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SUMMARY

Aberrant aggregation of RNA binding protein TDP-43 in neurons is a hallmark of frontotemporal 

lobar degeneration caused by progranulin haploinsufficiency1,2. However, the mechanism leading 

to TDP-43 proteinopathy remains unclear. Here we use single-nucleus RNA-sequencing (snRNA-

seq) to show that progranulin deficiency promotes microglial transition from a homeostatic to 

disease-specific state that causes endolysosomal dysfunction and neurodegeneration. These defects 

persist even when Grn−/− microglia are cultured ex vivo. In addition, snRNA-seq reveals selective 

loss of excitatory neurons at disease end-stage, characterized by prominent nuclear and 

cytoplasmic TDP-43 granules and nuclear pore defects. Remarkably, conditioned media from Grn
−/− microglia is sufficient to promote TDP-43 granule formation, nuclear pore defects and cell 

death in excitatory neurons via the complement activation pathway. Consistent with these results, 

deleting C1qa and C3 mitigates microglial toxicity, and rescues TDP-43 proteinopathy and 

neurodegeneration. These results uncover previously unappreciated contributions of chronic 

microglial toxicity to TDP-43 proteinopathy during neurodegeneration.

Dominant mutations in the human progranulin (GRN) gene drastically reduce progranulin 

(PGRN) protein levels and are a major cause of familial forms of frontotemporal lobar 

degeneration (FTLD) characterized by aggregation of RNA binding protein TDP-43 in 

neuronal cytoplasm and dendrites3,4. However, the mechanisms underlying TDP-43 

proteinopathy in PGRN deficiency remain unclear. Emerging evidence indicates that PGRN 

may regulate vesicular trafficking via the endolysosomal pathway5. Consistent with this 

idea, Grn knockout (Grn−/−) mouse brain show an age-dependent upregulation of lysosomal 
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and innate immunity genes6,7. One major functional implication of these transcriptomic 

changes converges on microglia, where PGRN deficiency promotes lysosomal dysfunction 

and production of complements that preferentially affect synaptic connections in the 

thalamocortical circuit. While these results support an important role for microglia in 

neurodegeneration caused by PGRN deficiency, recent results indicate that neurons in Grn
−/− mice and FTLD-GRN patients contain prominent accumulation of abnormal lysosomes8, 

suggesting that these lysosomal defects may render PGRN-deficient neurons more 

vulnerable to degeneration. Furthermore, proteomic analyses of postmortem brain tissues 

from FTLD-GRN patients show an association between TDP-43 aggregates and lysosomal 

proteins9; however, the mechanism for this remains unclear.

Single-cell transcriptomics in Grn−/− thalamus

To unravel the contributions of glial and neuronal pathologies to neurodegeneration in Grn
−/− thalamus, we performed single-nucleus RNA-sequencing (snRNA-seq)10,11 in 

microdissected thalami from 2, 4, 7, 12 and 19 months old Grn+/+ and Grn−/− mice. We 

isolated nuclei from 38 thalamus samples, including 3–4 biological replicates per age per 

genotype, and captured 193,033 single nuclei with an average capture rate of 5,080 nuclei 

per sample (Extended Data Fig. 1a). On average, 49,000 reads and 1,126 median genes were 

generated per nucleus (Supplementary Table 1). Unbiased clustering based on known cell 

type-specific markers identified 16 distinct cell clusters, including three excitatory neuron 

clusters (c3, c12, c13), two inhibitory neuron clusters (c6 somatostatin+ and c9 reelin+ 

interneurons), two immature neuron clusters (c2, c15), two oligodendroglial clusters (c1, 

c10), immature oligodendroglia (c16), oligodendroglia precursor cells (c5), endothelial cells 

(c8), astrocytes (c7), and microglia (c4) (Fig. 1a, Extended Data Fig. 1b–e). Two clusters 

(c11, c14) contained nuclei doublets and were excluded (Extended Data Fig. 1d).

We first determined the relative abundance of Grn mRNA transcripts in different cell types 

in Grn+/+ thalamus. Compared to astrocytes, excitatory neurons, inhibitory neurons and 

endothelial cells, Grn mRNA in microglia was significantly higher at 4, 7, 12 and 19 months 

(Fig. 1b). Consistent with these results, violin plots showed that cumulative Grn mRNA 

across all ages was indeed most abundant, albeit somewhat heterogeneous, in the microglia 

cluster, but showed a biphasic pattern in the excitatory neuron clusters (c3, c12, c13) 

(Extended Data Fig. 1f). These results, while different from two recent single-cell 

transcriptomics studies due to differences in brain regions or technology platforms12,13, 

suggest that PGRN may be required to suppress aberrant microglial activation during ageing. 

Next, visualization of clusters across different ages using a t-distribution Stochastic 

Neighbor Embedding (t-SNE) algorithm showed that the abundance of most cell types in 

Grn+/+ thalamus remained relatively stable from 2 to 19 months. However, the microglial 

cluster in Grn−/− thalamus underwent dynamic changes from 7 to 19 months, accompanied 

by a progressive increase in the relative number of microglia in Grn−/− thalamus (Fig. 1c–d). 

Interestingly, a significant loss of excitatory neurons (clusters c3, c12, c13) and a modest 

increase of inhibitory neurons (clusters c6, c9) was noted in Grn−/− thalamus at 19 months 

(Fig. 1e, Extended Data Fig. 1g). Surprisingly, unlike microglia, the astroglial cluster (c7) in 

Grn−/− thalamus showed no significant change in cell number (Extended Data Fig. 1h). 

Next, we performed “gene burden” analysis to determine the number of genes differentially 
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expressed in each cluster between Grn+/+ and Grn−/− thalamus after normalizing for different 

cell numbers and gene detection rates across clusters. This analysis showed that Grn−/− 

microglia were the only cluster to show a significant increase in burden score at 12 months 

(Extended Data Fig. 1i), followed by a more drastic increase at 19 months (Fig. 1f). In 

contrast, the burden scores for Grn−/− astrocytes and excitatory neuron clusters c12 and c13 

increased only at 19 months.

Grn−/− microglia transition from homeostasis to disease state

To determine how PGRN deficiency alters the transcriptomes in thalamic microglia (Th-

MG), we performed hierarchical clustering of snRNA-seq profiles averaged by animal. 

While Grn+/+ Th-MG exhibited very limited changes from 2 to 19 months, Grn−/− Th-MG 

showed transcriptomic changes that began at 7 months and became more drastic at 12 and 19 

months (Extended Data Fig. 2a). Next, we performed subclustering and unsupervised 

pseudotime analysis to identify age-dependent changes in Grn+/+ and Grn−/− Th-MG14,15. 

Similar to recent studies12,16, pseudotime analyses showed that Grn+/+ Th-MG exhibited a 

limited transition from 2 to 19 months amongst three subclusters, 4A, 4B and 4C (Extended 

Data Fig. 2b, Supplementary Table 2), which expressed genes such as cysteine protease 

inhibitor (Cst3, 4A), coagulation factor XIIIa (F13a1, 4B), plexin domain containing 2 

(Plxdc2, 4C), and homeostatic genes (Cx3cr1, P2ry12, Siglech, and Mef2c, 4C). By 

contrast, Grn−/− Th-MG exhibited drastically different trajectories, especially at 12 and 19 

months when most Grn−/− Th-MG were represented by subclusters 4D, 4E and 4F 

(Extended Data Fig. 2c), which downregulated homeostatic genes P2ry12 and Tmem119, 

and overexpressed genes implicated in inflammation, lysosomal function and 

neurodegeneration, including Apoe, Adam33, Ctsb, Gpnmb, and Igf1 (Extended Data Fig. 

2d–f).

Analysis of differentially expressed genes (DEGs) in Grn+/+ and Grn−/− Th-MG revealed 

that Grn−/− Th-MG exhibited progressive gene expression changes that began with 45 DEGs 

at 7 months, 65 DEGs at 12 months, and 265 DEGs at 19 months (Supplementary Table 3). 

Of these DEGs, 21 core genes were consistently dysregulated in Grn−/− Th-MG at 7, 12 and 

19 months (Extended Data Fig. 2f–g), including those implicated in negative regulation of 

cellular component organization, protein localization to membrane, dendrite development, 

negative regulation of cell migration, and Ras protein signal transduction. In contrast, 

functional annotations of 265 DEGs in 19 months Grn−/− Th-MG showed much more 

expanded GO terms, including plasma membrane bounded cell projection, exocytosis, 

phagocytosis, protein complex assembly, ion homeostasis/transport, MAPK cascade, and 

receptor tyrosine kinase signaling. Comparisons between 19 months Grn−/− Th-MG and 

disease-associated microglial (DAM) genes17 revealed 32 genes shared with Alzheimer’s 

Disease (AD) DAM genes and 30 genes with amyotrophic lateral sclerosis (ALS) DAM 

genes (P = 8.42 × 10−28 and 8.59 × 10−15, respectively) (Extended Data Fig. 2h). GO 

analysis of the 32 genes shared between Grn−/− Th-MG and AD DAM revealed terms 

including activation of innate immune response, myeloid activation, leukocyte 

degranulation, cation homeostasis and macroautophagy (Extended Data Fig. 2i). Despite the 

partial overlaps, the majority of DEGs in Grn−/− Th-MG were unique, suggesting that Grn−/− 

Th-MG possess their own disease-specific features. Validations using 
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immunohistochemistry confirmed loss of P2Y12, Tmem119 and intracellular vesicle 

trafficking regulator Numb, and up-regulation of ApoE, Adam33, Cathepsin B, IGF1 and 

GPNMB in Grn−/− microglia (Extended Data Fig. 3a–c). Together, these results support that 

Grn−/− microglia age-dependently lose their homeostatic state, and acquire defects that 

partially overlap with, but are significantly divergent from AD and ALS DAMs (Extended 

Data Fig. 3d).

Progressive TDP-43 proteinopathy in Grn−/− thalamic neurons

To characterize the selective loss of excitatory neurons in 19 month old Grn−/− thalamus, we 

identified cluster-specific genes, including Ttr (Transthyretin), Pde4d (Phosphodiesterase 
4D) and Cntnap2 (Contactin associated protein like 2) for cluster c3, Prkcd (Protein kinase C 
Delta) for cluster c12, and Foxp2 (Forkhead Box P2) for cluster c13 (Extended Data Fig. 

4a–d). Stereology-based quantification showed progressive loss of PKCδ+ and Foxp2+ 

neurons in Grn−/− thalamus from 12 to 19 months (Extended Data Fig. 4e–f). Remarkably, 

many Foxp2+ Grn−/− neurons were surrounded by abundant Grn−/− Th-MG that contained 

Foxp2+ debris in their cytoplasm (Fig. 2a), suggesting that Grn−/− Th-MG might be 

neurotoxic and have phagocytosed dead Grn−/− neurons.

