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Abstract 

Emerging evidences suggest that intraneuronal Aβ correlates with the onset of 

Alzheimer’s disease (AD) and highly contributes to neurodegeneration. However, 

critical mediator responsible for Aβ uptake in AD pathology needs to be clarified. Here, 

we report that FcγRIIb2, a variant of FcγRIIb, functions in neuronal uptake of 

pathogenic Aβ. Cellular accumulation of oligomeric Aβ1-42, not monomeric Aβ1-42 or 

oligomeric Aβ1-40, was blocked by Fcgr2b knockout in neurons and partially in 

astrocytes. Aβ1-42 internalization was FcγRIIb2 di-leucine motif-dependent and 

attenuated by TOM1, a FcγRIIb2-binding protein that repressed the receptor recycling. 

TOM1 expression was down-regulated in the hippocampus of male 3x Tg-AD mice and 

AD patients, and regulated by miR-126-3p in neuronal cells after exposure to Aβ1-42. In 

addition, memory impairments in male 3x Tg-AD mice were rescued by the lentiviral 

administration of TOM1 gene. Augmented Aβ uptake into lysosome caused its 

accumulation in cytoplasm and mitochondria. Moreover, neuronal accumulation of Aβ 

in both sexes of 3x Tg-AD mice and memory deficits in male 3x Tg-AD mice were 

ameliorated by forebrain-specific expression of Aβ-uptake-defective Fcgr2b mutant. 

Our findings suggest that FcγRIIb2 is essential for neuropathic uptake of Aβ in AD.  

  



Significance Statement 

Accumulating evidences suggest that intraneuronal Aβ is found in the early step of AD brain 

and is implicated in the pathogenesis of AD. However, the critical mediator involved in these 

processes is uncertain. Here, we describe that the FcγRIIb2 variant is responsible for both 

neuronal uptake and intraneuronal distribution of pathogenic Aβ linked to memory deficits in 

AD mice, showing a pathologic significance of the internalized Aβ. Further, Aβ 

internalization is attenuated by TOM1, a novel FcγRIIb2-binding protein. Together, we 

provide a molecular mechanism responsible for neuronal uptake of pathogenic Aβ found in 

AD.  

  



Introduction 

Alzheimer’s disease (AD) is the most frequent type of senile dementia with symptoms of 

cognitive decline and memory loss. Accumulation of amyloid-β (Aβ) in the forebrain is the 

most prominent feature of AD, and Aβ production is accelerated by familial AD mutations in 

amyloid-β precursor protein (APP) and presenilin 1 and 2 genes (Querfurth and LaFerla, 

2010). Although the extracellular amyloid deposition mainly composed of Aβ was regarded 

as the key feature of AD in the past, mounting evidences have shown that intraneuronal Aβ 

plays a key role in neurotoxicity. The presence of intraneuronal Aβ precedes the build-up of 

extracellular amyloid plaques in individuals with mild cognitive impairment and AD (LaFerla 

et al., 2007). In many AD mouse models, intraneuronal Aβ strongly correlates with the onset 

of memory impairment, sometimes even without extracellular Aβ load (Billings et al., 2005; 

Tomiyama et al., 2010; Eimer and Vassar, 2013). Moreover, AD-like neuronal defects are 

ameliorated by the modulation of intraneuronal Aβ-degrading enzymes, such as neprilysin, 

endothelin-converting enzymes, and nuclear inclusion a (NIa) (Marr et al., 2003; Pacheco-

Quinto and Eckman, 2013; Shin et al., 2014).  

Aβ is generated by a sequential cleavage of APP by β-secretase 1 and γ-secretase 

complex along the endocytic pathway (Haass et al., 2012). Most cleaved Aβ in the lumen of 

endocytic compartments is secreted extracellularly and this event is regulated by neuronal 

activity (Cirrito et al., 2008; Tampellini et al., 2009; Moghekar et al., 2011). Thus, a 

substantial portion of intraneuronal Aβ is from the re-uptake of secreted Aβ. Though a group 

of membrane proteins in neurons have been suggested to be a receptor of Aβ so far, receptor 

for advanced glycation endproduct (RAGE), low-density lipoprotein receptor-related protein 

1 (LRP1), p75 neurotrophin receptor (p75NTR), and α7 nicotinic acetylcholine receptor 

(α7nAChR) were investigated to mediate neuronal uptake of Aβ (Takuma et al., 2009; 

Ovsepian and Herms, 2013; Kanekiyo and Bu, 2014; Yang et al., 2014). However, the 



pathologic impact of RAGE is not only attributed to its neuronal expression since microglial 

and vascular RAGE also function during disease progression (Cai et al., 2016). Besides, AD-

related phenotypes of APP transgenic mice with the Arctic and Swedish mutations which 

show obvious intraneuronal Aβ were not improved by the genetic absence of RAGE 

(Vodopivec et al., 2009). In addition, internalized Aβ through LRP1 and p75NTR is linked to 

the clearance pathway rather than the formation of intraneuronal Aβ pool (Kanekiyo et al., 

2013; Ovsepian and Herms, 2013). In case of α7nAChR, its impact through the promotion of 

neuronal Aβ uptake is not validated over the cellular level (Yang et al., 2014). Thus, there is a 

discrepancy in understanding the deleterious role of intraneuronal Aβ with the current view 

on Aβ receptors.  

Fcγ-receptor IIb (FcγRIIb) was originally reported to mediate negative regulation of 

immune reactions, including cytokine release and humoral response through engagement 

with activating FcγRs (Espeli et al., 2016). FcγRIIb is differentially expressed as two 

transcriptional variants, FcγRIIb1 and FcγRIIb2, by alternative splicing of the sixth exon of 

intact mRNA. Since FcγRIIb1 is excluded from the clathrin-coated pits by the insertion of 

amino acids encoded in the sixth exon, FcγRIIb2 solely mediates the endocytosis of ligand 

(Zhang and Booth, 2011). Though divergent effects between FcγRIIb1 and FcγRIIb2 on the 

immune complexes were well-studied in immune cells, the functional difference of FcγRIIb 

variants in other tissues, such as brain, were poorly understood (Hunter et al., 1998; Joshi et 

al., 2006).  

We previously discovered that FcγRIIb binds to Aβ and results in tau 

hyperphosphorylation through the deregulation of phosphoinositide signaling (Kam et al., 

2013; Kam et al., 2016). This line of investigation has been extended by this study 

demonstrating that the neuronal FcγRIIb2 variant is critical in the neuronal uptake of 

pathogenic Aβ for neurotoxicity in vitro and in AD model mice.   



Materials and Methods 

Study design 

Aβ internalization with regard to its peptide length and assembly status was analyzed in 

primary culture of neurons and astrocytes prepared from WT and Fcgr2b KO mice using 

western blotting, immunocytochemistry, and ELISA. To find out the regulation of 

intraneuronal Aβ by FcγRIIb in vivo, we crossed 3x Tg-AD mice with Fcgr2b KO mice or 

Fcgr2b-CytΔ Tg mice and analyzed them through Aβ ELISA and immunohistochemical 

detection of intraneuronal Aβ. Amelioration of impaired memory in 3x Tg-AD by forebrain 

neuronal expression of Fcgr2b-CytΔ was assessed under behavior tests including Y maze, 

novel object recognition, and passive avoidance. Promotion of Aβ internalization was 

demonstrated in SH-SY5Y cells stably expressing FcγRIIb2. Suitable numbers of samples 

were adapted from the previous reports using 3x Tg-AD mice (Castello et al., 2012; Sykora et 

al., 2015). Since female mice were regarded to be responsive to behaviors dealing with 

novelty and anxiety due to higher corticosterone levels (Aoki et al., 2010), only male mice 

were utilized in memory tests. Data were collected and quantified by investigators with 

blindness.  

 

Mice 

CaMKIIα-driven transgene of Fcgr2b-CytΔ was produced as previously described (Kasahara 

et al., 2006). Fcgr2b-CytΔ that lacks cytoplasmic region of intact Fcgr2b was amplified by 

PCR and ligated into EcoRV site of pNN265. The following nucleotide sequences were used 

as primers for PCR: Fcgr2b-CytΔ-EcoRV-Sense (5′-CGG ATA TCA TGG AGA GCA ACT 

GGA CTG TCC-3′), Fcgr2b-CytΔ-EcoRV-Antisense (5′-CGG ATA TCC TAG GGA GAG 

GCA TAA TCT G-3′). The NotI cleavage product (2.2 kb) of the resulting construct contains 

Fcgr2b-CytΔ flanked by 5′-UTR with SV40 small T-antigen intron and 3′-UTR with early 



polyadenylation sequence, and was ligated into pMM403 which harbors CaMKIIα promoter. 

Injection of the SfiI-linearized construct into fertilized eggs of C57BL/6 was performed by 

Macrogen (Korea). The number of Fcgr2b-CytΔ founder mice was originally four and 

continuously mated more than 4 times with wild-type C57BL/6 to generate pure individual 

transgenic lines. Genomic DNAs from the tail of the offspring were subjected to PCR 

analysis using the primers corresponding to the CamKIIα promoter and Fcgr2b-CytΔ mutant. 

Compared to WT mice, there were no visible differences in the phenotypes, such as body size, 

movement, and coordination in all transgenic mouse lines. The expressions of Fcgr2b-CytΔ 

transgene in four mouse lines at the fourth generation were examined by western blotting. 

Among them, F0#59 mouse line showed the highest expression of Fcgr2b-CytΔ and was 

selected for further maintenance and characterization. Fcgr2b KO and 3x Tg-AD mice were 

previously described (Takai et al., 1996; Oddo et al., 2003). All animal experiments were 

performed under the guidelines of Seoul National University Institutional Animal Care and 

Use Committee. 

