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Highlights

1) Bone marrow across the mouse body display heterogeneity in their molecular profile 

2) Calvaria cells have a distinct profile that is relevant to brain pathologies  

3) Brain native proteins are identified in calvaria in pathological states

4) TSPO-PET imaging of the human skull can be a proxy of neuroinflammation in the brain

Supplementary Videos can be seen at: http://discotechnologies.org/Calvaria/
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bones in the mouse body. Our results demonstrate 

molecular heterogeneity of immune cell populations 

among the different bones. Notably, the calvaria presented 

the most distinctive molecular signatures. Acute brain 

injury induced an increase in the number of calvaria cells 

with unique profiles that are similar to meningeal cells. 
Moreover, 18kDa-translocator protein (TSPO) positron-

emission-tomography (PET) imaging of Alzheimer’s 

disease, multiple sclerosis, stroke and 4-repeat 

tauopathy patients revealed increased tracer uptake in 

the skull. Notably, the TSPO signal in the skull followed 

distinct patterns in the different disease processes 

possibly reflecting differences in the underlying brain 
pathologies. These findings provide a valuable resource 
for bone marrow heterogeneity and also reveal that the 

human skull responds to brain inflammation, which could 
be monitored as a proxy to follow brain diseases.  

RESULTS

Bone marrow heterogeneity throughout the body

We set out to assess whether calvaria marrow contains 

any unique molecular profile of cells among the different 
bones. We collected bone marrow from three bone types 

throughout the mouse body (Fig. 1A): three flat bones, two 
long bones, and one irregular bone from cranial to caudal 

areas: calvaria, scapula, pelvis (ilium), humerus, femur, 

and vertebra (between thoracic level T5 to lumbar L3), 

respectively. Dura mater layer of the meninges (further 

referred to as meninges) and brain samples were also 

included in the dataset in order to assess the similarity 

between proximal bone marrow to these compartments.

Single-cell transcriptomics analysis of more than 100,000 

cells revealed 17 coarse and 54 fine cell types across 
the bones (Fig. 1B). We detected large numbers of 

neutrophils (~25%) and erythroid cells (~30%) in addition 

to monocytes, B cells, T cells, NK cells, and dendritic 

cells, among others (Fig. S1). Further analysis of the 

cells using Leiden clustering showed neutrophil-primed 

or monocyte-primed granulocyte-monocyte progenitors 

in addition to hybrid cells reported in the literature such 

as neutrophil-DC cells (11) (Fig. S2A). Interestingly, we 

observed high proportions of Cx3cr1 positive monocytes 

in all bones, which likely represent the physiological state 

of the cells (12, 13). Standard cell type proportions were 

homogeneously distributed among different bones (Fig. 

1C, Fig. S2). However, principal component regression 

analysis evidently displayed the transcriptional differences 

of cell types in different bones (Fig. 1D, Fig. S2C). 

Principal component regression analysis measures how 

strong one bone’s population diverges from the other 

bones’ pooled population for each cell type. For example, 

the calvaria’s neutrophils and monocytes diverged most 

compared to the neutrophils and monocytes of the other 

bones. NK cells and basophils of the femur diverged 

most compared to NK cells and basophils in the other 

bones. The region-based UMAP displayed a rather 

SUMMARY

The meninges of the brain are an important component 

of neuroinflammatory response. Diverse immune cells 
move from the calvaria marrow into the dura mater via 

recently discovered skull-meninges connections (SMCs). 

However, how the calvaria bone marrow is different from 

the other bones and whether and how it contributes to 

human diseases remain unknown. Using multi-omics 

approaches and whole mouse transparency we reveal 

that bone marrow cells are highly heterogeneous across 

the mouse body. The calvaria harbors the most distinct 

molecular signature with hundreds of differentially 

expressed genes and proteins. Acute brain injury induces 

skull-specific alterations including increased calvaria 
cell numbers. Moreover, TSPO-positron-emission-

tomography imaging of stroke, multiple sclerosis and 

neurodegenerative disease patients demonstrate 

disease-associated uptake patterns in the human skull, 

mirroring the underlying brain inflammation. Our study 
indicates that the calvaria is more than a physical barrier, 

and its immune cells may present new ways to control 

brain pathologies.

INTRODUCTION

Neuroinflammation determines major pathological 
outcomes for many brain diseases, thereby presenting 

both diagnostic and therapeutic opportunities (1). Many 

studies not only report increased brain inflammation 
mediated by microglia activation, but also by diverse 

somatic immune cells infiltrating the brain from the 
periphery (2). The meninges surrounding the central 

nervous system (CNS) serve as a gateway in which 

peripheral immune cells accumulate and subsequently 

invade the brain, especially during pathological events (3). 

Demonstration of skull-meninges connections (SMCs) 

between the calvaria marrow and meningeal surface of 

the brain (4, 5) suggests that meningeal immune cells 

might also originate from the calvaria marrow niches. 

Subsequent studies support the concept of migration of 

calvaria-originated monocytes, macrophages, and B-cells 

into dura mater via SMCs (6–9). Yet, the following critical 

questions remain to be answered (10) to understand if 

calvaria bone can be utilized to monitor and/or control 

brain inflammation: Are calvaria cells different from other 
bones in physiological and pathological states? Can brain 

pathologies induce unique changes in calvaria cells? 

Finally, what is the relevance for human disease: can we, 

for example, monitor brain inflammation via imaging of 
calvaria cells? 

The calvaria is positioned as a flat bone on top of the 
three-layered meningeal membrane surrounding the 

immune-privileged brain. Here, we investigated whether 

the calvaria marrow harbors cell populations that could 

make an important contribution to the brain’s inflammatory 
state. We used single-cell transcriptomics and mass 

spectroscopy-based proteomics to compare diverse 
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Fig. 1: xxx

homogenous distribution indicating there was no bone-

specific abundance for the given cell types (Fig. 1E). 

The dendrogram highlighted the effect of bone type and 

distance on transcriptomic profiles of the bones. The 
long bones, femur, and humerus, clustered together with 

the pelvis. Likewise, the two flat bones situated close to 

each other, scapula and calvaria, clustered together, and 

branched with the vertebra (Fig. 1E).

Calvaria cells exhibit distinct migratory signatures 

Diverse immune cell populations, including neutrophils, 

monocytes, and B-cells, can move from calvaria marrow 

Fig. 1 | Bones diverge based on transcriptional signature of cell types 

(A) Experimental design of single-cell RNA sequencing of calvaria, humerus, scapula, vertebra, pelvis and femur bones, meninges 

and brain are illustrated with a focus on the complex environment of the calvaria. 

(B) Cell type umap with fine annotated cell types in the surrounding with matching color. 
(C) Relative proportions of the coarse cell types are shown in a stacked bar plot. 

(D) PC regression plot shows how strong each bone’s cell population diverges from the pooled population of other bones by 

variance explained for each coarse cell type.

(E) The region based umap with a dendrogram demonstrates the hierarchical relationship among different bones. 

(n = 3 animals pooled).
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2A). Most of these genes were expressed in progenitor 

cells such as pro neutrophils, granulocyte-monocyte 

progenitors, and erythroid progenitors (Fig. 2A). Calvaria 

displayed the highest number of DEGs (23 genes) 

among individual bones. The myeloid lineage harbored 

the highest number of DEGs. Nonclassical monocytes, 

mature and immature neutrophils, and monocyte-

primed granulocyte-monocyte progenitor (GMP)s 

to the dura mater of the meninges via SMCs (4–7). 

To gain insight into the specific molecular signature of 
calvaria cells, we analyzed differentially expressed 

genes (DEGs) and ligand-receptor pairs in all bones 

(DEGs defined by p < 0.05 and log fold (LF) change 
> 2 based on two-t-tests, see Methods). We found the 

highest number of DEGs with around 80 genes, present 

in the module femur, pelvis, vertebra and humerus (Fig. 

Fig. 2 |  Bone marrow proximal to CNS borders display unique migratory signature

(A) Differentially expressed genes for fine cell types (p<0.05, logFC>2.), display about 80 genes expressed in all bones except 
for the calvaria in several cell types. Highest number of unique differentially expressed genes are found in the calvaria with >20 

genes. Nra4a1, Nr4a2, Osm, Ptgs2, Atf3 are differentially expressed in more than one cell type. 

(B) Differentially expressed genes are given in a matrix plot with GO terms associated for each group of genes belonging to only 

calvaria, all bones except for calvaria and all bones except for vertebra.

(C) Ligand-receptor pair analysis among the bones reveal a common interaction module in addition to unique interaction modules 

in bones, and modules that are present in all bones except for one bone. 

(D) Ligand-receptor pair analysis showing the ligands (upper) and receptors (lower) in a heatmap. The bar plot with bone names 

reflect the total number of interaction partners detected for a region, lower bar plot reflect total numbers of detected pairs in a 
given module. 

The minimal mean expression among bones is set to zero and the maximal to one. “not calvaria/vertebra” means that, that module 

is present in all other bones except for ‘calvaria/vertebra’ in both heatmaps. (n = 3 animals pooled).
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based on our transcriptomics data using CellPhoneDB 

and identified several bone-type unique interactions (Fig. 

2C). We found a core module common to all bones (1745 

pairs) mostly involved in cell migration pathways, cytokine 

production, and regulation of immune system processes 

such as Pecam1-Cd1777 and Cd74-Mif (27) (Fig. S2E). 

Among unique interactions of individual bones, calvaria 

(540 pairs) ranked the highest followed by femur (436 

pairs) and vertebra (333 pairs) (Fig. S2E, Fig. S3). 

Calvaria showed unique pairs of ligand-receptors mostly 

in myeloid lineage cells including Lgals9-Lrp1, Csf1-

Slc7a1, and Lgals9-Dag1 (involved in migration and 

adhesion), Selp-Selpg (immune cell rolling) (28) and 

Tnf, Csf1, Il1b, and Mif (pro-inflammatory roles) (Fig. 

S2E, Fig. S3). Vertebra’s unique ligand-receptor pairs 

revealed terms such as Icam1 and Cd44 (adhesion-

related), as well as Cd28 (T-cell related) (Fig. 2D, Fig. 

S3). In conclusion, calvaria displayed the highest number 

of DEGs and receptor-ligand pairs underlining its distinct 

molecular profile related to migration and inflammation, 
especially in the myeloid lineage during homeostatic 

conditions. 

expressed genes related to the regulation of apoptotic 

processes and programmed cell death pathways (Fig. 

2B). Differential expression modules of all bones except 

calvaria and all bones except vertebra constituted mostly 

of genes involved in metabolic processes, hinting at a 

lower metabolic activity in the calvaria and vertebra 

relative to the other bones. Calvaria-unique DEGs 

were mostly transcription factors and immediate early 

genes with a broad range of functions. These genes 

included Nr4a1, Nr4a2 (involved in cellular proliferation, 

apoptosis, and metabolism, T cell regulation) (14), Egr1 

(B-cell development and proliferation) (15, 16), Osm 

(hematopoietic bone marrow and cell mobilization) (17, 

18), Ier2 (cell motility and neuronal differentiation) (19, 

20), Apol8 (promoting neuronal differentiation) (21) and 

Cd14 (Alzheimer’s disease pathogenesis) (22). Lastly, 

the calvaria exhibited differentially expressed pro- and 

anti-inflammatory genes, such as Il1b (23), Ptgs2 (24), 

Acod (25), and Thbs2 (26), some of which are also known 

to be involved in cell adhesion and migration. 

We next investigated the ligand-receptor (LR) interactions 

(legend on next page)
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Fig. 3 | Brain injury instructs shift in transcriptome in which similarity among bo-
nes increases

(A) Schematic outline of the MCAo surgery, dpi stands for days post injury.  

(B) Dendrograms for sham and MCAo conditions. 

(C) Relative proportions of the coarse cell types after injury: sham and MCAo. 

(D) Pc regressions reflect how strong each bone’s population diverges from the pooled population of other bones by variance 
explained for each coarse cell type for both sham and MCAo conditions, combined. 

(E) Differentially expressed genes in MCAo condition are given. 

(F) Gene expressions of calvaria unique and calvaria excluding modules are shown in a heatmap with associated GO terms. 

(G) Ligand-receptor interactions in MCAo condition is demonstrated. There is an overall increase in the common module compared 

to physiological conditions. 

(H) The heatmap represents, calvaria, vertebra, femur, calvaria and vertebra common, calvaria excluding and vertebra excluding 

modules’ ligand (upper) and receptor (lower) expression. Associated biological pathways from GO terms are on the right. The bar 

plot with bone names reflect the total number of interaction partners detected for a region, lower bar plot reflect total numbers of 
detected pairs in a given module. 

The minimal mean expression among bones is set to zero and the maximal to one. (n=3 pooled animals for sham and n=6 pooled 

animals for MCAo). “not calvaria/vertebra” means that, that module is present in all other bones except for ‘calvaria/vertebra’ in 

both heatmaps. 

decreased, calvaria presented the most DEGs among 

bones which were expressed in mature and immature 

neutrophils (Fig. 3E,F). Some of these overlapped with 

the DEGs in naïve conditions, such as Ptgs2 and Egr1, 

which are involved in inflammatory response (24, 33). 

Some other unique DEGs included Nr4a3 (promoting 

T-cell proliferation and reducing progenitor proliferation) 

(14), Cxcl2 (a well-known neutrophil chemoattractant) 

(34) and Ighg1 (increasing mature B-cells) (35). Ligand-

receptor interaction analysis showed that the calvaria 

had the highest number of distinct pairs (309) also in 

MCAo, while vertebra had 168, and femur had 189 (Fig. 

3G). Interestingly, calvaria pairs’ gene ontology results 

showed terms almost exclusively related to adhesion 

(Fig. 3H). On the other hand, femur for example, had 

unique pairs more related to inflammatory processes. 
Calvaria unique interactions involved different subtypes 

of neutrophils (Fig. S5). 

Pro- and anti-inflammatory signatures of calvaria are 
driven mostly by neutrophils

Next, we investigated the distinct profiles of neutrophils 
(Fig. 4). Examining their developmental trajectories 

using RNA velocity in its scVelo implementation, we 

found a subset of mature neutrophils from calvaria cells 

clustering next to a group of neutrophils found in the 

meninges (Fig. 4A). This observation was also quantified 
by pseudo-time analysis (Fig. 4B). Proportions previously 

also showed higher mature neutrophils in the calvaria 

region (Fig. S1A, sham, and MCAo column). The 

representative phase portrait of a calcium-binding gene 

S100a6 confirmed the validity of our scVelo analysis 
(Fig. 4C). To further investigate the similarity of mature 

neutrophils in the calvaria and meninges, we performed 

branching trajectory analysis using partition-based 

graph abstraction (PAGA) as recently recommended 

for complex trajectories in a benchmark study (36). We 

Calvaria cells respond to pathologies

After identifying bone heterogeneity and unique 

transcriptome of calvaria cells, we investigated how bone 

marrows react to a localized brain lesion. To this end, 

we chose the middle cerebral artery occlusion (MCAo) 

stroke model in mice (29). In MCAo, the mice first undergo 
a neck incision to expose the carotid artery before 

the occlusion of the MCA (Fig. 3A). Thus, the sham-

operation procedure without MCA occlusion mimics a 

systemic injury (29–31). We therefore compared MCAo 

(systemic injury + brain injury), sham (systemic injury 

alone) and naïve (no operation) to dissect out the specific 
consequences of brain injury alone. 