We next sought to determine whether TDP-43 proteinopathy might contribute to loss of Grn
−/− thalamic neurons. Unlike Grn+/+ thalamic neurons that showed stable nuclear TDP-43 

proteins, Grn−/− thalamic neurons showed increased nuclear TDP-43 beginning at 12 

months, accompanied by a persistent accumulation of TDP-43 in cytoplasm at 12 months 

(Fig. 2b, upper panels). By 24 months, many Grn−/− neurons contained discrete cytoplasmic 

TDP-43+ aggregates colocalized with ubiquitin (Fig. 2b, arrows in right panels, Fig. 2c). 

Consistent with these results, immunogold electron microscopy (IEM) showed almost all 

TDP-43 proteins in 12 months Grn+/+ thalamic neurons were in the nucleus as membrane-

free granules (Fig. 2d, left upper panel). A small number of TDP-43 granules in Grn+/+ 

neurons were attached to mitochondria (9.8%), multivesicular bodies (MVB)/endosomes 

(9.7%), plasma membrane (4.4%) and lysosomes (2.2%). In contrast, Grn−/− neurons 

contained a much higher density of TDP-43 granules in the nucleus (Fig. 2e–f), and more 

cytoplasmic TDP-43 granules in Grn−/− neurons were attached to abnormally enlarged 

lysosomes (Fig. 2d, arrowheads in left lower panel, Fig. 2g). By 19–24 months, most 

TDP-43 granules were embedded within filamentous protein aggregates (Fig. 2e), similar to 

findings in FTLD-GRN patients18. In addition to the TDP-43 phenotypes, IEM for nuclear 

pore protein Nup98, an essential component of the nucleoporin complexes19, showed that all 

Nup98 proteins in Grn+/+ neurons were detected along the nuclear membrane (Fig. 2d, 

arrowheads in right upper panel). In contrast, most Nup98 proteins in Grn−/− neurons were 

displaced from the nuclear membrane at 12 months (Fig. 2d, arrowheads in right lower 

panel), or in filamentous aggregates at 24 months (Fig. 2e).

Grn−/− microglia promote TDP-43 proteinopathy

To determine how Grn−/− microglia might promote TDP-43 proteinopathy and nuclear pore 

defects in Grn−/− neurons, we isolated primary microglia from postnatal day 3 Grn+/+ and 

Grn−/− mice (P3-MG), performed single-cell RNA-seq (scRNA-seq), and compared them 
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with snRNA-seq data from Th-MG (Extended Data Fig. 5a). Unbiased clustering revealed 4 

major clusters in Grn+/+ and Grn−/− P3-MG, with cluster A exhibiting distinct separation 

between the two genotypes (Extended Data Fig. 5b). Co-clustering of scRNA-seq P3-MG 

with snRNA-seq data from 2 to 19 months Th-MG further demonstrated the overlap between 

the transcriptomic profiles of P3-MG-A and Th-MG (Extended Data Fig. 5c). Therefore, 

only P3-MG-A cells were used in further analysis. Among the 160 DEGs in cluster A in Grn
−/− P3-MG, 34 were shared with 19 months Th-MG (P = 1.42 × 10−29), and hierarchical 

analysis based on DEGs showed that P3-MG and 19 months Th-MG clustered based on their 

Grn genotype (Extended Data Fig. 5d–e). Consistent with these results, NanoString 

nCounter neuroinflammation panel identified 100 DEGs in Grn−/− P3-MG, 14 of which 

were consistently up- or down-regulated in 19 months Grn−/− Th-MG (P = 1.35 × 10−17, 

Extended Data Fig. 5e–g). Western blots validated several DEGs in P3-MG, including 

Cathepsin B, Myosin Va, Adam33, ATG7, Mef2c and Numb (Extended Data Fig. 5h).

To determine whether Grn−/− microglia secreted factor(s) to promote TDP-43 proteinopathy 

and nuclear pore defects in Grn−/− neurons, we harvested serum-free microglia conditioned 

media (MCM) from Grn+/+ and Grn−/− P3-MG. In parallel, we prepared low-density primary 

neuron cultures from the cerebral cortex and ganglionic eminences (GE) of embryonic day 

15.5 (E15.5) Grn+/+ and Grn−/− mice, which provided an enriched source of excitatory 

neurons and GABAergic inhibitory neurons, respectively. After 14 days in vitro (DIV14), 

Grn+/+ and Grn−/− cortical neurons or GE-derived GABAergic neurons were incubated with 

Grn+/+ or Grn−/− MCM to determine their impacts on neuronal survival using cleaved 

caspase-3 antibody (Extended Data Fig. 6). This approach showed that Grn+/+ MCM 

induced cell death in 15.6% of Grn+/+ cortical neurons and 31.6% of Grn−/− cortical 

neurons, whereas Grn−/− MCM caused much more cell death in Grn+/+ and Grn−/− cortical 

neurons (Fig. 3a). Interestingly, Grn+/+ and Grn−/− GABAergic neurons were significantly 

more resistant to cell death induced by Grn−/− MCM (Fig. 3b). These results are consistent 

with the snRNA-seq data and support that Grn−/− microglia produce factors that 

preferentially kill excitatory neurons.

Next, we asked whether Grn−/− MCM can induce TDP-43 pathology similar to those in Grn
−/− thalamic neurons. To test this, we expressed mCherry-TDP-43 in Grn+/+ and Grn−/− 

cortical neurons and used live imaging to monitor the distribution of mCherry-TDP-43 after 

treatment with control media, Grn+/+ MCM or Grn−/− MCM. Grn+/+ cortical neurons treated 

with control media, Grn+/+ MCM or Grn−/− MCM showed no significant increase in nuclear 

mCherry-TDP-43 signals (Fig. 3c–d, Supplementary Videos 1–2). By contrast, Grn−/− 

cortical neurons exhibited a modest increase in nuclear mCherry-TDP-43 when treated with 

Grn+/+ MCM, and a highly significant increase in nuclear and cytoplasmic mCherry-TDP-43 

when treated with Grn−/− MCM (arrows in 4th row, Fig. 3c, Supplementary Videos 3–4). 

Remarkably, several Grn−/− MCM-treated Grn−/− neurons showed marked increases in 

nuclear mCherry-TDP-43, which quickly extended into cytoplasm as distinct granular 

structures (arrows in 5th row, Fig. 3c, Supplementary Video 5), suggesting a breach in the 

integrity of nuclear pore in these neurons. In support of this, 3D structured illumination 

microscopy (SIM) showed that, compared to Grn+/+ neurons, Nup98 distribution in the Grn
−/− neurons was more uneven when cultured in control media or Grn−/− MCM. Furthermore, 
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Grn−/− MCM significantly reduced Nup98 density in Grn+/+ and Grn−/− neurons (Extended 

Data Fig. 7).

To characterize Grn−/− MCM-induced cytoplasmic TDP-43 phenotypes, we showed that Grn
−/− MCM induced a modest accumulation of endogenous TDP-43 in the cytoplasm and 

dendrites of Grn+/+ neurons, and much more abundant TDP-43 accumulation in Grn−/− 

neurons (Fig. 3e–f). Similar to Grn−/− thalamic neurons, cytoplasmic TDP-43 granules in 

MCM-treated Grn+/+ or Grn−/− neurons showed partial overlap with LAMP1+ late 

endosomes/early lysosomes and Tom20+ mitochondria, but not with Ataxin-2+ stress 

granules (Extended Data Fig. 8a–d). To compare Grn−/− MCM-induced TDP-43 

proteinopathy with arsenite-induced TDP-43 granules20–22, we treated Grn+/+ and Grn−/− 

cortical neurons with 10μM sodium arsenite, which induced robust formation of G3BP1+ 

stress granules, TDP-43 granules, and cell death regardless of genotype. Intriguingly, 

arsenite-induced TDP-43 granules in Grn+/+ and Grn−/− neurons were distinctly separated 

from G3BP1+ granules, despite ultrastructural features similar to those induced by Grn−/− 

MCM (Extended Data Fig. 9). Collectively, these results support that Grn−/− microglia are 

indeed neurotoxic and Grn−/− MCM-induced TDP-43 granules in Grn−/− neurons are 

different from stress granules.

Blocking complements mitigates neurodegeneration

Given the profound vesicular trafficking defects in Grn−/− Th-MG and P3-MG, we asked 

whether these defects may facilitate the production of complements via intracellular 

membrane-bound organelles23,24, thereby providing potential sources for neurotoxicity. In 

support of this, immunohistochemistry showed a marked increase of C1q and C3b in Grn−/− 

Th-MG as early as 7 months old (Extended Data Fig. 10a). By 12 months, Grn−/− Th-MG 

contained abundant C1q and C3b that colocalized with LAMP2+ or Cathepsin B+ vesicles; 

however, no C1q or C3b was detected in Grn−/−;C1qa−/−;C3−/− Th-MG (Fig. 4a–b). Finally, 

ELISA assays showed Grn−/− MCM contained significantly more C1q and C3b than Grn+/+ 

MCM, whereas no C1q or C3b was detected in Grn−/−;C1qa−/−;C3−/− MCM (Extended Data 

Fig. 10b).

To determine whether C1q and C3b are sufficient to induce TDP-43 proteinopathy, we 

treated Grn+/+ and Grn−/− neurons with purified human C1q, C1q+C3b, or C4. These results 

showed C1q and C1q+C3b, but not C4, could increase cytoplasmic TDP-43 granules in Grn
+/+ and Grn−/− neurons (Extended Data Fig. 10c–d). Curiously, compared to Grn−/− MCM, 

C1q and C3b only modestly increased cell death in Grn+/+ or Grn−/− neurons. To investigate 

whether removing C1q and C3 might alter the neurotoxic properties of Grn−/− microglia, we 

prepared MCM from P3 Grn−/−;C1qa−/− and Grn−/−;C1qa−/−;C3−/− mice and showed that 

both failed to increase TDP-43 granules or cell death in Grn+/+ and Grn−/− neurons 

(Extended Data Fig. 10e). These results suggested that Grn−/− microglia may use additional 

mechanisms, such as complement-mediated assembly of protein complexes or other non-

complement-dependent mechanism to promote TDP-43 proteinopathy and/or neuronal cell 

death. To test the former hypothesis, we showed that vitronectin, which blocks complement 

membrane attack complex (MAC), protected Grn+/+ and Grn−/− neurons from Grn−/− MCM-

induced cell death (Extended Data Fig. 10f). Furthermore, histopathology showed a modest 
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reduction in microgliosis and partial rescue of PKCδ+ neurons in 12 months old Grn
−/−;C1qa−/− thalamus, but a near complete rescue of microgliosis and PKCδ+ neurons in the 

thalamus of Grn−/−;C1qa−/−;C3−/− mice (Fig. 4c–d). Thalamic neurons in Grn−/−;C1qa
−/−;C3−/− mice also showed a marked reduction in cytoplasmic TDP-43 and Nup98 (Fig. 4c).

