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Myeloid cells, including monocytes, neutrophils, and macro-

phages, display extraordinary heterogeneity and diverse 

functions depending on their ontogeny and local niche (1–3). 

Macrophages represent an essential component of the mye-

loid niche and take on distinct transcriptional signatures to 

meet the demands of the tissues in which they reside (4). Re-

search on microglia, the macrophages of the central nervous 

system (CNS), led to the discovery that these tissue-resident 

macrophages are derived from the yolk sac during embryonic 

development (5–7). Unlike several other tissue macrophages 

that can be replaced by blood-borne monocytes, according to 

specific anatomical and developmental constraints (8), mi-

croglia are self-maintained and are not replenished by blood-

derived monocytes other than under defined experimental 

conditions (5, 9–12). In such cases, myeloid cells from the pe-

riphery may also invade the CNS tissue, although their origin, 

as well as their stability within the CNS, are poorly under-

stood. The perivascular spaces and the meningeal mem-

branes that cover the borders of the CNS are also populated 

by a variety of myeloid cells. Based on elegant fate-mapping 

strategies and multidimensional tools, recent work has begun 

to reveal the richness of this myeloid landscape, both at 

steady state and in different diseases (13–20). Less well stud-

ied, however, is the source and role of these brain border-res-

ident monocytes, monocyte-derived macrophages, and 

neutrophils during homeostasis and CNS dysfunction. 

Recent work described the existence of direct ossified 

vascular channels connecting skull bone marrow to menin-

ges, capable of dispersing neutrophils during inflammation 

(21–23). We hypothesized that these connections may also al-

low homeostatic myeloid trafficking between adjacent me-

ningeal and bone marrow niches. Here, we demonstrate that 

CNS-associated bone marrow niches in the skull and verte-

brae are myeloid reservoirs for the meninges and CNS paren-

chyma. Under homeostasis, these bone marrow pools supply 

the brain and spinal dural meninges with monocytes and 

neutrophils via direct dural–bone marrow connections. Fol-

lowing injury and neuroinflammation, these cells can mobi-

lize to infiltrate the CNS parenchyma, and display distinct 

phenotypes from their blood-derived counterparts. 

 

Results 

CNS borders host a substantial pool of monocytes and 
neutrophils that are not blood derived 
In an attempt to understand the origin of border myeloid 

cells under homeostasis, we parabiotically joined the circula-

tions of UBC-GFP and wild-type (WT) mice, allowing us to 

visualize host and fluorescent donor-derived cells, and per-

formed flow cytometric analyses of the blood, brain-associ-

ated tissues (cranial dura mater and spinal dura mater), 

hematopoietic organs (skull bone marrow, vertebrae bone 

marrow, and femur bone marrow), and peripheral control tis-

sues (spleen and liver) after 60 days of pairing (Fig. 1, A to C). 

To ensure our analysis only examined true parenchymal 
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populations and not blood contaminants, mice received in-

travenous anti-CD45 antibodies 2 min prior to euthanasia, la-

beling blood and vascular-associated leukocytes that were 

subsequently excluded in our gating strategy (Fig. 1B). Anal-

ysis of WT parabionts demonstrated that although blood 

chimerism for total CD45+ cells reached a 50:50 ratio (fig. 

S1A), neither neutrophils nor monocytes ever reached perfect 

chimerism in the blood. After 2 months, a GFP:WT cell ratio 

of ~30:70 was achieved (Fig. 1, D and E). The reduced chimer-

ism of these myeloid cells was likely due to the short half-life 

of these cells as well as active myelopoiesis occurring in the 

bone marrow. 

Despite imperfect blood chimerism of Ly6C+ monocytes 

and neutrophils, GFP+ cell proportions detected in the cranial 

dura and spinal dura were significantly lower than that of 

blood (Fig. 1, D and E). By comparison, the myeloid chimer-

ism displayed in other peripheral tissues were more akin to 

the proportions present in the blood (Fig. 1, D and E). These 

data suggested that there was a substantial pool of monocytes 

and neutrophils located along the brain borders that had not 

originated from the UBC-GFP parabiont. Cranial and spinal 

dural CD4 T cells from the UBC-GFP parabiont were not sig-

nificantly different from the blood chimerism, suggesting a 

blood origin as described previously (24) (Fig. 1F). Further-

more, GFP+Ly6c− monocytes and B cells displayed different 

levels of chimerism in distinct tissues. GFP+ B cells specifi-

cally appeared to be less represented at the brain borders, 

also suggesting a non-blood origin (fig. S1, B and C). This phe-

nomenon is described in more detail in an accompanying 

manuscript (25). Additional components of the dural myeloid 

compartment including macrophages, conventional den-

dritic cells (cDC)1s, and cDC2s also displayed a low propor-

tion of GFP+ cells compared to the non-border associated 

spleen pool (fig. S1, D to F). Analysis of several bone marrow 

niches confirmed that the majority of detected LSK (line-

age−SCA-1+c-Kit−) hematopoietic progenitors were GFP− cells, 

as expected from an active WT proliferative niche (fig. S1G). 

We corroborated these flow cytometry data by immunohisto-

chemistry (IHC) and demonstrated only a minor proportion 

of GFP+CCR2+ and GFP+Ly-6B.2+ cells in WT host tissues (Fig. 

1G). Utilizing CD45.1 and CD45.2 pairs as parabionts, we ob-

served a similar imbalance toward host-derived monocytes 

and neutrophils within the dura compared to the blood 

chimerism, suggesting the observed findings were consistent 

across different parabiotic pairs (fig. S1, H and I). Thus, a sub-

stantial pool of non-blood-derived monocytes and neutro-

phils appear to populate the cranial and spinal dura. 