First, we imaged whole mouse bodies at cellular 

resolution by vDISCO tissue clearing (32) and found 

that the number of total cells (PI-labeled cells) were 

increased in the calvaria marrow of mice after stroke 

compared to controls (Fig. S4A, Videos S1 and S2). 

Next, hierarchical clustering of bone scRNAseq data 

showed differences between the sham and MCAo, 

e.g., calvaria clustered on its own in MCAo (Fig. 3B). 

The percentage of neutrophils in both MCAo and sham 

conditions was increased compared to naïve (Fig. S1A). 

The monocyte proportions were drastically altered, and 

the B-cell progenitors depleted (Fig. 3C, Fig. S1B-C). 

Pc regression analysis showed that calvaria’s NK cells 

and neutrophils, and vertebra’s dendritic cells were the 

most distinct (Fig. 3D, Fig. S2D). Differential expression 

tests revealed significant differences between groups 
(Fig. S4D-H) mostly related to metabolic processes (Fig. 

S4F). Calvaria and vertebra showed common ligand-

receptor interaction pairs involved in cell migration which 

differed from the femur’s cell migration-related pairs (Fig. 

S4I,J). 

In the MCAo, while the number of DEGs for all bones 
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observed a clear distinction between the naïve vs. injury 

group with the meninges positioned in the middle (Fig. 

4D). The meningeal neutrophils from the naïve condition 

connected with almost all bones in the naïve condition, 

whereas the sham and MCAo meningeal neutrophils 

indeed connected to the calvaria’s sham and MCAo, 

revealing a similarity between their late-stage neutrophil 

population profiles. 

Next, we sought to quantify the pro- vs. anti-inflammatory 
signatures observed in the calvaria based on the 

expression of known markers such as Il6, Il1a, Il1b, and 

Tnf (pro-inflammatory) and Il1rn, Tgfb1, Il4, Il10, Il12a, 

and Il13 (anti-inflammatory) (7, 37). Calvaria displayed 

the highest pro-inflammatory signature among bones in 
all conditions (Fig. 4K). Neutrophils had the highest pro-

inflammatory signature in the calvaria, while B-cells had 
none (Fig. 4K-N). All cells including neutrophils displayed 

the most anti-inflammatory signature in calvaria in naïve 
condition (Fig. 4K-N). These data imply that the calvaria 

has both pro- and anti-inflammatory profiles in naïve 
conditions, which switch to a more pro-inflammatory 
signature during stroke. 

Protein-level bone heterogeneity corresponds with 

transcriptomic profiles
Besides the transcriptome, we also investigated the 

bone heterogeneity using liquid-chromatography mass 

spectrometry-based proteomics (Fig. 5A, Fig. S6). 

We identified a total of 6159 proteins (Fig. S6A). The 

hierarchical clustering of bone proteome showed similar 

results to scRNAseq: the calvaria was more distinct 

than other bones, whereas for example the humerus, 

femur, and pelvis were closer in PCA space (Fig. 5B). 

Likewise, calvaria proteome branched out separately 

in hierarchical clustering (Fig. 5C). The bone signature 

in each condition was distinct. The calvaria had 21 

proteins uniquely detected in naïve, 20 in sham and 16 

in MCAo conditions (Fig. S6B, Table S3). Enrichment 

analysis revealed that cell adhesion, collagen catabolic 

process, and cell motility terms were frequent in naïve, 

extracellular matrix related terms in sham conditions. 

Interestingly, in MCAo, serotonin neurotransmitter 

release cycle, dopamine neurotransmitter release cycle, 

presynapse, regulation of neurotransmitter levels, cell 

adhesion, and biological adhesion terms were detected 

among others (Fig. S6B). No CNS or adhesion related 

terms were found in unique proteins detected in other 

bones (data not shown). Additionally, calvaria showed a 

high abundance of collagen (Col1a2, Col1a1, Col18a1), 

extracellular space (Nrp2) and adhesion terms (Omd, 

Angptl3), extracellular space and adhesion terms among 

bones, which might suggest unique functions besides 

inflammation (38) (Fig. S6C). 

Next, we used a deep-learning-based variational 

inference model, DestVI (39), to deconvolute cell types 

in proteomics data (Fig. 5D) under the assumption of 

correlated protein-expression values per gene. The 

resulting cell type markers matched with known cell 

markers such as Ly6d and Igkc for B-cells, F10 and 

Fn1 for monocytes, Cd63 and Ctss for macrophages, 

Mmp9 for neutrophils and Irf8 for dendritic cells (Fig. 

S6E). The resulting UMAP highly matched with the 

single-cell transcriptome, which indicates validity of our 

assumptions for the deconvolution. The neutrophils, 

(A) Projected developmental trajectory of MCAo neutrophils subset using scVelo.

(B) Pseudotime analysis of naïve, sham and MCAo from top to bottom with normalized cell counts in each condition for each 

region. 

(C) Phase portrait showing unspliced and spliced counts in neutrophils of gene S100a6 for naïve, sham and MCAo condition 

respectively. 

(D) PAGA analysis on the neutrophils subpopulation. 

(E) Venn diagrams depicting the DE genes among meninges, calvaria and other bones, in naïve condition.

(F)Matrix plot shows mean expressions of genes that are up regulated in meninges and in a single other group in naïve condition.

(G) Venn diagrams depicting the DE genes among meninges, calvaria and other bones, in sham condition. 

(H) Matrix plot shows mean expressions of genes that are up regulated in meninges and in a single other group in sham condition.

(I) Venn diagrams depicting the DE genes among meninges, calvaria and other bones in MCAo condition. 

(J) Matrix plot shows mean expressions of genes that are up regulated in meninges and in a single other group in MCAo condition.

(K) Mean and standard deviation of pro- (top) and anti-inflammatory (bottom) score over cells of all cell types in naïve, sham and 
MCAo condition.

(L) Mean and standard deviation of pro- (top) and anti-inflammatory (bottom) score over neutrophils in naïve, sham and MCAo 
condition.

(M) Mean and standard deviation of pro- (top) and anti-inflammatory (bottom) score over B cells in naïve, sham and MCAo 
condition.

(N) Mean and standard deviation of pro- (top) and anti-inflammatory (bottom) score over monocytes in naïve, sham and MCAo 
condition. Significance of the changes in the pro- and anti-inflammatory scores are available in Table S1.

Fig. 4 | Calvaria neutrophils share transcriptomic signature with meningeal neutro-
phils after brain injury and pro- and anti-inflammatory scores for bones
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Fig. 5 | Deconvolution of the cell types in the proteomic data reveals common 
ligand-receptor pairs highly expressed in the calvaria

(A) Schematic for our proteomics experiment, the experiment was the same as single cell RNA sequencing experiment.

(B) Principal component analysis and 

(C) Hierarchical clustering demonstrate variability among bones over the three conditions: naïve, sham and MCAo.

(D) Schematic of DestVI is given, which is applied to our proteomic data to infer an estimate of cell-type specific gene expression. 
(E) Umap shows coarse cell types after deconvolution with DestVI. 

(F) Umap shows regions after deconvolution with DestVI. 

(G) Umap shows conditions after deconvolution with DestVI. 

(H) Calvaria unique common ligand and/or receptors in scRNAseq data and proteomics data. 

Volcano plot between calvaria and brain in naïve (left) and MCAo (right) condition (0.05>p, LFC=0.5). 

(n=3 biological replicates).  

of differentially expressed proteins between calvaria 

and brain substantially decreased after MCAo (250 vs. 

63 upregulated proteins in MCAo calvaria) (Fig. 5I). 

202 of the upregulated proteins in the skull in naïve 

condition were no longer upregulated after MCAo. To 

further examine potential calvaria-brain bi-directional 

communication, we analyzed the least differentially 

expressed proteins. We found proteins with increased 

expression exclusively in the calvaria among bones after 

MCAo including Gap43 (involved in presynaptic vesicular 

function and axonal growth) (40) and Atp1a3 (expressed 

in neuronal tissue) (41) (Fig. S6I). The presence of brain-

related proteins in calvaria may suggest a bidirectional 

calvaria-brain communication. 

TSPO signal in the skull can differentiate 

inflammatory, ischemic and neurodegenerative CNS 
diseases  

To start investigating the relevance of our findings to 
human disease, we first used 3D imaging of cleared 

B-cells, and erythroid lineage were separated, and the 

lymphoid lineage, innate lymphoid cells, NK, NK-T, and 

T cells were overlayed (Fig. 5E,F). We also observed 

protein groups related to the lymphoid cell and dendritic 

cell lineage in MCAo but not in other conditions (Fig. 

5G). Based on this resemblance to transcriptomics 

analysis, we set out to compare ligand-receptor pairs 

in calvaria. Seven out of the 40 proteins in naïve, 8 out 

of the 47 proteins in sham, and 6 out of 48 proteins in 

MCAo conditions were common to ligand-receptor genes 

detected in the transcriptomics data (Fig. 5H). Lgals9 

was a repeated common protein present in all three 

conditions and the Lgals9 and Dag1 pair was common 

for the naïve condition.

After MCAo, the correlation between calvaria and brain 

proteomes slightly increased and showed the highest 

coefficient of determination (Fig. S6F), suggesting 

a potential exchange of proteins/peptides between 

calvaria and brain after injury. For example, the number 
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Fig. 6 | Distinct TSPO uptake patterns are observed in the skull of patients with 
inflammatory, ischemic and degenerative CNS diseases
(A) Channels connecting calvaria’s bone marrow to the meninges is shown in human calvaria. Iba1+ labeled macrophages are 

observed in the bone marrow, the channel and the meninges.

(B) Human bone marrow labelled for cell nuclei (with PI, in green), macrophage (with Iba1, in magenta) is shown with calvaria 

bone (autofluorescence). The image depicts the closeness of the bone marrow cavities to the surface of the head to underline the 
potential for diagnostics and therapeutics of calvaria.

(C) Significantly elevated TSPO RNA levels are detected between the naïve vs injury (MCAo + Sham) condition in the skull from 
the scRNAseq data.

(D) Average TSPO-PET signal in stroke, primary progressive multiple sclerosis (PPMS), relapsing remitting multiple sclerosis 

(RRMS) and 4-repeat tauopathy (4RT) patients. TSPO-PET signal quantifications in skull regions adjacent to different brain 
regions: (E) temporopolar, (F) skull base, (G) prefrontal area. 1-way ANOVA with Bonferroni post hoc correction. Data were 

normalized to age-matched controls at the group level prior to analysis. ANOVA included age, sex and TSPO single nucleotide 

polymorphism as covariates. Significant differences of disease vs. controls are indicated.
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Fig. 7 | Calvaria inflammation parallels to brain inflammation in Alzheimer patients

(A) 3D surface projection (triple fusion with CT and MRI templates; quadrant cut (left); transparent CT (right) displaying increased 

activity within skull) shows %-TSPO-PET differences between patients with AD and healthy controls at the group level. Images 

indicate increased TSPO labelling in the skull in patients with AD when compared to HC pronounced in fronto-parietal skull regions.

(B) 2D projection upon CT template shows %-TSPO-PET differences between patients with AD and healthy controls at the group 

level in skull and brain. Note the strong increases of skull TSPO labelling (indicated by white arrows) in patients with AD when 

compared to HC which exceed the differences in TSPO labelling of the brain in the same contrast. 

(C) and (D) Coronal and sagittal slices upon a CT template show TSPO-PET in one healthy control (HC) (57 years old, female, 

MMSE 29) and in one patient with Alzheimer’s disease (AD; 63 years old, female, MMSE 24). Elevated TSPO labelling in fronto-

parietal skull is visualized (white arrows) in the patient with AD when compared to the healthy control. 

(E) Quantification of fronto-parietal skull signal differences (p=0.018; two-tailed t-test, controlled for age, sex and TSPO-binding 
single nucleotide polymorphism).

(F) Quantification of fronto-parietal skull signal sex differences (p<0.001; controlled for age and TSPO-binding single nucleotide 
polymorphism) and 

(G) Quantification of fronto-parietal skull signal age associated patterns (p=0.015, two-tailed t-test, controlled for sex and TSPO-
binding single nucleotide polymorphism) among 52 AD continuum patients vs. 13 healthy controls.

Data are means ± SD. SUVr = standardized uptake value ratio.

human post-mortem calvaria samples with dura. Our 

data showed the presence of SMCs with numerous 

Iba1+ immune cells (Fig. 6A). This suggests potential 

trafficking of these cells between the calvaria marrow 
and the dura in humans similar to mice (Video S3). We 

also observed several bone marrow cavities as close as 

250 µm to the skull surface, making the cells in the bone 

marrow cavities more accessible compared to deep brain 

parenchyma regions (Fig. 6B). 

After establishing calvaria’s inflammatory response 
to brain injury, we examined whether this response 

could be observed in vivo. TSPO is a protein markedly 

upregulated in the brain during neuroinflammation and 

is used as biomarker in pre-clinical and clinical research 

(42). We found significantly higher Tspo RNA levels in the 

mouse calvaria in injury conditions compared to naïve 

(Fig. 6C). Next, we assessed whether TSPO imaging of 

skull would give any hints on underlying brain pathologies 

in human. To this end, we assessed the TSPO-PET 

signal in the skull of stroke, relapsing remitting multiple 

sclerosis (RRMS) (43) and primary progressive multiple 

sclerosis (PPMS) patients as well as 4-repeat tauopathy 

(4RT) patients (44). Our data demonstrated elevated 

skull inflammation in each cohort of patients with different 
patterns (Fig. 6D-G). In stroke and multiple sclerosis, 

which show prominent neuroinflammation driven at 
least partially by immune cell infiltration to the CNS, we 
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DISCUSSION

Neuroinflammation has been considered a major 
pathological event in many CNS disorders. Recently 

discovered connections between dura and neighboring 

calvaria marrow suggest that the calvaria could be a new 

gateway to understand and monitor brain inflammation 
especially through cells and molecules unique to the 

calvaria-meninges-brain axis. 