Conclusion

By combining single-cell transcriptomics, in vitro validations and mouse genetics, we 

provide critical insights supporting microglia toxicity as a key disease-driving factor that 

promotes neurodegeneration in PGRN deficiency. Our results delineate a cascade of 

molecular and cellular events initiated by the transition of Grn−/− microglia from a 

homeostatic to disease-specific state, which promotes accumulation of nuclear and 

cytoplasmic TDP-43, nuclear pore defects and cell death in Grn−/− excitatory neurons during 

ageing (Extended Data Fig. 11). Remarkably, neurotoxicity in Grn−/− microglia can be 

mitigated by deleting C1q and C3 or by blocking complement-mediated formation of 

membrane attack complex. While our results support that blocking complement activation 

can mitigate the neurotoxic properties of Grn−/− microglia, we cannot rule out other cell-

intrinsic defects in Grn−/− microglia and/or neurons that may propagate neurodegeneration. 

In support of the latter possibility, cytoplasmic TDP-43 granules in Grn−/− neurons 

preferentially attach to lysosomes, suggesting that lysosomal defects in Grn−/− neurons may 

facilitate TDP-43 protein aggregate formation7,8,25. Indeed, TDP-43 granules induced by 

Grn−/− microglia are morphologically different from stress granules20–22. Whether they are 

related to those induced by axotomy, traumatic brain injury or muscle regeneration26–28 

remains to be investigated.

METHODS

Mice

All experiments were conducted in accordance with the University of California San 

Francisco Institutional Animal Care and Use Committee guidelines (IACUC Protocol 

#AN169548). Mice carrying deletion of exons 2–13 of the mouse progranulin (Grn−/−) gene 

(Grntm1.1Far/Mmjax) were from previous studies in our laboratory29,30. C1qa−/− mice were a 

generous gift from Dr. Marina Botto (Imperial College London, United Kingdom)31 and 

C3−/− mice (C3tm1Crr/J, JAX #003641) were obtained from the Jackson Laboratories. The 

C1qa−/− and C3−/− mice were intercrossed with Grn−/− mice to generate Grn−/−;C1qa−/− and 

Grn−/−;C1qa−/−;C3−/− mice.

Single-nucleus RNA-sequencing (snRNA-seq): sample preparation

Fresh thalami from Grn+/+ and Grn−/− mice at age 2, 4, 7, 12 and 19 months old (all 

littermates for each age group, including 4 biological replicates per age, per genotype) were 

microdissected for nuclei isolation. Microdissected thalami were homogenized in 5 ml 

RNAase-free lysis buffer (0.32 M sucrose, 5 mM CaCl2, 3 mM MgAc2, 0.1 mM Tris-HCl, 1 

mM DTT, 0.1% Triton X-100 in DEPC-treated water) using glass dounce homogenizer 

(Thomas Scientific) on ice. The homogenate was loaded into a 30 ml polycarbonate 

ultracentrifuge tube (Beckman-Coulter), 9 ml of sucrose solution (1.8 M sucrose, 3 mM 

Zhang et al. Page 8

Nature. Author manuscript; available in PMC 2021 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MgAc2, 1 mM DTT, 10 mM Tris-HCl in DEPC-treated water) was added to the bottom of 

the tube with the homogenate, and the tube was centrifuged at 107,000 g for 2.5 hours at 

4°C. After removing the supernatants, pellets containing the nuclei were incubated in 250 μl 

of DEPC-treated water-based PBS for 20 min on ice before resuspending the pellets using 

the same solution. Nuclei were counted using a hemocytometer and single-nucleus capture 

was performed using the 10X Genomics Single-Cell 3’ system (ver 2). For each sample, the 

intended target capture was 4,000 nuclei per sample and library preparation was performed 

using the manufacturer’s protocol. Single-nuclei libraries from individual samples were 

pulled and sequenced on the HiSeq 2500 System (Illumina) at UCSF Genomics Core 

Facility. RNA integrity analysis was performed using the Agilent 2100 Bioanalyzer and 

RNA Pico Chip assay to ensure that all samples had RNA integrity number (RIN) > 6.5. One 

sample from 2 months old Grn+/+ mouse and one from 19 months old Grn−/− mouse were 

removed due to suboptimal RNA quality (Extended Data Fig. 1a).

Primary microglia from Grn+/+ and Grn−/− mice at postnatal day (P) 3, which were co-

cultured with astrocyte for 14 days and mono-cultured with serum-free media for additional 

72 hours, were prepared (see microglia culture section for detail). The targeted cell volume 

was 4,000 cells for each sample and library construction was performed using the 10X 

Genomics Single-Cell 3’ system’s protocol (ver 3). Single-cell libraries from individual 

samples were pulled and sequenced on the HiSeq 2500 System (Illumina) at UCSF 

Genomics Core Facility.

snRNA-seq and scRNA-seq: data processing, dimensionality reduction, clustering and t-
SNE visualization

For library demultiplexing, CellRanger software v. 1.3.1 was used for fastq file generation, 

read alignment and UMI quantification. CellRanger was used with default parameters, 

except for using pre-mRNA reference file (ENSEMBL, GRCh38) to insure capturing 

intronic reads originating from pre-mRNA transcripts abundant in the nuclear fraction. 

Individual expression matrices containing numbers of Unique Molecular Identifiers (UMIs) 

per nucleus per gene were filtered to retain nuclei with at least 500 genes expressed and less 

than 5% of total UMIs originating from mitochondrial and ribosomal RNAs. Genes 

expressed in less than three nuclei were filtered out. In addition, mitochondrial RNAs were 

filtered out to exclude transcripts coming from outside the nucleus to avoid biases 

introduced by nuclei isolation and ultracentrifugation. Individual matrices were combined. 

UMIs were normalized to the total UMIs per nucleus and log transformed. Filtered log-

transformed UMI matrix was used to perform truncated singular value decomposition (SVD) 

with k=50. Scree plot was generated to select the number of significant principle 

components (PCs) by localizing the last PC before the explained variance reaches plateau. 

The significant PCs were used to calculate Jaccard distance-weighted nearest neighbor 

distances; number of nearest neighbors was assigned to root square of number of nuclei. 

Resulting graph with Jaccard-weighted edges was used to perform Louvain clustering32.
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snRNA-seq and scRNA-seq: cell type annotation, quantification of cell types, differential 
gene expression analysis and gene ontology (GO) analysis

To visualize nuclei transcriptomic profiles in two-dimensional space, t-distributed Stochastic 

Neighbor Embedding (t-SNE) was performed with the selected PCs and combined with 

cluster annotations. Cell types were annotated based on expression of known marker genes 

visualized on the t-SNE plot and by performing unbiased gene marker analysis. For the 

latter, MAST33 was used to perform differential gene expression analysis by comparing 

nuclei in each cluster to the rest of nuclei profiles and following regression model: 

~genotype + sex + cngeneson, where cngeneson is the gene detection rate. Genes with 

FDR<0.05 and log fold change >1 were selected as cell type markers. For heatmap 

generation and visualization, Morpheus was used (https://software.broadinstitute.org/

morpheus).

For pseudobulk differential expression analysis of 7, 12 and 19 months old thalamic 

microglia (Th-MG), we utilized edgeR.sum.counts approach34. First, single-nucleus level 

counts for each gene expressed in Th-MG were aggregated by taking the sum of counts of 

each gene in all nuclei captured from each animal. After that, the aggregated counts were 

loaded into edgeR35, and quasi-likelihood F-test was used to identify differentially expressed 

genes after normalization for size factors. For 7 months old mice, sex of animals was added 

into the design formula; all 12 and 19 months animals were females. For Gene Ontology 

(GO) analysis, we used PANTHER Version 14.036,37 or Metascape38 to perform statistical 

overrepresentation test for DEGs from each cluster. Within each cluster, all genes tested for 

differential expression used cluster-specific background genes and GO Biological Processes 

were chosen to represent the functional properties. Processes with false discovery rate 

(FDR) <0.05 were considered to be significant.

Co-clustering of P3 microglia scRNA-seq data with snRNA-seq thalamus microglia data

Integration of snRNA-seq and scRNA-seq microglia data was performed with Seurat 3 R 

package39 using FindIntegrationAnchors and IntegrateData functions. The number of 

principle components for downstream analyses was selected based on scree plot. Three 

clusters of P3 microglia (P3-MG) from the scRNA-seq that co-clustered with 19 months old 

Th-MG were selected and combined into a single metacluster named P3-MG-A. Cells from 

P3-MG-A were used to perform differential expression analysis using MAST and the 

following regression model: ~genotype + sex + cngeneson. To perform hierarchical 

clustering of Grn+/+ and Grn−/− P3-MG and Th-MG, we first used SCTransform function of 

Seurat to regress out the effect of different platform, age, and brain region (10X v.3 scRNA-

seq, P3 and cortex versus v.2 snRNA-seq, 19 months and thalamus) on gene expression. 

After transformation, we selected genes that were differentially expressed between Grn+/+ 

and Grn−/− microglia in either P3-MG or 19 months Th-MG, and calculated average 

normalized expression for each sample analyzed by pulling all microglia cells by animal. We 

then performed hierarchical clustering of the samples using Euclidean distance as the metric 

and completed clustering.
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snRNA-seq: pseudotime analysis

Version 3 of Monocle R package40 was used to reconstruct trajectories of microglia from 

thalami of Grn+/+ and Grn−/− mice based on snRNA-seq data. Monocle 3 was used with 

default options, except for using reduction_method = “UMAP” and 

preprocess_method=“PCA” options for reduce_dimension function and cluster_method = 

‘louvain’ for cluster_cells function. After reconstructing separate trajectories for Grn+/+ and 

Grn−/− microglia, the terminal node of each trajectory located in youngest (2 months old) 

microglia was chosen as the starting point to calculate pseudotime based on the single-cell 

trajectory. Once the pseudotime was calculated, graph_test function was used to identify 

genes dynamically expressed along the Grn+/+ and Grn−/− microglia trajectories. FDR-

corrected p value < 0.05 was used as the cutoff to determine the significant dynamically 

expressed genes. In order to visualized Grn+/+ and Grn−/− microglia trajectories on the same 

scale, both trajectories was plotted using the same limits for UMAP1 and UMAP2 

coordinates.

In order to plot expression of genes along the Grn+/+ and Grn−/− microglia trajectories side-

by-side, normalized log-transformed UMI counts for both the Grn+/+ and Grn−/− microglia 

were averaged using sliding window approach to obtain the same number of meta-cells for 

both datasets. Same sliding window transformation was performed for pseudotime values of 

each microglia cell in both datasets. Then, the transformed UMIs were fit using the same 

approached used by Monocle 3 to obtain gene expression/pseudotime curves: 

speedglm(“expression ~ splines::ns(pseudotime, df=3)”, data = exp_data.sel, family = 

stats::quasipoisson(), acc=1e-3, model=FALSE, y=FALSE). Resulting transformed UMIs, 

pseudotime values and fit curves for both datasets were then combined in a single dataframe 

to be used to plot gene expression along psedotime in the Grn+/+ and Grn−/− microglia 

lineages side-by-side.