 

Human Brain Samples and Ethical Statement 

Hippocampal tissues from non-AD and AD (BraakV-VI) patients were obtained from the 

Harvard Brain Tissue Resource Center of McLean Hospital (Belmont, MA, USA). This study 

was approved by the Institutional Review Board of Seoul National University (SNUIRB No. 

E1212/001-006). 

 

ELISA 

Mouse hippocampus was homogenized in TBS buffer (50 mM Tris pH 7.5, 150 mM NaCl). 

The insoluble pellet was reconstituted in GDN buffer (50 mM Tris pH 8.0, 5 M guanidine 

hydrochloride). Hippocampal levels of Aβ1-40 and Aβ1-42 were measured by ELISA kit (IBL) 



according to the manufacturer’s instructions. 

 

Behavior tests 

Y maze - Y maze contains 3 equal arms (32.5 cm long x 15 cm high) made of black plastic 

with 120° intervals. Mice were laid to the end of one arm and subjected to roam freely in the 

apparatus for 7 min. The arm entry was regarded as valid when the whole body including tail 

is completely entered into each arm. An effective alteration was counted when mouse entered 

three different arms consecutively. The spontaneous alteration was assessed as the ratio of the 

number of effective alteration to the number of total arm entry. 

Novel object recognition - Novel object recognition was composed of 2 day habituation, 1 

day training and 2 day test session. All sessions were performed at the identical time in each 

day. In order to become familiar with the chamber (22 cm wide x 27 cm long x 30 cm high), 

mice were allowed to freely roam in there for 10 min. At training phase, two objects were 

placed to the upper right and lower left sides of the chamber and mice were subjected to 

recognize them for 7 min. During test phases, the object located in the upper right side was 

replaced with the novel object once a day. During training and test phase, time spent with 

each object was measured. Discrimination ratio was calculated by dividing TUR by sum of 

TUR and TLL, where TUR and TLL indicate the time spent with the object located in the upper 

right and lower left side of chamber, respectively.  

Passive avoidance - Passive avoidance was composed of 1 day habituation, 1 day training 

and 1 day test session. All sessions were performed at the identical time in each day. The 

apparatus (40 cm wide x 20 cm long x 20 cm high) consists of the bright compartment which 

is lightened by overhead 8 W lamp and dark compartment whose floor is made of electrical 

grids. Two compartments are divided by a sliding door. At habitation session, mice were 

subjected to freely explore both compartments for 5 min. At the training session, mice 



initially placed into the bright compartment was shocked by foot grid (0.25 mA, 1 s) shortly 

after entering the dark compartment. At test session, the latency to enter the dark 

compartment was recorded. 

 

Cell culture and DNA transfection 

Primary cortical and hippocampal neurons were prepared from embryonic day 16 (E16) of 

mice as described (Kam et al., 2013). Triturated cells were grown in Neurobasal Medium 

(Invitrogen) containing 2 % B27 supplement (Invitrogen), 100 Units/ml Penicillin 

(Invitrogen), 100 μg/ml Streptomycin (Invitrogen) and 1 % GlutaMAXTM-I (Invitrogen). 

Primary astrocytes were prepared from postnatal day 1 of mice as described (Kim et al., 

2013). Primary astrocytes, SH-SY5Y, HT22, HEK293T and CHO cells were cultured in 

Dulbecco’s modified Eagle medium (HyClone) supplemented with 10 % fetal bovine serum 

(HyClone), 100 Units/ml Penicillin (Invitrogen) and 100 μg/ml Streptomycin (Invitrogen). 

Primary neurons were transfected using Lipofectamine 2000 reagent (Invitrogen), and SH-

SY5Y, HT22, and HEK293T cells were transfected using Polyfect reagent (Qiagen) 

according to the manufacturer’s instructions. 

 

Preparation of synthetic and cell-derived oAβ 

Synthetic oAβ were generated as described (Kam et al., 2013). Briefly, Aβ1-40, Aβ1-42, and 

FITC-Aβ1-42 peptides lyophilized from 1,1,1,3,3,3,-hexafluoroisopropanol (rPeptide) were 

solubilized in DMSO at 2 mM and then diluted in PBS to final 125 μM. The Aβ freshly 

diluted was used as Aβ monomer. Aβ incubated at 4ºC for 24 h was centrifuged at 12,000 g 

for 10 min and the resulting supernatant was used as Aβ oligomers. Prepared synthetic oAβ 

was composed of low-n (1-4) Aβ oligomer with globular shape characterized by SDS-PAGE 

and atomic force microscope (Kam et al., 2013). Cell-derived Aβ was prepared from the 



conditioned media of CHO cells stably expressing V717F mutant APP (7PA2 cells) (Courtesy 

of Dr. D.J. Selkoe, Harvard Medical School, MA), as described (Kam et al., 2016). Cell 

debris was removed by the centrifugation at 230 g for 10 min and subsequent supernatants 

were filtered using the YM-10 centriprep centrifugal filter (Millipore) which discriminates 

peptides with molecular weight below 10 kDa. In this preparation of cell-derived oAβ, we 

confirmed that low-n oligomers, such as trimers, were major component in 7PA2 CM. We 

also measured the concentration of Aβ1-42 (51.3 ng/ml) using ELISA.  

 

DNA construction  

Mouse Fcgr2b1 and Fcgr2b2 cDNA were amplified by PCR and ligated into pEGFP-N1 and 

pDsRed-N1. Human FCGR2B2 cDNA was amplified by PCR and ligated into pCMV5c-

FLAG. The following nucleotide sequences were used as the primers: Fcgr2b-NheI-Sense 

(5′-CTA GCT AGC CAT GGA GAG CAA CTG GAC TGT-3′), Fcgr2b-KpnI-Antisense (5′-

GGG GTA CCC CAA TGT GGT TCT GGT AAT C-3′), FCGR2B2-BglII-Sense (5′-GGA 

AGA TCT TCC ATG GGA ATC CTG TCA TTC TT-3′), and FCGR2B2-KpnI-Antisense 

(5′-GGG GTA CCC AAT ACG GTT CTG GTC ATC A-3′). Mouse Fcgr2b2 L274A/L275A 

mutant was generated by site-directed mutagenesis using following primers: Fcgr2b2 

L274A/L275A-Sense (5′-CAC CTA CTC AGC TGC CAA GCA TCC CG-3′) and Fcgr2b2 

L274A/L275A-Antisense (5′-CGG GAT GCT TGG CAG CTG AGT AGG TG-3′). 

Expression vectors of NIa WT and its activity dead mutant NIa D81A were provided by Dr. 

WJ Park (GIST, Korea). These cDNA constructs were confirmed by DNA sequencing 

analysis.  

 

RT-PCR 

Total RNA was extracted from primary neurons or mouse tissues using TRI reagent (MRC) 



and cDNA was generated using M-MLV reverse transcriptase (Enzynomics, Korea). To 

discriminate Fcgr2b1 and Fcgr2b2, a pair of primers for Fcgr2b were designed to encompass 

the sixth exons. The following nucleotide sequences were used as the primers for RT-PCR: 

Fcgr2b-RT-Sense (5′-CAG CGA CCT GTA GAT CTG GGA G-3′), Fcgr2b-RT-Antisense 

(5′-CTT CAT CCA GGG CTT CGG GAT GC-3′), Actb-RT-Sense (5′-GAG CTG CCT G AC 

GGC CAG G-3′), and Actb-RT-Antisense (5′-CAT CTG GAA GGT GGA C-3′). We isolated 

the PCR products of murine Fcgr2b1 and Fcgr2b2 transcripts from agarose gel and 

confirmed them by DNA sequencing analysis.  

 

Real-Time PCR 

Total RNAs were isolated using TRI reagent (Molecular Research Center) and cDNAs were 

generated by Moloney Murine Leukemia Virus (M-MLV) reverse-transcriptase (Enzynomics, 

Korea). For PCR analysis, cDNA templates were mixed with PowerUpTM SYBRTM Green 

Master Mix (Applied Biosystems) and synthetic primers as followed: TOM1 (5′-CCT CAG 

ATC GCC AAT GAG CA-3′, 5′-CCA GCT GGG ATG AGA GGT TG-3′). To measure mmu-

miR-126-3p in the mouse hippocampus, cDNA generation and subsequent detection of 

endogenous miRNA were performed using HB miR Multi Assay KitTM (Heim Biotek, Korea), 

according to the manufacturer’s instruction. Real-Time PCR was run on a Prism7300 

(Applied Biosystems) and relative expression levels were normalized by GAPDH or Rnu6b 

expression under ΔΔCt method.  

 

Subcellular fractionation 

Subcellular fractionation assay was performed following the protocol described in 

(http://www.abcam.com/ps/pdf/protocols/subcellular_fractionation.pdf). Prior to subcellular 

fractionation, cells were briefly treated with trypsin-EDTA for 5 min to remove non-specific 



Aβ from the plasma membrane. Cells were harvested by the centrifugation at 780 g and then 

lyzed in the cell fractionation buffer (250 mM Sucrose, 20 mM HEPES pH 7.4, 10 mM KCl, 

1.5 mM MgCl2, 1 mM EDTA) by passing through 25 gauge needle. The resulting samples 

were placed on ice for 1 h. Nuclei and cell debris were excluded as pellets by centrifugation 

at 1,000 g for 10 min at 4ºC. Mitochondria sample was isolated as a pellet by centrifugation 

of post-nucleus supernatants at 10,000 g for 10 min at 4ºC. The resulting supernatants were 

divided into the light membrane sample (pellet) and the cytoplasmic sample (supernatant) by 

centrifugation at 100,000 g for 2 h at 4ºC. Segregation of plasma membrane fraction was 

performed as described (Oh et al., 2012).  