Next, we investigated whether the dura harbored mono-

cyte progenitor cells that could maintain a local monocyte 

pool. Using flow cytometry, we could efficiently identify mon-

ocyte–dendritic cell progenitors (MDPs) and monocyte-com-

mitted progenitors (cMoPs) in the skull bone marrow. These 

populations were entirely absent from the cranial dura how-

ever (fig. S1, J to S). To exclude the possibility that the low 

levels of meningeal chimerism observed for Ly6C+ monocytes 

and neutrophils could be attributed to the proliferation and 

self-renewal of those cells in the tissue, we explored the turn-

over of these myeloid cells using a tamoxifen-inducible fate-

mapping Cre recombinase system driven by the pan-myeloid 

promoter LysM to express the fluorescent protein ZsGreen 

(Fig. 1H). Following tamoxifen injections over 3 consecutive 

days, blood monocytes and neutrophils reached a recombina-

tion efficiency of 36% and 87%, respectively. After 30 days, 

almost no circulating ZsGreen+ cells could be detected (Fig. 1, 

I to K). Notably, the fate-mapping efficiency of the blood was 

mirrored by that in the dura across all investigated time 

points, indicating that the half-lives of the myelomonocytic 

cells in the blood and in the meningeal spaces were compa-

rable (Fig. 1, H to K, and fig. S2, A to D). To rule out the pos-

sibility that the unlabeled fraction of monocytes and 

neutrophils provides a local pool of self-sustaining tissue-res-

ident cells, we performed in vivo EdU labeling and Ki-67 

staining. Analysis of the blood, cranial dura, and skull bone 

marrow confirmed that 24 hours after two EdU pulses, the 

majority of Ly6C+ monocytes and neutrophils in the dura in-

corporated EdU, but displayed low levels of Ki-67 (fig. S2, E 

to J). Thus, these cells appeared to originate from a prolifer-

ating source, but likely experienced rapid turnover in these 

tissues and low proliferation capabilities outside the bone 

marrow niche. Moreover, dural neutrophils displayed the 

same level of EdU incorporation as the skull bone marrow 

pool, whereas blood neutrophils were almost entirely devoid 

of EdU+ cells, suggesting dural neutrophils may arise from 

the nearby bone marrow sources (fig. S2, E to J). Finally, we 

investigated if the dural Ly6C+ monocyte and neutrophil pool 

used meningeal lymphatics to egress from the tissues. For 

this, we used KikGR transgenic mice with KikGreen-to-

KikRed photoconvertible fluorescent protein (26). Although 

neutrophils and Ly6C+ monocytes were present in the drain-

ing deep cervical lymph nodes 24 hours after the final photo-

conversion, no significant differences in KikRed cells could 

be detected in the deep cervical lymph nodes, compared to 

unconverted controls (fig. S2, K to N). Thus, replenishment of 

dural meningeal Ly6C+ monocytes and neutrophils appear to 

come from a local source and is not due to homeostatic 

maintenance within the tissue itself or from the blood. 

 
Skull bone marrow supplies brain borders with  
myeloid cells 
Direct connections between the skull and the dura through 

ossified channels harboring blood vessels extend from the 

bone marrow to the CNS and allow neutrophils and tumor 

cell migration during inflammatory or pathological states 

(21–23). One prior strategy for neutrophil tracking utilized 
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injections into skull bone marrow to label brain-infiltrating 

cells (21). However, on reproducing this approach in an at-

tempt to assess a bone marrow origin for homeostatic dural 

myeloid cells, we found it unsuitable for this purpose as it 

resulted in immediate leakage of the tracers into the dura 

mater and their subsequent drainage by meningeal lymphatic 

vessels (fig. S3, A to N). Despite the caveats that come with 

these direct bone marrow injections, we found that a brief 

topical application of AMD3100, a CXCR4 antagonist, to cra-

nial bone marrow exposed by skull thinning, promoted mye-

loid cell egress. This resulted in significant elevations in 

Ly6C+ monocytes and neutrophils in underlying dura mater, 

without altering proportions in the blood, lung, or other bone 

marrow niches, suggesting direct migration from local skull 

bone marrow (Fig. 2, A to E). We did not observe a change in 

the number of myeloid cells in the skull bone marrow 24 

hours following AMD3100 administration. This is likely due 

to the number of monocytes and neutrophils infiltrating the 

dura representing only a very small proportion of the CNS-

associated bone marrow niche. 

These data prompted us to look closely into the possibility 

that the skull bone marrow is a source for meningeal myeloid 

cells. Therefore, we developed a calvaria bone-flap transplan-

tation, in which a piece of the calvarium (~6×4 mm) contain-

ing a substantial bone marrow reservoir was transplanted 

from UBC-GFP mice to cover a skull window of similar size 

created in WT mice whose dura mater was carefully left intact 

(Fig. 2F). IHC analysis of transplanted calvaria flaps 7 and 30 

days after transplantation revealed the continued presence of 

GFP+ bone marrow, though some sites were partially repopu-

lated by non-GFP expressing cells (Fig. 2G and fig. S4, A and 

B). Consistent with sterile injury-induced dural angiogenesis 

(27), vascular remodeling was observed at 7 days, but re-

turned to the coverage of naive mice after 30 days (Fig. 2H 

and fig. S4, C and D). The transplanted flap contained cranial 

sutures necessary for skull repair (28). Indeed, after 1 month, 

transplanted bone was incorporated into the WT skull (fig. 

S4E and movie S1). We detected GFP+ cells including CCR2+ 

monocytes, IBA1+ macrophages, and CD31+ vasculature in the 

underlying dura of the transplanted calvaria flap (fig. S4, F 

and G). Flow cytometric analysis of blood, cranial dura, and 

skull bone marrow confirmed that although the donor pool 

of GFP+ cells in the transplanted skull bone marrow niche 

was low, it was able to give rise to dural Ly6C+ monocytes and 

neutrophils even 30 days posts transplant (Fig. 2, I to M, and 

fig. S4, H and I). Demonstrating a direct route for dural my-

eloid infiltration from the transplanted skull, we observed 

previously described vascular channels connecting the trans-

planted skull to the dura mater (fig. S4, J and K, and movies 

S2 and S3). Analysis of the underlying cortex revealed no mi-

croglial activation via Sholl analysis after 30 days (fig. S4, L 

and M) and following an initial weight loss after 

transplantation, mice resumed a normal weight gain, sug-

gesting minimal chronic perturbations using this model (fig. 

S4N). 

We next used an irradiation regime to further exclude the 

possibility that the observed phenotype following parabiosis 

or calvaria bone flap transplantation strategies is inflamma-

tion driven (Fig. 2N). Mice underwent lethal irradiation cou-

pled with different shielding strategies and were 

reconstituted with UBC-GFP-derived bone marrow. As ex-

pected, cranial dural Ly6C+ monocytes and neutrophils in 

head-shielded mice, whose bodies were irradiated, showed 

similar levels of chimerism as skull bone marrow. Chimerism 

at both sites were significantly lower than the blood and fe-

mur bone marrow (Fig. 2, O to Q). The body-shielding strat-

egy, in which the head was irradiated, displayed the opposite 

effect with a significantly higher proportions of GFP+ cells in 

the skull bone marrow and cranial dura, compared to blood 

or femur bone marrow (Fig. 2, R and S). 

To explore dural-derived factors that could recruit bone 

marrow-derived myeloid cells, we utilized RNA-magnet algo-

rithms from whole dura single-cell RNA sequencing (scRNA-

seq) analysis (24), to unbiasedly identify ligand expression for 

monocyte and neutrophil chemokine receptors (fig. S5, A and 

B). We then performed semiquantitative chemokine protein 

expression analysis from whole dura homogenates, to con-

firm the true presence of predicted ligands (fig. S5C). We 

identified high expression of CCL2, CCL12, and CCL8, which 

can recruit monocytes through CCR2 signaling as well as 

CCL6, which can recruit neutrophils via CCR1. This suggested 

that the homeostatic dura contains appropriate signals for lo-

cal myeloid recruitment from adjacent bone marrow (fig. S5, 

C to E). Thus, under homeostatic conditions, the myeloid 

niche distributed along the brain borders receives a substan-

tial input from the skull bone marrow, which appears to act 

as a critical dispenser of myeloid cells. This provides an ex-

ample of a healthy tissue hosting myeloid cells that are con-

tinuously replenished by a source that does not use blood as 

a major route. 