Immunohistochemistry and stereology counting

Immunohistochemical stains were performed on 40 μm free-floating sections of 4% PFA-

fixed mouse brains. The immunostaining was developed using DAB technique and 

counterstained with Cresyl Violet Staining. Primary antibodies for immunohistochemistry 

included P2Y12 (AnaSpec, 55043A, 1:500), TMEM119 (Abcam, ab209064, 1:300), 

Apolipoprotein E (Abcam, ab1906, 1:200), ADAM33 (Thermo Fisher Scientific, 

PA5-28128, 1:500), PKC-delta (Abcam, ab182126, 1:2000), FOXP2 (Abcam, ab16046, 

1:6000), C1q (Abcam, ab182451, 1:1000), C3b (Millipore, MABF972, 1:500), and Iba-1 

(Wako, 019-19741, 1:3000). Secondary antibodies for immunohistochemistry included goat 

anti-rabbit IgG antibody (H+L), biotinylated (Vector Laboratories, BA-1000, 1:300) and 

goat anti-mouse IgG antibody (H+L), biotinylated (Vector Laboratories, BA-9200, 1:300). 

For stereology-based quantification, Iba-1-positive microglia, Foxp2-positive neurons and 

PKC-delta-positive neurons were counted using optical fractionator based unbiased method 

using Stereo Investigator on a PC that is attached to an Olympus BX5 microscope with a 

motorized XYZ stage (MBF Biosciences, Williston, VT)29. DAB staining images were 

captured using an Aperio ImageScope (Leica Biosystems) with a 40X objective.
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Immunofluorescence staining was performed on 40μm free-floating sections prepared using 

a Leica cryostat. The following primary antibodies were used: anti-ADAM33 (Thermo 

Fisher Scientific, PA5-28128, 1:100), anti-Apolipoprotein E (Abcam, ab1906, 1:200), anti-

Ataxin-2 (BD Biosciences, 611378, 1:600), anti-C1q (Abcam, ab182451, 1:1000), anti-C3b 

(Millipore, MABF972, 1:500), anti-Cathepsin B (R&D systems, AF965, 1:500), anti-

Cathepsin B (Proteintech, 122161-1-AP, 1:100), anti-Cleaved Caspase 3 (Cell Signaling, 

9664, 1:300), anti-G3BP (Abcam, ab56574, 1:200), anti-GAD67 (Millipore, MAB5406, 

1:300), anti-GPNMB (LifeSpan BioSciences, LS-11132, 1:100), anti-FOXP2 (Abcam, 

ab1307, 1:500), anti-Iba1 (Novus Biologicals, NB100-1028, 1:250), anti-IGF1 (Abcam, 

ab40657, 1:1000), anti-Lamin B1 (Abcam, ab133741, 1:200), anti-LAMP1 (BD 

Biosciences, 553792, 1:500), anti-LAMP2 (BD Biosciences, 550292, 1:200), anti-MAP2 

(Abcam, ab5392, 1:3000), anti-NeuN (Millipore, MAB377, 1:300), anti-Numb (gift from 

Dr. Yuh Nung Jan, 1:3000)41, anti-NUP98 (Abcam, ab50610, 1:100) anti-P2Y12 (AnaSpec, 

AS-55043A, 1:50), anti-TDP-43 (Proteintech, 10782-2-AP, 1:800), anti-Iba1 (Wako, 

019-19741, 1:3000), anti-TMEM119 (Abcam, ab209064, 1:300), anti-Tom20 (Millipore, 

MABT166, 1:500), anti-TUJ1 (Covance, MMS-435P, 1:400), and anti-Ubiquitin (Millipore 

1, MAB1510, 1:300). Secondary antibodies included donkey anti-mouse IgG (H+L), Alexa 

Fluor 488 (Invitrogen, A-21202, 1:300), donkey anti-rabbit IgG (H+L), Alexa Fluor 488 

(Invitrogen, A21206, 1:300), donkey anti-goat IgG (H+L), Alexa Fluor 568 (Invitrogen, 

A-11057, 1:300), donkey anti-mouse IgG (H+L), Alexa Fluor 568 (Invitrogen, A-10037, 

1:300), donkey anti-rabbit IgG (H+L), Alexa Fluor 568 (Invitrogen, A-10042, 1:300), goat 

anti-rat IgG (H+L), Alexa Fluor 568 (Invitrogen, A-11077, 1:300), donkey anti-rabbit IgG 

(H+L), Alexa Fluor 647 (Invitrogen, A-31573, 1:300), donkey anti-mouse IgG (H+L), Alexa 

Fluor 647 (Invitrogen, A-31571, 1:300), goat anti-chicken IgY (H+L), Alexa Fluor 633 

(Invitrogen, A-21103, 1:300), donkey anti-chicken IgY (H+L), CF® 633 (Biotium, 20168, 

1:300), and donkey anti-rat IgG (H+L), Alexa Fluor 594 (Invitrogen, A-21209, 1:300). 

Staining for TDP-43, Adam33, Lamin B1, LAMP1 and Tmem119 required antigen retrieval 

treatment, with incubating tissue sections in 10 mM sodium citrate (pH 6.0) at 95°C for 30 

minutes. DAPI was used for fluorescent nuclear counterstaining. Confocal images were 

captured using a Nikon C2 Confocal Microscopy with a 60X objective. The 3D images were 

reconstructed from z-stacks images (2.5 μm-interval) by the surpass module in IMARIS 

software (Bitplane). Confocal images for TDP-43, TuJ1 and DAPI from 7, 12, 19 and 24 

months old Grn+/+ and Grn−/− thalamic neurons were used to highlight the areas of interest 

in the cytoplasm and nucleus. The integrated intensity and mean grey values of TDP-43 

were calculated using the formula, CTCF = Integrated Density – (Area of selected cell X 

Mean fluorescence of background readings).

Immunogold electron microscopy (IEM)

Mouse brain tissues for IEM analysis were fixed with 4% PFA overnight. Following the 

fixation, 40 μm-thick free-floating sections were incubated with a cryoprotectant solution for 

2 hours at room temperature and freeze-thawed. The sections were incubated with 4% 

blocking normal goat serum for 1 hour and with anti-TDP-43 antibody (Proteintech, 

10782-2-AP, 1:50) and NUP98 antibody (Abcam, ab50610, 1:50) in 1% blocking normal 

goat serum overnight. After that, the sections were incubated with 0.2% BSAc and 0.2% fish 

gelatin (both from Electron Microscopy Sciences, Hatfield, PA) in PBS for 10 minutes and 
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with gold nanoparticle-conjugated secondary antibodies, including goat anti-rabbit IgG (H

+L), Ultra Small (Electron Microscopy Sciences, 25101, 1:100) or goat anti-rat IgG (H+L), 

Ultra Small (Electron Microscopy Sciences, 25181, 1:100) for 2 hours. After the PBS 

washes, the sections were fixed in 1% glutaraldehyde for 10 minutes. The immunogold 

particle signal was increased using a silver enhancement kit (Electron Microscopy Sciences) 

at 37°C for 2 hours. Finally, the sections were post-fixed in 0.5% osmium tetroxide for 10 

minutes, dehydrated, and embedded in resin. To quantify TDP-43 granule size, we used NIH 

ImageJ and set threshold from 0 to 60 using 8-bit images, and run particle analysis to extract 

granule size and number.

Primary microglia cultures, preparation of microglia conditioned media (MCM) and ELISA

Primary microglia cultures were prepared using the previously established protocols42. 

Briefly, cerebral cortex from P3 Grn+/+ and Grn−/− neonatal mice were dissected and 

cultured in the DMEM media with 20% FBS and 20 ng/ml GM-CSF. After 10–14 days in 

culture (DIV10-14), microglia were recovered from the mixed-glia cultures by shaking at 

200 rpm for 2 hours and transferred to serum-free conditioned medium (DMEM/F12 

medium with 2 mM glutamine, 5 μg/ml N-acetyl-L-cysteine, 5 μg/ml insulin, 100 μg/ml 

apo-transferrin, 100 ng/ml sodium selenite, 2 ng/ml TGF-β2, 100 ng/ml IL-34 and 1.5 μg/ml 

cholesterol) for additional 72 hours. The conditioned media from microglia were 

concentrated with Ultracel® - 10K (Amicon, UFC801096), and the final protein 

concentrations measured using BCA assay kit (Thermo Fisher, 23235). Complements in Grn
+/+ and Grn−/− microglia conditioned media (MCM) were quantified using C1q ELISA kit 

(Abcam, ab170246) and C3b ELISA kit (Abcam, ab195461).

NanoString nCounter gene expression analysis

RNA was isolated using RNeasy Kit from four independent Grn+/+ and Grn−/− P3-MG that 

have been cultured for 72 hours with serum-free media. RNA integrity analysis was 

performed using the Agilent 2100 Bioanalyzer and RNA Pico Chip assay to confirm that all 

samples had RIN > 6.6. Differentially expressed genes were analyzed by nSolver software 

version 4.0 using the data generated by nCounter Mouse Neuroinflammation Panel 

(NanoString Technologies).

Western blot analyses

Protein lysates were prepared from P3 Grn+/+ and Grn−/− microglia using RIPA lysis buffer 

(1% NP-40, 0.1% SDS, 1% sodium deoxycholate, 20 mM Tris pH 7.6, 150 mM NaCl, 10 

mM NaF, 1 mM Na3VO4) supplemented with protease inhibitor cocktail. Proteins were 

separated by SDS-PAGE and transferred to nitrocellulose membrane (Bio-Rad). The 

membranes were blocked in 5% non-fat dry milk (Bio-Rad) for 30 min before incubating 

with primary antibodies at 4°C overnight. Primary antibodies included anti-ADAM33 

(Thermo Fisher, PA5-28128, 1:1000), anti-ATG7 (Abcam, ab133528, 1:3000), anti-

Cathepsin B (Proteintech, 12216-1-AP, 1:2000), and anti-GAPDH (Millipore, MAB374, 

1:4000), anti-MEF2C (Cell Signaling, 5030, 1:1000), anti-Myosin Va (Cell Signaling, 3402, 

1:2000) and anti-Numb (gift from Dr. Yuh Nung Jan, 1:5000)41. On the second day, the 

membranes were washed with 0.1% TBST washing buffer followed by incubation with 

secondary antibodies conjugated with HRP at room temperature for 1 hour. Secondary 
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antibodies used for western blots included goat anti-mouse IgG (H+L), peroxidase 

conjugated (Millipore, 401215, 1:5000), and goat anti-rabbit IgG (H+L), peroxidase 

conjugated (Millipore, 401315, 1:5000).

