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Abstract

INTRODUCTION: Mutations in INPP5D, which encodes for the SH2-domain-containing inositol 

phosphatase SHIP-1, have recently been linked to an increased risk of developing late-onset 

Alzheimer’s disease. While INPP5D expression is almost exclusively restricted to microglia in 

the brain, little is known regarding how SHIP-1 affects neurobiology or neurodegenerative disease 

pathogenesis.

METHODS: We generated and investigated 5xFAD Inpp5dfl/flCx3cr1Ert2Cre mice to ascertain the 

function of microglial SHIP-1 signaling in response to amyloid beta (Aβ)-mediated pathology.

RESULTS: SHIP-1 deletion in microglia led to substantially enhanced recruitment of microglia 

to Aβ plaques, altered microglial gene expression, and marked improvements in neuronal health. 

Further, SHIP-1 loss enhanced microglial plaque containment and Aβ engulfment when compared 

to microglia from Cre-negative 5xFAD Inpp5dfl/fl littermate controls.
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DISCUSSION: These results define SHIP-1 as a pivotal regulator of microglial responses during 

Aβ-driven neurological disease and suggest that targeting SHIP-1 may offer a promising strategy 

to treat Alzheimer’s disease.
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1 BACKGROUND

Alzheimer’s disease (AD) is a neurodegenerative disease and the most common form of 

dementia, affecting millions of people and costing billions of dollars in care [1]. With 

the prevalence of AD increasing with the aging population and the current lack of disease-

modifying treatment options, new avenues of exploration are needed to uncover novel 

therapeutic targets. AD is classically characterized by the buildup of amyloid beta (Aβ) 

plaques, neurofibrillary tangles, and neuronal damage that contribute to subsequent cognitive 

decline and memory loss [2]. Despite this, the biological roots of AD are still in question.

Microglia, the resident macrophages of the central nervous system (CNS), have emerged 

as major players in AD pathogenesis where they participate in cytokine production and the 

compaction, containment, phagocytosis, and clearance of Aβ and other forms of neurotoxic 

material [3,4]. Most notably, recent studies characterizing microglia in the AD brain have 

shown that microglia adopt a distinct transcriptional profile, termed the “disease-associated 

microglia” (DAM) profile, that is critical for the microglial response in AD and other 

neurodegenerative diseases [5,6]. The critical roles of microglia in AD have been further 

solidified by findings from recent human genome-wide association studies which have 

identified that a large percentage of late-onset AD (LOAD) risk loci affect genes involved 

in microglial biology and function [7,8]. While there is an ever-growing appreciation for the 

critical roles played by microglia in AD, we still lack basic knowledge regarding how many 

of these recently identified genetic risk factors affect microglial biology in AD.

One recently identified gene locus that has been strongly linked to LOAD risk is INPP5D 
[7,9]. INPP5D encodes for the SH2-domain-containing inositol phosphatase SHIP-1 and 

its expression in the brain is almost exclusively restricted to microglia [10,11]. Outside 

of the brain, SHIP-1 is abundantly expressed by most hematopoietically-derived innate 

and adaptive immune cells where it functions to dampen immune responses, such as 

proinflammatory cytokine production, phagocytosis, and reactive oxygen species generation 

[12–16]. Moreover, SHIP-1 has also been reported to affect the proliferation and survival 

of circulating myeloid cells [17,18]. The critical function of SHIP-1 as a brake on immune 

responses in the periphery is best exemplified by the devastating multi-organ inflammatory 

disease that ensues in mice following SHIP-1 deletion from hematopoietically-derived 

immune cells [19]. Of particular relevance to AD, SHIP-1 has been reported to associate 

with and modulate signaling downstream of multiple receptors that have been linked to AD 

and aging-related dementia, including TREM2, DAP12, CD22, CLEC7A (also known as 
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Dectin-1), and FcγRs [14,15,20–22], although future studies are needed to substantiate if 

this also occurs in primary microglia during disease.

In contrast to the periphery, very little is currently known about the role of SHIP-1 

in the healthy or AD brain. Recent studies have linked the INPP5D single nucleotide 

polymorphism, rs35349669, to an increased risk of developing LOAD [7,9] and found 

that SHIP-1 is highly upregulated in plaque-associated microglia in both AD patients and 

mouse models [23,24]. In addition, recent in vitro studies have also begun to explore how 

pharmaceutical agents that target SHIP-1 impact in vitro macrophage responses to neuronal 

damage and exogenous Aβ peptide treatment [11,25]. Despite these early findings linking 

SHIP-1 to AD, surprisingly little is currently known regarding the effects of SHIP-1 on 

in vivo microglial responses or Alzheimer’s-related disease progression. This motivated 

us to investigate the effects of SHIP-1 signaling on in vivo microglial responses in Aβ-

mediated pathology, as a deeper understanding of the functions of SHIP-1 may lead to the 

discovery of novel microglia-specific regulators that can be targeted to treat AD and other 

neurodegenerative diseases.

2 METHODS

2.1 Mice

All experiments were conducted in accordance with the guidelines and regulations of the 

University of Virginia and approved by the University of Virginia Animal Care and Use 

Committee. 5xFAD mice (Stock #: 34848-Jax), Inpp5dfl/fl mice [26] (Stock #: 028255), and 

Cx3cr1ERT2cre mice [27] (Stock #: 020940) were obtained from The Jackson Laboratory 

and crossed to generate 5xFAD Inpp5dfl/flCx3cr1ERT2Cre (referred to as 5xFAD Inpp5dΔMG 

mice) and 5xFAD Inpp5dfl/fl (referred to as 5xFAD mice). At weaning (~3 weeks of age), 

female 5xFAD Inpp5dΔMG mice and 5xFAD littermate controls were fed tamoxifen diet 

(Envigo Teklad #TD.130858) ad libitum for two weeks and then returned to normal chow 

for the remainder of the experiment. Mice were housed under pathogen-free conditions with 

12-hour light/dark cycle conditions in rooms equipped with control for temperature (21 ± 

1.5°C) and humidity (50 ± 10%).

2.2 Brain sample preparation

Brain samples were collected and processed as previously described in Ennerfelt et al. 