Bone heterogeneity and unique calvaria profile in 
brain pathologies 

The bone marrow contains mesenchymal and 

hematopoietic stem cells and supplies most cellular 

components of inflammation, including red blood 
cells, platelets, and white blood cells. So far, no major 

differences between different bone marrows have 

been reported. Our study shows that there is a clear 

heterogeneity of marrow cells among different bones 

suggesting the possibility of localized functions in the 

body through different bones. Bone heterogeneity was 

more pronounced in the calvaria, which exhibits a different 

myeloid and B cell gene profile. Genes mostly related 
to immediate early genes, transcription factors such as 

the Nr4a family (45), cell migration and inflammation 
were highly expressed in the calvaria. We also found 

various protein/peptide groups related to cell migration, 

inflammation, and cell stimulation. Moreover, our findings 
of brain-related proteins in the calvaria marrow suggest 

that communication along the calvaria-meninges-brain 

axis might occur in both directions. 

Specifically, the neutrophils presented heterogeneous 
subpopulations reflecting the different stages of 
maturation (24, 33, 46). Analysis of ligand-receptor 

interaction enabled the identification of interactions 
essential for migration and adhesion. For example, 

Lgals9-Dag1 and Lgals9-Lrp1 were detected, which 

could be specifically targeted to change the course of 
inflammation in the brain. Yet, currently it is still unclear 
what fraction of immune cells and under which conditions 

reach the meninges from the calvaria (6, 47, 48) and 

calvaria independent routes such as blood circulation 

and choroid plexus (48). 

Human calvaria and its involvement in brain 

pathologies

Here we utilized tissue clearing of large human skull 

with dura samples (49) and demonstrated not only the 

structure of SMCs at the microscale but also the presence 

of immune cells inside, suggesting that similar to SMCs 

in mice, they facilitate immune cell trafficking in humans. 

Several studies demonstrated the utility of TSPO-

PET imaging of brain to diagnose and monitor 

neurological diseases such as AD, Huntington disease 

(HD), amyotrophic lateral sclerosis, Parkinson’s 

disease, multiple sclerosis and migraine (50, 51). Our 

observed significantly increased TSPO tracer uptake in 
the skull covering the temporal pole (Fig. 6E). Whereas 

both RRMS and PPMS patients also showed elevated 

TSPO uptake in the skull base (Fig. 6F) and adjacent 

bone structures, stroke patients displayed increased 

TSPO signals in the skull over the prefrontal cortex (Fig. 

6G). In 4RT patients (movement disorders with motor 

symptoms and dementia), we observed the increased 

TSPO signal mainly in the prefrontal region (Fig. 6G). 

These results indicate that TSPO PET imaging of the 

skull can reveal distinct signal patterns in inflammatory, 
ischemic and degenerative CNS conditions.

Next, we investigated whether TSPO-PET imaging of skull 

can also show underlying brain pathology in AD patients, 

in which neuroinflammation is more subtle compared to 
stroke and multiple sclerosis. To this end, we assessed 

TSPO-PET in 52 AD patients compared to 13 healthy 

controls. We used 3D surface projections on a CT template 

to show the %-TSPO-PET differences. Our data showed 

a clear increase in TSPO signal in fronto-parietal calvaria 

regions of patients with AD, mirroring the increased signal 

of the underlying fronto-parietal brain regions (Video S4, 

white arrow in Fig. 7A,B). Exemplary section-views on 

an individual AD patient compared to a healthy control 

showed a similar TSPO signal increase in the calvaria 

(Fig. 7C,D; all subjects quantified in E). Additionally, 

the overall TSPO signal was increased in women over 

men and was negatively associated with age (Fig. 7F,G). 

Our data did not indicate significant associations with 
clinical severity based on cognitive tests such as Mini-

Mental-State Examination (MMSE), the Consortium to 

Establish a Registry for AD (CERAD) neuropsychological 

test battery and the Clinical Dementia Rating (CDR) nor 

any significant associations with specific clinical stages 
of AD such as in the comparison of the prodromal stage 

characterized by subjective cognitive decline (SCD) or 

mild cognitive impairment (MCI) and the AD dementia 

stage (Fig. S7A,B). All AD subgroups displayed a 

homogenous increase in the calvaria TSPO signal (Fig. 

S7A,B) suggesting that calvaria may prognose all AD 

subtypes regardless of their stage. We report significant 
associations between TSPO levels in the calvaria with 

brain TSPO-PET increases in Braak stage VI regions. 

Moreover, we report decreased β-amyloid42 but not 
β-amyloid40 concentration in CSF (with age, sex, MMSE 
and single nucleotide polymorphism as covariates) (Fig. 

S7C-E). Lastly, we observed a column pattern when 

assessing regional correlations of calvaria with the 

brain, which suggests that the brain TSPO, regardless of 

where it originates, is reflected overall in calvaria TSPO 
(Fig. S7F-I). Overall, these results suggest that the skull 

can serve as a proxy for monitoring inflammation in the 
underlying brain regions.
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request. The skull sample used in this study comes from 

a female.

Middle cerebral artery occlusion (MCAo) model

The MCAo model was used to generate transient 

cerebral ischemic strokes by introducing an intraluminal 

filament through the carotid artery of mice anesthetized 
with isoflurane mixed with 30% O

2
 and 70% N

2
O. To 

initiate the occlusion the left common carotid artery and 

interna of the animal were permanently ligated and a 

silicon capped nylon suture (6/0) was introduced through 

a cut in the common carotid artery and advanced through 

the external carotid artery until it reached and obstructed 

the MCA for 30 minutes. Regional cerebral blood flow 
was monitored, in the bregma coordinates 2-mm 

posterior, 5-mm lateral, via transcranial laser Doppler 

flowmeter from the induction of stroke until 10 minutes 
after retraction of the filament and reperfusion took 
place. After the procedure, mice were left for recovery 

in temperature-controlled cages for two hours in order 

to minimize the risk of hypothermia. Sham-operated 

animals were subjected to the same procedure without 

the insertion of the filament. Body temperatures were 
kept constant throughout all surgeries with a feedback-

controlled heating pad at 37.0 ± 0.5 °C. Animals were 

then kept in their home cages with facilitated access to 

water and food whilst being subjected to behavioral tests 

for three days. Mice were excluded in case of insufficient 
MCA occlusion (a reduction in blood flow to 15% of the 
baseline value) or blood flow recovery >80% within 10 
min of reperfusion. 

Behavioral experiments - Neuroscore

Neuroscore (29) was performed to assess each animal’s 

general and focal deficits every day. The scoring was 
composed of general deficits (scores): fur (0 to 2), ears 
(0 to 2), eyes (0 to 4), posture (0 to 4), spontaneous 

activity (0 to 4), and epileptic behavior (0 to 12); and focal 

deficits: body asymmetry (0 to 4), gait (0 to 4), climbing 
on a surface inclined at 45° (0 to 4), circling behavior (0 

to 4), fore-limb asymmetry (0 to 4), compulsory circling 

behavior (0 to 4), and whisker response to touch (0 to 4). 

This resulted in a score of 0 to 56 in total; up to 28 from 

general and up to 28 from focal deficits.

Perfusion, fixation and tissue preparation
After the mice were anesthetized with a mixture of 

midazolam, medetomidine and fentanyl (MMF) (1ml/100g 

of body mass for mice; i.p.), and showed no pedal 

reflex, they were intracardially perfused with 0.1 M PBS 
(combined with heparin, 10 U/ml, Ratiopharm). 100-125 

mmHg pressure with a Leica 13 Perfusion One system 

was used for perfusion. PBS ran for 3-4 minutes for 

single-cell isolation experiment, 5-10 minutes for tissue 

clearing experiments to let the blood wash out at room 

temperature. For single-cell isolation experiments, bones 

were dissected as detailed in the Single cell isolation 

method section. For the tissue clearing experiments, 

transcriptomics data also showed increased Tspo levels 

after MCAo-induced stroke in mice. Furthermore, using 

a third generation TSPO-PET ligand [18F]GE-180 (52), 

we observed elevated TSPO-PET signals that showed 

distinct patterns in the skull of stroke, dementia, multiple 

sclerosis and movement disorder patients. In AD patients, 

the TSPO uptake was more pronounced in women and 

decreased with age maybe due to differences in the skull 

marrow structure (53). Moreover, we observed a stronger 

global inflammation signal in the human skull compared 
to the signal from the brain parenchyma, suggesting that 

skull imaging can be used as an early diagnostic tool for 

brain pathologies. In AD, the blood-brain-barrier remains 

mostly intact compared to for example, stroke and multiple 

sclerosis limiting the penetration of TSPO-PET ligands 

including [18F]GE-180 (52) into the brain parenchyma 

while the skull remains accessible. As calvaria cells are 

localized very close to the surface, it could be easier 

and faster to image them by different, for example, 

optoacoustic imaging (photoacoustic) technologies, 

which are portable and less costly compared to MRI/PET 

imaging (54). Cloud integration of such portable imaging 

devices would create early diagnostic and treatment 

options.

Altogether, our data support the notion that the calvaria 

uniquely responds to pathologies of the brain. Future 

research will show if there are similar direct connections 

from the other ~200 bones of the human body to the 

surrounding tissues. Perhaps they can also be utilized 

to locally monitor and control inflammation and other 
pathological events such as cancer metastasis.

METHODS

Animals

Animal housing and experiments in this work were 

conducted in agreement to the institutional guidelines 

(Klinikum der Universität München/Ludwig Maximilian 

University of Munich, Technische Universitaet Muenchen, 

Regierung von Oberbayern), after approval of the ethical 

review board of the government of Upper Bavaria 

(Regierung von Oberbayern, Munich, Germany), and in 

accordance with the European directive 2010/63/EU for 

animal research. The transgenic lines used in this study 

are C57BJ/J, LySM-GFP (Lyz2tm1.1Graf, MGI: 2654931) 

and 5xFAD (B6SJL-Tg(APPSwFlLon,PSEN1*M146L*

L286V)6799Vas/Mmjax MGI:3693208) acquired from 

Charles River and Jackson Laboratory. 

Human skull samples

All donors gave their informed and written consent to 

explore their cadavers for research and educational 

purposes, when still alive and well. The signed consents 

are kept at the Anatomy Institute, University of Leipzig, 

Germany. Institutional approval was obtained in 

accordance to the Saxonian Death and Funeral Act of 

1994. The signed body donor consents are available on 
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was used to boost the signal from the LysM animals 

and stain cell nuclei respectively in the study. Then, the 

animals were placed back into the initial perfusion setup, 

where washing solution was perfused for 2x12h, which 

was composed of; 1.5% goat serum, 0.5% Triton X-100, 

0.05% of sodium azide in 0.1 M PBS. 0.1 M PBS was 

used to wash the sample 3x2h. 3DISCO protocol was 

applied for whole body clearing. The animals were freed 

from the perfusion system, but kept in glass chambers 

and placed on top of shakers (IKA, 2D digital) at room 

temperature inside a fume hood. Glass chambers were 

sealed with parafilm and covered with aluminum foil 
along with the 3DISCO application. For dehydration, 

sequential immersion of tetrahydrofuran (THF) (Sigma, 

186562) (50 Vol% THF, 70 Vol% THF, 80 Vol% THF, 100 

Vol% THF and again 100 Vol% THF ) was applied every 

12 hours. Then three hours of dichloromethane (DCM) 

(Sigma, 270997) immersion for delipidation was followed 

by indefinite immersion in BABB (benzyl alcohol + benzyl 
benzoate 1:2, Sigma, 24122 and W213802) solution for 

refractive index matching.

Human skull labeling and clearing

Human skull samples were labeled and cleared with 

modifications to the previously described method (49). 
The samples (0.5 cm3-1 cm3) were first placed on a 
shaker and decalcified in 50 ml 20% EDTA solution (pH 
8.0) for 15-20 days at 37°C until the bone became soft 

when touching with fingers. The solution was refreshed 
every 3-4 days. The samples were then immersed in 

30 ml 10% (w/v) CHAPS/ 25% (v/v) NMDEA solution 

for 3-4 days, refreshing solution once in between, for 

decolorization and permeabilization followed by 3 times 

wash in 0.1M PBS. 30 ml serial dilutions (50%-70%-

100%-100%) of EtOH were used for dehydration which 

was followed by DCM/MeOH (2:1 v/v) immersion for one 

day and ascending serial dilutions of EtOH (70%-50%-

0%) to rehydrate the sample, 3-4 h per dilution step. 

The samples were washed with distilled water and were 

placed in 30 ml 0.5M acetic acid for 1 day. The samples 

were washed with distilled water again and placed in 30 

ml 4M guanidine hydrochloride for 1 day. Samples were 

washed with 3 times with 0.1M PBS. Then, each of the 

samples were incubated with blocking buffer at 37°C for 1 

day, followed by incubation with rabbit antibody anti-Iba1 

(1:1000) in the antibody incubation buffer for 1 week at 

37°C. Next, samples were washed with the washing buffer 

for 1 day refreshing solution 3 times and then incubated 

with Alexa 647-conjugated secondary antibodies (1:500) 

in the antibody incubation buffer for 1 week at 37°C. After 

washing with 0.1M PBS, propidium iodide (1:100) dye 

was added to the PBS and incubated for 3 days at 37°C 

for cell nuclei staining. After labelling, the samples were 

dehydrated with a series of solutions of EtOH/DiH2O 

(50%, 70%, 100%, 100% v/v) and delipidated with the 

DCM solution for 4 hours in each solution, followed by 

BABB incubation at room temperature for refractive 

PBS perfusion was followed by the administration of 

4% paraformaldehyde (PFA) in 0.1 M PBS (pH 7.4) 

(Morphisto, 11762.01000) for 10-20 minutes. After 

removal of the skin and a washing step with PBS to clean 

the animal as much as possible, the animals were post-

fixed by 4% PFA for the first 24 hours at 4°C and washed 
three times with 0.1M PBS before processing with the 

clearing protocol.

vDISCO whole-body immunostaining, PI labeling and 

clearing

The detailed protocol of vDISCO was described previously 

(5). The mouse bodies were placed inside a 300 ml 

glass chamber (Omnilab, 5163279), to be filled with the 
appropriate solution regarding the protocol to cover the 

entire body of the animal (~250-300ml). A transcardial-

circulator system was established in order to allow 

peristaltic pumping of the solutions (ISMATEC, REGLO 

Digital MS-4/8 ISM 834; reference tubing, SC0266), with 

the pressure being set at 180-230 mmHg (50-60 rpm). 