Primary cortical neuron and ganglionic eminence (GE)-derived GABAergic inhibitory 
neuron cultures

Primary cortical neurons were prepared from the cerebral cortex of E15.5 Grn+/+ and Grn−/− 

embryos. Briefly, the cortical plates were dissected from embryos in ice cold HBSS, then 

transferred to 2 ml of 0.25% trypsin/EDTA solution, and incubated in 37°C water bath for 

15 min. The dissociated cells were placed in DMEM/high glucose supplemented with 10% 

FBS, 1X penicillin/streptomycin, and 2 mM L-glutamine (Gibco) as previously 

reported43,44. We routinely combined 2 or more E15.5 embryonic cortices with the goal to 

obtain enough cells to grow on multiple 12 mm coverslips. As such, each coverslip was 

considered as a biological replicate. Approximately 80,000 cells were plated on 12 mm glass 

coverslips, pre-coated with 1mg/ml poly-L-lysine (P2636, Sigma) in borate buffer solution, 

in 24-well plates. On in vitro day 1 (DIV1), cultured cortical neurons were switched to 

Neurobasal medium with 2% B-27 supplement (Invitrogen) and 200 μM L-glutamine twice 

to completely remove serum from culture media. On DIV2, 5 μM of Ara C was added to 

culture media to inhibit the growth of glial cells. Immunostaining using GAD67 (Millipore, 

MAB5406, 1:500) and MAP2 (Abcam, ab5392, 1:3000) showed that >95% of these cortical 

neurons were excitatory neurons. Only 1–5% were GAD67+ inhibitory neurons. Primary 

GABAergic inhibitory neuron cultures were prepared by dissecting the lateral (LGE) and 

medial ganglionic eminences (MGE) from E15.5 Grn+/+ and Grn−/− embryos45. The 

dissociation and preparation of GE-derived GABAergic inhibitory neurons were similar to 

the procedures for cortical neurons. Both Grn+/+ and Grn−/− cortical neurons and GE-derived 

GABAergic inhibitory neurons were used for experiments on DIV14.

Confocal microscopy analyses of TDP-43 granules, Ataxin-2 and cell death in primary 
cortical neurons

To characterize the effects of MCM on TDP-43 protein accumulation in neuronal cytoplasm 

and neuronal cell death, we treated Grn+/+ and Grn−/− cortical neurons and GE-derived 

GABAergic inhibitory neurons with MCM (100 or 250 μg) for 24 hours. Similar 

experiments were used to determine the effects of purified human complements C1q, C3b 

and C4 (Complement Technology, Inc., A099, A114 and A105, respectively) and human 

vitronectin (LifeSpan Biosciences, LS-G4249). To analyze cell death, cortical neuron 

cultures were immunostained with antibodies for Cleaved Caspase 3 (Cell Signaling, 9664, 

1:300), MAP2 (Abcam, ab5392, 1:3000) and GAD67 (Millipore, MAB5406, 1:300). For 

each coverslip, 3–6 regions containing at least 10 MAP2+ neurons were chosen at random 

for quantification. Images were captured using a Nikon C2 Confocal Microscopy with a 10X 

objective and 2X digital zoom. Total MAP2+ neurons and cleaved caspase 3 and MAP2 

double positive (caspase 3+;MAP2+) neurons were counted to determine the percentage of 

neurons undergoing cell death. To analyze TDP-43 granules, stress granule markers and 

other intracellular organelles, cortical neuron cultures were stained with antibodies for 

TDP-43 (Proteintech, 10782-2-AP, 1:800), Ataxin-2 (BD Biosciences, 611378, 1:600), 

G3BP (Abcam, ab56574, 1:200), LAMP1 (BD Biosciences, 553792, 1:500), Tom20 
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(Millipore, MABT166, 1:500) and MAP2 (Abcam, ab5392, 1:3000). For each coverslip, 6–

12 images were chosen at random and images were captured using the Nikon C2 confocal 

microscope with a 60X objective.

We used two different approaches to quantify TDP-43 granules in confocal microscopy. 

First, we used NIH ImageJ to quantify the size and density of TDP-43 granules in the 

cytoplasm and dendrite of cultured Grn+/+ and Grn−/− neurons treated with control media, 

Grn+/+ MCM or Grn−/− MCM. We set threshold from 35 to 85 using grayscale 16-bit 

images, and run particle analysis to extract granule size and number. Second, the signal 

intensities of TDP-43 were quantified using NIH ImageJ by using MAP2 to highlight the 

areas of interest in cytoplasm and dendrites. The integrated intensity and mean grey values 

of TDP-43 were calculated using the formula: CTCF = Integrated Density – (Area of 

selected cell x Mean fluorescence of background readings). After acquiring the CTCF 

values, we normalized the signal intensity of TDP-43 in each condition to the CTCF values 

in Grn+/+ neurons under control media to obtain the relative fold change of TDP-43. The 

intensity plot profile was performed using Nikon Intensity Profile System.

Live-imaging of neurons expressing mCherry-TDP-43

For transfection of pcDNA-mCherry-FLAG-TDP-43 plasmid46, primary cortical neurons 

(1.6 × 105 cells) from E15.5 Grn+/+ and Grn−/− embryos were seeded on each chamber of 4-

chamber 35 mm glass bottom dish, which was pre-coated with 1mg/ml poly-L-lysine in 

borate buffer solution, and cultured overnight with DMEM/high glucose supplemented with 

10% FBS, 1X penicillin/streptomycin, and 2 mM L-glutamine. On DIV1, cultured cortical 

neurons were switched to Neurobasal medium with 2% B-27 supplement and 200 μM L-

glutamine. On DIV6-8, pcDNA-mCherry-FLAG-TDP-43 plasmid (0.5 μg/chamber) was 

mixed with Lipofectamine LTX Reagent (8 μl/chamber, Thermo Fisher Scientific) or 

Lipofectamine PLUS Reagent (16 μl/chamber, Thermo Fisher Scientific) in Opti-MEM (80 

μl/chamber, Thermo Fisher Scientific) and added to cultured cortical neurons and incubated 

for 6 hours at 37°C in 5% CO2. After the transfection, media were changed to Neurobasal 

medium with 2% B-27 supplement and 200 μM L-glutamine. At 18 hours after the 

transfection, Grn+/+ and Grn−/− MCM (250μg/ml) were added to the cultured neurons and 

time-lapse sequences were acquired on a Yokogawa CSU-X1 spinning disk confocal 

microscope system with a Nikon 60x N.A. 1.49 objective and a Photometrics BSI Prime 

back-thinned sCMOS camera47. 37°C and 5% CO2 were maintained throughout the 

experiment. The corrected total cell fluorescence (CTCF) of nuclear TDP-43 were quantified 

using NIH ImageJ by measuring normalized nuclear fluorescence intensity over time.

Nuclear pore protein Nup98 distribution analysis

To evaluate the distribution of nuclear pore protein Nup98, cortical neuron cultures were 

immunostained with antibodies for NUP98 (Abcam, ab50610, 1:200), Lamin A (Abcam, 

ab26300, 1:200), Lamin B1 (Abcam, ab133741, 1:200) and MAP2 (Abcam, ab5392, 

1:3000)48. Note that Lamin A and Lamin B1 antibodies, both rabbit polyclonal antiboides, 

were added together to further enhance the detection of the nuclear membrane. Detection for 

Lamin A and B1 used the same secondary antibodies. After staining, the samples were post-

fixed using 3% PFA with 0.1% glutaraldehyde for 10 min. Images were obtained by 
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DeltaVision OMX-SR (GE Healthcare Life Sciences) with 0.125 μm z-stack-thickness. 

Analyses were processed in ImageJ using our novel macro titled “Quadrat Intensity 

Scanner” (available below). The function of this macro is to divide a region of interest (the 

nucleus) into squares (quadrats) with dimensions of 20 pixels, and overlapping by 10 pixels, 

and report the integrated intensity within each square. The set of intensities was exported to 

Excel and normalized to the average intensity for the whole nucleus, then summarized in a 

histogram to depict uniformity of nuclear pore distribution across the nucleus.

“Quadrat Intensity Scanner”:

//An algorithm for determining integrated quadrat intensity within a region 

of interest

//Created by Dr. Jeffrey W Hofmann(11/18/19), with the intent to quantify 

distribution of nuclear pores within a user-defined nucleus

//University of California San Francisco, Department of Pathology, 513 

Parnassus Ave, San Francisco, California 94143

//Start with an 8-bit black and white image, and freehand select a region of 

interest; then run this macro.

macro “Uniformity of Intensity distribution”{

run(“Clear Results”);

//Determine the bounds of a rectangle containing the region of interest

Roi.getBounds(x_bound, y_bound, Roi_w, Roi_h);

//Establishes arrays to store x and y coordinates of all points within ROI

Roi.getContainedPoints(array_x, array_y); 

//Allows user to set size of quadrats

quad_size=getNumber(“Quadrat dimension: “, 20); 

//Allows user to set spacing of quadrats (Overlap is helpful to avoid 

missing important areas)

spacing=getNumber(“Overlap quadrats by (recommend 50% dimension): “, 10); 

//Enter 1 if you want to visualize all quadrats after the algorithm finishes 

running

show_1=getNumber(“1 to show boxes, 0 to not show: “, 1); 

//Starting at upper left of ROI...

x_current=x_bound;

y_current=y_bound;

Overlay.clear;

run(“Set Measurements...”, “ mean decimal=4”);

//tiling through the entire ROI left to right, then top to bottom...

while(y_current < y_bound + Roi_h - quad_size){

//Are all 4 corners of the quadrat within the ROI? Score of 4 = Yes

  score=0;

  //Searching through all points of the ROI...

  for(i=1; i<lengthOf(array_x); i++){ 

    //Is the top left corner in the ROI?
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    if(x_current == array_x[i] && y_current == array_y[i]){

      score++;}

    //Is the top right corner in the ROI?

    if(x_current+quad_size == array_x[i] && y_current == array_y[i]){

      score++;}

    //Is the bottom left corner in the ROI?

    if(x_current == array_x[i] && y_current+quad_size == array_y[i]){

      score++;}

    //Is the bottom right corner in the ROI?

    if(x_current+quad_size == array_x[i] && y_current+quad_size == 

array_y[i]){

      score++;}}

  //If all 4 corners are within ROI, measure area, then draw a rectangle

  if(score==4){

    //Roi.remove;

    makeRectangle(x_current,y_current,quad_size,quad_size,0);

    run(“Measure”);

    if(show_1 == 1){

   Overlay.drawRect(x_current,y_current,quad_size,quad_size);}}

//Move location to next space 

  //advance once to the right

  x_current+=spacing; 

  //if at the right edge of ROI, move down and reset to left edge

  if(x_current > x_bound + Roi_w - quad_size){ 

    x_current = x_bound;

    y_current += spacing;}}

Overlay.show;}

Statistics and Reproducibility

This section details the number of times each experiment was repeated independently to 

support the conclusion in each figure panel. It also specifies which statistic methods were 

used and whether the statistical tests were one-sided or two-sided. All experiments using 

Grn+/+ and Grn−/− mice were determined by the ages (prenatal and postnatal) of mice. 

Selection of mice within each age group was completely random and both male and female 

mice were used throughout the project.

For snRNA-seq analyses of Grn+/+ and Grn−/− thalami (Figure 1 and Extended Data Figure 

1), 4 mice were used per genotype per age. Due to suboptimal RIN number, sample #1 from 

2 months old Grn+/+ mice and sample #4 from 19 months old Grn−/− mice were excluded. 