 
The inflamed CNS is infiltrated by blood and CNS-
adjacent bone marrow-derived myeloid cells 
Intrigued by the large proportion of non-blood-derived mon-

ocytes and neutrophils residing in the dura, we speculated 

that these cells may be positioned for a prompt response in 

the event of parenchymal CNS damage. We proceeded to in-

vestigate this scenario using parabiotic pairing in three CNS-

injury models, experimental autoimmune encephalomyelitis 

(EAE), spinal cord injury, and optic nerve crush injury. For 

EAE experiments, WT and UBC-GFP mice were joined para-

biotically for 60 days and both groups were immunized with 

myelin oligodendrocyte glycoprotein (MOG) peptide (35-55) 

in complete Freud’s adjuvant (CFA) to induce EAE. Lumbar 
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spinal cord, lumbar vertebral bone marrow, spinal dura, and 

blood were collected from the WT parabionts 15 days after 

EAE induction and stained for flow cytometry and IHC (Fig. 

3A and fig. S6, A and B). In agreement with their homeostatic 

presence, a substantial pool of dural and CNS-infiltrating 

Ly6c+ monocytes did not originate from the blood, indicated 

by their significantly lower GFP+ proportion compared to the 

blood chimerism (Fig. 3, B and C). Interestingly, the same was 

not observed for neutrophils, CD4 T cells, and Ly6C− mono-

cytes, suggesting blood as the major source of these infiltrates 

at this time point (Fig. 3D and fig. S6, C to E). Dural and spi-

nal cord GFP+ macrophages were also observed, suggesting 

infiltrating monocytes can differentiate under these inflam-

matory conditions, though not at a sufficient amount to ex-

plain the chimerism discrepancy (fig. S6F). In agreement 

with flow cytometry analysis, IHC for cranial dura, spinal 

dura, and spinal cord, revealed that infiltrating GR1+ cells 

within WT tissues were rarely GFP+ (Fig. 3E). In the cranial 

dura, GR1+ cells were mostly associated with the dural si-

nuses, and we observed evidence of intraluminal lymphatic 

localization, suggesting the possibility of lymphatic traffick-

ing of myeloid cells during neuroinflammatory diseases as 

previously described (29) (fig. S6, G to I). 

Following spinal cord injury in CD45.1–CD45.2 parabi-

onts, CNS-infiltrating Ly6C+ monocytes (but not neutrophils, 

CD4 T cells, or Ly6C− monocytes) also displayed a signifi-

cantly lower proportion of host-derived cells in the spinal 

cord and spinal dura compared to blood, suggestive of a local 

bone-marrow origin (fig. S7, A to G). GFP+ monocyte-derived 

macrophages were present, but their proportion in the in-

jured spinal cord was low (fig. S7H). Similar results were ob-

tained for another CNS injury, whereby optic nerve 

infiltrating Ly6C+ monocytes and neutrophils following optic 

nerve crush in WT–UBC-GFP parabionts displayed a signifi-

cantly lower proportion of donor-derived cells compared to 

the blood chimerism (fig. S7, I to L). Importantly, the same 

was not observed in a periphery injury model utilizing ear 

skin puncture that lacks a local bone-marrow reservoir and 

shows similar chimerism in the site of injury to that observed 

in the blood (fig. S7, M to P). 

To identify a direct route allowing non-blood-derived 

monocytes to invade spinal cord tissue, we explored whether 

bone marrow channels identified for the skull were present 

in spinal cord vertebrae. Using H&E staining and IHC in na-

ive and EAE mice 15 days post induction, we observed chan-

nels directly connecting vertebrae bone marrow to spinal 

dura, with cells present within the channels (Fig. 3F and fig. 

S8, A to C). Further, we observed that spinal cord infiltrates 

of GR1+ cells were frequently associated with the presence of 

these bone marrow–spinal dura channels (Fig. 3F). The exact 

anatomical connections of these channels remain controver-

sial, but we found that channels terminated within the dura 

mater and did not directly contact the CNS tissue (Fig. 3F and 

fig. S8, A to C). Exactly how myeloid cells traverse the under-

lying arachnoid and pia maters to penetrate the CNS paren-

chyma remains to be established, but like the blood–brain 

barrier, it is plausible that these barriers, consisting of tight 

junctions, are similarly disrupted under neuroinflammatory 

conditions (30). 

We next sought to determine whether CNS-infiltrating 

monocytes of different origins (i.e., blood versus bone mar-

row/meningeal), may have different phenotypes based on the 

route by which they gain access to the CNS. To explore this, 

we induced EAE in WT–UBC-GFP parabionts, and isolated 

GFP+ and GFP− spinal cord-infiltrating IV-CD45−CD45hi cells 

from WT mice 15 days post induction, and performed scRNA-

seq (fig. S9, A to C). The majority of sorted cells were mono-

cytes, but we also obtained populations of neutrophils, den-

dritic cells (DCs), B cells, T cells, microglia/macrophages, and 

an undefined proliferating population cluster of cells from 

both GFP+ and GFP− populations (Fig. 3, G and H). In agree-

ment with previous EAE experiments, monocytes made up 

the majority of the GFP− pool, consistent with a non-blood 

origin (Fig. 3I and fig. S9C). Gene ontology pathway analysis 

for biological processes of differentially expressed genes in 

GFP+ versus GFP− monocytes revealed down-regulated path-

ways involved in anion and lipid transport metabolism path-

ways and wound healing (Fig. 3J and table S1). Up-regulated 

pathways were largely involved in leukocyte migration, adhe-

sion, and T cell activation (Fig. 3K and table S1). Analysis of 

differentially expressed genes revealed a significant induc-

tion of diverse myeloid and lymphocyte chemokines (Ccl2, 

Ccl5, Cxcl9, and Cxcl16) and pro-inflammatory cytokines (Il6, 

Il1a, Il1b, Tnf, and Ifng) (Fig. 3L and table S2). These data 

suggest a potential skewed pro-inflammatory role for blood 

compared to bone marrow-derived monocytes in EAE, in line 

with the recently described pathogenic subset of 

CXCL10+/CXCL9+ monocytes in neuroinflammatory disease 

(31). These cells may be involved in enhanced leukocyte traf-

ficking, for example by CCL5-, CXCL9-, and CXCL16-mediated 

T cell recruitment and proinflammatory cytokine production, 

which are critical factors in EAE pathogenesis (32). 

Notably, scRNA-seq analysis of infiltrating IV-

CD45−CD45hi GFP+ versus GFP− monocytes from the spinal 

cord of WT parabionts 3 days post spinal cord injury, re-

vealed a similar up-regulation of pathways involved in leu-

kocyte migration and activation, with several conserved up-

regulated chemokines and cytokines in GFP+ blood-derived 

monocytes (fig. S9, D to L, and tables S3 and S4). Thus, there 

may be differential roles in blood versus bone-marrow-de-

rived monocytes in diverse CNS injury and inflammatory 

conditions, perhaps similar to those observed for choroid 

plexus compared to blood trafficking during spinal cord in-

jury (33). 
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Discussion 

In this study, we demonstrate that the steady-state myeloid 

niche located at the CNS borders in mice consists of a sub-

stantial pool of monocytes and neutrophils that are continu-

ously replenished from bone-marrow niches in the adjacent 

skull or vertebrae. Our model of calvaria bone-flap transplan-

tation—used here as a proof-of-concept prototype—and vari-

ous irradiation regimes demonstrate that skull bone marrow 

can supply the adjacent meningeal tissue with myelomono-

cytic cells without using the blood route. Moreover, our re-

sults indicate that these bone-marrow-derived monocytes can 

differentiate into meningeal macrophages. This revealed a 

myeloid niche that is open to homeostatic peripheral inputs 

that, in contradiction to the classic Van Furth dogma, does 

not use the blood as a major route. 