[28]. Mice were euthanized using CO2 asphyxiation and transcardially perfused with 

~25 mL of ice cold 1xPhosphate Buffered Saline (PBS). Brains were dissected out 

and the full left hemisphere was drop-fixed in 4% paraformaldehyde overnight then 

transferred to 30% sucrose for 48 hours at 4°C. The cortex from the right hemisphere 

was microdissected and flash-frozen on dry ice and stored at −80°C. Drop-fixed samples 

were then frozen in Tissue-Plus OCT (Fisher Scientific) on dry ice and sagittally sectioned 

at 50 μm in thickness using a cryostat (Leica). Tissue sections were stored in 1xPBS 

+ 0.05% sodium azide (Ricca Chemical) at 4°C for downstream staining and imaging. 

Flash-frozen cortices were thawed for protein extraction and mechanically homogenized in 

250 μL of Tissue Protein Extraction Reagent T-PER (Thermo Fisher, 78–510) containing 

phosphatase inhibitor cocktail PhosSTOP (Roche, 04–906-845–001) and protease inhibitor 
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cocktail cOmplete (Roche, 11–873-580– 001). Following homogenization, the cortex lysate 

was spun down at 15,000 RPM for 10 minutes at 4°C and the supernatant (soluble 

fraction) and pellet were isolated and stored at −80°C for downstream soluble and 

insoluble protein analyses, respectively. Insoluble protein was further extracted from the 

pelleted sample using guanidine-extraction in which the samples were incubated 1:6 in 

5 M guanidine HCL/50 mM tris (pH = 8.0) at room temperature for 3 hours followed 

by dilution 1:5 in 1xPBS containing protease inhibitor cocktail cOmplete (Roche, 11–

873-580– 001) and centrifugation at 15,000 RPM for 20 minutes at 4°C. The supernatant 

(insoluble fraction) was collected and stored at −80°C for downstream protein analyses. 

Protein concentrations for the soluble and insoluble fractions were determined using the 

Pierce 660 nm Protein Assay Reagent (Thermo Scientific, 22–660). For single-nucleus 

RNA sequencing (snRNAseq) experiments, the cortex was microdissected from the right 

hemisphere, flash-frozen on dry ice, and stored at −80°C.

2.3 ELISA

Amyloid beta 40 or 42 Mouse ELISA kits (Thermo Fisher, KMB3481, KMB3441) were 

used to measure amyloid beta species in soluble and insoluble fraction samples following 

the manufacturer’s instructions. Thawed soluble and insoluble fractions were standardized to 

total protein by loading 1,200 μg/mL and 30 μg/mL per sample, respectively.

2.4 Immunofluorescence staining and microscopy

Brain sections were washed in 1xPBS three times for 5 minutes at room temperature 

before being blocked with 2% donkey serum, 1% bovine serum albumin, 0.1% Triton-X, 

and 0.05% Tween-20 in 1xPBS for 2 hours at room temperature. Primary antibody mixes, 

diluted in the abovementioned block solution, were applied overnight at 4°C. To study 

microglial number, recruitment, encapsulation, and engulfment, sections were stained with 

anti-IBA1 (ab5076, Abcam, 1:300) and anti-CD68 (FA-11, MCA1957 BioRad, 1:1000). 

IBA1 is a widely used marker of microglia that can also stain brain-infiltrating macrophages. 

Aβ load was probed using anti-Aβ D54D2 (8243, Cell Signaling, 1:300). To investigate 

proliferation, sections were stained with anti-Ki67-EF660 (SolA15, Invitrogen, 1:100). To 

explore microglial activation, sections were stained with anti-CLEC7A (R1–8g7, InvivoGen, 

1:30). To interrogate neuronal health, sections were stained with anti-APP (Y188, ab326, 

Abcam, 1:750). Sections were then washed in 1xPBS and 0.05% Tween-20 three times 

for 5 minutes at room temperature and stained with matching Alexa Fluor 488, 594, 647 

donkey anti-rabbit, -goat, and -rat (Thermo Fisher, 1:1000 dilution) secondary antibodies at 

room temperature for 2 hours. Sections were washed again in 1xPBS and 0.05% Tween-20 

three times for 5 minutes at room temperature. Sections were then further stained with 

DAPI (D9542, Sigma-Aldrich, 1:1000) for 10 min at room temperature or ThioflavinS 

(Aβ plaques, Sigma-Aldrich, 2 mg/10 mL) for 8 minutes in 50% EtOH followed by 

three 2-minute washes with 50% ethanol and two 2-minute washes with 1xPBS at room 

temperature. All sections were then transferred to fresh 1xPBS prior to being mounted 

on glass slides with ProLongGold antifade reagent (Invitrogen, P36930) and coverslips. 

Mounted slides were stored at 4°C protected from light and imaged at 10x and 63x 

magnification on a Leica Stellaris 5 confocal microscope using LAS AF software (Leica 
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Microsystems). Quantification of images were performed using Fiji software or Imaris 

software (9.5.1).

2.5 Single-nucleus RNA sequencing (snRNAseq)

Flash frozen brain cortices from three individual mice were pooled based on genotype 

(5xFAD Inpp5dΔMG or 5xFAD, see 2.2) and submitted to GENEWIZ (Azenta Life Sciences) 

for nuclei extraction and sequencing. Nuclei extraction was performed using the Miltenyi 

Nuclei Extraction Buffer (Miltenyi Biotec) following the manufacturer’s guidelines with 

gentle MACS Dissociation and C tubes (Miltenyi Biotec). Following isolation, nuclei were 

counted using a Countess 3 Automated Cell Counter (Thermo Fisher). Single-nuclei 3’ 

RNA libraries were generated using the Chromium Single Cell 3’ kit (10X Genomics). For 

each sample, a target capture of ~3,000 Gel Beads-in-Emulsion per sample was loaded 

onto the Chromium Controller (10X Genomics) and processed following the standard 

manufacturer’s specifications. Sequencing libraries were evaluated for quality using the 

Agilent TapeStation (Agilent Technologies) and quantified using a Qubit 2.0 Fluorometer 

(Invitrogen). Pooled libraries were quantified using qPCR (Applied Biosystems) and 

sequenced using a HiSeq 4000 (Illumina). Samples were sequenced at a configuration 

compatible with the recommended guidelines as outlined by 10X Genomics and raw 

sequence data were converted into fastq files. Raw fastq files were further processed with the 

Cell Ranger (7.0.1, 10X Genomics) `cellranger count` pipeline with introns included using 

the mouse (mm10) genome. Raw feature matrices containing the barcodes, features, and 

matrix files for each sample were used for further analysis in RStudio (4.2.1).