 

Western blotting and immunoprecipitation 

The following antibodies were used for Western blotting and immunoprecipitation: Aβ (4G8 

and 6E10, both Covance); BiP, Calnexin, CHDH, GFP, mouse FcγRIIb, TOM1, Ubiquitin, 

(Santa Cruz); Flotillin, GM130, TIM23, CD49b (BD biosciences); human FcγRIIb, LC3 

(Novus); α-tubulin, β-actin, APP, FLAG (Sigma Aldrich); PHF1 (Courtesy of Dr. Peter 

Davies, Albert Einstein College of Medicine). Human hippocampal tissues for 

immunoprecipitation were solubilized in CHAPS lysis buffer (150 mM NaCl, 1 % CHAPS, 2 

mM EDTA, 25 mM HEPES pH 7.4). HT22 and HEK293T cell extracts for 

immunoprecipitation were solubilized in RIPA lysis buffer (150 mM NaCl, 0.1 % SDS, 1 % 

TX-100, 50 mM Tris pH 7.5, 1 % Sodium deoxycholate). 

 

Immunocytochemistry (ICC) 

Primary neurons and astrocytes were treated with 1.25 μM mAβ1-42 (1 μM non-labeled mAβ1-

42 mixed with 0.25 μM FITC-mAβ1-42) or oAβ1-42 (1 μM non-labeled oAβ1-42 mixed with 0.25 

μM FITC-oAβ1-42) for 18 h. Cells were treated with 500 μg/ml Trypan blue in PBS before 



paraformaldehyde fixation to prevent background fluorescence outside the cells (Dementhon 

et al., 2012). Antibodies for MAP2b (BD Biosciences) and GFAP (Millipore) were used to 

stain primary neurons and astrocytes, respectively. 

 

Immunohistochemistry (IHC) 

Immunohistochemical analysis of mouse brains were accomplished as described (Youmans et 

al., 2012). Brains were fixed with 4 % paraformaldehyde for 48 h and dehydrated with 30 % 

sucrose in PBS for 48 h. The 40-μm-thick floating sections were sliced on a CM1950 cryostat 

(Leica) and each section was allowed for antigen retrieval by incubating in 88 % formic acid 

for 8 min. Each section was treated with 0.3 % H2O2 for 5 min to inhibit endogenous 

peroxidase activity before the 3,3-diaminobenzidine (DAB) staining. The DAB staining was 

performed using Vector® DAB Substrate Kit (Vector Laboratories) according to the 

manufacturer’s instruction and observed under LSM700 confocal microscope (ZEISS) or 

IX71 inverted microscope (Olympus). Primary antibodies applied to IHC assays are 

described with catalog number and dilutions: MOAB-2 (NBP2-13075, 1:500), NSE (18-0042, 

1:200), SYP (SC-9116, 1:100), and Iba1 (019-19741, 1:200). Secondary antibodies utilized in 

IHC assays are: Alexa Fluor® 488 goat anti-rabbit IgG (H+L), Alexa Fluor® 594 goat anti-

mouse IgG (H+L) (Molecular Probes) and biotinylated anti-mouse IgG (Abcam). 

 

Assessment of cell viability and cell death 

Viable cells were stained with 0.5 μM Calcein-AM (Molecular Probes) which is originally 

non-fluorescent but converted to fluorescent form under hydrolysis by intracellular esterases 

in live cells. Otherwise, cell viability was assessed using EZ-CyTox cell viability kit (Daeil 

Lab Service, South Korea). Cell death in HT22 cells were assessed by counting GFP-positive 

cells showing apoptotic fractured nuclei characterized by ethidium homodimer-1 (Molecular 



Probe). 

 

Cell-based functional screening 

The Cell-based functional screening was performed on the basis of the previous study (Lee et 

al., 2015). In the primary screening, HT22 cells were co-transfected with pEGFP-N1 and 

each of 120 cDNAs encoding endo-lysosomal proteins for 24 h and treated with 5 μM oAβ1-

42 for 36 h. Cells with apoptotic blebbing or shrunk morphology were regarded as dead cells. 

Two independent experiments were performed and the mean values were calculated (Fig. 4A). 

Furthermore, regulation of oAβ1-42-triggered cell death by the cDNA clones was analyzed by 

western blotting using caspase-3 antibody. 

 

miRNA  

The miRNA mimic negative control, hsa-miR-126-mimic, anti-miR-negative control, anti-

hsa-miR-126-5p, and anti-hsa-miR-126-3p were purchased (Bioneer Co., Korea). 

Transfection of miRNA mimic constructs (final 25 nM) and anti-miR constructs (final 250 

nM) was performed using Lipofectamine 2000 reagent (Invitrogen) according to the 

manufacturer’s instruction.  

 

Stereotaxic injection of lentivirus 

Human TOM1 ORF was amplified by PCR using synthetic primers: TOM1 (5′-AAG TCC 

ATG CGG CCG CAT GGA CTT TCT CCT GGG GAA-3′, 5′-GAG GAT CCT CAT AAG 

GCA AAC AGC ATG T-3′). The PCR products were inserted into NotI/BamHI sites of CSII-

EF-MCS-IRES-Venus, and non-target lentivirus pLV[Exp]-EGFP:T2A:Puro-EF1A>mCherry 

and TOM1 lentivirus (Vectorbuilder, CA, USA) were produced. The stereotaxic injection of 

lentivirus (1.79 × 109 TU/ml, TU; transduction unit) into the dentate gyrus (5 μl per 



hemisphere) was performed with the coordinates: anteroposterior (AP) = 2.1 mm, 

mediolateral (ML) = ± 1.8 mm, and dorsoventral (DV) = 2.0 mm from bregma. Y maze, 

novel objective recognition, and passive avoidance tests were performed after 3 weeks of 

injection and the hippocampi were dissected for western blotting.  

 

Statistics 

All statistical analyses were performed with SPSS. Comparisons between two means 

were performed by unpaired two-tailed t test. Comparisons among multiple mean values were 

performed by one-way ANOVA with Bonferroni, Tukey’s or least significant difference 

(LSD) post-hoc test as indicated.   



Results 

FcγRIIb is an essential receptor for neuronal uptake of Aβ1-42 oligomers  

To quantify intracellular Aβ, we used a subcellular fractionation assay after extracellular Aβ 

treatment to primary neurons. Consistent with the previous studies (LaFerla et al., 2007; 

Takuma et al., 2009), Aβ was found largely in the membrane-enclosing organelles, including 

endocytic compartments, as well as in the cytoplasm and mitochondria (Fig. 1A). Then, 

monomeric Aβ1-42 (mAβ1-42) and oligomeric Aβ1-42 (oAβ1-42) were prepared and assessed for 

their internalization into primary cultured neurons and astrocytes (Fig. 1B). Interestingly, 

oAβ1-42 was preferentially internalized into primary neurons, while mAβ1-42 was internalized 

by primary astrocytes. Consistent with this observation, confocal microscopy showed that 

FITC-oAβ1-42 and FITC-mAβ1-42 were found mainly inside primary neurons and astrocytes, 

respectively, when cells were incubated with FITC-labeled Aβ1-42 (Fig. 1C-E). These results 

illustrate that oAβ1-42 is preferentially internalized into primary neurons relative to mAβ1-42.  

We then evaluated the relevance of FcγRIIb function in cellular uptake of Aβ species 

because we previously reported that FcγRIIb acts as a receptor for oAβ1-42 in the AD brains 

(Kam et al., 2013). The results revealed that oAβ1-42 was internalized into WT cortical 

neurons but not into Fcgr2b KO cortical neurons (Fig. 2A). Similar pattern and level of oAβ1-

42 uptake were also observed in WT and Fcgr2b KO astrocytes. Compared to oAβ1-42, 

however, mAβ1-42 uptake was predominant in primary astrocytes and was not much affected 

by Fcgr2b KO. Consistently, it was revealed that FITC-oAβ1-42 internalization was also 

declined by Fcgr2b KO in MAP2b-positive hippocampal neurons, whereas FITC-mAβ1-42 

was not significantly internalized as assayed with immunocytochemistry of neuron-enriched 

cultures (Fig. 2B,C). Comparison of the kinetics revealed that oAβ1-42 uptake over time was 

delayed by Fcgr2b KO in neurons (Fig. 2D,E); internalized Aβ was detected at 1.5 h after 

treatment in WT neurons and at 12 h in Fcgr2b KO neurons. Moreover, oligomeric forms of 



Aβ1-40 (oAβ1-40) that are qualitatively different from oAβ1-42 were not internalized into 

primary neurons compared to oAβ1-42 (Fig. 2F). Furthermore, by utilizing the conditioned 

media of 7PA2 cells which secrete soluble Aβ oligomers (Walsh et al., 2002), we found that 

FcγRIIb could internalize Aβ1-42, but not Aβ1-40 (Fig. 2G,H). The results suggest that FcγRIIb 

is crucial for neuronal uptake of oAβ1-42 over mAβ1-42 or oAβ1-40.  

In addition, neuronal uptake of Aβ was blocked by addition of purified FcγRIIb 

extracellular domain (FcγRIIb-ED) to the culture medium (Fig. 2I). Furthermore, Aβ 

internalization was enhanced by the overexpression of FcγRIIb or FcγRIIb Ig1 mutant, but 

not by deletion mutant of FcγRIIb Ig2 domain which was reported to be critical for the 

interaction with oAβ1-42 (Kam et al., 2013) (Fig. 2J). Together, these results illustrate that the 

binding of oAβ1-42 to FcγRIIb is required for Aβ internalization and neurotoxicity. 