It is tempting to speculate that channels aligned between 

the bone marrow and the dura might, under homeostatic 

conditions, represent a principal route for the migration of 

monocytes and neutrophils. In our skull transplantation 

model, we detected GFP+ vascular elements sprouting from 

the bone-marrow niche and extending toward the dural pa-

renchyma. It is therefore reasonable to conceive of a scenario 

wherein myelomonocytic cells crawl abluminally along these 

vessels using the vasculature as a scaffold, as is the case of 

neuroblasts during CNS development (34), glioma tumor 

spread in the brain parenchyma (35), or T cells finding their 

zone in the spleen (36). 

Beyond homeostatic trafficking, we demonstrated that in 

the context of either injury or autoimmune neuroinflamma-

tion, monocytes can invade the brain and spinal cord paren-

chyma without the need for blood, and thus breakdown of 

the blood–brain barrier. In this sense, the brain seems to be-

have as a unique organ, in that it is able to hold a privileged 

dialogue with its surrounding tissues. Indeed, we envisage 

these monocytes and neutrophils as a myeloid reservoir situ-

ated at the borders of the CNS under homeostatic conditions 

and ready to leap to its defense when needed, thereby com-

plementing blood-borne inflammatory cells in supporting the 

CNS. Whether dura-derived chemokines differentially favor 

migration from local bone marrow over blood, or indeed 

whether the two routes use different recruitment factors en-

tirely remains to be clarified. Intriguingly, this could allow 

for the manipulation of specific subsets of myeloid cells, with 

potentially unique phenotypes. From our scRNA-seq analysis, 

it appears that infiltrating Ly6c+ cells from the blood and the 

bone marrow may have distinct roles in EAE pathology, po-

tentially through differences in immune cell recruitment or 

exacerbation of inflammatory events, though the exact par-

ticipation remains to be seen. It will also be intriguing to fur-

ther explore the kinetics of blood-and CNS-associated bone 

marrow-derived myeloid infiltration during EAE develop-

ment, to explore whether one population represents the “first 

responders” to CNS disruption. 

The skull and vertebral bone-marrow-derived meningeal 

myeloid reservoir described here reshapes our interpretation 

of the neuroimmunological events occurring at the CNS bor-

ders under both physiological and pathological conditions. It 

appears likely that this reservoir of immune cells may also be 

of relevance in other scenarios of brain pathology, such as 

neurodegeneration, brain tumors, CNS or meningeal infec-

tion, and aging, or in the context of microglial replacement 

under specific ablative regimens. 

 

Materials and methods 

Mice 
Mice were housed in the animal facility 4-to-5 animals per 

cage in a temperature and humidity-controlled environment 

with a 12-hour light–dark cycle. Mice were provided with ro-

dent chow and water ad libitum. All mice were housed for 

habituation for at least 1 week before the start of the experi-

mentation. Unless specified otherwise, mice were 2-3 months 

of age at the beginning of the experiments. The following 

strains were used: C57BL/6 (WT; JAX 000664), C57BL/6-

Tg(UBC-GFP)30Scha/J(UBC-GFP; JAX 004353), B6.SJL-

Ptprca Pepcb/BoyJ (CD45.1; JAX 002014), Lyz2 tm1(CREER-

T2)Grtn/J (LysM-CREER-T2; JAX 031674), B6.Cg-

Gt(ROSA)26Sor tm6(CAG-ZsGreen1)Hze/J (Zsgreen, JAX 

007906), Prox1-CREER-T2 (JAX 022075), B6.Cg-Gt(ROSA)26Sor 

tm14(CAG-tdTomato)Hze/J (Ai14; JAX 007914),) Tg(CAG-

KikGR)33Hadj/J (KikGR, JAX 013753). Mice were bred in 

house or purchased from the Jackson Laboratory. All experi-

ments were approved by the Institutional Animal Care and 

Use Committee of the University of Virginia and/or Washing-

ton University in St. Louis. Experiments were only performed 

in institutions for which experimental approval was granted. 

 
Parabiosis 
Mice were anesthetized with an intraperitoneal injection of a 

ketamine (100 mg per kilogram)–xylazine (10 mg per kilo-

gram) cocktail. Fur was shaved on the corresponding lateral 

aspect of each mouse and cleaned with alternating Betadine 

solution and alcohol swabs. After muscles were fully relaxed, 

matching skin incision from the olecranon to the knee joint 

was made on each side of the incision, the subcutaneous fas-

cia was bluntly dissected to create 0.5 cm of free skin. To re-

duce direct pulling on the skin sutures, the olecranon and 

knee were sutured together by an absorbable 5-0 Vicryl su-

ture. After pressing together, the dermis of the parabiotic 

partners, skins incisions were closed with 5-0 Nylon suture. 

Post-surgery, systemic analgesics (2.5 mg of ketoprofen per 

kilogram) and antibiotics (2.5 mg of Baytril (Bayer) per kilo-

gram) were administered. One single parabiotic pair was 

housed per cage, wet food was provided, and mice were mon-

itored daily for pain and distress. Unless specified otherwise, 
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all parabiotic pairs were sacrificed after 60 days, disjoined, 

and separately perfused. 

 
Tissue collection and processing for immunohisto-
chemistry 
Mice were sacrificed using a lethal dose of anesthetics (Eu-

thasol, 10% v/v) via IP injection and transcardially perfused 

with 0.025% heparin in PBS solution. Cranial meninges and 

brain were harvested by immediate decapitation posterior to 

the occipital bone; skin, mandible and muscles were re-

moved, and skull was fixed in 4% paraformaldehyde (PFA) at 

4°C for 24 hours. After 24 hours, the meninges were peeled 

from the skull cup and placed in PBS with 0.25% sodium az-

ide at 4°C until used. Brains were fixed for additional 24 

hours in PFA at 4°C, transferred in PBS with 30% sucrose 

until fully immersed and then embedded in OCT compound 

(Fisher), frozen rapidly over dry ice, and stored at −20°C until 

use. Forty-micrometer-thick sections (coronal) were sliced on 

a cryostat (Leica). Calvarium and femur were fixed in 4% PFA 

at 4°C for 24 hours, transferred in decalcification solution 

(PBS with 0.1 M of EDTA) at agitation for 4-6 days at 37°C 

with daily change of the solution, and then transferred in PBS 

with 30% sucrose overnight. Calvarium and femur were then 

embedded in OCT, frozen rapidly over dry ice and stored at 

−20°C until use. Thirty-micrometer-thick sections (coronal or 

sagittal) were sliced onto gelatin-coated slides on a cryostat 

(Leica). Vertebral laminae were cut on both sides, vertebral 

foramen was exposed, and spinal cord was dissected using 

fine forceps and fixed in 4% PFA at 4°C for 48 hours. Menin-

ges were cut along the ventral side and whole-mount menin-

ges were peeled from spinal cord and placed in PBS with 

0.25% sodium azide at 4°C until used. Spinal cord was trans-

ferred in PBS with 30% sucrose overnight, embedded in OCT, 

frozen rapidly over dry ice and stored at −20°C until use. 