The tubing was set to allow pumping of the solutions 

through the heart (attached to a perfusion needle (Leica, 

39471024)) into the vasculature with the same entry 

point used for PBS and PFA perfusion steps described 

above. The other end of the tube was immersed into the 

chamber with a loose end to allow suction of the solution 

into the body. The samples were initially perfused with 

a decolorization solution (25% of CUBIC reagent 1 

(55) which is composed of 25 wt% urea (Carl Roth, 

3941.3), 25 wt% N,N,N’,N´-tetrakis (2-hydroxypropyl)

ethylenediamine (Sigma, 122262) and 15 wt% Triton 

X-100 (AppliChem, A4975,1000) in 0.1 M PBS)) for 2 

days, refreshing the solutions every 12h. Samples were 

washed with PBS for 3x2h. Then, decalcification solution 
(10 wt/vol% EDTA in 0.01 PBS, pH~8-9, Carl Roth, 

1702922685) was perfused for 2 days followed by half 

a day with permeabilization solution composed of 0.5% 

Triton X-100, 1.5% goat serum (GIBCO, 16210072), 0.5 

mM of Methyl-beta-cyclodextrin (Sigma, 332615), 0.2% 

trans-1-Acetyl-4-hydroxy-L-proline (Sigma, 441562), 

0.05% sodium azide (Sigma, 71290) in 0.01 M PBS. 

To initiate the PI labeling and boosting, the setup was 

adjusted. The free end of the perfusion tube was connected 

to a 0.22 µm syringe filter (Sartorius, 16532) and an 
infrared lamp (Beuer, IL21) was aimed at the chamber 

to enable the solution’s temperature to be around 26-

28 °C. This setup was then left running for 6 days after 

the addition of 35 µl of nanobooster (stock concentration 

0.5 – 1 mg/ml) and 290 µl of propidium iodide (stock 

concentration 1 mg/ml) which was added directly into 

the refreshed permeabilization solution. Next, the body 

was placed into a 50 ml tube (Falcon, 352070), with the 

same permeabilization and labeling solution, and an 

extra 5 µl of nanobooster was added. The tube was then 

put on a shaker at RT for 2 additional days for labeling. 

Atto647N conjugated anti GFP nanobooster (Chromotek, 

gba647n-100) and Propidium iodide (PI, Sigma, P4864), 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 25, 2021. ; https://doi.org/10.1101/2021.12.24.473988doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.24.473988
http://creativecommons.org/licenses/by-nc/4.0/


15

that had the procedure three days prior to the single cell 

isolation experiment. Separate equipment was utilized 

during the isolation to ensure high viability of cells free 

of contamination. The animals were anesthetized with 

Isoflurane and then with a Ketamine/Xylazine mixture (0.6 
ml Ketamin + 0.3 ml Xylazine + 5.1 ml Saline, 0.2 ml for 20 

gr animals). Then animals were transcardially perfused 

with 10 ml of ice cold 0.1 M PBS. After the blood was 

rinsed, the calvaria bone, humerus, scapula, vertebra, 

femur, brain, meninges and the pelvis were dissected 

and processed by separate people to minimize the time 

required in order to keep the cell viability to a maximum 

and conditions comparable for all locations. The isolated 

cells were processed with 37 °C pre-warmed DMEM 

(Thermo Fischer, 21013024) with 10% heat inactivated 

fetal bovine serum (FBS) (Sigma Aldrich, F7524-100ML). 

For brain cell isolation; the brain was isolated from the 

calvaria and the rest of the body, then, the cortex was 

separated and the leptomeninges was removed from the 

surface, the final sample consisted of the injured region. 
The sample was placed in 5 ml of trypsin enzyme with 

0.05% concentration and incubated in a pre-heated 37 °C 

water bath for 2 minutes. Following this, the reaction was 

stopped with 10 ml of 37°C pre-warmed DMEM with 10% 

heat inactivated FBS, the cells were dissociated by gentle 

trituration with a 1000µl and 200µl pipette and filtered 
through 70 µm Falcon™ Cell Strainers (08-771-2). For 

meningeal cell isolation; after the brain was removed, the 

meningeal dura layer that was attached to the calvaria 

bone, was plucked carefully using fine tipped dissection 
pincers (Dumont #55 Forceps, Dumostar, 11295-51, 

FST) under a dissection microscope. Leptomeninges 

was not isolated and therefore is not included in this 

study. The dissected meninges was placed in 37°C pre-

warmed DMEM with 10% heat inactivated FBS solution, 

shredded with a fine scalpel, gently titrating with a 200µl 
pipette and filtered through a 70 µm Falcon™ Cell 
Strainers (08-771-2). For humerus, vertebrae and femur 

cell isolation; the bone was dissected from the body and 

the muscles and connective tissue were meticulously 

cleared off. The bone marrow inside was flushed out 
to the collection tube with the help of a syringe (Braun, 

Injekt - F Solo 2-piece Fine Dosage Syringe 1 ml x 100), 

and further dissection of the bone was performed by 

fine pincers (Dumont #55 Forceps, Dumostar, 11295-51, 
FST). The remaining bone was cut in to small pieces and 

added to the cell mix. This mixture was shortly vortexed 

with 37 °C warmed DMEM with 10% heat inactivated 

FBS and filtered with 70 µm (Falcon™ Cell Strainers, 08- 
771-2). Lastly, for the flat bones, calvaria, scapula and 
pelvis, after carefully clearing the non-bone parts in the 

sample i.e., muscles and connective tissue, they were 

cut in to small pieces (Extra Fine Bonn Scissors, 14084-

08, FST), and shortly vortexed and filtered through 70 
µm Falcon™ Cell Strainers (08-771-2). After all the 

samples were ready, they were centrifuged at 4 °C, with 

1000 rpm, for 5 minutes. The supernatant of all samples 

index matching until sample transparency was reached 

in 1-2 days. 

Light sheet microscopy imaging

Single plane illumination (light sheet) image stacks were 

acquired using an Ultramicroscope II and Ultramicroscope 

Blaze (Miltenyi BioTec). The available filter sets were ex 
470/40 nm, em 535/50 nm; ex 545/25 nm, em 605/70 nm; 

ex 560/30 nm, em 609/54 nm; ex 580/25 nm, em 625/30 

nm; ex 640/40 nm, em 690/50 nm. The filter sets used to 
capture LysM signal and the PI labeling were 640/40 nm 

and 545/25 nm filter sets, respectively. Low magnification 
whole-body imaging of the LysM mice was performed 

with Ultramicroscope Blaze, with a1.1x objective, 3x8 

tiling with 35% overlap and 6 µm z-step. Exposure time 

was 120 ms, laser power was 25% and 12% for LysM and 

PI channels, respectively. The depth of the scans were 

approximately 13 mm from dorsal and ventral surfaces, 

which were then reconstructed. The whole head images 

were taken with an Olympus MVX10 zoom body, which 

offered zoom-out and -in ranging from 0.63x up to 6.3x. 

The depth of the scans were approximately 4 mm and 

the z-step used was 6 µm combined with an exposure 

time of 200 ms. Human skull samples were imaged with 

2x3 tiling, 4x objective 3 µm z-step size and 130 ms 

exposure time. Laser power was adjusted specifically for 
each sample in order to prevent signal saturation. Light 

sheet width was 100% and the thickness was 7 µm to get 

an N/A of 0.31 µm in all imaging procedures. 

Reconstruction of whole-mouse body and mouse 

head scans and image quantification
The image stacks were acquired and saved by ImSpector 

(Miltenyi BioTec) as 16-bit grayscale TIFF images for 

each channel separately. The whole-body tiled stacks 

were initially stitched utilizing Fiji/ImageJ to obtain 

stitching on the xy axis. Next, Vision 4d (Arivis AG) was 

used to fuse the stacks in the z axis. For heads, one tile 

stacks were acquired, hence stitching was not necessary. 

Imaris (Bitplane AG) was used to visualize both whole 

body and intact mouse heads. For quantification of the 
mouse heads, manual ROIs were drawn on the frontal 

and parietal skull bones. The areas above manually 

selected threshold based on bone marrow coverage were 

recorded. The quantification graph was analyzed and 
visualized using Graphpad Prism (version 8.0) (Ordinary 

one-way ANOVA with multiple comparisons). 

Single cell isolation

Single cell isolation from the calvaria, brain, meninges, 

humerus, scapula, vertebra, femur and pelvis was done 

for one animal at a time. Three naïve, six MCAo-operated 

and three sham operated animals were pooled in threes 

for single-cell RNA sequencing. Another cohort of three 

animals for naïve, three animals for sham-operated and 

three MCAo-operated animals were not pooled and 

were treated separately for proteomic analysis. These 

experiments were performed on sham and MCAo animals 
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with default parameters (58). Then, size factors were 

computed on these clusters and the UMI count data were 

divided by scran size factors for each cell and log+1-

scaled. Then, mitochondrial reads were removed and 

4,000 highly variable genes per sample were computed 

(highly_variable_genes with flavor “cell_ranger” in 
scanpy). Further, cell cycle scores were computed (score_

genes_cell_cycle in scanpy). To evaluate batch effects, 

PC regression scores for the variance explained by cell 

cycle, anatomic region and condition were computed for 

the full dataset and the MCAo replicates, respectively. 

PC regression scores were lowest in the condition and 

replicate covariate, respectively, and therefore no batch 

effect correction was performed.  

Dendrograms

With scanpy’s dendrogram function scipy’s hierarchical 

linkage clustering was calculated on a Pearson 

correlation matrix over regions which was calculated for 

50 averaged principal components.

Cell type annotations

Cell types were annotated according to a two-step 

procedure. In a first step a leiden clustering was 
calculated on the log-normalized data. The leiden clusters 

were annotated with coarse cell type labels according 

differentially expressed known markers. In the second 

step leiden clustering with multiple resolutions were 

calculated for each coarse cell type. Based on differently 

expressed known markers, as well as additional 

information like number of genes (59) and scVelo (60) 

implementation of RNA velocity (61) the clusters were 

annotated with fine cell types, and coarse annotations 
were refined. 
Variance explained by covariates and PC regression

To quantify how strong cell type populations of each 

condition/region diverge from the other conditions/

regions the explained variance was calculated by 

linear regression in PCA space. For conditions pairwise 

regressions were conducted. For each bone the cell 

type populations were grouped into the given bone vs 

the other bones. Scores were only calculated if there 

were at least 20 cells in each of both groups. 50 principal 

components were calculated for each cell type. A linear 

regression on the group variable was calculated for each 

PC component. R2 scores of the linear regression were 

multiplied by the eigenvalues of the pc components and 

normalized by the eigenvalue sum, and finally summed 
up to the variance explained. We decided to exclude 

scapula in further downstream analysis because we 

detected an overall decrease in log counts in this sample 

(Fig. S2A).

Combinatorial DE tests

For each gene, two t-tests were calculated to identify if 

the gene is upregulated in a group of bones. To define the 
two bone groups for a given gene, bones were ordered 

by the gene’s mean expression and split in two groups 

at the highest mean expression gap. The first t-test was 
conducted on the two groups and the second on the two 

was then discarded and remaining precipitate was put 

into small 1.5 ml Eppendorf tubes (Eppendorf Safe-Lock 

Tubes, 1.5 mL, Eppendorf Quality™, 0030120086) after 

resuspension with DMEM. Cell viabilities and numbers 

were checked with tryphan blue by an automated cell 

counter (TC20™ Automated Cell Counter) and controlled 

by manual counting (Neubauer Cytometry Chamber, 

MARI0640031).

scRNA sequencing – 10x Genomics

Samples were used for scRNA-seq if the fraction of dead 

cells determined by tryphan blue staining was below 50%. 

Cell suspensions were diluted with PBS, supplemented 

with 2% FCS, to a final concentration of 1000 cell/
µl and 17.000 cells per sample were loaded onto 10x 

Chromium Single Cell RNA-seq chips to recover a target 

cell number of 10.000 cells per sample. scRNA-seq 

libraries were then generated in three replicates using 

the 10x Chromium Single Cell 3′ Library & Gel Bead Kit 
v2 (ChromiumTM Single Cell 3’ GEM, Library & Gel Bead 
Kit v3, 16 rxns) following the manufacturer’s protocol. 

Libraries were sequenced on an Illumina HiSeq 4000 

(150 bp, paired end).

Single-cell RNA data analysis

Count matrix generation

Count matrices were created using CellRanger (v. 3.0.2) 

aligning reads to the mouse genome mm10 (ensrel97). 

Spliced and unspliced matrices for RNA-velocity analysis 

were computed using the velocyto (0.17.17) pipeline.

Quality control

Samples were jointly analyzed using scanpy (v. 1.6) and 

anndata (v. 0.7.5) in Python 3.7. Different quality control 

filters (56) were used to account for the characteristics 
of the different samples: In bone samples, all cells with a 

mitochondrial read fraction higher than 0.2 were removed. 

In Meninges and Brain samples, thresholds were 0.3 and 

0.6, respectively. Further, cells with less than 1000 UMI 

counts (bone samples) and 500 UMI counts (Meninges, 

Brain), and more than 50,000 UMI counts were removed. 

We did not apply a minimum gene filter per cell to 
retain erythroblasts. All genes expressed in less than 

10 cells were removed. To estimate doublets, we used 

the tool scrublet with a doublet score threshold of 0.1 

and removed cells with a higher doublet score. Finally, 

our filtered dataset contained 128,509 cells expressing 
17,040 genes coming from 32 samples.

Data preprocessing

To normalize the data with scran (57), size factors 

were determined as follows: data were first temporarily 
normalized by total with a target sum of 10,000 per cell 

followed by log+1-scaling. Then, for each cell, 30 nearest 

neighbors were computed and data were clustered with 

leiden clustering at default resolution 1. Small clusters 

with less than 100 cells were merged with closely 

related clusters based on the PAGA graph. For PAGA 

graph calculations we used scanpy’s implementation 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 25, 2021. ; https://doi.org/10.1101/2021.12.24.473988doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.24.473988
http://creativecommons.org/licenses/by-nc/4.0/


17

were used for desalting and purification of the acidified 
samples were done in, which composed of three layers 

of styrene divinylbenzene reversed-phase sulfonate 

(SDB-RPS; 3 M Empore) membranes. Peptides were 

loaded on the activated (100% ACN, 1% TFA in 30% 

Methanol, 0.2% TFA, respectively) StageTips, run 

through the SDB-RPS membranes, and washed by 

EtOAc including 1% TFA, isopropanol including 1% TFA, 

and 0.2% TFA, respectively. Peptides were then eluted 

from the membranes via 60 µL elution buffer (80% ACN, 

1.25% NH4OH) and dried by vacuum centrifuge (40 

min at 45°C). Finally, peptides were reconstituted in 6 

µL of loading buffer (2% ACN, 0.1% TFA) and peptide 

concentration was estimated via optical measurement at 

280 nm (Nanodrop 2000; Thermo Scientific). 

MS sample preparation

Total proteomes were analyzed using an EASY-nLC 1200 

(Thermo Fisher Scientific) combined with an Orbitrap 
Exploris 480 Mass Spectrometer (Thermo Fisher 

Scientific) and a nano-electrospray ion source (Thermo 
Fisher Scientific). FAIMS Pro™ with Orbitrap Fusion ™ 
module was used in analysis of total proteome samples 

with 2 different compensation voltages (CV) (-50V and 

-70V). 