 

Alleviation of AD-related pathologies in 3x Tg-AD mice by neuron-specific expression of 

Aβ uptake-defective Fcgr2b mutant 

To address the role of neuronal FcγRIIb in the AD pathology, we generated transgenic mice 

that express Fcgr2b-deletion mutant (Fcgr2b-CytΔ Tg) only in forebrain neurons under the 

control of the calcium/calmodulin-dependent protein kinase II alpha subunit (CamKIIα) 

promoter. The Fcgr2b-CytΔ mutant consists of the extracellular domain and transmembrane 

region but lacks the cytoplasmic region of FcγRIIb and is predicted to be defective in Aβ 

uptake and compete with the endogenous FcγRIIb for binding to Aβ. We confirmed that 

oAβ1-42-induced neurotoxicity was reduced by the expression of Fcgr2b-CytΔ in HT22 

hippocampal cells (Fig. 3A). As expected, the expression of Fcgr2b-CytΔ in the Tg mice was 

restricted to the forebrain regions, including the cortex and hippocampus (Fig. 3B). 

Comparison of Fcgr2b expression levels with the immunoprecipitation assay showed that 

Fcgr2b-CytΔ protein level was quite comparable to that of FcγRIIb in the Fcgr2b-CytΔ Tg 



mice (Fig. 3C). In the assay, both FcγRIIb and Fcgr2b-CytΔ proteins were detected as 

multiple bands on the acrylamide gel possibly due to the glycosylation after translation. 

To verify whether Aβ uptake and memory deficits were dependent on the FcγRIIb in 

neurons, we crossed Fcgr2b-CytΔ Tg mice with 3x Tg-AD model mice that display the early 

accumulation of intraneuronal Aβ with memory decline prior to extracellular amyloid 

deposition and neurofibrillary tangle formation (Oddo et al., 2003). Then, we examined the 

presence of neuronal Aβ in the brains of 3x Tg-AD mice and 3x Tg-AD/Fcgr2b-CytΔ Tg 

mice with immunohistochemistry (IHC) using MOAB-2 antibody that recognizes the first 4 

amino acids of Aβ and theoretically could bind to APP, C99, and Aβ, but hardly interacts 

with APP and APP-CTF in both cells and animal models (Youmans et al., 2012; Koss et al., 

2016). We also tested the preferential binding of MOAB-2 to Aβ in that MOAB-2 

immunoreactivity was decreased after the administration of DAPT, a γ-secretase inhibitor, in 

3x Tg-AD mice (data now shown). Forebrain expression of Fcgr2b-CytΔ mutant did not alter 

the levels of MOAB-2-positive signals in the hippocampal CA1 region of 4 month-old 3x Tg-

AD mice (data not shown). On the contrary, there was a significant reduction in MOAB-2-

immunoreactivity in the same region of 3x Tg-AD/Fcgr2b-CytΔ Tg mice compared to that of 

3x Tg-AD mice at the age of 8 months (Fig. 3D,E) and 15 months (Fig. 3G-K), indicating 

that the accumulation of neuronal Aβ in 3x Tg-AD mice requires FcγRIIb.  

We further analyzed alteration of the overall Aβ levels in the AD mouse model with 

ELISA. As reported (Kanekiyo et al., 2013), soluble Aβ species, such as Aβ oligomers, were 

extracted from hippocampal tissues of the mice with Tris buffer saline (TBS), and insoluble 

Aβ species, such as Aβ fibrils and plaques, with guanidine hydrochloride. The results of 

ELISA showed that the level of soluble Aβ1-42, but not Aβ1-40, was significantly lower in the 

hippocampus of 3x Tg-AD/Fcgr2b-CytΔ Tg mice than 3x Tg-AD mice at 7 months of age 

(Fig. 4A). On the contrary, there was no difference in the levels of insoluble Aβ1-40 and Aβ1-42 



between 3x Tg-AD and 3x Tg-AD/Fcgr2b-CytΔ Tg mice (Fig. 4B). Consequently, the 

prominent difference in the ratio of Aβ1-42 to Aβ1-40 between 3x Tg-AD and 3x Tg-

AD/Fcgr2b-CytΔ Tg mice was observed in the soluble fraction (Fig. 4C). The level of 

soluble Aβ1-42, but not soluble Aβ1-40 and insoluble Aβ1-40 or Aβ1-42 (Fig. 4D,E), the ratio of 

Aβ1-42 to Aβ1-40 in the soluble fraction (Fig. 4F), and total Aβ level (Fig. 4G), were also 

significantly reduced in the hippocampus of 3x Tg-AD mice by Fcgr2b gene deletion. We 

confirmed that the levels of full-length APP, APP C-terminal fragment α (APP-CTFα), APP 

C-terminal fragment β (APP-CTFβ), and APP intracellular domain (AICD) are not changed 

by the neuronal expression of Fcgr2b-CytΔ or genetic ablation of Fcgr2b in 3x Tg-AD mice 

(Fig. 4H-K). These results indicate that FcγRIIb KO reduces soluble Aβ1-42 in the 

hippocampus of 3x Tg-AD mice without altering APP processing.  

Since the intraneuronal and soluble oAβ1-42 have long been implicated in the memory 

deficits of AD (Billings et al., 2005; Shankar et al., 2008), we evaluated memory function in 

these mice. Analysis of the memory tasks revealed that 3x Tg-AD/Fcgr2b-CytΔ Tg mice 

exhibited better spatial recognition function than 3x Tg-AD mice in Y-maze test (Fig. 5A). 

Memory deficit in object recognition of 3x Tg-AD mice assessed by novel object recognition 

test was ameliorated by the neuronal expression of Fcgr2b-CytΔ (Fig. 5B). In addition, 

defects in learning the connection between aversive foot shock and dark chamber in 3x Tg-

AD mice were rescued by Fcgr2b-CytΔ expression (Fig. 5C). IHC assay revealed that the 

immunoreactivity against synaptophysin, a synaptic marker, was restored in 3x Tg-AD mice 

by the expression of Fcgr2b-CytΔ transgene (Fig. 3D,F). We believe that intraneuronal Aβ is 

detected over 4 months of age and reaches to a higher level at 7 months of age accompanying 

memory deficits in 3x Tg-AD mice. Collectively, the neuronal function of FcγRIIb 

contributes to AD-like pathology, including learning and memory impairments, in 3x Tg-AD 

mice with the accumulation of neuronal Aβ1-42. 



Promotion of oAβ1-42 uptake of via a FcγRIIb2 variant is linked to neurotoxicity 

Interestingly, in the mouse brain, we found an alternative splicing variant of FcγRIIb, 

FcγRIIb2 which has high activity in the receptor-mediated endocytosis, by sequencing cDNA 

generated from FcγRIIb transcript (Hunziker and Fumey, 1994). FcγRIIb2 mRNA was 

exclusively detected in the hippocampus and cortex, whereas FcγRIIb1 mRNA was found in 

the spleen and thymus (Fig. 6A). In particular, FcγRIIb2 mRNA was dramatically increased 

in the oAβ1-42-treated primary neurons (Fig. 6B). Examination of the FcγRIIb2 activity 

revealed that cellular uptake of oAβ1-42 was enhanced by the stable expression of FcγRIIb2 in 

SH-S Y5Y cells, while Aβ1-42 in the culture media was concomitantly reduced (Fig. 6C-E). 

Notably, the ability of FcγRIIb2 to uptake oAβ1-42 was higher than FcγRIIb1 in HT22 and 

SH-SY5Y cells (Fig. 6F). In accordance with the results observed in Fcgr2b KO neurons, 

internalization of oAβ1-42 over oAβ1-40 was selectively promoted by FcγRIIb2 expression in 

SH-SY5Y cells (Fig. 6G). Thus, FcγRIIb2 functions to efficiently internalize oAβ1-42 into 

neurons. 

To address how FcγRIIb2 internalizes oAβ1-42, we first focused on the di-leucine motif, 

which is critical for the endocytosis of immune complex (Hunziker and Fumey, 1994), in the 

cytoplasmic domain of FcγRIIb2. We substituted the 274th and 275th leucine residues with 

alanine (L274A/L275A) and validated this mutant. Unlike FcγRIIb2 WT, oAβ1-42 uptake was 

not stimulated by FcγRIIb2 L274A/L275A expression (Fig. 6H). Since Fcgr2b KO neurons 

have been shown to be resistant to Aβ neurotoxicity (Kam et al., 2013) and lack of 

intraneuronal Aβ (Fig. 2B), we performed an inverse analysis. While the overexpressed 

FcγRIIb2 WT and FcγRIIb2 L274A/L275A themselves did not affect cell viability, only 

FcγRIIb2 WT, but not FcγRIIb2 L274A/L275A or FcγRIIb1, decreased cell viability in the 

presence of oAβ1-42 (Fig. 6I). In addition, treatment with monodansylcadaverine (MDC), an 



inhibitor of clathrin-mediated endocytosis (Chen et al., 2009), suppressed oAβ1-42-induced 

cell death and oAβ1-42 internalization in HT22 cells (Fig. 6J). Together, these results suggest 

that the di-leucine motif-dependent activity of FcγRIIb2 is essential for Aβ uptake and 

neurotoxicity.  

 

FcγRIIb2-mediated Aβ uptake is negatively regulated by TOM1 

We further characterized the FcγRIIb2-mediated Aβ uptake by isolating regulator(s) involved 

in this process. We established a cell-based assay for oAβ1-42 neurotoxicity and screened a 

cDNA expression library encoding endo-lysosome-resident proteins. From the screening, 

Target of Myb 1 (TOM1) was the most potent in suppressing oAβ1-42-induced neurotoxicity 

in primary neurons and HT22 cells (Fig. 7A-C). Ectopic expression of TOM1 also suppressed 

cell death triggered by ER stress which is downstream of FcγRIIb in oAβ1-42 neurotoxicity 

(Kam et al., 2013), but not by oxidative stress and TNF-α/cycloheximide (Fig. 7D). 