The Seurat package (4.2.0) in R was used for downstream analyses [29]. For quality 

control, nuclei containing a low number of reads (<400 UMI) and genes (<350 genes) 

and >10% mitochondrial reads were removed. Doublet/multiplet nuclei were further filtered 

out by removing nuclei containing a high number of genes (>5,000 genes). Additionally, 

nuclei containing a low complexity score (<0.8 log10GenesPerUMI) were removed. After 

filtering, 20,818 nuclei remained. The samples then underwent normalization, scaling, and 

integration using SCTransform in Seurat [30]. For SCTransform, the default parameters 

were used and 3,000 features were utilized in the identification of variable features. 

Principal component analysis was conducted using the top 3,000 most variable features 

and uniform manifold approximation and projection (UMAP) reduction was conducted 

using the top 40 principal components (PCs) based on the ElbowPlot. Clustering was 

performed using the FindNeighbors and FindClusters functions, which use the K-nearest 

neighbors graph model and Louvain algorithm. A resolution of 0.1 was chosen for 

downstream clustering. To determine the identification of each cluster, the FindAllMarkers 

function was used to extract the differentially expressed signature genes corresponding 

to each cluster against all other clusters. Following clustering, nuclei populations were 

arranged in 17 distinct clusters including neuron, microglia, astrocyte, oligodendrocyte, and 

neurovascular-associated clusters. Nuclei from the microglia cluster were isolated to further 

analyze microglia subpopulations. Microglia nuclei were re-integrated using SCTrasform as 

conducted previously. Principal component analysis was performed as previously described 

and UMAP projection was performed using the top 15 PCs based on the ElbowPlot. 

Clustering was conducted as previously described and a resolution of 0.1 was chosen 
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for downstream clustering. The resulting four distinct clusters were identified using the 

FindConservedMarkers, FindMarkers, and FindAllMarkers functions in Seurat. All UMAP, 

DotPlot, and Heatmap visualizations were performed using Seurat and ggplot2 (3.3.6).

Differential expression analysis between conditions (5xFAD Inpp5dΔMG or 5xFAD) and 

microglia sub-populations was conducted using the FindMarkers function in Seurat and 

the DESeq2 algorithm that uses a negative bimodal distribution to identify differentially 

expressed genes [31]. The average log2(fold-change) represents the average expression 

between the two conditions tested and the adjusted P value was calculated using Bonferroni 

correction. Final lists of differentially expressed genes (DEGs) were filtered to remove all 

genes with adjusted P values >.05 and were used for downstream pathway analysis. For 

visualization, volcano plots were created using the EnhancedVolcano package (1.14.0) in R 

and DEGs with adjusted P values <.00001 and average log2(fold-changes) >0.25 or <−0.25 

were plotted. Pathway analyses were conducted using the Enrichr web-based application 

[32] and the WikiPathways Mouse 2019 pathways database. Visualization of enriched 

pathways was conducted using the Enrichment Analysis Visualization Appyter [33].

Raw sequencing data associated with this study has been deposited in the NCBI Gene 

Expression Omnibus database under accession code GSE220279. The code used in this 

study is available at GitHub (https://github.com/LukensLab/5xFAD_INPP5D_Microglia-

snRNAseq) and upon reasonable request from the corresponding author.

2.6 Statistical Analysis

Mean values, standard error of the mean (SEM) values, and unpaired Student’s t-tests 

were calculated using Prism software (GraphPad). For immunohistochemistry and ELISA, P 
values <.05 were considered significant.

3 RESULTS

3.1 SHIP-1 deletion increases microglial numbers and mobilization to Aβ plaques without 
appreciably affecting Aβ load

To determine how SHIP-1 signaling in microglia shapes microglial biology and Aβ-

mediated neuropathology, we generated Inpp5dfl/flCx3cr1Ert2Cre mice to delete SHIP-1 from 

microglia and crossed them with 5xFAD mice (further referred to as 5xFAD Inpp5dΔMG 

mice), which is a widely used AD mouse model of amyloidosis [34]. Cre-negative 5xFAD 

Inpp5dfl/fl littermate mice (further referred to as 5xFAD mice) were used as controls. All 

mice received tamoxifen food at weaning for 2 weeks to induce SHIP-1 deletion and then 

were returned to normal chow to allow for peripheral Cx3cr1-expressing cells to turnover 

and regain Inpp5d expression, while allowing long-lived microglia to maintain Inpp5d 
deficiency [27].

Using these newly generated mouse lines, we found that 5xFAD Inpp5dΔMG mice had 

more microglia in the cortex and dentate gyrus of the hippocampus as measured by the 

number of IBA1+ microglia and the total IBA1+ volume at 5 months of age (Figure 

1A–C, Supplemental Figure 1A–C). Microglia activation is often accompanied by a shift 

toward a larger and more amoeboid morphology [3,35]. By measuring IBA1+ volume per 
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microglia, we found that SHIP-1 deficient microglia in both the cortex and dentate gyrus 

were ~2.5-fold larger in size and qualitatively displayed a more amoeboid morphology 

compared to microglia from 5xFAD littermate control mice (Figure 1D, Supplemental 

Figure 1D), suggesting enhanced activation. To determine if loss of SHIP-1 influences 

microglia physiology in the absence of Aβ pathology, we next assessed microglial numbers 

and morphology in the cortex of Inpp5dΔMG mice that do not express the 5xFAD transgenes 

(further referred to as wild-type (WT) Inpp5dΔMG mice) and Inpp5dfl/fl littermate controls 

(further referred to as WT mice). We found that the number of microglia, IBA1+ volume, 

and microglia size were unchanged when SHIP-1 was deleted from microglia in non-

plaque harboring mice (Supplemental Figure 2A–D). Additionally, microglia from both 

WT Inpp5dΔMG mice and WT littermate controls qualitatively displayed a similar ramified 

morphology (Supplemental Figure 2A), suggesting that loss of SHIP-1 does not alter 

microglial state in the absence of Aβ pathology. Taken together, these results suggest 

that SHIP-1 functions to restrict microglial number and the adoption of a more activated, 

ameboid morphology in the presence of Aβ pathology.