Detailed information related to snRNA-seq, including the number of nuclei and depth of 

sequencing are available in Supplementary Table 1. Statistics for Grn mRNA in different cell 

clusters in Grn+/+ thalamus were performed using multiple t tests and the P values in Figure 

1b represented the comparison between microglia (MG, c4) and excitatory neurons (ExNeu, 

c3, c12, c13) clusters. Additional comparisons were performed between MG and astrocyte 

(AST, c7) cluster, MG and endothelial cell (END, 8), and MG and inhibitory neuron (InNeu, 

Zhang et al. Page 17

Nature. Author manuscript; available in PMC 2021 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



c6, c9) cluster with similar results. Statistics for the cumulative Grn mRNA expression from 

2 to 19 months old Grn+/+ thalamus (violin plots in Extended Data Figure 1f) were 

performed using MAST33 and the P values for comparisons amongst different cell clusters 

were provided in the figure legends. Statistics for normalized cell number in microglia 

cluster (Figure 1d), excitatory neuron clusters (Figure 1e), astrocyte cluster (Extended Data 

Figure 1g) and inhibitory neurons (Extended Data Figure 1h) were performed using two-

tailed unpaired Student’s t test. Statistics for the gene burden analyses in different cell 

clusters in 12 months old thalamus (Extended Data Figure 1i) and 19 months old thalamus 

(Figure 1f) were performed using Mann-Whitney U test. Statistics for the differentially 

expressed gene (DEG) analyses (Supplementary Table 2B and 2C) were performed using 

Moran’s I test.

As indicated previously, the volcano plot in Extended Data Figure 2f was generated using 

Meta Cell pseudobulk approach, and the statistics performed using MAST. The 

determination of the statistical significance of the overlapping between DEGs in 19 months 

old Grn−/− Th-MG and AD- and ALS-related DAM genes (Extended Data Figure 2h) was 

performed using the hypergeometric test. The interacting map for gene ontology (GO) terms 

of the 32 genes shared between 19 months Grn−/− Th-MG and AD DAM (Extended Data 

Figure 2i) is generated using Metascape38. Validations of selected DEGs (P2ry12, 

Tmem119, ApoE, Adam33, Ctsb, Numb, Igf1, and Gpnmb) in 12 and 19 months old Grn−/− 

Th-MG were performed using immunohistochemistry or immunofluorescent confocal 

microscopy in 3 independent mice per age per genotype with similar results (Extended Data 

Figure 3). Stereology-based quantification of excitatory neuron phenotypes in Grn−/− 

thalamus was performed in 3–4 independent mice per age per genotype. The exact numbers 

were indicated in Extended Data Figure 4f and the corresponding figure legend.

Characterizations of nuclear and cytoplasmic TDP-43 in Grn−/− thalamic neurons in Figure 

2 were performed using confocal microscopic images from N = 3 mice per age per genotype 

(Figure 2b–c) and IEM from two independent mice per genotype at 12, 19 and 24 months 

(Figure 2d–g). Quantification of TDP-43 immunofluorescent intensity was performed using 

NIH ImageJ on confocal images captured from 7, 12, 19 and 24 months old Grn+/+ and Grn
−/− thalamic neurons using identical settings in Nikon C2 microscope. 15–22 images were 

obtained from each mouse to derive the average TDP-43 abundance for each independent 

biological sample. The data in Figure 2c represent results from N = 3 independent biological 

samples (mice) per age per genotype and the statistics were performed using two-way 

ANOVA with multiple comparisons. To quantify TDP-43 granules in IEM, we obtained 10–

21 high magnification (11,500x) images per mouse, from N = 3 Grn+/+ and Grn−/− thalami 

at 19 months old. Statistics for Figure 2f used two-way ANOVA and for Figure 2g used two-

tailed unpaired Student’s t test.

Stereology counting of excitatory neurons in Grn+/+ and Grn−/− thalami were performed 

using StereoInvestigator software (MicroBrightField) as previously described49. The 

numbers of mice used per age per genotype were indicated in the figure legend for Extended 

Data Figure 4, and the statistics for the comparisons between Grn+/+ and Grn−/− mice used 

two-tailed unpaired Student’s t test.
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Experiments using primary microglia and neurons were repeated at least three times, with 

the exact numbers reported in figure legends. Data analysis from these cultures involved 

capturing confocal images using magnification(s) with sufficient number of images to cover 

the entire coverslips. The subcellular localization of G3BP1 in Grn+/+ and Grn−/− neurons in 

control media or after sodium arsenite treatment was comparable to results published in two 

independent studies. For instance, endogenous G3BP1 proteins can be detected in both the 

nucleus and cytoplasm of hippocampal neurons and cerebellar Purkinje cell neurons50. 

Furthermore, sensory neurons cultured from dorsal root ganglia (DRG) contain remarkably 

high abundance of endogenous G3BP1 in the nucleus and cytoplasm51. Consistent with 

these results, ectopic expression of GFP-tagged G3BP1 in DRG sensory neurons showed 

abundant GFP-G3BP1 signals in the nucleus and cytoplasm. Interestingly, axonal injury 

caused by nerve crush can affect G3BP1 granule formation in axons.
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Extended Data

Extended Data Figure 1 |. Single-nucleus RNA-sequencing (snRNA-seq) analysis of age-
dependent transcriptomic changes in the thalamus of Grn−/− mice.
a. Unbiased clustering of snRNA-seq data from 2, 4, 7, 12 and 19 months old Grn+/+ and 

Grn−/− thalamus identifies 16 different cell types. A table outlines the number and age of 

Grn+/+ and Grn−/− mice used for microdissecting thalamus for snRNA-seq. Two samples, #1 

in 2 months old Grn+/+ and #4 in 19 months old Grn−/−, are excluded due to suboptimal 

RNA quality. b–c. Subtype-specific markers for microglia (P2ry12), astrocytes (Aqp4, 
Gfap), oligodendroglial precursor cells (OPC)(Pdgfra), endothelial cells (Cldn5), synaptic 

marker (Syt1), excitatory neurons (Cux2, Satb2), oligodendroglia (Plp1), and inhibitory 

neurons (Gad2, Sst, Reln). c. Individual contribution to different cell cluster from each 

sample. d. Venn diagram shows the overlap of gene expression between cluster 11 and 

astrocyte and oligodendroglia clusters. These results indicate that cluster 11 contains mixed 
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identity. e. Violin plots demonstrate that cells in cluster 11 express markers of myelinating 

oligodendroglia (Mog, Mag, Mbp, Plp1) and astrocytes (Slc1a2, Gja1, Nfia, Gpc5). 

Although cells in cluster 11 express low level of neuronal marker Syt1, they express very 

low level of other neuronal markers, e.g. Rbfox3, Gad1 and Gad2. f. Violin plots that show 

the cumulative Grn mRNA expression from 2 to 19 months in microglia (MG, c4), 

astrocytes (AST, c7), excitatory neurons (ExNeu, c3, c12, c13), inhibitory neurons (InNeu, 

c6, c9) and endothelial cells (END, c8). Statistical comparisons using MAST reveal Grn 
mRNA expression MG is consistently higher than other cell clusters with the following P 
values: MG vs AST: 2.53 × 10−40, MG vs ExNeu: 1.15 × 10−8, MG vs InNeu: 8.79 × 10−17, 

MG vs END: 1.45 × 10−17. In addition, comparisons between ExNeu and other cell clusters 

show the following P values: ExNeu vs AST: 8.46 × 10−75, ExNeu vs InNeu: 5.57 × 10−13, 

and ExNeu vs END: 1.38 × 10−09. g–h. Normalized cell counts for inhibitory neurons (c6, 

c9) and astrocytes (c7) in Grn+/+ and Grn−/− thalamus. Data represent mean ± s.e.m. 

Statistics use two-tailed unpaired Student’s t test. i. Gene burden analysis for glia and 

neuronal clusters in Grn+/+ and Grn−/− thalamus at 12 months old. These analyses calculate 

the number of genes differentially expressed in each cluster in Grn−/− thalamus after 

normalizing the number of nuclei in each cluster. Box plots show the median and 25–75th 

percentiles. Statistics were performed using Mann-Whitney U test.

Extended Data Figure 2 |. Age-dependent changes in the transcriptomes and subclustering of 
microglia in Grn+/+ and Grn−/− thalamus.
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a. Heatmap of differentially expressed genes in Grn−/− thalamic microglia show progressive 

transcriptomic changes from 7, 12 to 19 months. b–c. Pseudotime analyses of snRNA-seq 

data reveal modest transition of trajectory and subclusters in Grn+/+ thalamic microglia from 

2 to 19 months. In contrast, Grn−/− microglia exhibit drastic changes in trajectory and 

subcluster distribution, especially at 12 and 19 months. The small clusters toward the right 

of UMAP graphs in Grn+/+ and Grn−/− Th-MG most likely represent a small number of 

microglia-related cells, such as macrophages, or other unidentified cell types. The presence 

of this very small cluster does not contribute to the pseudotime results for Grn+/+ or Grn−/− 

Th-MG. d–e. Combined pseudotime analyses show age-dependent downregulation of 

homeostasis genes, P2ry12 and Tmem119, and upregulation of genes associated with 

microglial activation, including Apoe and Ctsb, in Grn−/− microglia. f. Volcano plot showing 

persistent up- or downregulated genes in Grn−/− microglia from 7 to 19 months. Most 

differentially expressed genes (DEGs) in Grn−/− microglia are detected at 7 and 19 months 

(dark red), 12 and 19 months (light blue), or 7, 12 and 19 months (beige), whereas a smaller 

number of DEGs are detected only in 7 months (green), 12 months (red) or 19 months (dark 

blue). Statistics for DEGs in volcano plot use MAST. See METHODS for details of the 

“Meta Cell” pseudobulk approach to generate the volcano plot. g. Venn diagram showing a 

progressive increase in differentially expressed genes in Grn−/− Th-MG from 7, 12 to 19 

months. h. Venn diagrams showing limited overlap of differentially expressed genes in 19 

months Grn−/− Th-MG and AD DAM genes, and 19 months Grn−/− Th-MG and ALS DAM 

genes. Statistics use hypergeometric test. i. Metascape interacting map of GO terms of the 

32 genes shared by 19 months Grn−/− Th-MG and AD DAM.
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Extended Data Figure 3 |. Immunohistochemical validations of differentially expressed genes in 
the thalamus of Grn−/− mice.
a–b. Validations using immunohistochemistry and confocal microscopy confirm the 

downregulation of P2Y12 and Tmem119 in Grn−/− thalamic microglia at 12 and 19 months, 

respectively (panel a). In contrast, Grn−/− thalamic microglia show marked increases in 

ApoE and Adam33 protein detected by immunohistochemical staining and confocal 

microscopy (panel b). Insets are high magnification images from the boxed areas in the 

ventral thalamus. Confocal images on the right panels are obtained from 12 months old Grn
+/+ and Grn−/− thalamus. Immunohistochemistry was performed in 3 independent mice per 

genotype, whereas the confocal images were from two independent mice. c. Confocal 

images showing upregulated expression of Cathepsin B, IGF-1 and GPNMB in 12 months 

old Grn−/− thalamic microglia. In contrast, Grn−/− thalamic microglia show reduced 

expression of Numb. The validations were performed in N=3 independent mice per genotype 

with similar results. d. A proposed model showing the age-dependent transition of Grn−/− 

thalamic microglia from a homeostatic state to disease state from 7 to 19 months. The 

defects in Grn−/− microglia downregulate homeostatic genes (C1qa, C1qb, Mef2c, Csf1r, 
Cx3cr1, Tgfbr1, Tmem119, Adam33, Igf1, P2ry12), and upregulate genes related to 

lysosomal functions (Ctsb), lipid transport (Apoe), intracellular trafficking (Myo1f, Myo5a, 

Numb) and signal pathways (Arhgap24, Dock3).