Twenty-five-micrometer-thick sections were sliced onto gela-

tin-coated slides on a cryostat (Leica). Liver, lung, and lymph 

nodes were harvested using forceps, placed in 4% PFA over-

night, transferred into PBS containing 30% sucrose overnight 

and then embedded in OCT and frozen rapidly over dry ice 

and stored at −20°C until use. Twenty-five-micrometer-thick 

sections were sliced onto gelatin-coated slides on a cryostat 

(Leica). For immunofluorescence staining, tissues were 

rinsed in PBS and washed with PBS with 0.2% Triton X-100 

for 10 min, followed by incubation in blocking and permea-

bilization buffer containing PBS with 0.2% Triton X-100 and 

2% normal chicken serum for 1 hour at room temperature 

with gentle agitation. If applicable, endogenous biotin was 

blocked using streptavidin/biotin blocking kit (Vector Labor-

atories SP-2002) following manufacturer’s instructions. To 

quench autofluorescence of femur and skull bone marrow, 

Trueblack (Biotium, 23007) was used following manufac-

turer’s instructions. Sections were then incubated with 

primary antibodies in the blocking and permeabilization 

buffer for 24 hours at 4°C with gentle agitation, washed three 

times with PBS with 0.2% Triton X-100, and incubated with 

secondary antibodies in blocking and permeabilization buffer 

for 2 hours at room temperature. Slices were washed three 

times with PBS containing 0.2% Triton X-100 and nuclei were 

then counterstained with DAPI. Free-floating sections were 

mounted on Superfrost Plus slides and coverslipped with 

Aqua-Mount (Lerner) or ProLong Gold Antifade Mountant 

(Molecular Probes) and glass coverslips. Gelatin-coated slides 

were mounted with Aqua-Mount (Lerner) and glass co-

verslips. 

For H&E staining, formalin fixed spines were embedded 

in paraffin and 10-μm-thick sections were cut on a microtome 

(Leica), mounted onto slides, deparaffinized, and stained 

with Hematoxylin and Eosin Stain Kit (Vector Laboratories 

H-3502) according to the manufacturer's instructions. 

For cleared skull-dura whole-mount imaging, the vDISCO 

tissue clearing and processing protocol was used as described 

(23). Briefly, after perfusion, skull with attached meninges 

was dissected, placed in PBS 4% PFA overnight, followed by 

decolorization solution for 24 hours. After washing with PBS, 

samples were placed in decalcification solution (10 wt/Vol% 

EDTA (Carl Roth, 1702922685) in 0.1 M PBS) for 2 days at 

room temperature. Samples were then permeabilized, 

stained, and cleared using the vDISCO protocol with passive 

tissue immersion as described (23). Cleared samples were im-

mersed in ethyl cinnamate (Sigma, W243019) and placed in 

chambered cover-glass (Thermo, 155360) for imaging. 

 
Confocal microscopy and image analysis 
Tissues slides were stored at 4°C for no more than 1 week 

until images were acquired using confocal microscopy (Leica, 

TCS SP8 or Leica, Stellaris) with 10X (0.4 NA), 20X (0.75 NA), 

and 40X (1.3 NA) objectives (Leica) and widefield microscopy 

(Olympus Slideview VS200) with 10X (0.4 NA), 20X (0.8 NA), 

and 40X (0.95 NA) objectives (Olympus) and a Hamamatsu 

ORCA Flash4.0 V3 digital camera. Quantitative analysis of ac-

quired images was performed using Fiji package for ImageJ. 

Five-to-fifteen representative images were acquired per sam-

ple and the results were averaged to generate the value uti-

lized for a single mouse. 

 
Single-cell isolations 
Mice were injected with a lethal dose of Euthasol (10% 

vol/vol) and transcardially perfused with ice-cold PBS with 

0.025% heparin. Blood was collected before perfusion from 

the retroorbital sinus. Blood was centrifuged at 420g for 4 

min. Red blood cell lysis was then performed by resuspension 

in 1 ml of ACK lysis buffer (Quality Biological) for 10 min at 

room temperature, and 2 ml of PBS was added to inactivate 

ACK buffer. After centrifugation at 420g for 4 min samples 
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were resuspended in FACS buffer (PBS with 2% BSA) and 

kept at 4°C until use. Tissues were harvested as described 

above. Briefly, dura and lymph nodes were digested for 15 

min and lung, liver, and skin were digested for 30 min at 37°C 

in pre-warmed digestion buffer (DMEM with 1 mg/ml Colla-

genase VIII (Sigma-Aldrich) supplemented with 0.5 mg/ml of 

DNase I (Sigma-Aldrich), 2% FBS). After digestion tissues un-

derwent several steps of mechanical homogenization fol-

lowed by filtration through a 70-μm cell strainer. Enzymes 

were inactivated with DMEM with 10% FBS and cells were 

then centrifuged at 420g for 4 min and washed in FACS 

buffer. Single-cell suspensions were kept in FACS buffer on 

ice until use. After dissecting the meninges, spinal cord and 

brains were harvested, followed by digestion step for 30 min 

in pre-warmed digestion buffer, triturated with a 10-ml sero-

logical pipette, digested for an additional 20 min and again 

triturated with a 5-ml serological pipette. Cells were passed 

through a 70-μm cell strainer, enzymes were inactivated by 

adding an equal volume of DMEM with 10% FBS and samples 

were centrifuged at 420g for 4 min. Myelin was removed by 

adding a 1:1 ratio of 22% BSA in PBS to DMEM and samples 

were centrifuged at 1000g for 10 min, with no brake. The up-

per myelin-containing layer and underlying BSA was aspi-

rated and the single-cell suspension was kept in FACS buffer 

until use. For the isolation of skull bone marrow, meninges 

were peeled from skull cup as described above. The calvarium 

was then cut into small pieces using sterile scissors and me-

chanically dissociated in FACS buffer with a pestle, followed 

by a filtration step through a 70-μm cell strainer. After cen-

trifugation at 420g for 4 min, red blood cells were removed 

by adding 1 ml of ACK lysis buffer for 2 min at room temper-

ature, centrifugation at 420g for 4 min, and the cell pellet was 

resuspended in FACS buffer until use. Femur bone marrow 

was harvested by dissecting the left femur. The proximal and 

distal epiphysis were cut using sterile scissors and bone mar-

row was then flushed out from the femur using a 23G needle 

filled with PBS with 2% BSA onto a 70-μm cell strainer and 

gently pressed. After centrifugation, red blood cells were 

lysed with 1 ml ACK lysis buffer for 2 min, centrifuged at 420g 

for 4 min, and resuspended in ice-cold FACS buffer until use. 

 
Flow cytometry and fluorescence-activated cell sorting 
Single-cell suspensions were washed and resuspended in 

FACS buffer. FC receptors were blocked for 5 min on ice using 

an anti-CD16/CD32 antibody cocktail (FC block; 2 μg/ml, Bi-

olegend), followed by a 10-min incubation at room tempera-

ture with antibody cocktails for surface staining. The list of 

flow antibodies is provided in table S5. To determine cell vi-

ability, Zombie Aqua or Zombie NIR fixable Viability kit was 

used following the manufacturer’s instructions. Samples 

were acquired with a Gallios flow cytometer (Beckman Coul-

ter) or an Aurora spectral flow cytometer (Cytek). Data were 

analyzed using FlowJo version 10. For FACS a BD FACSAria 

II (BD Biosciences) was used. 