In 5xFAD Inpp5dΔMG mice, we also observed a striking microglia “clustering” phenotype 

where microglia were found to surround Aβ to a greater degree when compared to 

5xFAD littermate controls in both the cortex and dentate gyrus (Figure 1A, Supplemental 

Figure 1A). Indeed, in both the cortex and dentate gyrus, we found that SHIP-1 deletion 

increased the number of microglia per plaque (Figure 1A,E, Supplemental Figure 1A,E) and 

plaque-associated microglia within a 15μm and 30μm radius of Aβ plaques (Figure 1A,F, 

Supplemental Figure 1A,F). We next wanted to know if microglial proliferation contributed 

to this increase in plaque-associated microglia in SHIP-1-deficient 5xFAD mice. Using 

Ki67 as a marker of proliferating cells, we found that 5xFAD Inpp5dΔMG mice had more 

Ki67+ IBA1+ cells in the cortex and dentate gyrus compared to 5xFAD littermate controls 

(Figure 1G,H, Supplemental Figure 1G,H), suggesting that the increase in SHIP-1-deficient 

microglia numbers is at least, in part, due to increased proliferation. Microglial cell death 

may also contribute at some level to the increase in microglia numbers observed in SHIP-1-

deficient 5xFAD mice. However, it is important to note that we have not been able to detect 

appreciable levels of microglia cell death by TUNEL staining in the 5xFAD model in our 

previous studies [28,36]. Therefore, it is more likely that enhanced microglial proliferation 

contributes to the increase in microglia numbers seen in SHIP-1-deficeint 5xFAD mice.

Given that SHIP-1-deficient microglia were larger in size (Figure 1D, Supplemental Figure 

1D) and associated more closely with Aβ plaques (Figure 1F, Supplemental Figure 1F), 

we next wanted to further investigate whether SHIP-1 loss enhanced microglial activation. 

To this end, we stained for CLEC7A, which has been shown to be a canonical marker 

of microglial activation in multiple models of neurodegenerative disease [5,6,28]. Here 

we found that microglia from 5xFAD Inpp5dΔMG mice exhibited a ~2.5-fold increase in 

the amount IBA1+ CLEC7A+ volume per plaque compared to 5xFAD littermate controls 

(Figure 1I,J), suggesting that loss of SHIP-1 leads to increased microglial activation. 

Overall, these data point towards SHIP-1 functioning to antagonize microglial numbers, 

activation, and association with Aβ plaques in the 5xFAD mice model of Aβ amyloidosis.
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Given the profound response to Aβ plaques displayed by SHIP-1-deficient microglia, we 

next wanted to assess the impact of SHIP-1 deletion on Aβ plaque load in these mice. We 

measured pan-Aβ species by staining for D54D2 (anti-Aβ) and found that Aβ plaque burden 

did not differ in the brains of 5xFAD Inpp5dΔMG mice when compared to 5xFAD littermate 

controls (Figure 1K,L). Since microglia are critical for the consolidation of soluble Aβ 
oligomers that are highly neurotoxic into less toxic, insoluble Aβ fibrils and plaques [37], 

we extracted Aβ using various solubility-based extraction techniques and evaluated the 

amount of soluble and insoluble Aβ by ELISA. Similar to our total Aβ load findings 

(Figure 1K,L), soluble (PBS Fraction) and insoluble (Guanidine Fraction) Aβ1–42 and Aβ1–

40 levels were unchanged between 5xFAD Inpp5dΔMG mice and 5xFAD littermate controls 

(Supplemental Figure 3A,B). Together, these data suggest that SHIP-1 loss in microglia does 

not affect overall Aβ plaque burden in 5xFAD mice, despite the robust increase in microglia 

numbers and plaque clustering observed in SHIP-1 deficient microglia.

3.2 Microglia lacking SHIP-1 adopt a unique transcriptional profile in response to Aβ-
mediated pathology

Given the striking enhancement in the number of plaque-associated microglia observed in 

5xFAD Inpp5dΔMG mice, we were next interested in gaining a comprehensive and unbiased 

assessment of how deletion of SHIP-1 impacts gene expression in response to Aβ-driven 

neuropathology. To this end, we conducted single-nucleus RNA sequencing (snRNAseq) 

on cortical brain samples dissected from 5xFAD Inpp5dΔMG mice and 5xFAD littermate 

controls at 5 months of age, as this was the area of the brain where we originally saw 

the greatest differences in plaque-associated microglial responses (Figure 1). A total of 

20,818 nuclei across both genotypes were arranged by uniform manifold approximation 

and projection (UMAP) for visualization, and unsupervised clustering revealed 17 distinct 

clusters (Figure 2A). Clusters were manually defined based on the expression cell type-

specific signature genes as glutamatergic neurons (Clusters 0, 1, 3), GABAergic neurons 

(Clusters 6, 7, 8), unidentified neurons (Clusters 11, 12, 13, 15), astrocytes (Cluster 

2), oligodendrocytes (Cluster 4), microglia (Cluster 5), oligodendrocyte precursor cells 

(OPCs, Cluster 10), and neurovascular-associated cells including vascular leptomeningeal 

cells (VLMC, Cluster 9), endothelial cells (Cluster 14), and smooth muscle cells/pericytes 

(Cluster 16) (Figure 2B, Supplemental Table S1). While neurons made up the majority of 

the recovered nuclei (~66%, 13,722 nuclei), microglia represented 7.56% (1,573 nuclei) 

of the total nuclei across both genotypes (Figure 2C). A similar number of nuclei were 

recovered from both genotypes (5xFAD: 10,424 nuclei, 5xFAD Inpp5dΔMG: 10,394 nuclei) 

and the relative distribution of nuclei across most clusters was similar (Figure 2D). Notably, 

however, the microglia cluster exhibited an ~4-fold increase in the number of nuclei in the 