Interestingly, oAβ1-42 uptake into SH-SY5Y cells and FcγRIIb2-mediated oAβ1-42 uptake 

were all inhibited by TOM1 expression (Fig. 7E), whereas FcγRIIb2-mediated oAβ1-42 uptake 

was enhanced by TOM1 knockdown (Fig. 7F), indicating that TOM1 negatively regulates 

cellular uptake and neurotoxicity of oAβ1-42.  

We next assessed how TOM1 regulated Aβ uptake. Co-immunoprecipitation assay 

revealed that FcγRIIb2-FLAG bound to HA-TOM1 in the transfected cells and vice versa 

(Fig. 7G,H). Besides, we found that endogenous FcγRIIb2 bound to TOM1 in HT22 cells and 

this interaction was weakened by oAβ1-42 treatment (Fig. 7I). To determine a 

pathophysiological relevance of this observation, we analyzed the FcγRIIb2-TOM1 

interaction in AD brains. We found that FcγRIIb2 bound to TOM1 in the hippocampal lysates 

of non-AD controls and this interaction was significantly diminished in AD brains (Fig. 7J). 

Thus, we hypothesize that the interaction of TOM1 to FcγRIIb2 is crucial to regulate Aβ 



uptake during AD progression. 

To address the function of TOM1 in regulating the FcγRIIb-mediated Aβ uptake, we 

analyzed subcellular localization of FcγRIIb dependent on the expression of TOM1 and Aβ 

treatment. Since endocytosed FcγRIIb2 goes through the recycling pathway to the plasma 

membrane (Bergtold et al., 2005), we hypothesized that TOM1 may regulate FcγRIIb2 

translocation along the endocytic pathway. In SH-SY5Y cells, FcγRIIb2 was found in the 

Rab7-positive late endosome after oAβ1-42 treatment. However, this subcellular localization 

of FcγRIIb2 was decreased by TOM1 knockdown (Fig. 8A). On the contrary, FcγRIIb2 

located in the recycling and Rab11a-positive endosome was increased by TOM1 knockdown 

(Fig. 8B). We also found that FcγRIIb2 located in the plasma membrane was markedly 

increased by TOM1 knockdown in SH-SY5Y cells, while FcγRIIb2 was internalized into the 

post-plasma membrane fraction in response to Aβ (Fig. 8C), arguing that the increment of 

FcγRIIb2 recycling to the plasma membrane in TOM1-deficient cells may facilitate oAβ1-42 

uptake. Thus, TOM1 functions to regulate FcγRIIb2-associated endocytosis by altering the 

trafficking of receptor recycling.  

 

TOM1 level is regulated by miR-126-3p and crucial for memory rescue in 3x Tg-AD 

mice 

Compared to non-AD controls, we found that TOM1 level was marginally reduced in the 

hippocampus of patients with AD (Fig. 9A). Moreover, compared to age-matched control 

mice, TOM1 protein was reduced in the hippocampus of 3x Tg-AD mice at 6 months of age 

(Fig. 9B). We also found that both levels of TOM1 protein and TOM1 transcripts were 

decreased in SH-SY5Y cells following exposure to oAβ1-42 (Fig. 9C,D). It was previously 

reported that miR-126 targets 3′-UTR of TOM1 mRNA to regulate its expression and may be 

involved in several neuropsychiatric disorders (Oglesby et al., 2010; Sonntag et al., 2012; 



Kim et al., 2014) and that miR-126 expression potentiates Aβ toxicity (Kim et al., 2016). 

Thus, we attempted to identify whether miR-126 regulated TOM1 level in AD model. As 

expected, TOM1 level in SH-SY5Y cells was downregulated by the transfection with the 

mimicry of hsa-miR-126 (Fig. 9E). Along with this regulation, we found that oAβ1-42 

internalization was enhanced by the expression of hsa-miR-126 (Fig. 9F). 

To examine the relation between miR-126 and TOM1 expression in response to oAβ1-42, 

we inhibited the expression of endogenous miR-126 with two anti-miR oligonucleotides 

which target the 5p and 3p strands of miR-126, respectively. Restoration of TOM1 

expression was observed in oAβ1-42-treated cells by the transfection of anti-miR-126-3p only 

(Fig. 9G), suggesting that miR-126-3p is a specific regulator of TOM1. More, we found that 

miR-126-3p level was significantly increased in the hippocampus of 3x Tg-AD mice 

compared to age-matched WT controls (Fig. 9H). Together, the results illustrate a role of 

miR-126-3p engaged in TOM1 regulation, which is important in the FcγRIIb2-mediated 

internalization of oAβ1-42 in AD models.  

We then addressed whether memory deficits in 3x Tg-AD mice could be affected by 

complementing TOM1 expression. When the TOM1-expressing lentivirus was injected into 

the dentate gyrus of 6 – 7 month-old WT and 3x Tg-AD mice, the levels of TOM1 were 

elevated about two-fold in the hippocampus of the mice (Fig. 10A-C). On the other hand, 

there was no significant change in the level of APP. When we measured memory function, 

deficits in cognitive functions of 3x Tg-AD mice, as examined with Y-maze, novel object 

recognition, and passive avoidance tests, were mitigated by the injection of the TOM1-

expressing lentivirus (Fig. 10D-F). These results illustrate a pathologic significance of TOM1 

expression in the AD-related memory deficits of 3x Tg-AD mice.  

 

Massive influx of Aβ into lysosome elicits Aβ overflow to other compartments 



To address how the internalized Aβ exhibits neurotoxicity, we assessed degradation event of 

the internalized Aβ. As reported (Caglayan et al., 2014), the inhibition of lysosomal activity 

with bafilomycin A1 (Baf. A1), a vacuolar-type H+-ATPase inhibitor, resulted in the 

accumulation of FITC-oAβ1-42 in the DND-99-positive lysosomes of SH-SY5Y cells (Fig. 

11A). As a comparable control, prevention of receptor-mediated endocytosis with MβCD 

showed accumulation of FITC-oAβ1-42 on the plasma membrane. Again, fractionation assay 

following brief exposure to oAβ1-42 revealed that degradation of the internalized Aβ was 

blocked by the treatment with Baf. A1 or 3-MA, an autophagy inhibitor, but not by MG132, a 

proteasome inhibitor (Fig. 11B). Hence, most of the internalized Aβ is degraded in the 

lysosome. Actually, a low dose of intraneuronal oAβ1-42 was rapidly degraded at an early time 

without affecting cell viability. In contrast, treatment of high and neurotoxic dose of oAβ1-42 

resulted in a drastic accumulation of oAβ1-42 in the lysosome (Fig. 11C). Similar 

accumulation was also observed by the overexpressed FcγRIIb2 which caused massive 

internalization of oAβ1-42 (Fig. 11D). Accordingly, lysosomal accumulation of oAβ1-42 was 

reduced by Fcgr2b KO in primary hippocampal neurons (Fig. 11E,F). Collectively, excess 

uptake of Aβ exceeds the degrading capacity of lysosomes, causing degradation failure and 

accumulation in the lysosome.  

As reported (Kandimalla et al., 2009; Friedrich et al., 2010), we also found significant 

amounts of Aβ in the mitochondria and cytoplasm in primary neurons (Fig. 11G). 

Interestingly, these subcellular localizations of Aβ were greatly reduced by Fcgr2b KO in the 

neurons. Quantitative analysis using ELISA revealed that Aβ level in the cytoplasmic sample 

was reduced to 20% by FcγRIIb deficiency, while it was 50% in the light membrane sample 

(Fig. 11H,I). Thus, these results illustrate that FcγRIIb2 triggers the accumulation of Aβ in 

the mitochondria and cytoplasm as well as in the lysosome by internalizing the extracellular 

Aβ.  



  



Discussion 

Increasing evidence showed that Aβ is internalized into various types of cells in the brain, 

including neurons, astrocytes, microglia, brain microvascular endothelia, and cerebrovascular 

smooth muscle cells (Mohamed and Posse de Chaves, 2011; Cheung et al., 2014; Zandl-Lang 

et al., 2017). Nonetheless, the selectivity of Aβ species for cellular uptake into different cell 

types, the fate of internalized Aβ, and the pathophysiologic relevance of this process were not 

evaluated. The characteristics of Aβ species or strains differ from each other according to 

peptide length (Aβ1-40 or Aβ1-42), oligomeric states (monomer, low-n oligomer, high-n 

oligomer, or fibril), and source (synthetic Aβ, naturally secreted Aβ, or purified Aβ from 

pathogenic samples) (Haass and Selkoe, 2007; Benilova and De Strooper, 2013). Whether 

internalized Aβ is subjected to either degradation or exhibits neurotoxicity is also determined 

by its characteristics of above and cellular capacity to defend against it. Our findings that 

neuron has both high capacity to internalize oAβ1-42 and more propensity to internalize 

neurotoxic oAβ1-42 than nontoxic mAβ1-42 or oAβ1-40 provide an intriguing model that neuron 

itself could be a determinant for Aβ neurotoxicity. Regarding that astrocyte prefers mAβ1-42 

to oAβ1-42, non-neuronal cells might degrade mAβ for the clearance.  