0.5 µg of Peptides were loaded onto 50 cm HPLC column 

(75 µm inner diameter, in-house packed with 1.9 µm with 

C18 Reprosil particles (Dr. Maisch GmbH) at 60°C) and 

separated by reversed-phase chromatography using 

a binary buffer system consisting of 0.1% formic acid 

(buffer A) and 80% ACN in 0.1% formic acid (buffer B).) 

for MS analysis. 0.5 µg of peptides were loaded on the 

column at 60°C, and separated with a 120 min gradient 

(5-30% buffer B over 95min, 30-65% buffer B over 5min, 

65-95% over 5 min, and wash with 95% buffer B for 5 

min) at a flow rate of 300 nL/min. MS data were acquired 
using a data-dependent MS/MS cycle time scan method. 

The time between the master scans were 1 second. 

Full MS scans were acquired in 300–1650 m/z range 

with a normalized AGC target %300 at 60,000 resolution 

and 25 ms maximum injection time. Precursor ions for 

MS/MS scans were fragmented by higher-energy C-trap 

dissociation (HCD) with a normalized collision energy 

of 30%. MS/MS scans were acquired 15,000 at m/z 

resolution with a normalized AGC target 100%, and a 

maximum injection time of 28 ms. Expected LC peak 

width was 120 s and desired apex window was set to 

30%.  

Proteomic data processing

The raw data were processed with MaxQuant version 

1.6.14.0. Default settings were used if not stated 

otherwise. FDR 0.1% was used for filtering at protein, 
peptide and modification level. As variable modifications, 
acetylation (protein N-term) and oxidized methionine 

bones closest to the expression gap. The second test 

ensures that the expressions of the two closest bones 

of the two groups are significantly different. The maximal 
p-value and minimal log fold change of both tests were 

used to identify DEGs. The chosen thresholds are p < 
0.05 and LF change > 2.

Ligand receptor (LR) interactions

For each bone ligand receptor interaction, pairs between 

cell types were calculated with CellPhoneDB’s(62) (v 

2.1.4) statistical analysis. For a fair comparison between 

bones, pairs were only calculated on cell types that had 

at least 10 cells in each bone. An interaction is defined 
by four variables: ligand, receptor, ligand cell type and 

receptor cell type. 

Gene ontology enrichment

Enrichment of Gene ontology (GO) terms for biological 

processes were calculated using GProfiler (63). 

RNA velocity

RNA velocity (61) in its scVelo (60)(v 0.2.3) implementation 

was used as follows: the dataset with spliced and 

unspliced raw counts was reduced to the given cell type 

and condition. Then genes were filtered to 2000 genes 
with at least 20 counts each, and cells were normalized 

(filter_and_normalize function in scVelo). First and 
second order moments for velocity estimation with the 

scVelo’s dynamical model were calculated with default 

parameters. 

Pseudotime analysis

Diffusion pseudotime (64) was calculated to order cells 

along the neutrophil maturation trajectory. For naive, 

sham and MCAo a PCA and neighbors graph were 

recalculated on the neutrophils population. The default 

parameters of scanpy’s tl.dpt function was used. As 

root point we selected the most extreme pro neutrophil 

cell from the umap. For cell density visualization along 

pseudotime the cell count was smoothed with a Gaussian 

kernel according to default parameters of seaborn’s (v 

0.11.1) kdeplot function. Densities were normalized for 

each region separately.

Sample preparation for proteomics analyses

Sample preparation for total proteome MS analyses were 

performed as described previously (65). SDC lysis buffer 

(2% SDC, 100 mM Tris-HCl pH 8.5) was used to lyse the 

cell pellets at 95°C for 10 min at 1,000 rpm. To shear any 

remaining nucleic acids, samples were sonicated in high 

mode (30 sec OFF, 30 sec ON) for 12 cycles (Bioruptor® 

Plus; Diagenode). Then, protein concentration was 

determined by BCA and 25 µg of protein was used for 

further preparation. For reduction and alkylation of the 

samples, final concentrations of 10 mM TCEP and 40 
mM CAA were added. Samples were kept in dark, at 

45°C for 10 min with 1,000 rpm shake. Trypsin and LysC 

were added (1:40, protease:protein ratio) and samples 

were digested overnight at 37°C, 1,000 rpm shake. 

Peptides were acidified with 2% TFA, isopropanol with 
1:1 volume-to-volume ratio. Custom-made StageTips 
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signal (Fig. 5F).

Human TSPO-PET imaging

Ten patients with stroke, 29 patients with multiple sclerosis 

(15 with relapsing remitting multiple sclerosis and 14 

with primary progressive multiple sclerosis), 43 patients 

with 4R tauopathies, 52 patients with AD and 27 age- 

and sex-matched individuals without objective memory 

impairment and with intact motor function were available 

for calvaria analysis of TSPO-PET. In one set of analyses 

stroke, MS and 4R tauopathy patients were compared 

with controls, while the AD cohort, for which  additional 

biomarkers were available, was analysed separately. All 

participants were scanned at the Department of Nuclear 

Medicine, LMU Munich, using a Biograph 64 PET/CT 

scanner (Siemens, Erlangen, Germany). Before each 

PET acquisition, a low-dose CT scan was performed for 

attenuation correction. Emission data of TSPO-PET were 

acquired from 60 to 80 minutes (44, 68) after the injection 

of 187 ± 11 MBq [18F]GE-180 as an intravenous bolus, 

with some patients receiving dynamic PET imaging over 

90 minutes. The specific activity was >1500 GBq/μmol at 
the end of radiosynthesis, and the injected mass was 0.13 

± 0.05 nmol. All participants provided written informed 

consent before the PET scans. Images were consistently 

reconstructed using a 3-dimensional ordered subsets 

expectation maximization algorithm (16 iterations, 4 

subsets, 4 mm gaussian filter) with a matrix size of 336 × 
336 × 109, and a voxel size of 1.018 × 1.018 × 2.027 mm. 
Standard corrections for attenuation, scatter, decay, and 

random counts were applied. 

To compare different patient cohorts we used harmonized 

data from different PET imaging studies: All patients with 

acute ischemic stroke (n=10) were recruited from the 

ongoing ICARUS study which included a TSPO-PET 

up to 10 days after stroke onset. Inclusion criteria were 

an age >50 years, patients with acute ischemic stroke 

(time frame: <72 hours) as defined by an acute focal 
neurological deficit in combination with a corresponding 
infarct as documented by a diffusion weighted imaging 

(DWI)-positive lesion on brain MRI. Presence of an 

infarct involving the cortex or a strictly subcortical infarct; 

fluent in German language; in patients with cognitive 
impairment: availability of an informant; written informed 

consent; willingness to participate in study assessments 

including follow-up. Exclusion criteria were prior history 

of stroke, multiple infarcts, infratentorial infarcts affecting 

the brain stem or cerebellum; immunomodulatory 

therapies within the last 3 months; chronic inflammatory 
disease; infectious diseases (< 7 days prior to stroke). 
PET acquisition and PET data analyses of the stroke 

cohort (ethics-application: 19-0428) were approved by 

the local institutional ethics committee (LMU Munich) 

and the German radiation protection (BfS-application: 

Z 5 - 22464/2019-163-G) authorities. All patients with 

multiple sclerosis were investigated during observational 

studies. We included all baseline scans of therapy naïve 

(M), as fixed modifications, carbamidomethyl (C) were 
selected. Trypsin/P and LysC proteolytic cleavages were 

added. Missed cleavages allowed for protein analysis 

was 3. “Match between runs” and label free quantitation 

(LFQ) were enabled and all searches were performed 

on the mouse Uniprot FASTA database (2019). 

Perseus (version 1.6.14.0) was used for bioinformatics 

analysis. Gene Ontology (GO), UniProtKB and the 

Kyoto Encyclopedia of Genes and Genomes (KEGG) 

annotations were included in the analysis. Number of 

proteins per sample graph visualized using Graphpad 

Prism (version 8.0). Quantified proteins were filtered for 
at least two valid values among three biological replicates 

in at least one group (each group represents each region 

in each condition) for total proteome analyses. Missing 

values were replaced using minimum value for each 

sample’s expression level. Proteins that are expressed 

significantly different from each other were determined 
by ANOVA. Permutation based FDR (0.05) and S0- 

parameter (0.1) were used for truncation. Hierarchical 

clustering of significant proteins was done by applying 
Euclidean as a distance measure for row clustering 

after normalization of median protein abundances of 

biological replicates by z-score. The correlation plots 

were computed using Pearson correlation with average 

linkage. 

Integration of single-cell data and proteomics data 

To infer abundance of cell type-specific expression profiles 
in the samples, we utilized a newly developed variational 

inference model from scvi-tools (https://scvi-tools.org) 

namely DestVI (Deconvolution of Spatial Transcriptomics 

profiles using Variational Inference) (39), where the single 
cell transcriptomics data was leveraged to deconvolve 

the bulk spots of the spatial transcriptomics data. We 

adapted this model for our bulk proteomics data, aiming 

to assign protein expression to particular cell types after 

deconvolution. The underlying noise model assumption 

was that proteomics gene-expressions follow negative 

binomial distribution as the spatial transcriptomics data 

(66, 67). This assumption can be further studied and 

the model can be adapted to a different distribution that 

better describes the proteomics data.  

We assumed that since single-cell transcriptomics data 

and the proteomics data are coming from the same 

bone although from different biological replicates, are 

corresponding to one another. As a result, we inferred cell 

type specific protein profiles from bulk proteomics data 
and applied the same downstream analysis as for the 

transcriptomic data (See Methods Variance explained by 

covariates, Combinatorial DE tests and Ligand receptor 

interactions for further detail.)

As single-cell data was used as a prior for the 

deconvolution, we are aware that it could introduce a 

potential bias. For example, the separated vertebra 

cluster on region UMAP is only from the sham condition, 

thus can be considered an artifact rather than a biological 
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prior to analysis and a standardized-uptake-value (SUV) 

analysis served for pseudo-reference tissue independent 

validation. 

For stroke, multiple sclerosis and 4R tauopathy patients 

we defined three target regions based on a voxel-wise 
exploratory analysis: temporopolar skull (comprising 18 

cm³), skull base (comprising 97 cm³), and prefrontal skull 

(comprising 7 cm³). All regions were semi-automatically 

delineated using the human CT template available in 

PMOD. Region-based PET values were normalized 

to a composition of values of exactly age-matched (≤ 
1 year difference) controls at the group level. Voxel-

wise differences (% vs. age-matched controls) were 

calculated to allow a volume-of-interest independent 

validation of elevated skull tracer binding in all patient 

groups. Following the region-based approach, we used 

compositions of exactly age-matched controls for this 

calculation. 

For the AD cohort, TSPO labeling in the calvaria was 

obtained in each participant from a large fronto-parietal 

volume-of-interest (comprising 66 cm³), which was semi-

automatically delineated using the human CT template 

available in PMOD. Posterior and frontal calvaria 

was spared to avoid signal spill-over from sinuses 

and extracranial structures. Furthermore, we used a 

Brainnetome (72) atlas-based classification of cortical 
brain regions and corresponding calvaria regions to 

test for regional calvaria-brain associations. To this end, 

we increased the dimension of the atlas by a factor of 

1.2 and we delineated all volumes-of-interest that were 

represented in the calvaria as defined by the CT template 
(≥50% of voxels included). This approach resulted in 64 
individual calvaria-brain region pairs. TSPO labeling of 

the calvaria was compared between AD patients with 

β-amyloid pathophysiology (AD) and β-amyloid negative 
controls. Voxel-wise differences were calculated to allow 

a volume-of-interest independent validation of elevated 

calvaria tracer binding in patients with AD. TSPO labeling 

of the calvaria was correlated with age, sex, and cognitive 

testing (MMSE, CERAD, CDR) as well as with β-amyloid 
levels in CSF. Calvaria-brain associations of TSPO-PET 

were tested for the global calvaria volume-of interest 

with Braak stage and β-amyloid related composite brain 
regions. Furthermore, calvaria-brain associations were 

tested by a correlation matrix of the predefined 64 volume-
of-interest pairs. Single region increases in patients with 

AD vs. healthy controls were correlated between calvaria 

and brain regions. 

Statistics for human TSPO-PET imaging

Group comparisons of VOI-based PET results between 

patient groups with mixed neurological disorders 

and controls (n=5 groups) were assessed by 1-way 

ANOVA and Bonferroni post hoc correction for multiple 

comparisons using IBM SPSS Statistics (version 22.0; 

SPSS). All data were controlled for age, sex and the 

TSPO single nucleotide polymorphism at the individual 

patients with primary progressive multiple sclerosis 

(n=14) and patients with relapsing remitting multiple 

sclerosis (n=15; previously published in (43)) regardless 

of therapy regimes. However, patients who received 

steroid therapy  < 4 weeks prior to PET as well as 
patients with additional CNS pathologies were excluded 

a priori. PET acquisition and PET data analyses of the 

multiple sclerosis cohort (ethics-application: 601-16) 

were approved by the local institutional ethics committee 

(LMU Munich) and the German radiation protection (BfS-

application: Z 5 – 22463/2 – 2015 - 006) authorities. The 

4R-tauopathy cohort (44) was composed of patients with 

possible or probable β-amyloid negative corticobasal 
syndrome (n=29) and patients with possible or probable 

progressive supranuclear palsy Richardson syndrome 

(n=14) according to Armstrong Clinical Research and 

Movement Disorders Society criteria respectively. 

Detailed inclusion and exclusion criteria were published 

elsewhere (44). One case was excluded due to cropped 

skull. PET acquisition and PET data analyses of the 

4R-tauopathy cohort (ethics-applications: 17-569 & 
17-755) were approved by the local institutional ethics 

committee (LMU Munich) and the German radiation 

protection (BfS-application: Z 5 - 22464/2017-047-K-G) 

authorities. A total of 27 healthy controls deriving from the 

different cohorts were included to cover the whole age 

range of patients.

The AD cohort was composed of 9 cases with subjective 

cognitive decline due to AD, 13 cases with mild cognitive 

impairment due to AD, 18 cases with AD dementia, and 

12 cases with corticobasal syndrome, dementia and 

underlying AD. Initial results of brain TSPO labeling in 

this cohort are published elsewhere (69). Participants 

were enrolled in the interdisciplinary AD study “Activity of 

Cerebral Networks, Amyloid and Microglia in Aging and 

AD (ActiGliA)”. In the AD cohort and its controls, Aβ-PET 
was performed in all participants using [18F]flutemetamol 
(70). PET acquisition and PET data analyses of the 

AD cohort (ethics-applications: 17-569 & 17-755) were 
approved by the local institutional ethics committee 

(LMU Munich) and the German radiation protection 

(BfS-application: Z 5 - 22464/2017-047-K-G) authorities. 