5xFAD Inpp5dΔMG cortex (1,264 nuclei) compared to the 5xFAD cortex (309 nuclei, Figure 

2D–E), corroborating the increase in microglial number observed histologically in 5xFAD 

Inpp5dΔMG mice (Figure 1A–C, Supplemental Figure 1A–C). We also observed a slight 

reduction in the number of GABAergic neuron Cluster 7 nuclei from the 5xFAD Inpp5dΔMG 

cortex (Figure 2E). Overall, this further suggests that deletion of SHIP-1 increases microglia 

number and contributes to enhanced microgliosis.
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We next conducted a deeper analysis of the microglia population. Nuclei from the microglia 

cluster (Cluster 5) were identified based on the enhanced expression of microglia-specific 

genes, including Cx3cr1, P2ry12, Hexb, Tmem119, Csf1r, C1qa, Lrmda, and Dock8 (Figure 

3A). Differential expression testing revealed a total of 124 differentially expressed genes 

(DEGs) between 5xFAD Inpp5dΔMG and 5xFAD microglia (Figure 3B, Supplemental Table 

S2). Notably in 5xFAD Inpp5dΔMG microglia, upregulated genes included Lrmda, Arsb, 

Cstd, Tgfbr2, Trem2, Ppard, Vav1, Hif1a, and C1qb while Inpp5d, Nfkb1, Tgfbr1, Pi3kr1, 

and Map4k4 were found to be downregulated. Pathway analysis based on upregulated DEGs 

in 5xFAD Inpp5dΔMG microglia returned significantly enriched pathways associated with 

TREM2/DAP12 (TYROBP) signaling and phagocytosis, while pathways including PI3K-

AKT-mTOR signaling and lipid metabolism were also enriched but did not reach global 

significance (Figure 3C, Supplemental Table S3). Additionally, pathway analysis based 

on downregulated DEGs in 5xFAD Inpp5dΔMG microglia returned significantly enriched 

pathways associated with IL-3/5/6, TGF-β, MAPK, and EGRF1 signaling (Figure 3D, 

Supplemental Table S4).

To further explore the composition of the microglia cluster, we re-clustered microglia 

(1,573 nuclei) and resolved 4 distinct CNS macrophage subclusters (Figure 3E). Strikingly, 

we found that Subcluster 0 was dominated by microglia from the 5xFAD Inpp5dΔMG 

cortex (5xFAD Inpp5dΔMG: 1,061 nuclei, 5xFAD: 179 nuclei), a trend similarly seen in 

Subcluster 1 but to a lesser extent (Figure 3F–G). We compared the average expression of 

various microglia genes, including homeostatic and DAM genes [5,6,38], across each of the 

microglia subclusters. Interestingly, Subcluster 0 appeared to closely resemble Subcluster 

1 microglia, despite Subcluster 0 displaying enhanced expression of Lrmda. Subcluster 2 

appeared to show increased expression of DAM genes, including Ctsb, Ctsd, Apoe, and 

Trem2, and homeostatic microglia genes, including Cx3cr1, P2ry12, Hexb, Csf1r, and 

Dock8. Subcluster 3 expressed border-associated macrophage genes, including Mrc1 and 

F13a1 (Figure 3H). Pathway analysis of DEGs enriched in microglia Subcluster 0 versus 

all other microglia subclusters (Subclusters 1 and 2, Supplemental Table S5) revealed 

downregulated pathways pertaining to EGFR1, TNF-α/NF-ĸB, and IL-6 signaling (Figure 

3I, Supplemental Table S6). Together, these results suggest that SHIP-1 deletion induces a 

transcriptional shift in microglia responding to Aβ-mediated pathology that is characterized 

by increased plaque-response pathways and reduced proinflammatory signaling.

3.3 Loss of SHIP-1 enhances microglial engulfment of Aβ

Since our pathway analysis revealed enhancements in pathways associated with 

phagocytosis in SHIP-1-deficient microglia compared to microglia from 5xFAD mice 

(Figure 3C), we predicted that microglia from 5xFAD Inpp5dΔMG mice would exhibit 

increased engulfment of Aβ. We began by evaluating microglial expression of CD68, which 

is a canonical marker of microglial phagolysosomes and a commonly used marker of both 

microglial activation and engulfment [39]. We found that microglial expression of CD68 

in the cortex of 5xFAD Inpp5dΔMG mice was significantly increased following SHIP-1 

deletion compared to Cre-negative 5xFAD littermate controls (Figure 4A–B). In addition, 

we observed an ~2.5-fold increase in the amount of CD68 per Aβ plaque (Figure 4A,C). As 

a secondary approach to evaluate Aβ engulfment in our model, we analyzed the volume of 
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Aβ internalized within IBA1-expressing microglia that colocalized with CD68 using Imaris 

three-dimensional rendering (Figure 4A) in the cortex. Here, we found that SHIP-1 deletion 

in microglia resulted in an appreciable increase in the amount of Aβ engulfed within 

CD68+ phagolysosomes in comparison to microglia from 5xFAD littermate counterparts 

(Figure 4A,D). In summary, these results further suggest that SHIP-1 antagonizes microglial 

signaling pathways associated with the internalization of Aβ in 5xFAD mice.

3.4 SHIP-1 deletion in microglia increases microglial encapsulation of Aβ plaques and 
rescues AD-associated neuronal dystrophy

While engulfment has been identified to be a key effector function deployed by microglia 

to limit Aβ amyloidosis and associated neuropathology [40], the observed increase in Aβ 
engulfment (Figure 4D) may not fully explain the microglia phenotype observed in 5xFAD 

Inpp5dΔMG mice. Thus, we were motivated to further explore the striking plaque-associated 

microglia phenotype observed in microglia from 5xFAD Inpp5dΔMG mice (Figure 1A–F, 

Supplemental Figure 1A–F) by characterizing the interaction between these microglia and 

Aβ plaques. Containment of neurotoxic Aβ is a key microglial function that helps to limit 

neuronal damage caused by neuronal exposure to Aβ aggregate [4,41,42]. Imaris-based 

three-dimensional rendering of the IBA1+ cells surrounding the plaques indicated that 

the surface area of Aβ plaques was almost entirely encased by the IBA1+ microglia in 

5xFAD Inpp5dΔMG mice (Figure 5A–B) resulting in a ~3-fold increase in the amount of 

Aβ encapsulated within the microglia projections in the cortex and dentate gyrus of the 

hippocampus (Figure 5C). In contrast, much of the Aβ staining in 5xFAD littermate controls 

did not appear to be in direct contact with projections from IBA1-expressing microglia 

(Figure 5A–B), suggesting that more of the Aβ was exposed to the brain parenchyma.