The detrimental role of intraneuronal Aβ in AD progression was previously shown in 3x 

Tg-AD mice in which the accumulation of intraneuronal Aβ is temporally correlated with 

synaptic dysfunction and memory loss (Billings et al., 2005). However, there has been an 

issue on the pathologic role of intraneuronal Aβ in the mouse model since Aβ antibodies, 

such as 4G8 and 6E10, can also detect APP and its cleavage products as well as Aβ in the 

neurons (Lauritzen et al., 2012; Wirths et al., 2012). However, this issue does not rule out the 

presence of intracellular Aβ in the early age of 3x Tg-AD mice. In addition, while the amount 

of intraneuronal Aβ is considered small, several studies suggested that the formation of 

amyloid seed, which leads to severe neuronal toxicity, is markedly accelerated by the locally 



concentrated Aβ in the acidic organelles along with endolysosomal track (Hu et al., 2009; 

Poduslo et al., 2012). While C99 generates intraneuronal immunoreactivity in the early ages 

of 3x Tg-AD mice (Lauritzen et al., 2012), we found no differences in the levels of APP and 

C99 between 3x Tg-AD mice and 3x Tg-AD/Fcgr2b-ΔCyt mice. Further, when we assessed 

the role of FcγRIIb2 in the toxicity triggered by C99 (Choi et al., 2007), FcγRIIb deletion was 

not associated with the C99-mediated neurotoxicity (data not shown). Accordingly, more 

evidences support the importance of intraneuronal Aβ in AD pathogenesis despite the 

limitation to detect intraneuronal Aβ (Iulita et al., 2014; Baker-Nigh et al., 2015).  

We also found that expression of Iba1, a microglia marker, and mRNA transcripts of pro-

inflammatory genes, such as interleukin-1 β (IL1β), inducible nitric oxide synthase (iNOS), 

and tumor necrosis factor-α (TNFα), were more or less reduced by Fcgr2b KO in the cortex 

and hippocampus of 3x Tg-AD mice (Kam et al., 2016). At this moment, we do not have any 

evidence showing that the non-neuronal activity of FcγRIIb is not solely responsible for the 

memory impairment. But we believe that the neuroinflammation via microglial FcγRIIb 

might also contribute to the aggravation of memory impairment in AD mice. Further, the 

notion that soluble Aβ1-42, but not insoluble Aβ1-42, was reduced in 3x Tg-AD mice by Fcgr2b 

KO or Fcgr2b-CytΔ expression suggests that intraneuronal Aβ exists as the oligomeric state 

or is involved in the Aβ oligomerization, consistent with the previous reports (Oddo et al., 

2006; Takahashi et al., 2013). It will be interesting to evaluate this role of FcγRIIb2 in other 

AD mouse models, such as APP E693Δ mice that even show extensive intraneuronal Aβ 

phenotype and AD-like memory defect without extracellular Aβ load (Tomiyama et al., 

2010).  

The important question is how the internalized oAβ1-42 by FcγRIIb2 exhibits 

neurotoxicity. The process of FcγRIIb2-mediated oAβ1-42 uptake overlaps with or utilizes the 

di-leucine-dependent receptor-mediated endocytosis, leading to the accumulation of excess 



oAβ1-42 mainly in the lysosome and in the other cellular compartments as well. Although 

lysosome is an organelle for Aβ catabolism, massive influx of Aβ exceeding its capacity to 

degrade Aβ exhibited neurotoxicity, as shown in our assays, and caused the deregulation of 

lysosomal activity, as reported previously (Ling et al., 2009; Song et al., 2011). Furthermore, 

impairment of lysosomal activity by other factors, such as presenilin mutations, which is 

frequently observed in patients with familial AD (Lee et al., 2010), may further lower the 

catabolic activity against Aβ and thus increase the lysosome-associated neurotoxicity. 

Although we do not know the mechanism by which the internalized Aβ deregulates lysosome 

activity, we believe that the Aβ-induced lysosomal rupture leads to the leakage of its contents 

and Aβ into multivesicular body and cytoplasm (Friedrich et al., 2010; Umeda et al., 2011). 

Thus, cytoplasmic Aβ found in the neurons of AD patients and model mice might reflect this 

distribution of Aβ. Given that AD-associated neuronal damage is also associated with 

autophagy flux (Pickford et al., 2008; Caccamo et al., 2017), Aβ accumulation in the 

lysosome by the augmented uptake through FcγRIIb may play a detrimental role in 

neurotoxicity via blockade of autophagy. 

In conclusion, we found that the FcγRIIb2 variant is indispensable for Aβ neurotoxicity 

by mediating the neuronal uptake and intraneuronal accumulation of oAβ1-42, which affects 

AD neuropathology.  
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Figure legends 

Figure 1. Preferential uptake of Aβ1-42 oligomers over Aβ1-42 monomer in primary 

neurons 

A Establishment of an assay determining internalized Aβ level based on subcellular 

fractionation. SH-SY5Y cells were treated with 2.5 μM oAβ1-42 for 1.5 h and then subjected 

to subcellular fractionation analysis. All samples (Nu., nucleus; Cyto., cytoplasm; Mito., 

mitochondria; Memb., light membrane) were confirmed by western blotting using CHDH 

(mitochondria), LC3 (autophagosome), BiP (ER), Flotillin (lipid raft), and GM130 (Golgi 

apparatus) antibodies.  

B Preferential uptake of oAβ1-42 in primary neurons. Primary mouse hippocampal neurons 

and astrocytes were treated with vehicle (Veh.), 1 μM mAβ1-42, or 1 μM oAβ1-42 for 12 h. The 

light membrane samples (Memb.) and conditioned media (Media) were investigated by 

western blotting using Aβ antibody.  

C Representative confocal images of internalized mAβ1-42 and oAβ1-42 in primary neurons 

and astrocytes. Primary murine hippocampal neurons at 10 DIV and astrocytes were 

incubated with 1.25 μM mAβ1-42 (1 μM non-labeled mAβ1-42 mixed with 0.25 μM FITC-

mAβ1-42) or 1.25 μM oAβ1-42 (1 μM non-labeled oAβ1-42 mixed with 0.25 μM FITC-oAβ1-42) 

for 18 h. Neurons and astrocytes were then analyzed by immunocytochemistry using MAP2b 

and GFAP antibodies, respectively. Scale bar, 50 μm.  

D, E Quantification of FITC-Aβ1-42 signal intensity in primary neurons (D) and astrocytes 

(E). Bars depict mean ± SEM. t(5) = -5.45 (n = 3 for monomer-treated WT neurons and n = 4 

for oligomer-treated WT neurons, two-tailed t-test) in (D). t(6) = 7.08 (n = 4, two-tailed t-

test) in (E). 

 

Figure 2. FcγRIIb is required for neuronal uptake of Aβ1-42 oligomers 



A Involvement of FcγRIIb in the neuronal uptake of Aβ1-42 oligomers. Primary cortical 

neurons and primary astrocytes at 10 days in vitro (DIV) from WT and Fcgr2b KO mice 

were treated with 1 μM mAβ1-42 or oAβ1-42 for 6 h and 12 h. Intracellular Aβ level in the light 

membrane sample was determined. Images were taken by 10 (short) and 60 (long) sec of 

exposure time. 

B, C Intracellular accumulation of oAβ1-42 in WT MAP2b-positive hippocampal neurons but 

not in Fcgr2b KO neurons. Primary neurons were incubated with 1.25 μM mAβ1-42 (1 μM 

non-labeled mAβ1-42 mixed with 0.25 μM FITC-mAβ1-42) or 1.25 μM oAβ1-42 (1 μM non-

labeled oAβ1-42 mixed with 0.25 μM FITC-oAβ1-42) for 18 h. Scale bar, 50 μm (B). 

Comparison of intraneuronal FITC-Aβ1-42 signals of WT and Fcgr2b KO neurons (C). Bars 

depict mean ± SEM. F(3, 9) = 357.32 (n = 3 for monomer-treated WT and KO neurons and 

oligomer-treated KO neurons, n = 4 for oligomer-treated WT neurons, one-way ANOVA with 

Bonferroni post-hoc test).  

D, E Time-dependent internalization of oAβ1-42 by FcγRIIb. Primary neurons were incubated 

with 1 μM oAβ1-42 for the indicated times. Bars depict mean ± SEM. F(11, 36) = 23.11 (n = 4, 

one-way ANOVA with Bonferroni post-hoc test).  

F Preferential uptake of oAβ1-42 over oAβ1-40 by FcγRIIb. One μg of Aβ1-40 and Aβ1-42 

peptides was allowed to form oligomers at 4 ºC and analyzed by SDS-PAGE followed by 

western blotting using 6E10 antibody (left panel). WT and Fcgr2b KO primary cortical 

neurons at 10 DIV were treated with 1 μM oAβ1-40 or oAβ1-42 for 1.5 h (right panel).  

G, H Cortical neurons were incubated for 24 h with conditioned media prepared from 7PA2 

cells. Aβ1-40 and Aβ1-42 in the light membrane samples (G) and conditioned media (H) were 

measured by ELISA. Bars depict mean ± SEM. F(3, 8) = 59.06 (G) and F(3, 8) = 53.09 (H) (n 

= 4, one-way ANOVA with Bonferroni post-hoc test). 

I Binding of oAβ1-42 to FcγRIIb is indispensable for its uptake. SH-SY5Y cells were 



incubated with 1 μM oAβ1-42 alone or together with 3 mg (1:1) or 9 mg (1:3) purified 

FcγRIIb–ED protein for 1.5 h.  

J Requirement of FcγRIIb immunoglobulin (Ig) 2 domain in oAβ1-42 internalization. SH-

SY5Y cells were transfected with pEGFP-N1 (Mock), pFcγRIIb2-GFP, pFcγRIIb2 Ig1 

deletion mutant-GFP (ΔIg1), or pFcγRIIb2 Ig2 deletion mutant-GFP (ΔIg2) for 24 h and 

treated with 1 μM oAβ1-42 for 1.5 h. The light membrane samples were examined by western 

blotting. In figure A, D, E, F, I and J, the amounts of calnexin and BiP were measured as the 

loading control. 