Zhang et al. Page 23

Nature. Author manuscript; available in PMC 2021 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Figure 4 |. Single-nucleus RNA-sequencing (snRNA-seq) analysis of excitatory 
neuron clusters in the thalamus of Grn+/+ and Grn−/− mice.
a–c. snRNA-seq identifies three distinct clusters of excitatory neurons based on the 

combined expression of Ttr (Transthyretin), Pde4d (Phosphodiesterase 4D) and Cntnap2 
(Contactin associated protein like 2) in cluster 3, Prkcd (Protein kinase C Delta), Shisa6 
(Shisa family member 6) and Plekhg1 (Pleckstrin homology and RhoGEF domain 
containing G1) in cluster 12, and Cntn5 (Contactin 5), Foxp2 (Forkhead Box P2) and Nxph1 
(Neurexophilin 1) in cluster 13. d. Heatmaps of cluster 3 and cluster 13 show no definitive 

age-dependent changes in the transcriptomes. e. Comparison of excitatory neuron subtypes 

in 19 months old Grn+/+ and Grn−/− thalamus using immunohistochemical stains for PKCδ 
(upper panels) and Foxp2 (lower panels) reveals loss of PKCδ+ and Foxp2+ neurons, most 

prominently affecting neurons in the ventral posterolateral (VPL) and ventral posteromedial 

(VPM) nuclei of the thalamus. f. Stereology quantification of PKCδ+ and Foxp2+ neurons 

in the ventral thalamus of Grn+/+ and Grn−/− mice at 7, 12 and 19 months old. Data represent 

mean ± s.e.m., and the number of mice for each age and genotype is indicated at the bottom 

of each dataset. Statistics uses two-tailed unpaired Student’s t test. ns, not significant.
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Extended Data Figure 5 |. Characterization of P3 primary microglia from Grn+/+ and Grn−/− 

mice using single cell RNA-seq, NanoString nCounter neuroinflammation panel, and western 
blots.
a. A schematic diagram illustrating the study design to characterize primary microglia from 

postnatal day 3 (P3) Grn+/+ and Grn−/− mice using scRNA-seq and NanoString nCounter 

neuroinflammation panel, and to prepare serum-free conditioned media from Grn+/+ and Grn
−/− P3-MG. In parallel, primary cortical neurons and GABAergic inhibitory neurons are 

isolated from the developing cortex and ganglionic eminences of embryonic day 15.5 

(E15.5) Grn+/+ and Grn−/− mice. After 14 days in vitro (DIV), Grn+/+ and Grn−/− microglial 

conditioned media (MCM) are added to Grn+/+ and Grn−/− excitatory neurons or 

GABAergic inhibitory neurons and incubate for 24 hours. b. t-SNE plots of scRNA-seq data 

from Grn+/+ and Grn−/− P3-MG revealed 4 distinct clusters and the extent of overlapping in 

cell density and cluster distribution between Grn+/+ and Grn−/− P3-MG. c. Comparison of 

clusters A of P3-MG with 2 to 19 months (mo) thalamic microglia (Th-MG) reveals more 

overlapping between P3-MG (black) and 19mo Th-MG (red). d. Hierarchical clustering of 

gene expression in Grn+/+ and Grn−/− P3-MG cluster A and 19 months old Th-MG. e. Venn 

diagrams showing the extent of overlapping between DEGs from 12 and 19 months old Th-

MG and DEGs in P3-MG identified by scRNA-seq (upper panel) or DEGs in P3-MG 

identified by NanoString nCounter Neuroinflammation panel (lower panel). Statistics use 

the hypergeometric test. f. Volcano plot showing the up- and down-regulated genes in Grn−/− 

P3-MG revealed by nCounter neuroinflammation panel. Statistics use nSolver software 

version 4.0, provided by the NanoString Technologies, Inc. g. Quantification of the DEGs in 
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Grn−/− P3-MG that are shared with 19 months Grn−/− Th-MG, including upregulation of 

Arhgap24 and Cables1, and downregulation of Chn2, Plxdc2, C1qa, Mef2c, Csf1r, Cx3cr1, 

Tgfbr1, Il6ra, Lair1, and Slco2b1. Data represent mean ± s.e.m., n = 4 for each genotype. 

Statistics uses two-tailed unpaired Student’s t test. h. Western blots and quantification show 

upregulation of Cathepsin B, Myosin Va, Adam33 and ATG7, but downregulation of Mef2c 

and Numb. Data represent mean ± s.e.m., n = 3 for each protein. Statistics uses two-tailed 

unpaired Student’s t test.

Extended Data Figure 6 |. Grn−/− microglial conditioned media (MCM)-induced cell death in 
Grn+/+ and Grn−/− cortical neurons and GABAergic neurons.
a. Representative confocal images of Grn+/+ and Grn−/− cortical neurons treated with control 

media, Grn+/+ MCM or Grn−/− MCM (100μg/ml) overnight. Immunofluorescent stains are 

performed using antibodies for MAP2 (green) and cleaved caspase 3 (red). Nuclei are 

highlighted using DAPI. b. Representative confocal microscopic images of GE-derived Grn
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+/+ and Grn−/− GABAergic interneurons treated with control media, Grn+/+ MCM or Grn−/− 

MCM (100μg/ml) overnight. Immunofluorescent stains are performed using antibodies for 

GAD67 (green) and cleaved caspase 3 (red). Nuclei are highlighted using DAPI.

Extended Data Figure 7 |. Nuclear pore defects in Grn−/−neurons treated with Grn−/− microglial 
conditioned media (MCM).
a. 3D Structured Illumination Microscopy (SIM) images of Nup98 and Lamin A/B in Grn+/+ 

and Grn−/− cortical neurons treated with control media, Grn+/+ MCM and Grn−/− MCM 

(250μg/ml). Nup98 is shown in red, Lamin A/B in green and MAP2 in blue. b. Nup98 

intensity distribution per intranuclear grid (0.44 × 0.44 μm2) in Grn+/+ and Grn−/− cortical 

neurons treated with control media and Grn−/− MCM (250μg/ml)(see METHODS for 

specific algorithms). Nup98 is less evenly distributed in Grn−/− cortical neurons in control 

media. When Grn+/+ neurons are treated with Grn−/− MCM, they show significant uneven 

distribution of Nup98 than Grn+/+ neurons treated with control media. Interestingly, Grn−/− 
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neurons treated with Grn−/− MCM do not show further defects in Nup98 distribution 

compared to Grn−/− in control media. Data represent mean ± s.e.m., Data are from 3 

independent cultures. Statistics use two-way ANOVA. c. Average of Nup98 intensity in the 

small grids in Grn+/+ and Grn−/− cortical neurons treated with control media, Grn+/+ MCM 

and Grn−/− MCM (250μg/ml). Data represent mean ± s.e.m.. The numbers listed below each 

dataset represent the number of neurons analyzed from 3 independent cultures. Statistics 

uses two-tailed unpaired Student’s t test.

Extended Data Figure 8 |. Overlap between TDP-43 granules in Grn+/+ and Grn−/− neurons with 
lysosomal marker LAMP1, but not with mitochondrial marker Tom20 and stress granule 
marker Ataxin-2.
a–c. Confocal images of TDP-43 granules and LAMP1+ lysosomes (a), Tom20+ 

mitochondria (b), or Ataxin-2+ stress granules (c) in Grn+/+ and Grn−/− cortical neurons 

treated with control media, Grn+/+ MCM and Grn−/− MCM (250μg/ml). TDP-43 is shown in 
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red and LAMP1, Tom20, and Ataxin-2 in green. Intensity plots shown below confocal 

images are performed using Nikon Intensity Profile System. Images are collected in the 

cytoplasm and dendrites. d. Immunogold electron microscopic images of TDP-43 granules 

in Grn+/+ and Grn−/− neurons treated with control media, Grn+/+ MCM or Grn−/− MCM 

(250μg/ml). Inset in right lower panel shows a small spherical structure, which likely 

represent a cross section of dendrite that contains many lysosomes with TDP-43 granules 

attached.

Extended Data Figure 9 |. Sodium arsenite-induced TDP-43 granules in Grn+/+ and Grn−/− 

cortical neurons do not colocalize with G3BP1+ stress granules.
a. Sodium arsenite treatment (10 μM, 1 hr) induces prominent TDP-43 granules (red) and 

G3BP1+ granules (green) in Grn+/+ and Grn−/− cortical neurons. However, the TDP-43 

granules and G3BP1+ granules show no evidence of colocalization in these neurons. b. 
Quantification using NIH ImageJ shows that the majority of TDP-43 granules are smaller 

than 0.05 μm2. In contrast to Grn−/− MCM treatment, sodium arsenite induces similar 
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TDP-43 granule formation in Grn+/+ and Grn−/− cortical neurons. Images in panel a and 

quantification in panel b were obtained from four independent cultures. Data represent mean 

± s.e.m.. Statistics use two-way ANOVA with multiple comparisons. c. Immunogold 

electron microscopy (IEM) reveals that TDP-43 granules induced by sodium arsenite (500 

μM) have morphology similar to those in Grn−/− thalamic neurons (Figure 2d) and Grn−/− 

cortical neurons treated with Grn−/− MCM (Extended Data Figure 8d). At least 8 IEM 

images were analyzed from 2 independent cultures per condition. d. Grn+/+ and Grn−/− 

cortical neurons are equally vulnerable to sodium arsenite treatment (10 μM, 1 hr). Data 

represent mean ± s.e.m. N indicates the number of independent cultures. Statistics use two-

tailed unpaired Student’s t test, ns, not significant.