It is well known that microglia form barriers around neurotoxic Aβ plaques and that loss of 

this barrier contributes to increased neuronal damage [2,41]. Since we observed enhanced 

microglial encapsulation of Aβ plaques in 5xFAD Inpp5dΔMG mice, we hypothesized that 

SHIP-1 deletion in microglia would lead to improved neuronal health. The buildup of 

amyloid precursor protein (APP) puncta in neuronal neurites is commonly used as a marker 

of neuronal dystrophy [28]. Notably, we observed a significant reduction in the number 

of APP+ dystrophic neurites within a 10 μm and 20 μm radius of Aβ plaques in 5xFAD 

Inpp5dΔMG mice when compared to 5xFAD littermate controls in both the cortex (Figure 

5D–E) and dentate gyrus of the hippocampus (Figure 5F). Therefore, these results suggest 

that SHIP-1 restricts microglial containment of Aβ plaques and that SHIP-1 deletion in 

microglia leads to improved neuronal health in 5xFAD mice.

4 DISCUSSION

In this study, we found that SHIP-1 deficiency enhances neuroprotective microglial 

responses in Aβ-mediated pathology. Conditional deletion of SHIP-1 in microglia led to 

an enhancement in microglial numbers and association with Aβ plaques in 5xFAD mice. 

This contributed to a near-complete encapsulation of Aβ plaques by SHIP-1-deficient 

microglia. Additionally, deletion of SHIP-1 in microglia resulted in an increase in microglial 

phagocytic capacity, as measured by CD68 immunostaining, and an increase in the amount 
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of Aβ engulfed within microglia, despite overall Aβ load being unchanged. The distinct 

changes observed in SHIP-1-deficient microglia responding to Aβ plaques led to a dramatic 

reduction in plaque-associated dystrophic neurites, suggesting that neuronal health was 

improved following microglial SHIP-1 deletion in 5xFAD mice. Overall, our findings 

suggest that SHIP-1 functions in CNS-resident microglia to restrict microglial immune and 

neuroprotective responses to Aβ.

Transcriptional snRNA-seq analysis confirmed that there was an increase in microglia 

numbers in 5xFAD Inpp5dΔMG mice and further revealed that microglia underwent a unique 

transcriptional shift following SHIP-1 deletion. Most notably, SHIP-1 deletion in microglia 

of 5xFAD mice led to the upregulation of pathways associated with TREM2/DAP12 

(TYROBP) signaling, phagocytosis, and PI3K-AKT-mTOR signaling. TREM2 and PI3K 

signaling have been shown to be critical pathways contributing to the activation of microglia 

and conversion to the DAM phenotype in AD [5,6,38,43]. Further, SHIP-1 deletion in 

microglia enhanced nuclear lipid metabolism pathways that are thought to be protective 

in 5xFAD mice [44], suggesting an additional target of microglial SHIP-1 inhibition. 

Interestingly, SHIP-1 deletion also resulted in the downregulation of IL-6, MAPK, and 

EGFR1 signaling pathways that are known to be associated with neuroinflammatory 

processes in microglia [45–47]. TGF-β signaling, a pathway that can antagonize microglial 

activation and response to Aβ in AD [48], was also reduced in SHIP-1-deficient microglia 

from 5xFAD mice. Together, these findings suggest that SHIP-1 signaling may regulate 

proinflammatory processes in microglia and inhibit protective microglial responses to Aβ 
plaques.

Few studies to date have assessed the roles of SHIP-1 in the in vivo regulation of microglial 

biology or AD pathogenesis. However, as we were preparing this manuscript, there were 

two studies published that reported on the effects of Inpp5d deletion on microglia and AD 

pathology – the first by Castranio et al. [49] using Cx3cr1+ cell-specific Inpp5d knockdown 

in the APPKM670/671NL/PSEN1Δexon9 mouse model of AD, and the second by Lin et al. 

[50] using full-body Inpp5d haplodeficiency in 5xFAD mice. All three studies agree that 

SHIP-1 knockdown in models of Aβ amyloidosis leads to increased microglia numbers, 

greater microglial association with Aβ plaques, and elevated activation of plaque-associated 

microglia [49,50]. Together, these studies further highlight that microglial containment and 

encapsulation of Aβ plaques are likely key effector functions of microglia in response 

to Aβ-mediated pathology [41,42]. Additionally, spatial transcriptomics and snRNA-seq 

studies conducted across all three papers found that SHIP-1 deficient microglia were less 

inflammatory and showed enhanced activation along the DAM phenotype [49,50]. Further, 

recent in vitro work showed that pharmacological inhibition of SHIP-1 increased microglia-

like BV-2 cell phagocytosis of Aβ peptides and dead neurons [11], closely mirroring the 

enhancement in Aβ engulfment observed in our in vivo studies.

Contrary to the results presented in our paper and the findings reported by Lin et al. 

[50], SHIP-1 deletion in Cx3cr1-expressing cells from APPKM670/671NL/PSEN1Δexon9 mice 

appeared to increase fibrillar Aβ plaque burden while neuronal health remained unchanged 

[49]. This is in contrast to our findings which showed no changes in Aβ burden and 

reduced neuronal dystrophy, as well as the work by Lin et al., which reported decreased 
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Aβ load and improved neuronal health [50]. Taken together, these findings highlight the 

complexity surrounding SHIP-1-mediated signaling in AD pathology. There are multiple 

potential explanations that could help to reconcile these seemingly divergent results. For 

one, our deletion strategy targeted Inpp5d in microglia prior to disease onset (at 3–4 

weeks of age) whereas the Castranio et al. [49] study induced knockdown of Inpp5d 
expression after disease onset (at 3 months of age), which suggests that differences in the 

effect of SHIP-1 deletion on neuropathology may be partially influenced by disease state. 