 

Figure 3. Decrease of intraneuronal MOAB-2 signals by neuron-specific Fcgr2b-CytΔ 

transgene in 3x Tg-AD mice  

A Inhibition of oAβ1-42-elicited cell death by the expression of Fcgr2b-CytΔ. HT22 cells 

were transfected with pEGFP-N1 (GFP) or pFcγRIIb-CytΔ-GFP (Fcgr2b-CytΔ) for 12 h and 

then treated with 5 μM oAβ1-42. *p < 0.05 (n = 3, two-tailed t-test). 

B Forebrain neuron-specific expression of Fcgr2b-CytΔ transgene by CamKIIα promoter. 

Cortex, hippocampus, and cerebellum of WT and Fcgr2b-CytΔ Tg mice at the age of 3 

months were analyzed by western blotting.  

C Comparison of FcγRIIb2 and Fcgr2b-ΔCyt expression in Fcgr2b-ΔCyt Tg mouse neurons. 

Cell extracts prepared from primary cortical neurons of WT and Fcgr2b-ΔCyt Tg mice were 

immunoprecipitated (IP) with 2.4G2 antibody and subjected to western blotting. 

D-F Immunodetection of neuronal Aβ with MOAB-2 antibody in the CA1 region of 

hippocampus of 8 month-old 3x-Tg AD and 3x-Tg AD/Fcgr2b-CytΔ Tg mice. 

Representative confocal images were displayed (magnifying power = 200x, Scale bar, 50 μm) 

(D). MOAB-2 (E) and synaptophysin (SYP) (F) immunoreactivities in the hippocampal CA1 

region were quantified. Bars depict mean ± SEM. t(4) = 5.033 (E) and t(4) = -6.347 (F) (n = 



3, two-tailed t-test). 

G-J Immunohistochemical detection of intraneuronal Aβ in the hippocampal regions of 15 

month-old 3x Tg-AD (G and I) and 3x Tg-AD/Fcgr2b-CytΔ Tg (H and J) mice using 

MOAB-2 antibody (Representative images, magnifying power = 64x).  

K MOAB-2 immunoreactivities in the hippocampal CA1 regions were measured by 

densitometric analysis. Bars depict mean ± SEM. t(10) = 6.96 (n = 6, two-tailed t-test). 

 

Figure 4. Reduction of soluble Aβ1-42 by neuronal expression of Fcgr2b-CytΔ or genetic 

deletion of Fcgr2b in 3x Tg-AD mice  

A-C The concentrations of Aβ1-40 and Aβ1-42 in the hippocampal extracts prepared in TBS (A) 

or 5 M guanidine hydrochloride (GDN) (B) from 3x Tg-AD and 3x Tg-AD/Fcgr2b-CytΔ 

mice at 8 months of age (n = 4) were measured. Aβ1-42/Aβ1-40 ratios in (A) and (B) were 

calculated (C). Bars depict mean ± SEM. F(3, 12) = 251.88 (A), F(3, 12) = 277.97 (B), and 

F(3, 12) = 24.91 (C) (n = 4, one-way ANOVA with Bonferroni post-hoc test).  

D-F Reduction of soluble Aβ1-42, not insoluble Aβ1-42, by Fcgr2b KO in 3x Tg-AD mice. The 

hippocampal extracts of 7 month-old 3x Tg-AD and 3x Tg-AD/Fcgr2b KO mice were 

prepared in TBS (D) or 5 M guanidine hydrochloride (GDN) (E), and the concentrations of 

Aβ1-40 and Aβ1-42 were then measured. Aβ1-42/Aβ1-40 ratios were calculated in (F). Bars depict 

mean ± SEM. F(3, 12) = 115.52 (D), F(3, 12) = 66.41 (E), and F(3, 12) = 27.37 (F) (n = 4, 

one-way ANOVA with LSD post-hoc test). 

G No differences in total hippocampal Aβ levels between 3x Tg-AD and 3x Tg-AD/Fcgr2b 

KO mice. The hippocampal extracts of 7 month-old 3x Tg-AD and 3x Tg-AD/Fcgr2b KO 

mice were homogenized in 5 M guanidine hydrochloride (GDN) and the concentrations of 

Aβ1-40 and Aβ1-42 were then measured by ELISA. 

H, I Levels of APP, APP-CTFα (CTFα), APP-CTFβ (CTFβ), and AICD in the hippocampus 



of both 3x Tg-AD and 3x Tg-AD/Fcgr2b-CytΔ mice at the age of 8 months (n = 3).  

J, K Levels of APP, APP-CTFα (CTFα), APP-CTFβ (CTFβ), and AICD in the hippocampus 

of both 3x Tg-AD and 3x Tg-AD/Fcgr2b KO mice at the age of 7 months (n = 3).  

 

Figure 5. Alleviation of cognitive impairment by neuronal expression of Fcgr2b-CytΔ in 

3x Tg-AD mice 

A-C The Y-maze (A), novel object recognition (B), and passive avoidance (C) tests were 

performed in 7 month-old mice. Bars depict mean ± SEM. F(3, 36) = 9.63 (A), F(11, 108) = 

38.93 (B), and F(7, 72) = 10.72 (C), ***p < 0.001 (n = 9 male mice for WT and Fcgr2b-CytΔ 

Tg mice, n = 11 male mice for 3x Tg-AD and 3x Tg-AD/Fcgr2b-CytΔ mice, one-way 

ANOVA with Bonferroni post-hoc test). 

 

Figure 6. Endocytosis-promoting activity of FcγRIIb2 variant enhances neuronal uptake 

of and cell death by oAβ1-42 

A Expression pattern of FcγRIIb2 in the brain tissues. Total RNAs isolated from the 

hippocampus (Hippo.), cortex, spleen, and thymus of WT and Fcgr2b KO mice were 

analyzed by RT-PCR.  

B Neuronal expression of the FcγRIIb2 variant revealed by RT-PCR. WT and Fcgr2b KO 

primary cortical neurons were treated with 1 μM mAβ1-42 or oAβ1-42 for 24 h.  

C-E Increased internalization of oAβ1-42 by FcγRIIb2 stable expression. The amounts of Aβ 

in the light membrane samples and conditioned media (Media) were examined with western 

blotting (C). The signals of Aβ on the blots in light membrane samples (D) and Media (E) 

were measured and normalized by the loading control BiP and Ponceau S, respectively. 

Points on line plots depict mean ± SEM. F(11, 24) = 54.78 (C) and F(11, 24) 101.51 (D) (n = 

3, one-way ANOVA with Bonferroni post-hoc test). 



F FcγRIIb2-mediated cellular uptake of oAβ1-42. HT22 and SH-SY5Y cells were transfected 

with pEGFP-N1, pFcγRIIb1-EGFP, or pFcγRIIb2-EGFP for 36 h, and treated with 1 μM 

oAβ1-42 for 1.5 h. Aβ levels in the light membrane samples and conditioned media (Media) 

were determined by western blotting. Transfection efficiency was determined by western 

blotting of whole cell lysate (WCL) using GFP antibody.  

G Distinct uptake of oAβ1-42 and oAβ1-40 via FcγRIIb2. SH-SY5Y cells were transfected with 

pEGFP-N1 or pFcγRIIb2 for 36 h and treated with 1 μM oAβ1-42 for 1.5 h. Aβ levels in the 

light membrane samples were determined by western blotting as in (F).  

H FcγRIIb2 di-leucine residues critical in Aβ uptake. SH-SY5Y cells were transfected with 

the indicated constructs for 24 h and treated with 1 μM oAβ1-42 for 6 h. Whole cell lysates 

(WCL) and the light membrane samples prepared by subcellular fractionation were analyzed 

by western blotting.  

I Enhanced uptake of Aβ by FcγRIIb2 is associated with neuronal death. Cortical neurons 

were transfected with the constructs for 24 h and incubated with vehicle (Veh.), 1 μM mAβ1-

42, or 1 μM oAβ1-42 for 36 h. Viable cells were stained with 0.5 μM Calcein-AM (Upper 

panel). Bars depict mean ± SD. F(11, 24) = 65.27 (n = 3, one-way ANOVA with Bonferroni 

post-hoc test) (lower panel).  

J Suppression of oAβ1-42–induced neurotoxicity by the inhibition of clathrin-mediated 

endocytosis. SH-SY5Y cells were preincubated with 100 μM monodansylcadaverine (MDC) 

for 1 h and then treated with 1 μM oAβ1-42 for 36 h (left panel) or 12 h (right panel). Cell 

death rates and the Aβ levels in the light membrane samples and conditioned media (Media) 

were determined. Bars depict mean ± SEM. F(3, 12) = 32.86 (n = 4, one-way ANOVA with 

Bonferroni post-hoc test). In figure F and H, the amounts of calnexin were measured as the 

loading control of light membrane samples. 

 



Figure 7. TOM1 binds to FcγRIIb2 and restrains Aβ internalization 

A Dot plot analysis describing cell-based functional screening to isolate modulators of oAβ1-

42-induced neurotoxicity in HT22 cells.  

B Inhibition of oAβ1-42-induced neuronal death by TOM1. Primary hippocampal neurons 

transfected with pEGFP-C1 (Mock) or pEGFP-TOM1 were incubated with 5 μM oAβ1-42 for 

36 h. Bars depict mean ± SD. F(3, 8) = 29.59 (n = 3, one-way ANOVA with Bonferroni post-

hoc test).  