Extended Data Figure 10 |. C1q and C3b produced by Grn−/− microglia promote TDP-43 
granule formation and cell death in Grn−/− neurons.
a. Immunohistochemical images of Grn+/+, Grn−/− and Grn−/−;C1qa−/−;C3b−/− mice at 7 

months show the upregulation of C1q and C3b in the ventral thalamus of Grn−/− mice. No 

C1q or C3b staining is detected in Grn−/−;C1q−/−;C3b−/− mouse brain, confirming the 

specificity of these antibodies. Insets in Grn−/− panels represent higher magnification of the 

boxed regions in the ventral thalamus. Results were analyzed in 3 mice per genotype. b. 
ELISA assays for C1q and C3b show increases of both proteins in Grn−/− MCM, but no C1q 

or C3b is detected in Grn−/−;C1qa−/−;C3−/− MCM. Data represent mean ± s.e.m., from 8 

independent microglial cultures for Grn+/+ and Grn−/− MCM, and 3 independent cultures 

from Grn−/−;C1qa−/−;C3−/− MCM. Statistics use two-tailed unpaired Student’s t test. c. 
Confocal images of cultured Grn+/+ and Grn−/− cortical neurons treated with purified human 

C1q (1μg/ml) or C1q+C3b (1μg/ml, each) indicate that complements are sufficient to 

promote the formation of TDP-43 granules in Grn+/+ and Grn−/− cortical neurons, whereas 

Grn−/−;C1qa−/−;C3−/− MCM fail to induce TDP-43 granule formation. d. Quantification of 
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cytoplasmic TDP-43 intensity (upper panel) and cell death (lower panel) in Grn+/+ and Grn
−/− neurons treated with C1q, C1q+C3b and C4. N in upper panel and lower panel indicates 

the number of independent cultures analyzed. On average, 6–8 images are obtained from 

each culture. Statistics use two-tailed unpaired Student’s t test. e. Quantification of 

cytoplasmic TDP-43 intensity (upper panel) and cell death (lower panel) in Grn+/+ and Grn
−/− neurons treated with control media, Grn−/− MCM, Grn−/−;C1qa−/− MCM or Grn−/−;C1qa
−/−;C3−/− MCM. Data represent mean ± s.e.m. Statistics use two-tailed unpaired Student’s t 
test, ns, not significant. N in upper panel and lower panel indicates the number of 

independent cultures analyzed. On average, 6–8 images are obtained from each culture. f. 
Quantification of cell death of Grn+/+ and Grn−/− neurons treated with Grn−/− MCM (250 

μg/ml) and two different concentrations of vitronectin (50 or 500 ng/ml), an inhibitor of the 

complement membrane attack complex. Data represent mean ± s.e.m. Statistics uses two-

tailed unpaired Student’s t test, ns, not significant. Data are obtained from 3 independent 

cultures.

Extended Data Fig. 11 |. Proposed model for the neurotoxic properties of Grn−/− microglia in 
promoting neurodegeneration in Grn−/− neurons.
Grn−/− microglia show progressive transcriptomic changes from 7 to 12 months old. Based 

on gene burden analysis from snRNA-seq data, Grn−/− microglia is the first cell cluster in 

the thalamus to show significant transcriptomic changes at 12 months. By 19 months, Grn−/− 

microglia exhibit much more profound changes in their transcriptomes, affecting the 

expression of genes implicated in plasma membrane bounded cell projection, exocytosis, 

phagocytosis, protein complex assembly, ion homeostasis/transport, MAPK cascade and 

receptor tyrosine kinase signaling. Consistent with the snRNA-seq results, 
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immunohistochemistry and in vitro cultures show that Grn−/− microglia show marked 

reduction in proteins required for homeostasis, including Tmem119 and P2Y12, but have 

elevated expression of lysosomal and proinflammatory proteins, including Cathepsin B, 

ApoE, Adam33, and many others. Our results suggest that the lysosomal defects in Grn−/− 

microglia may facilitate the production of complements, C1q and C3b, which promote the 

accumulation of nuclear and cytoplasmic TDP-43 granules, nuclear pore defects, and 

ultimately cell death in Grn−/− neurons. Interestingly, while purified human C1q and C3b 

can promote TDP-43 granule formation and cell death in Grn−/− neurons, these effects are 

less robust compared with Grn−/− microglia condition media (MCM). These results suggest 

that Grn−/− microglia may produce other unknown factors to facilitate neurodegeneration in 

Grn−/− neurons. This model does not exclude the possibility that complements C1q and C3b 

may have cell autonomous effects to activate Grn−/− microglia.
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Figure 1 |. Single-nucleus RNA-seq reveals age-dependent microglial pathology and neuronal 
vulnerability in the thalamus of Grn−/− mice.
a. Unbiased clustering of single-nucleus RNA-seq (snRNA-seq) data from Grn+/+ and Grn
−/− thalamus at 2, 4, 7, 12 and 19 months reveals 16 distinct cell clusters. b. Age-dependent 

increases of Grn mRNA expression in microglia in Grn+/+ thalamus, whereas Grn mRNA 

levels remain low in astrocytes, excitatory neurons (c3, c12 and c13), inhibitory neurons and 

endothelial cells. Data represent mean ± s.e.m.. n= 4 mice per genotype per age. Statistics 

use two-way ANOVA, with multiple comparisons between microglia and excitatory neurons. 

c. t-SNE plots show that the 16 cell clusters in Grn+/+ thalamus remain unchanged from 4 to 

19 months (top row). In contrast, the microglia cluster (c4) in Grn−/− thalamus shows 

changes in cell density and distribution in t-SNE plots from 7, 12 to 19 months, whereas the 

excitatory neuron clusters, including c3, c12 and c13, show significant reduction in cell 

density at 19 months. d–e. Normalized cell counts for microglia (c4) and excitatory neuron 

clusters (c3, c12 and c13) in Grn+/+ and Grn−/− thalamus. Data represent mean ± s.e.m.. n= 4 
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mice per genotype per age. Statistics use two-tailed unpaired Student’s t test. f. Gene burden 

analysis for glia and neuronal clusters in Grn−/− thalamus compared to Grn+/+ thalamus at 19 

months. Box plots show the median and 25–75th percentiles and the whiskers represent the 

maximum and minimum. Statistics use Mann-Whitney U test.
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Figure 2 |. TDP-43 proteinopathy and nuclear pore defects in Grn−/− thalamic neurons.
a. At 19 months, prominent Grn−/− microglia surround Foxp2+ Grn−/− thalamic neurons 

(arrowheads), which contain a robust increase in nuclear and cytoplasmic TDP-43 (arrows). 

b. At 12–24 months, many Grn−/− thalamic neurons shows distinct cytoplasmic TDP-43 

aggregates (arrows, right upper panel), many colocalizing with ubiquitin (arrows, right lower 

panel). Arrowheads highlight Iba1+ microglia (right upper panel) and ubiquitin+ aggregates 

not positive for TDP-43 (right lower panel). c. Quantification of nuclear and cytoplasmic 

TDP-43 intensity in Grn+/+ and Grn−/− thalamic neurons from 7 to 24 months. Confocal 

images containing >40 neurons were captured from n=3 mice per age per genotype. Data 

represent mean ± s.e.m.. Statistics use two-way ANOVA with multiple comparisons. d. 
Immunogold electron microscopy for TDP-43 and Nup98 in 12 months old Grn+/+ and Grn
−/− thalamic neurons. Arrows in left upper panel indicate intact nuclear membrane and 

arrowheads indicate rare TDP-43 near the nuclear pore in Grn+/+ neurons. In contrast, Grn
−/− neurons contain cytoplasmic TDP-43 granules attached to abnormal lysosomes 
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(arrowheads, left lower panel), and show frequently disrupted nuclear membrane (arrows) 

and displacement of Nup98 proteins from the nuclear membrane to the cytoplasm 

(arrowheads, right lower panel). e. By 19–24 months, many TDP-43 granules (green arrows, 

left panels) and Nup98 proteins (green arrows, right panel) are embedded within filamentous 

protein aggregates in the cytoplasm of Grn−/− neurons. f–g. Quantification of TDP-43 

granules and their association with intracellular organelles at 19 months. IEM images from 7 

to 21 neurons per mouse, 3 mice for each genotype, were used for quantification. Data 

represent mean ± s.e.m. Statistics use two-way ANOVA for panel f and two-tailed unpaired 

Student’s t test for panel g, ns, not significant.
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Figure 3 |. Progranulin deficient microglia promote TDP-43 proteinopathy in Grn−/− neurons.
a–b. Grn−/− microglia conditioned media (MCM) promote more cell death in Grn−/− cortical 

neurons (a) than GABAergic neurons (b). Data represent mean ± s.e.m. Statistics use two-

tailed unpaired Student’s t test. N indicates the number of independent cultures used for 

quantification. c. Images of mCherry-TDP-43-expressing Grn+/+ cortical neurons treated 

with control media (1st row) or Grn−/− microglia conditioned media (MCM)(2nd row), and 

Grn−/− neurons treated with control media (3rd row) or Grn−/− MCM (4th and 5th rows). 

Arrows in 4th and 5th rows indicate the extension of mCherry-TDP-43 from nucleus to 

cytoplasm. d. Quantification of nuclear mCherry-TDP43 signal in Grn+/+ and Grn−/− 

neurons for each time point in panel c. The left graph represents nuclear mCherry-TDP-43 

signal in Grn+/+ neurons, whereas the right graph represents data from Grn−/− neurons. Data 

represent mean ± s.e.m. Statistics use two-way ANOVA, ns, not significant. The number of 

neurons analyzed is indicated in each graph. See METHODS for the numbers of 

independent cultures for each condition. e. Confocal images of Grn+/+ and Grn−/− neurons 

treated with control media, Grn+/+ MCM or Grn−/− MCM. Grn−/− neurons treated with Grn
−/− MCM show robust accumulation of TDP-43 granules in the cytoplasm and dendrites 

(arrowheads), whereas the distribution of Ataxin-2 in these neurons is diffuse with no 

evidence of granule formation. f. Quantification shows most TDP-43 granules in Grn+/+ and 

Grn−/− neurons induced by Grn+/+ or Grn−/− MCM are smaller than 0.05 μm2. Compared to 

Grn+/+ MCM, Grn−/− MCM promotes more and larger TDP-43 granules in Grn−/− neurons. 

Data represent mean ± s.e.m., from 3 independent cultures. Statistics in dot plots use two-

tailed unpaired Student’s t test, whereas and the statistics in the cumulative plots use two-

way ANOVA.
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Figure 4 |. Complements C1q and C3b promote TDP-43 granule formation and 
neurodegeneration in Grn−/− mice.
a–b. Confocal and IMARIS 3D images of C1q and C3b proteins in the cytoplasm of Th-MG 

in 12 months old Grn+/+, Grn−/− and Grn−/−;C1qa−/−;C3−/− mice. Small amounts of C1q and 

C3b proteins are detected in Grn+/+ Th-MG where they colocalize with LAMP2+ or 

Cathepsin B+ vesicles (left panels), whereas much more abundant C1q and C3b proteins are 

present in Grn−/− Th-MG where these two proteins show overlap with LAMP2+ and 

Cathepsin B+ vesicles (arrowheads). No C1q or C3b signals are detected in Grn−/−;C1qa
−/−;C3−/− Th-MG. Similar results were obtained from n=3 mice per genotype. c. 
Immunohistochemistry show a near complete rescue of microgliosis (1st row) and PKCδ+ 

neuron loss (2nd row) in the ventral thalamus of 12 months old Grn−/−;C1qa−/−;C3−/− mice. 

Insets are higher magnifications for Iba1+ microglia and PKCδ+ neurons. Confocal images 

show the presence of cytoplasmic TDP-43 and Nup98 in Grn−/− neurons (arrows, 3rd row), 

but not in Grn−/−;C1qa−/−;C3−/− neurons. d. Stereology quantification of microglia and 
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PKCδ+ neuron in 12 months old Grn+/+, Grn−/−, Grn−/−;C1qa−/− and Grn−/−;C1qa−/−;C3−/− 

mice. Data represent mean ± s.e.m. The number of mice for each genotype is indicated at the 

bottom of each graph. Statistics use two-tailed unpaired Student’s t test, ns, not significant.
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