As a result, inhibiting SHIP-1 signaling at different points during the course of disease 

may lead to distinct clinical outcomes and this will be important to carefully consider 

if SHIP-1-targeted approaches are pursued in future AD patient studies. Secondly, both 

our study and the Castranio et al. [49] work utilized Cx3cr1ERT2Cre Inpp5dfl/fl deletion 

strategies to target Inpp5d deletion specifically to Cx3cr1-expressing cells, although it is 

important to note that different Cx3cr1ERT2Cre deleter mouse strains were used between 

our studies. In contrast, the Lin et al. [50] study used a full-body Inpp5d haplodeficiency 

model to knockdown Inpp5d expression globally. Inpp5d is known to be expressed by 

multiple peripheral immune cell lineages including T cells, B cells, and various peripherally-

derived myeloid cell populations [12–16]. Therefore, the deletion of SHIP-1 outside of the 

brain in full-body Inpp5d haplodeficient 5xFAD mice may lead to systemic inflammatory 

responses or infiltration of the brain by peripheral-derived immune cells which could both 

influence various aspects of disease progression in 5xFAD mice. Lastly, inherent differences 

in genetic AD mouse models may contribute at some level to the divergent results observed 

in Aβ plaque load and neuronal health between studies from Castranio et al. which used 

APPKM670/671NL/PSEN1Δexon9 mice [49] and the combined work from our group and 

Lin et al. [50] which employed 5xFAD mice. Therefore, exploring the effects of SHIP-1 

modulation in additional AD mouse models will be critical to understanding how SHIP-1 

signaling impacts AD pathology.

5 CONCLUSION

In summary, we show that microglia-specific deletion of SHIP-1 in the 5xFAD mouse model 

of Aβ amyloidosis leads to enhanced numbers of microglia as well as increased microglial 

mobilization to plaques. Interestingly, SHIP-1 deletion in microglia was not found to 

significantly affect overall Aβ plaque burden in 5xFAD mice. Further characterization of 

microglia by single-nucleus RNA sequencing revealed that SHIP-1-deficient microglia in 

5xFAD mice adopt a unique transcriptional profile that is characterized by an increase in 

pathways associated with DAM signaling and phagocytosis. While a modest enhancement 

in the engulfment of Aβ was observed in SHIP-1-deficient microglia, we found that SHIP-1 

deletion in microglia led to almost complete encapsulation of Aβ plaques by microglial 

processes and a reduction of AD-associated neuropathology. Overall, these findings show 

that SHIP-1 restricts plaque-associated microglial responses to Aβ plaques and that its 

deletion reduces neuronal dystrophy in the 5xFAD mouse model of AD, thus identifying 

SHIP-1 as a critical inhibitor of neuroprotective microglial responses in Aβ-mediated 

pathology.
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Abbreviations:

Aβ amyloid beta

AD Alzheimer’s disease

APP amyloid precursor protein

CNS central nervous system

DAM disease-associated microglia

DEG differentially expressed gene

FOV field of view

LOAD late-onset AD

MG microglia

OPC oligodendrocyte precursor cell

PBS phosphate buffered saline

PC principal component

snRNAseq single-nucleus RNA sequencing

SHIP-1 SH2-domain-containing inositol phosphatase 1

SEM standard error of the mean

ThioS Thioflavin S

UMAP uniform manifold approximation and projection
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UMI unique molecular identifier

VLMC vascular leptomeningeal cell

WT wild type
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Figure 1. SHIP-1-deficiency leads to increased mobilization of microglia to Aβ plaques in 5xFAD 
mice.
5xFAD Inpp5dfl/flCx3cr1ERT2Cre (5xFAD Inpp5dΔMG mice) and Cre-negative 5xFAD 

Inpp5dfl/fl littermate controls (5xFAD mice) received tamoxifen food for 2 weeks 

beginning at 3 weeks of age and then were returned to regular food for the remainder 

of the experiment. Mice were harvested at 5 months of age to evaluate microgliosis, 

microglial association with Aβ plaques, and Aβ plaque burden. (A) Representative 

immunofluorescence staining of IBA1 (green) and Aβ plaques (ThioS, magenta) in the 

cortex; zoomed in view of a single plaque (inset 1 and 3) and zoomed in view of a single 
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z-plane from a single plaque (inset 2 and 4) showing the number of IBA1+ microglia 

interacting with the plaque. (B) Enumeration of the number of IBA1+ cells per field of view 

(FOV). (C) Quantification of total IBA1 staining volume per FOV. (D) Quantification of 

microglia size by total IBA1 staining volume per IBA1+ microglia. (E) Quantification of 

the average number of IBA1+ microglia per ThioS+ Aβ plaque. (F) Quantification of the 

number of IBA1+ microglia within a 15 μm and 30 μm radius of ThioS+ Aβ plaques. (G) 

Representative immunofluorescence staining of IBA1 (green), Ki67 (blue), and Aβ plaques 

(ThioS, magenta) in the cortex. Arrows denote Ki67+ IBA1+ cells. (H) Enumeration of the 

number of Ki67+ IBA1+ cells per FOV. (I) Representative immunofluorescence staining 

of IBA1 (green), CLEC7A (grey), and Aβ plaques (ThioS, magenta) in the cortex. (J) 

Quantification of the percentage of IBA1+ CLEC7A+ staining volume per ThioS+ Aβ 
plaque. Percent IBA1+ CLEC7A+ staining volume was calculated by dividing the total 