Emission data of Aβ-PET were acquired from 90 to 110 
minutes after injection of 188 ± 10 MBq [18F]flutemetamol. 
Aβ-PET was assessed by a visual read (one expert 
reader), and the decision of Aβ-positivity/negativity was 
supported by a software-driven approach implemented 

in HERMES Gold (V4.17, HERMES Medical Solutions 

AB, Stockholm, Sweden). One positive evaluated target 

region (frontal, temporal, parietal, posterior cingulate) 

defined the scan as positive. 
All TSPO-PET data were analyzed using PMOD. 

Spatial normalization was performed to a tracer specific 
templates in the Montreal Neurology Institute (MNI) 

space which was acquired via MRI-based spatial 

normalization. All images were normalized by cerebellar 

grey matter scaling (defined by the Hammers atlas (71)) 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 25, 2021. ; https://doi.org/10.1101/2021.12.24.473988doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.24.473988
http://creativecommons.org/licenses/by-nc/4.0/


20

AUTHOR CONTRIBUTION

Z.I.K. designed, performed and analyzed most of the 

experiments. L.B.K., Mar.B., Z.I.K. and F.J.T. performed 

the single-cell RNA sequencing bioinformatic analysis. 

R.P. provided ActiGliA clinical data and TSPO-PET scans. 

B.F. designed, coordinated and performed experiments 

in the initial phase of the project and performed MCAo 

and sham surgeries. H.S.B co-organized experiments in 

the initial phase of the project. O.S.C., Z.I.K. and N.K. 

performed mass-spectrometry experiment and analysis. 

M.A. performed the mass-spectrometry analysis and 

deconvolution of the proteomics data. Z.I.K., B.F., H.S.B., 

Z.R., H.M., M.M., K.S., F.H., Ig.K., N.P., S.B.G. and O.G. 

contributed to sample collection for RNA sequencing and 

mass spectrometry. M.S., In.K., H.L. performed cDNA 

synthesis and library construction for single-cell RNA 

sequencing. N.L.A., M.U., J.G., S.K., C.P., A.K., K.B., J.L., 

C.H., M.S., M.D., J.H., T.K., M.K., R.P., Mat.B. organized, 

recruited, and conducted the human TSPO-PET study. 

G.B., L.M.B. S.H., J.G. and Mat.B. analyzed human 

TSPO-PET scans. A.Z. produced 3D projections. H.S. 

and I.B. provided human skull sample. S.Z. processed 

and imaged the human skull sample. F.H., S.E., H.S.B., 

and A.E. supervised the project. Z.I.K. and S.E. provided 

the first draft of the manuscript, F.H., H.S.B., L.B.K. 
helped write the manuscript. A.E and Z.I.K cowrote the 

final manuscript. A.E conceived the project and led all 
aspects of the project. All authors critically reviewed, 

contributed to and approved the final manuscript. 

DECLARATION OF INTERESTS

Mat.B. received speaker honoraria from GE healthcare, 

Roche and Life Molecular Imaging and is an advisor of Life 

Molecular Imaging. J. H. reports personal fees, research 

grants and non-financial support from Merck, Bayer, 
Novartis, Roche, Biogen, Celgene and non-financial 
support of the Guthy-Jackson Charitable Foundation; 

none in relation to this study. TK has received speaker 

honoraria and/or personal fees for advisory boards from 

Bayer Healthcare, Teva Pharma, Merck, Novartis, Sanofi/
Genzyme, Roche and Biogen as well as grant support 

from Novartis and Chugai Pharma; none in relation to 

this study. M.K.. has been on advisory boards for Biogen, 

medDay Pharmaceuticals, Novartis and Sanofi, has 
received grant support from Sanofi and Biogen and 
speakers fees from Abbvie, Almirall, Biogen, medDay 

Pharmaceuticals, Merck Serono, Novartis, Roche, Sanofi 
and Teva; none in relation to this study. R.P. has received 

speaker honoraria, research support and consultancy 

fees from Janssen, Eli Lilly, Biogen, Wilmar Schwabe, 

Takeda, Novo Nordisk and Bayer Healthcare.

subject level.

Group comparison of Human TSPO-PET results 

between controls and AD patients were assessed by a 

two tailed t-test in SPSS Statistics (version 22.0; SPSS), 

controlled for age, sex and the TSPO single nucleotide 

polymorphism. For correlation analyses, Pearson 

coefficients of correlation (R) were calculated. A threshold 
of P less than 0.05 was considered to be significant for 
rejection of the null hypothesis. 

Code availability

All code used in this study can be found as jupyter 

notebooks in the project github repository: https://github.

com/erturklab/skull_immune.

Data availability 

Patient source file human TSPO-PET imaging study can 
be found under Supplementary Information. Single-cell 

sequencing data raw counts matrices and annotation 

are available via NCBI’s GEO. The mass spectrometry 

data have been deposited to the ProteomeXchange 

Consortium via the PRIDE (73) partner repository with 

the dataset identifier PXD030250.

ACKNOWLEDGEMENTS

This work was supported by the European Research 

Council (ERC), Vascular Dementia Research 

Foundation, Deutsche Forschungsgemeinschaft (DFG, 

German Research Foundation) under Germany’s 

Excellence Strategy within the framework of the Munich 

Cluster for Systems Neurology (EXC 2145 SyNergy, ID 

390857198), grant DI-722/16-1 (project ID: 428668490)  

and a dedicated grant to M.B. (BR4580/1-1). H.M. and 

Z.R. are supported by the China Scholarship Council 

(CSC) (No. 201806780034) and M.M is supported by 

Turkish Ministry of Education. H.M., Z.R. and M.M. are 

members of Munich Medical Research School (MMRS) 

at the LMU Munich. A.E and Z. I. K. are members of 

the Graduate School of Systemic Neurosciences at the 

Ludwig Maximilian University of Munich. S.P. and C.P. 

are funded by Lüneburg Heritage Foundation. We thank 

Doris Kaltenecker for discussions, Mihail I. Todorov 

for discussion on image analysis and Alex Nazlidis for 

contribution to Fig 1a. The illustration of the experimental 

pipeline in Fig. 1, 3 and 4 was created with BioRender.

com. The work of Mat.B., B-S.R. and R.P. was supported 

by the Hirnliga e.V. (Manfred-Strohscheer-Stiftung) 

and the Alzheimer Forschung Initiative e.V. (project 

ID 19063p). GE Healthcare made GE-180 cassettes 

available through an early-access model. The ICARUS 

study was supported by the DFG immunostroke project 

through FOR 2879 (project number 428668490). N.K. 

and O.S.C. are supported by the DFG Emmy Noether 

Programme (KR5166/1-1). J.L. is supported by the 

BMBF (FKZ: FKZ161L0214B, ClinspectM).

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 25, 2021. ; https://doi.org/10.1101/2021.12.24.473988doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.24.473988
http://creativecommons.org/licenses/by-nc/4.0/


21

REFERENCES

1. D. Degan, R. Ornello, C. Tiseo, A. Carolei, S. Sacco, F. 

Pistoia, The Role of Inflammation in Neurological Disorders. 
Curr. Pharm. Des. 24, 1485–1501 (2018).

2. C. Benakis, G. Llovera, A. Liesz, The meningeal and 

choroidal infiltration routes for leukocytes in stroke. Ther. Adv. 

Neurol. Disord. 11, 1756286418783708 (2018).

3. R. Rua, D. B. McGavern, Advances in Meningeal Immunity. 

Trends Mol. Med. 24, 542–559 (2018).

4. F. Herisson, V. Frodermann, G. Courties, D. Rohde, Y. Sun, 

K. Vandoorne, G. R. Wojtkiewicz, G. S. Masson, C. Vinegoni, J. 

Kim, D.-E. Kim, R. Weissleder, F. K. Swirski, M. A. Moskowitz, 

M. Nahrendorf, Direct vascular channels connect skull bone 

marrow and the brain surface enabling myeloid cell migration. 

Nat. Neurosci. 21, 1209–1217 (2018).

5. R. Cai, C. Pan, A. Ghasemigharagoz, M. I. Todorov, B. 

Förstera, S. Zhao, H. S. Bhatia, A. Parra-Damas, L. Mrowka, D. 

Theodorou, M. Rempfler, A. L. R. Xavier, B. T. Kress, C. Benakis, 
H. Steinke, S. Liebscher, I. Bechmann, A. Liesz, B. Menze, M. 

Kerschensteiner, M. Nedergaard, A. Ertürk, Panoptic imaging 

of transparent mice reveals whole-body neuronal projections 

and skull–meninges connections. Nat. Neurosci. 22, 317–327 

(2019).

6. S. Brioschi, W.-L. Wang, V. Peng, M. Wang, I. Shchukina, 

Z. J. Greenberg, J. K. Bando, N. Jaeger, R. S. Czepielewski, 

A. Swain, D. A. Mogilenko, W. L. Beatty, P. Bayguinov, J. A. 

J. Fitzpatrick, L. G. Schuettpelz, C. C. Fronick, I. Smirnov, J. 

Kipnis, V. S. Shapiro, G. F. Wu, S. Gilfillan, M. Cella, M. N. 
Artyomov, S. H. Kleinstein, M. Colonna, Heterogeneity of 

meningeal B cells reveals a lymphopoietic niche at the CNS 

borders. Science (2021), doi:10.1126/science.abf9277.

7. A. Cugurra, T. Mamuladze, J. Rustenhoven, T. Dykstra, 

G. Beroshvili, Z. J. Greenberg, W. Baker, Z. Papadopoulos, 

A. Drieu, S. Blackburn, M. Kanamori, S. Brioschi, J. Herz, L. 

G. Schuettpelz, M. Colonna, I. Smirnov, J. Kipnis, Skull and 

vertebral bone marrow are myeloid cell reservoirs for the 

meninges and CNS parenchyma. Science (2021), doi:10.1126/

science.abf7844.

8. Y. Wang, D. Chen, D. Xu, C. Huang, R. Xing, D. He, H. Xu, 

Early developing B cells undergo negative selection by central 

nervous system-specific antigens in the meninges. Immunity, 

S1074761321004015 (2021).

9. H. Yao, T. T. Price, G. Cantelli, B. Ngo, M. J. Warner, L. Olivere, 

S. M. Ridge, E. M. Jablonski, J. Therrien, S. Tannheimer, C. M. 

McCall, A. Chenn, D. A. Sipkins, Leukaemia hijacks a neural 

mechanism to invade the central nervous system. Nature. 560, 

55–60 (2018).

10. B. Engelhardt, Private immune protection at the border 

of the central nervous system. Nature (2021), doi:10.1038/

d41586-021-01962-4.

11. H. Matsushima, S. Geng, R. Lu, T. Okamoto, Y. Yao, N. 

Mayuzumi, P. F. Kotol, B. J. Chojnacki, T. Miyazaki, R. L. Gallo, 

A. Takashima, Neutrophil differentiation into a unique hybrid 

population exhibiting dual phenotype and functionality of 

neutrophils and dendritic cells. Blood. 121, 1677–1689 (2013).

12. S. A. Marsh, H. M. Arthur, I. Spyridopoulos, The secret life of 

nonclassical monocytes. Cytometry A. 91, 1055–1058 (2017).

13. A. Meghraoui-Kheddar, S. Barthelemy, A. Boissonnas, 

C. Combadière, Revising CX3CR1 Expression on Murine 

Classical and Non-classical Monocytes. Front. Immunol. 0 

(2020), doi:10.3389/fimmu.2020.01117.

14. J. A. Herring, W. S. Elison, J. S. Tessem, Function of Nr4a 

Orphan Nuclear Receptors in Proliferation, Apoptosis and Fuel 

Utilization Across Tissues. Cells. 8, 1373 (2019).

15. F. Duclot, M. Kabbaj, The Role of Early Growth Response 

1 (EGR1) in Brain Plasticity and Neuropsychiatric Disorders. 

Front. Behav. Neurosci. 11, 35 (2017).

16. M. Gururajan, A. Simmons, T. Dasu, B. T. Spear, C. Calulot, 

D. A. Robertson, D. L. Wiest, J. G. Monroe, S. Bondada, 

Early growth response genes regulate B cell development, 

proliferation and immune response. J. Immunol. Baltim. Md 

1950. 181, 4590–4602 (2008).

17. F. Sato, Y. Miyaoka, A. Miyajima, M. Tanaka, Oncostatin 

M maintains the hematopoietic microenvironment in the bone 

marrow by modulating adipogenesis and osteogenesis. PloS 

One. 9, e116209 (2014).

18. K. Bisht, C. McGirr, K. A. Alexander, W. Fleming, N. Sims, 

G. M.- Newen, I. G. Winkler, J.-P. Levesque, Oncostatin M Is 

a Novel Niche Factor That Restrains Hematopoietic Stem Cell 

Mobilization in Response to G-CSF and CXCR4 Antagonist 

Plerixafor. Blood. 134, 4469–4469 (2019).

19. S. Saito, K. Honma, H. Kita-Matsuo, T. Ochiya, K. Kato, 

Gene expression profiling of cerebellar development with high-
throughput functional analysis. Physiol. Genomics. 22, 8–13 

(2005).

20. A. Neeb, S. Wallbaum, N. Novac, S. Dukovic-Schulze, I. 

Scholl, C. Schreiber, P. Schlag, J. Moll, U. Stein, J. P. Sleeman, 

The immediate early gene Ier2 promotes tumor cell motility 

and metastasis, and predicts poor survival of colorectal cancer 

patients. Oncogene. 31, 3796–3806 (2012).

21. W. Xue, H. Zhang, Y. Fan, Z. Xiao, Y. Zhao, W. Liu, B. Xu, Y. 

Yin, B. Chen, J. Li, Y. Cui, Y. Shi, J. Dai, Upregulation of Apol8 

by Epothilone D facilitates the neuronal relay of transplanted 

NSCs in spinal cord injury. Stem Cell Res. Ther. 12, 300 (2021).

22. S. C. Bir, O. Y. Chernyshev, A. Minagar, in Neuroinflammation 
(Second Edition), A. Minagar, Ed. (Academic Press, 

2018; https://www.sciencedirect.com/science/article/pii/

B9780128117095000338), pp. 541–562.

23. S. J. Hewett, N. A. Jackman, R. J. Claycomb, Interleukin-

1β in Central Nervous System Injury and Repair. Eur. J. 

Neurodegener. Dis. 1, 195–211 (2012).