 
IV immune labeling 
To label intravascular leukocytes, mice were retro-orbitally 

injected with 2 μg of PE-conjugated anti-CD45 antibody (Bi-

olegend, clone 30-F11) under isoflurane anesthesia 2 min be-

fore euthanasia. In all instances, proper IV administration 

was confirmed by complete labeling of blood leukocytes. 

 
Tamoxifen-induced Cre recombination 
To induce Cre recombination in LysmCreERT2 mice, a 20 

mg/ml stock solution of tamoxifen (Sigma Aldrich) was pre-

pared by dissolving in corn oil at 37°C for 24 hours followed 

by sterile filtration. Transgenic mice were injected IP daily 

with 100 μl of tamoxifen at 8 weeks of age for 3 consecutive 

days. Mice were then sacrificed at 0, 3, 14, or 30 days after the 

final tamoxifen injection. 

 
Intracalvaria and intratibial bone marrow injection 
All procedures were performed on mice anesthetized with a 

ketamine (100 mg per kilogram)–xylazine (10 mg per kilo-

gram) mixture. Body temperature was maintained through-

out the surgery by placing mice on a heating pad at 37°C 

while they were restrained in a stereotaxic apparatus. The 

head of the mouse was shaved, a skin midline incision was 

made, and the skull was exposed. Injections were performed 

similarly as described previously (21). Briefly, an electric drill 

was used to gently erode the compact bone covering bone 

marrow niches on occipital and frontal bones until a thin 

layer of periosteum was left. A Hamilton syringe comple-

mented with a 34G-blunt needle- RN 0.37 PT3 was used to 

manually poke the final hole for the injection. All injections 

were performed manually. Every injection consisted of a max-

imum volume of 2 μl. A single injection took around 45 s. Af-

ter the injection the needle was maintained in place for 15 s 

in order to prevent excessive leakage of the injected solution. 

Several injections were performed per mouse for a total final 

volume injected that ranged between 4 μl and 10 μl. Several 

types of injections were performed: (a) UBC-GFP progenitor 

cells freshly flushed from femur (roughly 10,000 cells injected 

per mouse); (b) Evans Blue; (c) CD45-PE antibody (Biolegend, 

clone 30-F11); and (d) CellTracker Deep red (C34565, Molec-

ular Probes). The Hamilton was filled directly with the con-

centrated antibody solution from the Biolegend/Molecular 

Probes vials. For intratibial bone marrow injection, a skin in-

cision was made below the knee and using a 30G needle bone 

was perforated between tuberosity and crest of tibia. Three 

microliters of CellTracker CMFDA (green) (C7025 Molecular 

Probes) dye was manually injected over 30 s. After the proce-

dure, the skin was sutured and mice were gently placed on a 

heating pad and monitored until awake. Once awake, mice 

http://www.sciencemag.org/


First release: 3 June 2021  www.sciencemag.org  (Page numbers not final at time of first release) 8 

 

were injected with Ketoprofen and antibiotics (enrofloxacin, 

2.5 mg per kilogram). After the bone marrow injections, mice 

were sacrificed 2 or 24 hours later. 

Skull bone marrow delivery of AMD3100 was performed 

as previously described (37). Briefly, mice were anesthetized 

with a ketamine (100 mg per kilogram)–xylazine (10 kg per 

kilogram) mixture. The head of the mouse was shaved, a skin 

midline incision was made and skull was exposed. Using an 

electrical drill, the outer periosteal layer was thinned on top 

of skull bone marrow near the bregma and lambda on five 

spots, without damaging the bone marrow. One microliter of 

1 mg/ml AMD3100 (ab120718, Abcam) or vehicle was applied 

on each spot for 5 min. The skin was sutured and mice were 

sacrificed 24 hours later. 

 
Calvarium bone flap transplantation 
Mice were anesthetized with a ketamine (100 mg per kilo-

gram)–xylazine (10 mg per kilogram) mixture. Body temper-

ature was maintained throughout the surgery by placing mice 

on a heating pad at 37°C. The heads of WT mice were shaved, 

skin midline incisions were made, and the skull was exposed. 

Using an electrical drill, a 4×6 mm cranial window was made 

on parietal and interparietal bones. During bone drilling, pe-

riodic pauses were made to cool the bone with 0.9% sodium 

chloride solution. After the cranial window was detached 

from surrounding bones, craniotomy was performed with the 

help of fine forceps, extra caution was made not to damage 

the underlying dura mater. Craniotomy was performed with 

abundant 0.9% sodium chloride solution bathing the brain. 

If dura mater, brain, or sinuses were damaged during the cra-

niotomy, mice were sacrificed and were not used for our anal-

ysis. In parallel, a sex-matched UBC-GFP mouse, whose skull 

bone marrow was used as a donor of calvarium, was eu-

thanized, decapitated, and a piece of calvarium comparable 

to the window drilled in the host mouse was obtained. Con-

nective tissue and pericranium layers were left attached on 

the bone flap to increase survival of the transplanted bone. 

Before the transplantation, meninges were peeled from the 

donor skull. The donor piece of skull containing the bone 

marrow was carefully placed within the surgical window cre-

ated in the host mouse. Then, the donor skull was fixed to the 

host skull using cyanoacrylate glue and a trimmed 10-0 nylon 

suture needle. The skin was sutured and mice were main-

tained on a heating pad until they awoke. Mice were observed 

daily and injected with Ketoprofen (2.5 mg per kilogram) and 

antibiotics (2.5 mg of Baytril (Bayer) per kilogram) once per 

day for the first 5 days after the transplantation day. 

 
Experimental autoimmune encephalomyelitis (EAE) 
For active induction of EAE in parabiotic pairs, both mice 

joined in parabiosis were immunized by subcutaneous injec-

tion of 200 μg of MOG35–55 (CSBio) in complete Freund’s 

adjuvant (Sigma Aldrich) with 4 mg/ml of Mycobacterium tu-

berculosis (H37Ra) (BD Biosciences). Mice received 200 ng of 

pertussis toxin (List Biological Laboratories) IP on day 0 (im-

munization day) and day 1 (24 hours after immunization). 

 
Spinal cord injury 
Mice were anesthetized with a ketamine (100 mg per kilo-

gram)–xylazine (10 mg per kilogram) mixture. Skin over the 

upper thoracic area was shaved and cleaned with betadine 

and alcohol. A 15-mm midline skin incision was made, and 

connective tissue and muscles were bluntly dissected. After a 

Th9 laminectomy the spinal cord was crushed with fine for-

ceps. After the injury, muscles and skin were sutured sepa-

rately and allowed to recover from anesthesia on heating 

pads. Once awake mice were injected daily intraperitoneally 

with buprenorphine (0.05 mg per kg) and Baytril (2.5 mg per 

kilogram) (Bayer) for 3 consecutive days. Seventy-two hours 

after surgery, mice were sacrificed for further analysis. 

 
Skin injury 
Mice in parabiosis were briefly anesthetized by placing them 

in an isoflurane induction chamber for 3 min, then a fast ear 

punch was performed on the left ear of each parabiont (WT 

and UBC-GFP mouse). The ear puncher was cleaned with a 

solution of 70% ethanol between each couple of parabionts. 