IBA1+ CLEC7A+ staining volume by the total IBA1 staining volume. (K) Representative 

immunofluorescence staining of Aβ (anti-Aβ D54D2, red) and DAPI (blue) performed on 

sagittal brain sections. (L) Quantification of the percent area covered by Aβ across whole 

sagittal brain sections. For (B-E), (H), and (J), each point represents an individual mouse 

averaged from 6 images across 3 matching brain sections per mouse. For (F), each point 

represents an individual mouse with an average of 50 plaques from 3 matching brain 

sections per mouse. For (L), each point represents an individual mouse averaged from 3 

matching brain sections per mouse. Statistical significance between experimental groups was 

calculated by an unpaired Student’s t-test. Error bars represent mean ± SEM.
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Figure 2. snRNAseq differentiates major brain cell types and reveals enhanced microgliosis 
following SHIP-1 deletion in 5xFAD mice.
snRNAseq of cortices from 5xFAD Inpp5dΔMG mice and 5xFAD littermate controls 

harvested at 5 months of age. (A) UMAP rendering of 20,818 nuclei from 5xFAD 

Inpp5dΔMG and 5xFAD samples showing 17 distinct clusters numbered 0–16. The cell type 

identity was determined by the expression of cell type-specific markers. (B) Gene expression 

heatmap depicting signature genes used to identify each cluster in (A). (C) Donut chart 

depicting the frequency of nuclei recovered per cluster across both genotypes. (D) Bar chart 

showing the relative nuclei distribution across all clusters in each genotype. (E) Relative 

frequency of nuclei across all clusters normalized to the number of 5xFAD nuclei per cluster 

(dashed horizontal line). Cluster 5 (microglia) was highly increased in 5xFAD Inpp5dΔMG 

mice.
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Figure 3. SHIP-1 deletion in 5xFAD mice induces a unique transcriptional shift in microglia.
Microglia cluster analysis following snRNAseq of cortices from 5xFAD Inpp5dΔMG mice 

and 5xFAD littermate controls harvested at 5 months of age. (A) UMAP rendering 

of 20,818 nuclei highlighting the microglia cluster (cyan) from Figure 2A expressing 

microglia signature genes, including Cx3cr1, P2ry12, Hexb, Tmem119, Csf1r, C1qa, Lrmda, 

and Dock8. (B) Volcano plot depicting DEGs (log2(fold-change) >0.25 or <−0.25 and 

Bonferroni adjusted P value <.00001) identified between 5xFAD Inpp5dΔMG and 5xFAD 

microglia. (C) Pathway analysis of DEGs (log2(fold-change) >0 and Bonferroni adjusted 
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P value <.05) that were upregulated in 5xFAD Inpp5dΔMG microglia when compared to 

5xFAD microglia. (D) Pathway analysis of DEGs (log2(fold-change) <0 and Bonferroni 

adjusted P value <.05) that were downregulated in 5xFAD Inpp5dΔMG mice when compared 

to 5xFAD microglia. (E) UMAP rendering of 1,573 microglia nuclei (from Cluster 5) 

following re-integration and re-clustering samples showing 4 distinct subclusters numbered 

0–3. (F) UMAP rendering of microglia nuclei in (E) split by genotype (5xFAD Inpp5dΔMG: 

1,264 nuclei, 5xFAD: 309 nuclei). Subcluster 0 shows an enrichment in 5xFAD Inpp5dΔMG 

microglia. (G) Bar chart showing the raw frequency of nuclei recovered across all 

subclusters in each genotype. Subcluster 0 is increased in 5xFAD Inpp5dΔMG microglia. 

(H) DotPlot colored to show the relative average expression of homeostatic and disease-

associated microglia genes. The size of each dot corresponds to the percent of nuclei in each 

subcluster expressing the gene. (I) Pathway analyses of downregulated DEGs (log2(fold-

change) <0 and Bonferroni adjusted P value <.05) enriched in microglia Subcluster 0 versus 

all other subclusters. For (C), (D), and (I), P values are shown and an asterisk denotes global 

significance (adjusted P value <.05).
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Figure 4. Loss of SHIP-1 in microglia increases CD68 expression and engulfment of Aβ in 5xFAD 
mice.
5xFAD Inpp5dΔMG mice and 5xFAD littermate controls were harvested at 5 months of age 

to evaluate IBA1+ microglial CD68 expression and engulfment of Aβ. (A) Representative 

immunofluorescence staining and Imaris three-dimensional rendering of IBA1 (green), 

Aβ plaques (ThioS, magenta), and CD68 (blue) in the cortex. The right panel displays 

the amount of Aβ that localizes with CD68 (orange) in three-dimensional space. (B) 

Quantification of the total CD68 staining volume per IBA1+ microglia. (C) Quantification of 

the total CD68 staining volume per ThioS+ Aβ plaque. (D) Quantification of the percentage 

of Aβ plaque volume that is engulfed within CD68 staining. Each point represents an 

individual mouse with an average of 50 plaques from 3 matching brain sections per 

mouse. Statistical significance between experimental groups was calculated by an unpaired 

Student’s t-test. Error bars represent mean ± SEM.
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Figure 5. Deletion of SHIP-1 enhances microglial encapsulation of Aβ plaques and protects 
against neuronal dystrophy.
5xFAD Inpp5dΔMG and 5xFAD mice were harvested at 5 months of age to evaluate 

IBA1+ microglia containment and encapsulation of Aβ plaques and neuronal health. (A) 

Representative immunofluorescence staining and Imaris three-dimensional rendering of 

IBA1 (green) and ThioS (magenta) in the cortex. The right panel depicts the amount of Aβ 
that is completely encapsulated by IBA1+ microglia (orange) in three-dimensional space. 

(B) Representative orthogonal view depicting IBA1+ microglia (green) surrounding Aβ 
plaques (ThioS, magenta) in the cortex. (C) Quantification of the percentage of the total 
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Aβ plaque volume completely encapsulated by IBA1 staining in the cortex and dentate 

gyrus of the hippocampus. (D) The formation of dystrophic neurites surrounding plaques 

in the cortex was determined by staining for APP (yellow) and Aβ (ThioS, magenta). 

Representative immunofluorescence staining of APP puncta and Aβ plaques in the cortex. 

(E, F) Quantification of APP+ puncta found within a 10 μm and 20 μm radius of ThioS+ Aβ 
plaques in the (E) cortex and (F) dentate gyrus of the hippocampus. For cortical analyses, 

each point represents an individual mouse with an average of 50 plaques from 3 matching 

brain sections per mouse. For hippocampal analyses, each point represents an individual 

mouse with an average of 25 plaques from 3 matching brain sections per mouse. Statistical 

significance between experimental groups was calculated by an unpaired Student’s t-test. 

Error bars represent mean ± SEM.
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