C, D Inhibition of oAβ1-42- and ER stress-induced neuronal death by TOM1. HT22 cells were 

transfected with pEGFP-C1 (Mock) or pEGFP-TOM1 for 16 h and treated with 5 μM oAβ1-42 

for 36 h (C) or thapsigargin (Tg) for 12 h, 300 μM H2O2 for 18 h or both 30 ng/ml TNF-α and 

10 μg/ml cycloheximide (CHX) for 18 h (D). Bars depict mean ± SEM. F(3, 8) = 15.36 (C) 

and F(7, 16) = 27.14 (D) (n = 3, one-way ANOVA with Bonferroni post-hoc test).  

E Inhibition of FcγRIIb2-mediated Aβ uptake by TOM1. SH-SY5Y cells were transfected 

with pFc RIIb2-FLAG and treated with 1 μM Aβ1-42 for 1.5 h.  

F Enhancement of FcγRIIb2-mediated Aβ uptake by TOM1 knockdown. SH-SY5Y stable 

cells expressing pSUPER-neo (Mock) or pTOM1 shRNA (shTOM1) were transfected with 

pFcγRIIb2-GFP for 48 h and treated with oAβ1-42 for additional 3 h. Whole cell lysates (WCL) 

and the light membrane samples were analyzed by western blotting.  

G, H FcγRIIb2-FLAG interacts with HA-TOM1. HEK293T cells were transfected with 

pFcγRIIb2-FLAG and pHA-TOM1 for 24 h and subjected to immunoprecipitation (IP) assay 

using FLAG (G) or HA (H) antibody.  

I Blockade of the FcγRIIb-TOM1 interaction by oAβ1-42. HT22 cells were treated with oAβ1-

42 and then immunoprecipitated (IP) using IgG or FcγRIIb antibody.  

J Decreased interaction between FcγRIIb2 and TOM1 in the hippocampus of AD patients. 

Hippocampal lysates were subjected to immunoprecipitation (IP) assay (left panel). Level of 



TOM1-interacting FcγRIIb on the blots were quantified (right panel). Bars depict mean ± 

SEM. t(4) = 3.99 (n = 3, two-tailed t-test). In figure E and F, the amounts of BiP and calnexin 

were measured as the loading control of light membrane samples. 

 

Figure 8. Membrane-retargeting of endocytosed FcγRIIb2 is regulated by TOM1 

A, B Targeting of endocytosed FcγRIIb2 to recycling endosome is enhanced by TOM1 

knockdown. SH-SY5Y/Mock and SH-SY5Y/shTOM1 cells were transfected with 

pFcγRIIb2-RFP and either pRab7-GFP (A) or pRab11a-GFP (B) for 24 h and incubated with 

1 μM oAβ1-42 for 6 h.  

C Localization of FcγRIIb2 to plasma membrane is elevated by TOM1 knockdown. SH-

SY5Y/Mock and SH-SY5Y/shTOM1 cells were treated with PBS or 1 μM oAβ1-42 for 12 h. 

Cells were subjected to fractionation assay to prepare plasma membrane (PM) and post-

plasma membrane (Post-PM). CD49b serves as plasma membrane marker in Western blotting.  

 

Figure 9. miR-126-3p is linked to the decline of TOM1 level by oAβ1-42 

A Decreased expression of TOM1 in the hippocampus of patients with AD. Hippocampal 

homogenates were analyzed by western blotting (left panel) and the signals on the blots were 

quantified (right panel). Bars depict mean ± SEM. t(8.64) = 1.95 (n = 9 for Non-AD controls 

and n = 15 for AD patients, two-tailed t-test).  

B Western blotting showing TOM1 and tau (HT7) levels in the hippocampus of 6 month-old 

WT and 3x Tg-AD mice (left panel). Bars depict mean ± SEM. t(8) = 2.362 (n = 5, two-tailed 

t-test) (right panel). 

C Decrease of TOM1 protein by oAβ1-42. SH-SY5Y cells were treated with 1 μM oAβ1-42 for 

24 h and analyzed by western blotting (left panel). Bars depict mean ± SEM. t(4) = 3.02 (n = 

3, two-tailed t-test) (right panel).  



D Decrease of TOM1 mRNA by oAβ1-42. SH-SY5Y cells were treated with PBS (vehicle) or 

5 μM oAβ1-42 for 18 h. Level of TOM1 transcripts was analyzed by Real-Time PCR. Bars 

depict mean ± SEM. t(2.00) = 18.069 (n = 3, two-tailed t-test).  

E TOM1 expression is downregulated by hsa-miR-126. SH-SY5Y cells were transfected with 

25 nM hsa-miR-mimic negative control or hsa-miR-126 mimic for 24 h and analyzed by 

western blotting (left panel). Bars depict mean ± SEM. t(6) = 3.015 (n = 4, two-tailed t-test) 

(right panel).  

F oAβ1-42 uptake by FcγRIIb2 is promoted by hsa-miR-126. SH-SY5Y/Mock and SH-

SY5Y/FcγRIIb2-HA cells were transfected with 25 nM has-miR-mimic negative control or 

hsa-miR-126 mimic for 24 h, incubated with 1 μM oAβ1-42 for 2 h, and then analyzed by 

western blotting. 

G Expression of anti-miR126-3p rescues TOM1 in oAβ1-42-treated cells. SH-SY5Y cells were 

transfected with 250 nM anti-miR negative control, anti-miR126-5p, or anti-miR126-3p for 6 

h and then incubated with 5 μM oAβ1-42 for 18 h. 

H Levels of mmu-miR-126-3p in the hippocampus of 6 month-old WT and 3x Tg-AD mice. 

Levels of mmu-miR-126-3p were measured and normalized by RNU6B. Bars depict mean ± 

SEM. t(3.00) = -4.051 (n = 4, two-tailed t-test). 

 

Figure 10. Amelioration of memory impairment by lentiviral transduction of TOM1 

into 3x Tg-AD mice 

A-C Western blotting showing TOM1 and APP levels in the hippocampus of 3x Tg-AD/LV-

Mock and 3x Tg-AD/LV-TOM1 mice (A). TOM1 (B) and APP (C) levels on the blots were 

quantified. Bars depict mean ± SEM. t(10) = -2.566 (B) and t(5.281) = -1.034 (C) (n = 6, 

two-tailed t-test). 

D-F Memory deficits in 3x Tg-AD mice were rescued by the hippocampal expression of 



TOM1. Y-maze (D), novel object recognition (E), and passive avoidance (F) tests were 

performed at 1 month after injection. Bars depict mean ± SEM. F(3, 26) = 3.61 (D), F(7, 52) 

= 13.258 (E) and F(7, 52) = 10.032 (F) (n = 7 male WT mice for Mock virus- and TOM1 

virus-injected groups, n = 8 male 3x Tg-AD mice for Mock virus- and TOM1 virus-injected 

groups, one-way ANOVA with Bonferroni post-hoc test). 

 

Figure 11. Promotion of oAβ1-42 uptake by FcγRIIb2 is linked to its cellular 

accumulation 

A Inhibition of lysosome leads to Aβ1-42 accumulation in the lysosome. SH-SY5Y cells were 

incubated with 250 nM FITC-oAβ1-42 and vehicle (Veh.), 0.5 mM methyl-β-cyclodextrin 

(MβCD), or 10 nM Baf.A1 for 2 h and then treated with 50 nM Lysotracker Red (DND-99) 

for 1 h. Arrows indicate stacked Aβ in the plasma membrane by endocytosis inhibition.  

B Inhibition of lysosomal activity prevents degradation of the internalized Aβ. SH-SY5Y 

cells were treated with 1 μM oAβ1-42 for 12 h and further incubated with Aβ1-42-free medium 

and vehicle (Veh.), 10 nM Baf. A1, 2.5 μM MG132, or 5 mM 3-MA for the indicated times. 

Whole cell lysates (WCL) and the light membrane samples were analyzed by western 

blotting.  

C Distinct accumulation patterns of intraneuronal oAβ1-42. SH-SY5Y cells were treated with 

1 or 5 μM oAβ1-42 for 12 h and then incubated with Aβ1-42-free medium for the indicated 

times in the presence of vehicle (Veh.) or 10 nM Baf. A1. Aβ levels in the light membrane 

samples and conditioned media (Media) were determined by western blotting.  

D Increase of Aβ accumulation by FcγRIIb2. SH-SY5Y/Mock and SH-SY5Y/FcγRIIb2 cells 

were treated with 1 μM oAβ1-42 for 12 h and incubated with Aβ1-42-free medium. Aβ levels 

were determined by western blotting. 

E Efficient degradation of internalized Aβ in Fcgr2b KO neurons. WT and Fcgr2b KO 



primary neurons were treated with 1 μM mAβ1-42 or oAβ1-42 for 12 h and incubated with Aβ1-

42-free media. Aβ levels were determined by western blotting. 

F Internalized Aβ1-42 accumulates in the lysosome via FcγRIIb. WT and Fcgr2b KO primary 

hippocampal neurons at 14 DIV were incubated with 1.25 μM mAβ1-42 or oAβ1-42 for 18 h 

and then incubated with 100 nM Lysotracker Red (DND-99) for 1 h. 

G-I Reduction of Aβ in cellular compartments by FcγRIIb deficiency. FcγRIIb. WT and 

Fcgr2b KO cortical neurons were treated with 1 μM mAβ1-42 or oAβ1-42 for 18 h. Aβ levels in 

the light membrane (Memb.), mitochondrial (Mito.), and cytoplasmic (Cyto.) samples were 

determined by western blotting (G) and ELISA (H and I). Bars in (H) and (I) depict mean ± 

SD. t(4) = 10.91 (H) and t(4) = 44.38 (I) (n = 3, two-tailed t-test). In figure B-I, the amounts 

of BiP, TIM23, and α-tubulin were measured as the loading control. 
