After the punch, mice were injected intraperitoneally with 

Ketoprofen analgesia (2.5 mg per kilogram) and placed back 

in their cages to wake. Mice were sacrificed 24 hours follow-

ing skin injury. 

 
Optic nerve injury 
Mice in parabiosis were anesthetized by placing them in an 

isoflurane induction chamber for 3 min. The soft tissue 

around the eye was dissected to expose the optic nerve. The 

optic nerve was crushed with an N5 self-closing forceps. Mice 

were injected intraperitoneally with Ketoprofen analgesia 

(2.5 mg per kg), placed back in their cages, and allowed to 

recover on a heating pad. Mice were sacrificed 24 hours fol-

lowing optic nerve injury. 

 
Irradiation and bone marrow transplantation 
All mice received split dose irradiation with a first dose of 550 

rad (5.5 Gy) followed by another dose of 550 rad (5.5 Gy) 6-7 

hours later. For full body irradiation mice were irradiated 

without anesthetics. For head shielding, mice were anesthe-

tized with a ketamine (100 mg per kilogram)–xylazine (10 mg 

per kilogram) mixture. Mice heads were shielded using 1-

inch-thick lead shield (1 inch Lead Vial Shield, 50 ml, Pinestar 

Technology), exposing the body below the neck. Alternatively, 

for body shielding, mice were inserted into a lead shield ex-

posing only the head. All mice were injected IV with 4×106 

(100 μl in PBS) freshly isolated bone marrow cells from UBC-
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GFP donors 6 hours after the last irradiation. Mice were an-

alyzed 4 weeks after the bone marrow transplantation. 

 
EdU and Ki67 staining for proliferation analysis 
Mice received two intraperitoneal injections of 10 mg of EdU 

per kilogram 24 hours apart and were sacrificed 24 hours af-

ter the final injection. After generation of single-cell suspen-

sions for flow cytometry and surface staining as described 

earlier, fixation, permeabilization, and EdU staining was per-

formed following manufacturer’s instruction (Click-iT Plus 

EdU Alexa Fluor 488 Flow Cytometry Assay Kit, C10632, 

ThermoFisher Scientific). Intracellular staining for Ki67 and 

additional staining for PE conjugates was performed for 10 

min at room temperature following EdU staining. 

 
Photoconversion of KikGR 
Mice were anesthetized with a ketamine (100 mg per kilo-

gram)–xylazine (10 mg per kilogram) mixture. The heads 

were shaved, skin midline incisions were made, and the skull 

was exposed. Photoconversion was performed using an Opto-

genetics-LED-Violet module (Prizmatix) with the light source 

placed 1 cm above the skull for 2 min at an intensity of 5. Mice 

were then sutured and allowed to recover on a heating pad 

until responsive. 

 
Proteome profiler chemokine array 
Chemokines were semiquantitatively determined from 2-

month-old WT mouse dural homogenates using the Proteome 

Profiler Mouse Chemokine Array Kit (R&D Systems) as per 

manufacturer's instructions. Briefly, peeled cranial dura was 

peeled from the skull and placed into PBS with 1X Complete 

Mini ETA Protease inhibitor cocktail (Sigma Aldrich) and ho-

mogenized using a Mini Beadbeater (BioSpec Products) and 

2.3-mm zirconia/silica beads (BioSpec Products). Triton X-

100 was added to a final concentration of 1%, samples, sam-

ples were frozen at −80°C, thawed, and centrifuged at 1000g 

for 10 min to pellet tissue. Three pooled dural homogenates 

were used for each sample, and samples were run in dupli-

cate. Semi-quantitative analysis was performed via densito-

metric measurements using FIJI. 

 
EAE scRNA-seq 
Three pairs of female WT and UBC-GFP C57BL/6J mice were 

parabiotically joined at 2 months of age. Mice were allowed 

to recover for 60 days, where after experimental autoimmune 

encephalomyelitis (EAE) was induced in both pairs by 

MOG35-55 immunization. After 15 days, mice were sacrificed, 

and spinal cord tissue was collected from the WT parabionts. 

Tissues were dissociated, stained, and sorted using a BD 

FACSAria II (BD Biosciences) based on the following pheno-

types: DAPI−CD45hiIV-CD45−GFP− singlets or DAPI−CD45hiIV-

CD45−GFP+ singlets. Each sample represents GFP− or GFP+ 

subsets from three pooled female mice at 4-5 months of age. 

Cells were sorted into 1.5-ml tubes with DMEM, pelleted, vi-

ability determined using trypan blue exclusion, and resus-

pended in 0.04% non-acetylated BSA. Sample loading and 

library construction were performed using the 10X Genomics 

Chromium platform and Chromium Single Cell 3′ Library & 

Gel Bead Kit v3 as previously described (24) Data prepro-

cessing, dimensionality reduction and clustering, differential 

expression analysis, and pathway enrichment were per-

formed as previously described (24) 

 
Spinal cord injury scRNA-seq 
Four pairs of female WT and UBC-GFP C57BL/6J mice were 

parabiotically joined at 2 months of age. Mice were allowed 

to recover for 60 days, where after spinal cord injury was per-

formed in both pairs by a crush at Th9 level with fine forceps. 

After 3 days, mice were sacrificed, and spinal cord tissue was 

collected from the WT parabionts. Tissues were dissociated, 

stained, and sorted using a BD FACSAria II (BD Biosciences) 

based on the following phenotypes: DAPI−CD45hi IV-

CD45−GFP− singlets or DAPI−CD45hiIV-CD45−GFP+ singlets. 

Each sample represents pooled GFP− or GFP+ subsets from 

four pooled female mice at 4-5 months of age. Cells were 

sorted into 1.5-ml tubes with DMEM, pelleted, viability deter-

mined using trypan blue exclusion, and resuspended in 

0.04% non-acetylated BSA. Sample loading and library con-

struction were performed using the 10X Genomics Chromium 

platform and Chromium Single Cell 3′ Library & Gel Bead Kit 

v3 as previously described (24) Data preprocessing, dimen-

sionality reduction and clustering, differential expression 

analysis, and pathway enrichment were performed as previ-

ously described (24) 

 
Whole-dura scRNAseq analysis 
Whole-dura scRNA-seq analysis was performed on samples 

previously described (24). To determine potential cell–cell 

ligand–receptor interactions promoting monocyte and neu-

trophil infiltration, the RNAMagnet package (38) with 

RNAMagnetSignaling was used and the top signaling pair 

molecules were examined for both monocytes and neutro-

phils with every other cell type present in the dataset as pre-

viously described (24). 