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 25, 2021. ; https://doi.org/10.1101/2021.12.24.473988doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.24.473988
http://creativecommons.org/licenses/by-nc/4.0/


22

24. J. Hellmann, Y. Tang, M. J. Zhang, T. Hai, A. Bhatnagar, 

S. Srivastava, M. Spite, Atf3 negatively regulates Ptgs2/Cox2 

expression during acute inflammation. Prostaglandins Other 

Lipid Mediat. 116–117, 49–56 (2015).

25. R. Wu, F. Chen, N. Wang, D. Tang, R. Kang, ACOD1 in 

immunometabolism and disease. Cell. Mol. Immunol. 17, 822–

833 (2020).

26. A.-P. Papageorgiou, M. Swinnen, D. Vanhoutte, T. 

VandenDriessche, M. Chuah, D. Lindner, W. Verhesen, B. de 

Vries, J. D’hooge, E. Lutgens, D. Westermann, P. Carmeliet, 

S. Heymans, Thrombospondin-2 prevents cardiac injury 

and dysfunction in viral myocarditis through the activation of 

regulatory T-cells. Cardiovasc. Res. 94, 115–124 (2012).

27. L. Farr, S. Ghosh, S. Moonah, Role of MIF Cytokine/

CD74 Receptor Pathway in Protecting Against Injury and 

Promoting Repair. Front. Immunol. 0 (2020), doi:10.3389/

fimmu.2020.01273.

28. S. D. Rodgers, R. T. Camphausen, D. A. Hammer, Tyrosine 

sulfation enhances but is not required for PSGL-1 rolling 

adhesion on P-selectin. Biophys. J. 81, 2001–2009 (2001).

29. A. Lourbopoulos, U. Mamrak, S. Roth, M. Balbi, J. Shrouder, 

A. Liesz, F. Hellal, N. Plesnila, Inadequate food and water 

intake determine mortality following stroke in mice. J. Cereb. 

Blood Flow Metab. 37, 2084–2097 (2017).

30. A. Liesz, A. Dalpke, E. Mracsko, S. Roth, W. Zhou, H. 

Yang, S.-Y. Na, M. Akhisaroglu, T. Fleming, T. Eigenbrod, P. 

P. Nawroth, K. J. Tracey, R. Veltkamp, DAMP Signaling is a 

Key Pathway Inducing Immune Modulation after Brain Injury. J. 

Neurosci. 35, 583–598 (2015).

31. S. Roth, J. Yang, J. V. Cramer, R. Malik, A. Liesz, Detection 

of cytokine-induced sickness behavior after ischemic stroke 

by an optimized behavioral assessment battery. Brain. Behav. 

Immun. 91, 668–672 (2021).

32. C. Pan, O. Schoppe, A. Parra-Damas, R. Cai, M. I. Todorov, 

G. Gondi, B. von Neubeck, N. Böğürcü-Seidel, S. Seidel, K. 
Sleiman, C. Veltkamp, B. Förstera, H. Mai, Z. Rong, O. Trompak, 

A. Ghasemigharagoz, M. A. Reimer, A. M. Cuesta, J. Coronel, 

I. Jeremias, D. Saur, A. Acker-Palmer, T. Acker, B. K. Garvalov, 

B. Menze, R. Zeidler, A. Ertürk, Deep Learning Reveals Cancer 

Metastasis and Therapeutic Antibody Targeting in the Entire 

Body. Cell. 179, 1661-1676.e19 (2019).

33. M. Trizzino, A. Zucco, S. Deliard, F. Wang, E. Barbieri, F. 

Veglia, D. Gabrilovich, A. Gardini, EGR1 is a gatekeeper of 

inflammatory enhancers in human macrophages. Sci. Adv. 7, 

eaaz8836 (2021).

34. E. Bonavita, M. R. Galdiero, S. Jaillon, A. Mantovani, 

in Advances in Cancer Research, X.-Y. Wang, P. B. Fisher, 

Eds. (Academic Press, 2015; https://www.sciencedirect.

com/science/article/pii/S0065230X1500041X), vol. 128 of 

Immunotherapy of Cancer, pp. 141–171.

35. H. W. Schroeder, L. Cavacini, Structure and function of 

immunoglobulins. J. Allergy Clin. Immunol. 125, S41-52 (2010).

36. W. Saelens, R. Cannoodt, H. Todorov, Y. Saeys, A 

comparison of single-cell trajectory inference methods. Nat. 

Biotechnol. 37, 547–554 (2019).

37. S. M. Opal, V. A. DePalo, Anti-inflammatory cytokines. 
Chest. 117, 1162–1172 (2000).

38. T. Krausgruber, N. Fortelny, V. Fife-Gernedl, M. 

Senekowitsch, L. C. Schuster, A. Lercher, A. Nemc, C. Schmidl, 

A. F. Rendeiro, A. Bergthaler, C. Bock, Structural cells are key 

regulators of organ-specific immune responses. Nature. 583, 

296–302 (2020).

39. R. Lopez, B. Li, H. Keren-Shaul, P. Boyeau, M. Kedmi, D. Pilzer, 

A. Jelinski, E. David, A. Wagner, Y. Addad, M. I. Jordan, I. Amit, 

N. Yosef, bioRxiv, in press, doi:10.1101/2021.05.10.443517.

40. M. R. Holahan, A Shift from a Pivotal to Supporting Role for 

the Growth-Associated Protein (GAP-43) in the Coordination 

of Axonal Structural and Functional Plasticity. Front. Cell. 

Neurosci. 11, 266 (2017).

41. F. Ba, J. M. Miyasaki, in Handbook of Clinical Neurology, 

E. A. P. Steegers, M. J. Cipolla, E. C. Miller, Eds. (Elsevier, 

2020; https://www.sciencedirect.com/science/article/pii/

B9780444642400000131), vol. 172 of Neurology and 

Pregnancy: Neuro-Obstetric Disorders, pp. 219–239.

42. W. C. Kreisl, I. D. Henter, R. B. Innis, Imaging Translocator 

Protein as a Biomarker of Neuroinflammation in Dementia. Adv. 

Pharmacol. San Diego Calif. 82, 163–185 (2018).

43. M. Unterrainer, C. Mahler, L. Vomacka, S. Lindner, J. 

Havla, M. Brendel, G. Böning, B. Ertl-Wagner, T. Kümpfel, V. M. 

Milenkovic, R. Rupprecht, M. Kerschensteiner, P. Bartenstein, 

N. L. Albert, TSPO PET with [18F]GE-180 sensitively detects 

focal neuroinflammation in patients with relapsing-remitting 
multiple sclerosis. Eur. J. Nucl. Med. Mol. Imaging. 45, 1423–

1431 (2018).

44. C. Palleis, J. Sauerbeck, L. Beyer, S. Harris, J. Schmitt, 

E. Morenas-Rodriguez, A. Finze, A. Nitschmann, F. Ruch-

Rubinstein, F. Eckenweber, G. Biechele, T. Blume, Y. Shi, E. 

Weidinger, C. Prix, K. Bötzel, A. Danek, B.-S. Rauchmann, S. 

Stöcklein, S. Lindner, M. Unterrainer, N. L. Albert, C. Wetzel, 

R. Rupprecht, A. Rominger, P. Bartenstein, J. Herms, R. 

Perneczky, C. Haass, J. Levin, G. U. Höglinger, M. Brendel, 

In Vivo Assessment of Neuroinflammation in 4-Repeat 
Tauopathies. Mov. Disord. 36, 883–894 (2021).

45. L. R. Prince, S. D. Prosseda, K. Higgins, J. Carlring, E. C. 

Prestwich, N. V. Ogryzko, A. Rahman, A. Basran, F. Falciani, P. 

Taylor, S. A. Renshaw, M. K. B. Whyte, I. Sabroe, NR4A orphan 

nuclear receptor family members, NR4A2 and NR4A3, regulate 

neutrophil number and survival. Blood. 130, 1014–1025 (2017).

46. R. Grieshaber-Bouyer, F. A. Radtke, P. Cunin, G. Stifano, 

A. Levescot, B. Vijaykumar, N. Nelson-Maney, R. B. Blaustein, 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 25, 2021. ; https://doi.org/10.1101/2021.12.24.473988doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.24.473988
http://creativecommons.org/licenses/by-nc/4.0/


23

P. A. Monach, P. A. Nigrovic, The neutrotime transcriptional 

signature defines a single continuum of neutrophils across 
biological compartments. Nat. Commun. 12, 2856 (2021).

47. F. E. Pulous, J. C. Cruz-Hernández, C. Yang, Z. Kaya, 

G. Wojtkiewicz, D. Capen, D. Brown, J. W. Wu, C. Vinegoni, 

M. Yamazoe, J. Grune, M. J. Schloss, D. Rohde, D. Richter, 

C. S. McAlpine, P. Panizzi, R. Weissleder, D.-E. Kim, F. 

K. Swirski, C. P. Lin, M. A. Moskowitz, M. Nahrendorf, 

“Cerebrospinal fluid outflow through skull channels instructs 
cranial hematopoiesis” (2021), p. 2021.08.27.457954, , 

doi:10.1101/2021.08.27.457954.

48. D. Schafflick, J. Wolbert, M. Heming, C. Thomas, M. 
Hartlehnert, A.-L. Börsch, A. Ricci, S. Martín-Salamanca, X. Li, 

I.-N. Lu, M. Pawlak, J. Minnerup, J.-K. Strecker, T. Seidenbecher, 

S. G. Meuth, A. Hidalgo, A. Liesz, H. Wiendl, G. Meyer zu 

Horste, Single-cell profiling of CNS border compartment 
leukocytes reveals that B cells and their progenitors reside in 

non-diseased meninges. Nat. Neurosci., 1–10 (2021).

49. S. Zhao, M. I. Todorov, R. Cai, R. A. -Maskari, H. Steinke, E. 

Kemter, H. Mai, Z. Rong, M. Warmer, K. Stanic, O. Schoppe, J. 

C. Paetzold, B. Gesierich, M. N. Wong, T. B. Huber, M. Duering, 

O. T. Bruns, B. Menze, J. Lipfert, V. G. Puelles, E. Wolf, I. 

Bechmann, A. Ertürk, Cellular and Molecular Probing of Intact 

Human Organs. Cell. 180, 796-812.e19 (2020).

50. K. Barc, M. Kuźma-Kozakiewicz, Positron emission 
tomography neuroimaging in neurodegenerative diseases: 

Alzheimer’s disease, Parkinson’s disease, and amyotrophic 

lateral sclerosis. Neurol. Neurochir. Pol. 53, 99–112 (2019).

51. N. Hadjikhani, D. S. Albrecht, C. Mainero, E. Ichijo, N. Ward, 

C. Granziera, N. R. Zürcher, O. Akeju, G. Bonnier, J. Price, J. 

M. Hooker, V. Napadow, M. Nahrendorf, M. L. Loggia, M. A. 

Moskowitz, Extra-axial inflammatory signal in parameninges in 
migraine with visual aura. Ann. Neurol. 87, 939–949 (2020).

52. H. Wadsworth, P. A. Jones, W.-F. Chau, C. Durrant, N. 

Fouladi, J. Passmore, D. O’Shea, D. Wynn, V. Morisson-Iveson, 

A. Ewan, M. Thaning, D. Mantzilas, I. Gausemel, I. Khan, A. 

Black, M. Avory, W. Trigg, [18F]GE-180: A novel fluorine-18 
labelled PET tracer for imaging Translocator protein 18kDa 

(TSPO). Bioorg. Med. Chem. Lett. 22, 1308–1313 (2012).

53. T. H. Ambrosi, A. Scialdone, A. Graja, S. Gohlke, A.-M. 

Jank, C. Bocian, L. Woelk, H. Fan, D. W. Logan, A. Schürmann, 

L. R. Saraiva, T. J. Schulz, Adipocyte Accumulation in the Bone 

Marrow during Obesity and Aging Impairs Stem Cell-Based 

Hematopoietic and Bone Regeneration. Cell Stem Cell. 20, 

771-784.e6 (2017).

54. N. Beziere, C. von Schacky, Y. Kosanke, M. Kimm, A. Nunes, 

K. Licha, M. Aichler, A. Walch, E. J. Rummeny, V. Ntziachristos, 

R. Meier, Optoacoustic imaging and staging of inflammation in 
a murine model of arthritis. Arthritis Rheumatol. Hoboken NJ. 

66, 2071–2078 (2014).

55. E. A. Susaki, K. Tainaka, D. Perrin, F. Kishino, T. Tawara, T. 

M. Watanabe, C. Yokoyama, H. Onoe, M. Eguchi, S. Yamaguchi, 

T. Abe, H. Kiyonari, Y. Shimizu, A. Miyawaki, H. Yokota, H. R. 

Ueda, Whole-Brain Imaging with Single-Cell Resolution Using 

Chemical Cocktails and Computational Analysis. Cell. 157, 

726–739 (2014).

56. M. D. Luecken, F. J. Theis, Current best practices in single-

cell RNA-seq analysis: a tutorial. Mol. Syst. Biol. 15, e8746 

(2019).

57. A. T. L. Lun, K. Bach, J. C. Marioni, Pooling across cells 

to normalize single-cell RNA sequencing data with many zero 

counts. Genome Biol. 17, 75 (2016).

58. F. A. Wolf, F. K. Hamey, M. Plass, J. Solana, J. S. Dahlin, 

B. Göttgens, N. Rajewsky, L. Simon, F. J. Theis, PAGA: graph 

abstraction reconciles clustering with trajectory inference 

through a topology preserving map of single cells. Genome 

Biol. 20, 59 (2019).

59. G. S. Gulati, S. S. Sikandar, D. J. Wesche, A. Manjunath, 

A. Bharadwaj, M. J. Berger, F. Ilagan, A. H. Kuo, R. W. Hsieh, 

S. Cai, M. Zabala, F. A. Scheeren, N. A. Lobo, D. Qian, F. 

B. Yu, F. M. Dirbas, M. F. Clarke, A. M. Newman, Single-cell 

transcriptional diversity is a hallmark of developmental potential. 

Science. 367, 405–411 (2020).

60. V. Bergen, M. Lange, S. Peidli, F. A. Wolf, F. J. Theis, 

Generalizing RNA velocity to transient cell states through 

dynamical modeling. Nat. Biotechnol. 38, 1408–1414 (2020).

61. G. La Manno, R. Soldatov, A. Zeisel, E. Braun, H. Hochgerner, 

V. Petukhov, K. Lidschreiber, M. E. Kastriti, P. Lönnerberg, A. 

Furlan, J. Fan, L. E. Borm, Z. Liu, D. van Bruggen, J. Guo, X. 

He, R. Barker, E. Sundström, G. Castelo-Branco, P. Cramer, I. 

Adameyko, S. Linnarsson, P. V. Kharchenko, RNA velocity of 

single cells. Nature. 560, 494–498 (2018).

