leading risk factor in late-onset AD.6 

Although the function of TREM2 is not fully defined, recent studies have shown that it plays 

a role in sustaining microglial phagocytosis of Aβ and neuronal debris, promoting microglia 

survivability, compacting Aβ-plaques, and lipid sensing via apolipoproteins E and J 66-68. 
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Efforts in establishing the exact role TREM2 plays in AD have identified a connection 

between microglia and neuronal health. In one study, a set of key observations were made by 

Wang and colleagues, who examined TREM2-/- 5XFAD mice and demonstrated that the 

lack of TREM2 expression was associated with increased Aβ accumulation in the 

hippocampus and increased loss of layer-V cortical neurons compared to controls. TREM2 

deficiency was shown to impair microglial colocalization with Aβ plaques and the 

mechanism proposed was that TREM2 acts as a sensor of anionic and zwitterionic lipids that 

accompany neuronal damage and Aβ accumulation 66. The discovery of the link between 

microglial-TREM2 and AD has highlighted the importance in looking at microglial 

phagocytosis of CNS substrates such as neuronal synapses and beta-amyloid.

Recent focus on microglial dysfunction across age-related neurological diseases like 

Parkinson-like diseases and AD have highlighted the heterogeneity in microglia morphology 

and function. In a study conducted by Bachstetter and colleagues, investigators assessed 

microglia in human brain tissue from dementia with Lewy body, hippocampal sclerosis, and 

AD patients using immunohistochemistry analysis of microglia/macrophage markers IBA1 

and CD68. The authors first found that microglia exhibited varying morphology based on 

disease and classified them according to 5 forms: ramified, hypertrophic, dystrophic, rod-

shaped, and amoeboid microglia. In agreement with previous literature, there was increased 

dystrophic/deteriorated microglia level in AD samples, implying hypoactivation of microglia 

in AD pathology 69. Of note, rod-like microglia have been highlighted to be a morphology 

associated with age and many neurological diseases, such as in vitro microglial aging, CNS 

injury, and a transgenic Tau-APP mouse models 70-72. Rod-like microglia are observed in 

close proximity with damaged and degenerating neurons have been implicated in synaptic 

stripping in the CNS. These studies emphasize microglial response to neurodegenerative 

diseases and have further highlighted their role in maintaining neuronal homeostasis.

A recent pioneering study assessed neuronal synapse health in AD using transgenic mouse 

models. Hong and colleagues utilized the J20 mouse model of AD to investigate the 

hypothesis that synaptic loss is mediated by the complement cascade and microglia early in 

AD. The initiating complement protein C1q level was elevated and localized to the synapse 

prior to plaque formation, and C1q was necessary for the downstream toxic effects of 

soluble Aβ oligomers on synapses. Inhibition of C1q, C3, and the C3 receptor, CR3 

(CD11b-CD18/MAC-1), reduced the number of activated microglia and the degree of early 

synapse loss. Importantly, microglial phagocytosis of Aβ treated synaptic material was 

found to be in part via a CR3-dependent process. Overall, the findings of this study suggest 

that synaptic loss early in AD involves activation of the complement cascade and 

phagocytosis by microglia. Thus, these elements of innate immunity early in AD may 

represent novel therapeutic targets with microglia being a cell-target 73.

To begin to further understand microglia in disease and potentially develop therapies aimed 

at AD, new tools and technologies must be developed. One major challenge in studying 

microglia in vivo has been distinguishing them from their macrophage counterparts under 

disease or injury states. Mounting evidence highlights the importance of peripheral-derived 

macrophages and their role in CNS diseases and recent studies have suggested that 

macrophages may be TREM2- positive cells despite reports highlighting TREM2 being 
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microglial-enriched in the CNS72,74. Recently, Bennet and colleagues developed novel 

rabbit monoclonal antibodies to detect Tmem119 intracellular and extracellular domains in 

mice. Investigators were able to utilize Tmem119 antibody in immunohistochemical 

identification of microglia and FACS isolation of microglia. They found that TMEM119 

immunoreactivity remains constant, independent of microglia activation state and the 

TMEM119 antibody can be used to isolate and study either quiescent or activated 

microglia 75. However, in an SOD1 mutation model of ALS, TMEM119 mRNA levels 

decreased compared to WT controls. TMEM119 appears to be a superior method for 

identifying microglia versus other myeloid cells in the CNS and its use will advance the 

studying of microglia in transgenic models. Studies using in vitro models like mouse 

microglial cell lines have allowed for studying molecular pathways involved in phagocytosis 

or inflammation. A recent study looking at a mouse AD model deficient of T- and B- cells 

(Rag5xfAD) revealed increased beta-amyloid expression compared to immune-intact AD 

model 76. Renewed analysis of the gene expression data of Rag5xfAD mice revealed an 

increased expression of the phagocytosis regulator enzyme SHIP1 (INPP5D; Fig 2A). 

Inhibiting SHIP1 in BV2 microglia using a SHIP1-specific inhibitor increased phagocytosis 

of fibrillar Aβ greater than vehicle and similar to IgG-stimulated increased phagocytosis 

(Fig 2B). New tools have also been developed for studying human microglial lines using 

induced-pluripotent lines. In collaboration, we have begun to investigate how TREM2+ iPS-

derived microglia-like cells (iMGLs) internalize human derived synaptosomes from patient 

cases (Figure 2D). Utilizing this platform, we will continue to study the role of microglia-

mediated inflammation in AD models as well as their role in synaptic pruning and 

phagocytosis in health and disease.