 
Experimental study design 
All experiments were blinded, where possible, for at least one 

of the independent experiments. For irradiation and bone-

marrow transfer experiments and skull transplantation stud-

ies, blinding was not possible due to obvious differences in 

the physical appearance of mice. No data were excluded, with 

the exception of skull transplantation studies, where mice 

were excluded if they displayed no GFP signal in the skull 

bone marrow after 7 or 30 days, demonstrating that the 
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surgery was unsuccessful. Animals from different cages were 

randomly assigned to different experimental groups. Statisti-

cal methods were not used to recalculate or predetermine 

study sizes but were based on similar experiments previously 

published (24, 39, 40, 41). Statistical tests for each experiment 

are provided in figure legends. All data represent biological 

replicates. Statistical analysis was performed using Prism 8.0 

(GraphPad Software Inc.). 
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Fig. 1. CNS borders host a substantial pool of monocytes and neutrophils that is not blood-

derived. (A) Experimental design for parabiosis experiments. WT mice were parabiotically joined 

with UBC-GFP mice and analyzed 60 days later. (B) Representative gating strategy for flow 

cytometry of immune cells from the cranial dura. (C) Representative histograms of GFP− and GFP+ 

Ly6C+ monocytes and neutrophils across tissues. WT and UBC-GFP control mice without IV anti-

CD45 antibody injection were used to assign gates. (D to F) Quantification of flow cytometry analysis 

for GFP+Ly6C+ monocytes, GFP+ neutrophils, and GFP+ CD4 T cells across tissues. NS=not 

significant, ***P<0.001 versus blood (One-way ANOVA with Dunnett’s post hoc test), n=8 mice per 

tissue, representative of three independent experiments. Data are means ± SEM. (G) Representative 

images from three mice of cranial and spinal dura whole mounts from WT parabionts 60 days after 

parabiotic pairing. Scale bars, (left) 2000 µm; (right) 50 µm. (H to K) Myeloid fate mapping strategy 

using LysM-CreERT2::ZsGreen reporter mice to assess the half-life of meningeal Ly6C+ monocytes 

and GFP+ neutrophils. Mice received daily tamoxifen injections for 3 days and were then analyzed at 

four different time points. Cre− animals were used as controls to assign gates. Black outlined 

histograms represent Cre− controls and green histograms represent LysM-CreERT2::ZsGreen 

reporter mice. n=3-4 mice per group, representative of two independent experiments. Data are 

means ± SEM. 
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  Fig. 2. Skull bone marrow supplies brain borders with myeloid cells. (A) Experimental design for 

bone marrow egress experiments. Outer periosteal layer of the skull bone was thinned near the bone 

marrow sites and 1 µl of CXCR4 antagonist AMD3100 (1 µg/ml) or a vehicle was applied to five sites 

for 5 min. (B and C) Quantification for flow cytometry analysis of IV-CD45−Ly6C+ monocytes and 

neutrophils in cranial dura 1 day after AMD3100 administration. *P<0.05 (Student’s t test), n=3-4 

mice per group, representative of two independent experiments. Data are means ± SEM.  

(D and E) Quantification for flow cytometry analysis of IV-CD45−Ly6C+ monocytes and neutrophils 

in control tissues 1 day after AMD3100 administration. NS=not significant (Two-way ANOVA with 

Sidak’s post hoc test), n=3-4 mice per group, representative of two independent experiments. Data 

are means ± SEM. (F) Schematic representation of the calvaria flap transplantation experiments. 

Images were taken on anesthetized mice by stereomicroscopy immediately after craniotomy (left), 

after the subsequent calvaria flap transplantation (middle) and 30 days after the transplantation 

(right). (G) Representative images from three mice of GFP+ calvaria flaps 7 and 30 days after the 

transplantation. Inserts show GFP+ bone marrow 7 and 30 days after the transplantation. Dead bone 

marrow was replaced by non-GFP+ cells. Scale bar, 500 µm. (H) Representative images from four 

mice of cranial dura 7 and 30 days after the transplantation showing GFP+ cells below the transfer 

site. Scale bar, 1000 µm. (I) Representative histograms of GFP− and GFP+ Ly6C+ monocytes and 

neutrophils across tissues. WT and UBC-GFP control mice without IV anti-CD45 antibody injection 

were used to assign gates. (J to M) Quantification of flow cytometry analysis of IV-CD45−GFP+Ly6C+ 

monocytes and GFP+ neutrophils from calvaria flap transplanted mice, n=6-7 mice per group, 

representative of 2 independent experiments for day 7 and 3 independent experiments for day 30. 

Data are means ± SEM. (N) Experimental design of irradiation and bone marrow transplantation 

experiments with different shielding strategies. Four million GFP+ bone marrow cells were 

intravenously transplanted into head-shielded or body-shielded WT mice after split-dose 11 Gy 

irradiation. (O) Representative histograms of GFP− and GFP+ Ly6C+ monocytes and neutrophils 

across tissues. Fully irradiated and non-irradiated mice transplanted with UBC-GFP cells without IV 

anti-CD45 antibody injection were used as control animals and to assign gates.  

(P to S) Quantification of flow cytometry analysis for IV-CD45− GFP+Ly6C+ monocytes and GFP+ 

neutrophils in BMT experiments. NS=not significant, *P<0.05, **P<0.01 versus blood (one-way 

ANOVA with Dunnett’s post hoc test), n=4 mice per tissue, representative of two independent 

experiments. Data are means ± SEM. BM, bone marrow. 
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 Fig. 3. The inflamed CNS is infiltrated by blood and CNS-adjacent bone marrow-derived myeloid 

cells. (A) Experimental design for EAE induction in parabiotic mice. Sixty days after WT and UBC-

GFP mice were paired, EAE was induced in both mice by MOG35-55 immunization and the WT mice 

were analyzed 15 days post-induction. (B) Representative histograms of GFP− and GFP+ Ly6C+ 

monocytes and neutrophils across tissues. WT and UBC-GFP control mice without IV anti-CD45 

antibody injections were used to assign gates. (C and D) Quantification of flow cytometry analysis of 

IV-CD45−GFP+Ly6C+ monocytes and GFP+ neutrophils in EAE-induced WT parabionts. NS=not 

significant, ***P<0.001 versus blood (one-way ANOVA with Dunnett’s post hoc test), n=5 mice per 

tissue, representative of two independent experiments. Data are means ± SEM. (E) Representative 

images from three mice of cranial dura, spinal dura, and spinal cord sections of WT parabionts 15 

days after the EAE induction. Only a minor portion of GFP+ cells are co-stained with GR1. Scale bars, 

(left) 2000 µm; (middle) 2000 µm; (right) 200 µm. (F) Representative H&E and 

immunohistochemistry images from five mice of vascular channels found in vertebrae connecting 

bone marrow to underlying spinal dura. On the left, cells can be seen within channels connecting 

bone marrow and spinal dura. On the right, GR1+ infiltrates are closely associated with the CD31+ 

vascular channel. Scale bars, (left) 100 µm; (right) 100 µm. (G) tSNE visualizations of color-coded 

scRNA-seq analysis based on cell types for CD45hiIV-CD45−GFP− or GFP+ populations from the spinal 

cord of WT parabionts 15 days post EAE induction. n=3 pooled mice per sample. (H) Dot plots 

demonstrating scaled gene expression and percentage of cells expressing these genes for cluster 

phenotyping markers. (I) Cluster distributions detailing proportions of cell types in IV-

CD45−CD45hiGFP− and GFP+ samples from scRNA-seq analysis. (J and K) Top 10 down-regulated 

and up-regulated GO Biological Process terms describing differentially expressed genes between 

GFP+ and GFP− monocytes from scRNA-seq analysis. Numbers in bar graphs represent the number 

of differentially expressed genes belonging to that pathway. (L) Volcano plot showing differentially 

expressed genes between GFP+ and GFP− monocytes from scRNA-seq analysis. Inflammatory 

chemokines, and cytokines are highlighted. 
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