62. M. Efremova, M. Vento-Tormo, S. A. Teichmann, R. 

Vento-Tormo, CellPhoneDB: inferring cell–cell communication 

from combined expression of multi-subunit ligand–receptor 

complexes. Nat. Protoc. 15, 1484–1506 (2020).

63. U. Raudvere, L. Kolberg, I. Kuzmin, T. Arak, P. Adler, 

H. Peterson, J. Vilo, g:Profiler: a web server for functional 
enrichment analysis and conversions of gene lists (2019 

update). Nucleic Acids Res. 47, W191–W198 (2019).

64. L. Haghverdi, M. Büttner, F. A. Wolf, F. Buettner, F. J. Theis, 

Diffusion pseudotime robustly reconstructs lineage branching. 

Nat. Methods. 13, 845–848 (2016).

65. N. A. Kulak, G. Pichler, I. Paron, N. Nagaraj, M. Mann, 

Minimal, encapsulated proteomic-sample processing applied 

to copy-number estimation in eukaryotic cells. Nat. Methods. 

11, 319–324 (2014).

66. M. C. Leitch, I. Mitra, R. G. Sadygov, Generalized Linear 

and Mixed Models for Label-Free Shotgun Proteomics. Stat. 

Interface. 5, 89–98 (2012).

67. O. E. Branson, M. A. Freitas, A multi-model statistical 

approach for proteomic spectral count quantitation. J. 

Proteomics. 144, 23–32 (2016).

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 25, 2021. ; https://doi.org/10.1101/2021.12.24.473988doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.24.473988
http://creativecommons.org/licenses/by-nc/4.0/


24

68. N. L. Albert, M. Unterrainer, D. F. Fleischmann, S. Lindner, F. 

Vettermann, A. Brunegraf, L. Vomacka, M. Brendel, V. Wenter, 

C. Wetzel, R. Rupprecht, J.-C. Tonn, C. Belka, P. Bartenstein, 

M. Niyazi, TSPO PET for glioma imaging using the novel ligand 

18F-GE-180: first results in patients with glioblastoma. Eur. J. 

Nucl. Med. Mol. Imaging. 44, 2230–2238 (2017).

69. Xiang X, Wind K, Wiedemann T, Blume T, Shi Y, Briel N, et 

al., Microglial activation states drive glucose uptake and FDG-

PET alterations in neurodegenerative diseases.

70. J. Schmitt, C. Palleis, J. Sauerbeck, M. Unterrainer, S. 

Harris, C. Prix, E. Weidinger, S. Katzdobler, O. Wagemann, A. 

Danek, L. Beyer, B.-S. Rauchmann, A. Rominger, M. Simons, P. 

Bartenstein, R. Perneczky, C. Haass, J. Levin, G. U. Höglinger, 

M. Brendel, German Imaging Initiative for Tauopathies (GII4T), 

Dual-Phase β-Amyloid PET Captures Neuronal Injury and 
Amyloidosis in Corticobasal Syndrome. Front. Aging Neurosci. 

13, 661284 (2021).

71. A. Hammers, R. Allom, M. J. Koepp, S. L. Free, R. Myers, 

L. Lemieux, T. N. Mitchell, D. J. Brooks, J. S. Duncan, Three-

dimensional maximum probability atlas of the human brain, with 

particular reference to the temporal lobe. Hum. Brain Mapp. 19, 

224–247 (2003).

72. L. Fan, H. Li, J. Zhuo, Y. Zhang, J. Wang, L. Chen, Z. Yang, 

C. Chu, S. Xie, A. R. Laird, P. T. Fox, S. B. Eickhoff, C. Yu, T. 

Jiang, The Human Brainnetome Atlas: A New Brain Atlas Based 

on Connectional Architecture. Cereb. Cortex N. Y. N 1991. 26, 

3508–3526 (2016).

73. Y. Perez-Riverol, A. Csordas, J. Bai, M. Bernal-Llinares, S. 

Hewapathirana, D. J. Kundu, A. Inuganti, J. Griss, G. Mayer, M. 

Eisenacher, E. Pérez, J. Uszkoreit, J. Pfeuffer, T. Sachsenberg, 

Ş. Yılmaz, S. Tiwary, J. Cox, E. Audain, M. Walzer, A. F. 
Jarnuczak, T. Ternent, A. Brazma, J. A. Vizcaíno, The PRIDE 

database and related tools and resources in 2019: improving 

support for quantification data. Nucleic Acids Res. 47, D442–

D450 (2019).

Video legends

Video S1. vDISCO whole-body cleared LysM mouse 

demonstrates the distribution of monocutes and 

neutrophils in the whole body after MCAo.

Video S2. vDISCO cleared LysM mouse head after 

MCAo has high cell instensity as well as LysM+ immune 

cells in parietal and frontal skull. 

Video S3. Iba+ labeled human skull+meninges (dura) 

sample displays immune cells in the skull-meninges 

connections

Video S4. TSPO-PET signal from an Alzheimer’s patient 

shows high TSPO signal coming from the calvaria. 

Tables

Table S1. Number of cell counts per cell type and 

condition 

Table S2. Significance of changes in pro- and anti-
inflammatory scores for bones 
Table S3. Calvaria only genes captured from proteomics 

samples for each condition

Table S4. Patient source file for human TSPO-PET 
imaging data
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Fig. S1 | Proportions and umap of fine cell-types over all conditions
Coarse cell types are shown separately with their fine cell type proportion over three conditions, and their umap distribution for the 
cell type, condition and region. Shown coarse cell types include 

(A) neutrophils, 

(B) monocytes, 

(C) B cells, 

(D) progenitors, 

(E) dendritic cells, 

(F) macrophages,

(G) T and NK cells, 

(H) basophils, 

(I) erythroid cells 

(J) structural cells. 

Regions with cell types less than 20 cells are indicated with a * on their relative positions in the bar plots.       
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Fig. S2 | Marker genes for fine cell types and single cell RNA sequencing, QC mea-
sure, PC regression for fine cell-types and ligand-receptor pairs in naïve condition
(A) Dot plot shows coarse and fine annotated cell types and their marker genes. Cell types start with the coarse cell type annotation 
with one known marker gene from the literature and the highest scoring differentially expressed gene in our dataset. This is 

followed by fine cell types under this coarse cell type. Again one marker gene from the literature is shown, and additionally the 
highest scoring differentially expressed gene within the coarse cell type. 

(B) Log counts in bones over coarse cell types are shown. Scapula, among other bones shows less log counts in all cell types 

hinting a systemic error in scapula cells. 

(C) Divergence of each bone’s cell type population from the population of all other bones measured via variance explained based 

on PC regression for fine cell type annotations in naïve condition.
(D) Divergence of each bone’s cell type population from the population of all other bones measured via variance explained based 

on PC regression for fine cell type annotations in MCAo and sham combined populations.
(E) Number of cell type combinations for top ranking ligand-receptor pairs that are measured in the groups: only calvaria, only 

vertebra, only femur, calvaria & vertebra, all except calvaria, all except vertebra, and all bones. The top 10 pairs ranked by number 
of cell type pairs of each group are shown in naive condition.
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(legend on next page)
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Fig. S3 | Unique interaction partners in bones in naïve condition

(A) Genes and their 20 most significant GO terms of ligand receptor pairs uniquely measured in calvaria.
(B) Number of ligand receptor pairs uniquely measured in calvaria.

(C) Genes and their 20 most significant GO terms of ligand receptor pairs uniquely measured in vertebra.
(D) Number of ligand receptor pairs uniquely measured in vertebra.

(E) Genes and their 20 most significant GO terms of ligand receptor pairs uniquely measured in femur.
(F) Number of ligand receptor pairs uniquely measured in femur.

(G) Genes and their 20 most significant GO terms of ligand receptor pairs uniquely measured in calvaria & vertebra.
(H) Number of ligand receptor pairs uniquely measured in calvaria & vertebra.
(I) Genes and their 20 most significant GO terms of ligand receptor pairs uniquely measured in all bones except for calvaria.
(J) Number of ligand receptor pairs uniquely measured in all bones except for calvaria.

(K) Genes and their 20 most significant GO terms of ligand receptor pairs uniquely measured in all bones except for vertebra. 
(L) Number of ligand receptor pairs uniquely measured in all bones except for vertebra.

Genes were ordered by a linkage clustering based on their GO term similarity in (A, C, E, G, I, K).
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(legend on next page)

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 25, 2021. ; https://doi.org/10.1101/2021.12.24.473988doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.24.473988
http://creativecommons.org/licenses/by-nc/4.0/


30

Fig. S4 | Structural and transcriptomic changes in injury conditions. 

(A) Whole head clearing of LysM mice in naïve, sham and MCAo (stroke was performed on the left side) condition show increased 

PI and LysM signal after MCAo. 

(B) Quantification of PI signal in the frontal and parietal bones show a strong trend [F(2,6) = 5.027, p = 0.522] for increased PI 
signal in MCAo condition compared to sham (p = 0.124) and naïve condition (p = 0.053). 

(C) Quantification of PI signal in the contralateral parietal skull bone of show increase [F(2,6) = 8.323, p = 0.019] in PI signal in 
MCAo condition compared to sham (p = 0.040) and naïve (p = 0.022) condition. (n=3 per group, C57BL6/J mice has been used 

for naïve condition quantification). dpi: days post injury.
(D) Divergence of cell type populations between condition pairs measured via variance explained based on PC regression.

(E) The upset plot demonstrates the common differentially expressed genes among bones and the cell types that these genes are 

higher expressed in, in sham condition.

(F) The differentially expressed genes are represented with a mean expression heatmap with the corresponding GO terms, in 

sham condition.

(G) The upset plot demonstrates the ligand-receptor pairs expressed in bones in sham conditions.

(H) Ligand-receptor analysis in sham conditions are shown with the corresponding genes and GO terms in the heatmap in sham 

condition. The minimal mean expression among bones is set to zero and the maximal to one. (n=3 pooled animals for sham. “not 

calvaria/vertebra” means that, that module is present in all other bones except for ‘calvaria/vertebra’ in both heatmaps. 

(I) Number of cell type combinations for top ranking ligand-receptor pairs that are measured in the groups: only calvaria, only 

vertebra, only femur, calvaria & vertebra, all except calvaria, all except vertebra, and all bones. The top 10 pairs ranked by number 
of cell type pairs of each group are shown in sham condition.

(J) Number of cell type combinations for top ranking ligand-receptor pairs that are measured in the groups: only calvaria, only 

vertebra, only femur, calvaria & vertebra, all except calvaria, all except vertebra, and all bones. The top 10 pairs ranked by number 
of cell type pairs of each group are shown in MCAo condition.
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Fig. S5 | Unique interaction partners in bones in MCAo condition

(A) Genes and their 20 most significant GO terms of ligand receptor pairs uniquely measured in calvaria.
(B) Number of ligand receptor pairs uniquely measured in calvaria.

(C) Genes and their 20 most significant GO terms of ligand receptor pairs uniquely measured in vertebra.
(D) Number of ligand receptor pairs uniquely measured in vertebra.

(E) Genes and their 20 most significant GO terms of ligand receptor pairs uniquely measured in femur.
(F) Number of ligand receptor pairs uniquely measured in femur.

(G) Genes and their 20 most significant GO terms of ligand receptor pairs uniquely measured in calvaria & vertebra.
(H) Number of ligand receptor pairs uniquely measured in calvaria & vertebra.
(I) Genes and their 20 most significant GO terms of ligand receptor pairs uniquely measured in all bones except for calvaria.
(J) Number of ligand receptor pairs uniquely measured in all bones except for calvaria.

(K) Genes and their 20 most significant GO terms of ligand receptor pairs uniquely measured in all bones except for vertebra. 
(L) Number of ligand receptor pairs uniquely measured in all bones except for vertebra.

Genes were ordered by a linkage clustering based on their GO term similarity in (A, C, E, G, I, K).
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Fig. S6 | Calvaria shows cues of brain communication after MCAO

(A) Number of proteins per sample as a quality control measure. 

(B) GO terms from uniquely detected proteins in the calvaria in naïve, sham and MCAo condition.

(C) Highly expressed markers in naïve, sham and MCAo condition are shown in a matrix plot.

(D) Common genes detected in the proteomic and transcriptomic datasets shown in a Venn diagram.  

(E) Marker genes are shown for deconvoluted cell types. 

(F) Correlation matrix among all bones, meninges and brain in all conditions are shown using Pearson’s correlation with average 

linkage. 

(G) Venn diagram shows the changes in the volcano plot shown in Figure 4I. Plot depicts brain and calvaria samples becoming 

similar after the course of stroke. 

(H) Histogram shows changes in the log fold change of detected proteins in naïve and MCAo condition between the calvaria and 

the brain. 

(I) Violin plot demonstrates Gap43 expression in brain, meninges and calvaria (upper) and bones (lower) in three conditions. 
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Fig. S7 | Human TSPO-PET scans reveal Aβ42 and higher Braak stage region  
associated TSPO signal in the calvaria

(A) Fronto-parietal skull TSPO signal from human AD patients show no significant correlation with clinical severity as demonstrated 
by MMSE (p=0.681), CERAD (p=0.063) and CDR (p=0.453) scorings respectively.

(B) Fronto-parietal skull TSPO signal shows a homogenous increase in prodromal and dementia subgroups for Alzheimer’s 

disease compared to control patients (prodromal vs. dementia: p=0.892).

(C) Fronto-parietal skull TSPO signal shows a positive association only with brain TSPO signal in the Braak VI stage region. 

(p=0.115 for Braak I, p=0.248 for Braak II, p=0.458 for Braak III, p=0.450 for Braak IV, p=0.855 for Braak V and p=0.012 for Braak 

VI).

(D) Fronto-parietal skull TSPO signal is not significantly associated with brain TSPO signal in any β-amyloid related regions: 
frontal (p=0.782), temporal (p=0.458), parietal (p=0.748), and posterior cingulate cortex/ precuneus (p=0.447).

(E) Fronto-parietal skull TSPO signal is correlated with β-amyloid42 (p=0.044) but not β-amyloid40 (p=0.741) in cerebrospinal 
fluid, also reflected by the significant negative correlation of the β-amyloid ratio (p=0.033).
(F) The association between brain and corresponding skull regions were computed after ROI selection, SUVr correlation and 

Fisher transformation.

(G) Correlation between regional TSPO differences in patients with AD vs. controls for the brain vs the skull. The correlation is not 

significant (p=0.113).
(H) Correlation matrix showing TSPO-PET signal associations in brain regions vs skull regions. Parietal and occipital brain regions 

display high correlation with all skull regions. i, 

(I) The high correlation between single brain regions with all skull regions is further shown by row vs. column variances in the 

matrix plot in h (p=1.6E-34). The significant difference suggests that brain inflammation in any region is reflected to the whole skull 
rather than a corresponding region.
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