Astrocytes

Astrogliosis is a prominent feature of AD pathobiology. Synaptic pruning by astrocytes is 

not only important in brain development but may be aberrantly activated in 

neurodegenerative diseases including AD. Barres and colleagues have utilized murine 

synaptosome phagocytosis assays to identify important cell surface receptors that are 

necessary for synaptic pruning (MERTK) 77. A newly developed technology, Amnis 

Imagestream, couples traditional flow cytometry to imaging, and will greatly facilitate 

studies examining pruning in development as well as neurological diseases like AD. 

Astrocyte phagocytosis can be assessed by incubating astrocytes with human synaptosomes 

pre-labeled with pHrodoRed, which only emits fluorescence at low pH, which is present in 

intracellular acidified lysosomes. Therefore, fluorescent signal is indicative of bonafide 

phagocytosis. As shown in Figure 3A, traditional flow analysis can gate for phagocytic 

events within iPS-derived astrocytes that lack fluorescence in the absence of synaptosomes 

(left panel), but upon incubation with synaptosomes emit fluorescence (right panel). In 

Figure 3B, the imaging capability allows for the visualization of every cell and the potential 

to determine co-localization between the pHrodoRed-emitting synaptosomes and the 

MERTK receptor, which has been implicated in synaptic pruning. Quantification of co-

localization indicates that essentially all cells that demonstrated phagocytic activity also 

expressed MERTK (Figure 2D). The synaptosome phagocytosis assay can be utilized to 

assess astrocyte function. In Figure 2C, the synaptosome phagocytosis is used to 

demonstrate that the ability of iPS-derived astrocytes to phagocytose synaptosomes is 
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similar to fetal-derived astrocytes. Therefore, this assay can be used to investigate how 

APOE genotype influences astrocyte-mediated synaptic pruning during development or in 

response to neurotoxic insults like Aβ or inflammatory cytokines.

Conclusion

Research into AD mechanisms has produced an immense and complex body of literature, 

reflecting the multifactorial nature of the disease. This short review is not meant to be 

comprehensive, but is intended to highlight some of recent advances and directions in which 

the basic science is moving. Given the lack of success in amyloid and other clinical trials to 

date, new directions offer the possibility for translation into the clinic for prevention and 

treatment of a costly and devastating disease.
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Fig. 1. 
Conformation-dependent antibodies label Ab in synaptic terminals. (A–D) Synapto- somes 

were dual labeled with synaptophysin and the monoclonal antibody M55 directed against 

prefibrillar oligomers: (A) M55; (B) synaptophysin (SYP); (C) overlay image with ar- rows 

indicating colocalization; (D) differential interference contrast (DIC) image. (E–H) 

Synaptosomes dual labeled with synaptophysin and the monoclonal antibody M116 directed 

against fibrillar oligomers: (E) M116; (F) synaptophysin (SYP); (G) overlay image with 

arrows indicating colocalization; (H) DIC image.
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Fig. 2. 
Modeling and targeting microglial genes and their functional pathways in neurode- 

generative diseases using in vitro models. Microglial molecular pathways implicated in AD 

can be modeled and their pathways interrogated using murine mouse models. (A) A recent 

study highlights that immune-deficient AD mice (Rag-5×) have elevated beta-amyloid 

compared with 5× littermates.75 Analysis of deposited whole-brain mRNA data reveal 

elevated expression of the phagocytosis-modulator INPP5D/SHIP1. (B) Bar graphs of 

murine BV2 microglia phagocytosis of fibrillary Ab on Amnis ImagestreamX flow 

cytometer. BV2 microglia preincubated with nonspecific mouse IgG, INNP5D inhibitor, or 

both increases microglia phagocytosis. (C) Representative images captured on Amnis 

ImagestreamX flow cytometer of BV2 microglia internalizing fibrillary beta-amyloid. 

Statistical analysis was determined using 1-way analysis of variance followed by Tukey's 

post hoc test. (A) n 5 4 per group, (B) n 5 2 to 4 per group; a P<.001, b P<.01, and c P<.05.
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Fig. 3. 
Amnis Imagestream can be used to examine astrocyte phagocytosis of human synap- 

tosomes (A–D). Synaptosomes were labeled with pHrodoRed (Lifetech) and incubated with 

iPS-derived astrocytes. Astrocytes are then labeled with CD44 and MERTK and cells that 

were CD44-positive were examined for the presence of pHrodoRed. (A) Flow cytometry 

analysis of astrocytes to gate for phagocytic events. (B) Representative images of iPS-

derived astrocytes can evaluate viability, and can be used to examine colocalization between 

synaptosome- containing cellular compartments and MERTK. (C) iPS astrocytes can 

functionally phagocy- tose synaptosomes to the same extent as fetal astrocytes. (D) 

Essentially all iPS-derived astrocytes that demonstrate a phagocytic event express MERTK, 

which has been shown to be essential for astrocyte-mediated synaptic pruning.
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