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Zusammenfassung 

Die Knochenregeneration ist ein komplexer Prozess mit enger Interaktion von Zellen des Gefäßnetzes, 

des Immunsystems und mesenchymaler Zellen. Die dem Prozess zugrundeliegenden Mechanismen und 

die Dynamiken sind noch nicht vollständig verstanden. Methoden, die die Analyse dieser Mechanismen 

während der Heilung und über die Zeit visualisieren, sind nicht verfügbar. Daher wird ein System für 

longitudinale intravitale Multi-Photonen-Mikroendoskopie des murinen Knochens (longitudinal intravital 

multiphoton endomicroscopy in the murine bone marrow, LIMB) entwickelt. Diese Arbeit zielt darauf ab, 

1) die immunologische Reaktion auf das LIMB-System zu beschreiben, 2) das System für die longitudinale 

Mikroendoskopie bei Osteotomien (Limbostomy) anzupassen und 3) die Rolle mononukleärer Phagozyten 

im Prozess der Angiogenese während der Heilung aufzuklären. 

Die Implantation des LIMB-Systems führte zu einer transienten immunphysiologischen Reaktion, die von 

der Expression des extrazellulären Matrixmarkers Laminin, einer Akkumulation von CD45+ Lymphozyten 

und der Anwesenheit von CD31hiEmcnhi (Typ H) Endothel am Ort der Knochenverletzung begleitet wurde. 

Alle Reaktionen verschwanden nach 28 Tagen, ohne bleibende Beeinträchtigung der 

Knochengefäßperfusion oder Hämatopoese. Die Analyse des Gefäßsystems mit Hilfe eines vaskulären 

Fluoreszenzfarbstoffs zeigte vaskuläre Plastizität im Knochenmark während der Homöostase über die 

Zeit. 

Ein adaptiertes LIMB-System mit modularem Design, Limbostomie benannt, wurde mit verbessertem 

Sichtfeld und Bildqualität, sowie Anpassungsfähigkeit in der Eindringtiefe des Endoskops entwickelt. Mit 

transgenen Fluoreszenz-Reportermäusen unter dem Endothelzellpromotor Cadherin wurden nach der 

Osteotomie zwei Phasen der Vaskularisierung beobachtet. Eine initiale Neovaskularisierung, die zwischen 

Tag 3 und 4 nach der Osteotomie einsetzt und innerhalb von 24 h abgeschlossen war. Aktivierte 

Endothelzellen, die in das initiale Frakturhämatom eindrangen, stammten aus dem bestehenden 

Gefäßnetz. Das Endothelnetzwerk wurde in einer zweiten Phase kontinuierlich umgestaltet, während 

Knochenkallus auf- und umgebaut wurde. 

Mit Hilfe der Immunfluoreszenz-Histologie wurde festgestellt, dass das vorherrschende Gefäßsystem 

einen Typ-H Endothelphänotyp aufweiste und während der Heilung mit F4/80hi Makrophagen 

kolokalisierte. Am siebten Tag nach der Osteotomie waren die meisten Zellen in dem Osteotomiespalt 

CX3CR1+Gr1-F4/80+ Makrophagen. Mit der Limbostomie-Methode wurde beobachtet, dass die Zunahme 

der CX3CR1+ Zellen 2 – 3 Tage nach der Osteotomie einsetzte. CX3CR1+ Zellen gingen der Vaskularisierung 

voraus und waren während des gesamten Regenerationsprozesses vorhanden.  
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Zusammenfassend lässt sich sagen, dass die LIMB-Methode vaskuläre Plastizität während der 

Homöostase offenbarte. Außerdem wurde hier der neue, technische Ansatz der LIMB-Methode erweitert, 

um die Visualisierung der räumlichen und zeitlichen Organisation während der Knochenregeneration zu 

ermöglichen. Die Ergebnisse implizieren, dass Nischen im Knochenmark kontinuierlichen 

Gewebeveränderungen unterworfen sind und dass mononukleäre CX3CR1+ Phagozyten an der 

Vaskularisierung und dem Umbau des Gefäßnetzwerks beteiligt sind. 

Abstract 

Bone regeneration is a complex process that involves the interaction between cells of the vascular 

network, the immune system, and mesenchymal cells. The underlying mechanisms and dynamics are not 

fully understood. To allow a visual analysis of these mechanisms during regeneration and over time, a 

system for longitudinal intravital multiphoton microendoscopy of the murine bone (LIMB) was developed. 

This dissertation aims to 1) describe the immunophysiological reaction to the LIMB system, 2) to adapt 

the system for longitudinal microendoscopy in osteotomies (Limbostomy), and 3) to elucidate the role of 

mononuclear phagocytes in the process of angiogenesis during healing. 

The implantation of the LIMB system resulted in a transient immunophysiological reaction accompanied 

by the expression of the extracellular matrix marker Laminin, an accumulation of CD45+ lymphocytes, and 

the presence of CD31hiEmcnhi (type H) endothelium at the site of injury. All reactions cleared after 28 days 

without impairment of bone vessel perfusion or hematopoiesis. Longitudinal analysis of vasculature using 

vascular fluorescent dye revealed vascular plasticity in the bone marrow during homeostasis. 

A modular design of the LIMB system for longitudinal intravital microendoscopy of murine osteotomies, 

termed Limbostomy, was developed. It is specified by an improved field of view and image quality, as well 

as adaptability of the endoscope tissue penetration depth. Using transgenic fluorescent reporter mice for 

the endothelial cell promotor Cadherin, two phases of vascularization were observed after osteotomy. In 

the first phase, neovascularization started between day 3 and 4 post-osteotomy and was completed 

within 24 hours. Activated endothelial cells that penetrated the initial fracture hematoma were derived 

from an existing vascular network. In the second phase, the endothelial network continuously remodeled, 

while the bony callus was built and restructured. 

Using immunofluorescent histology, type H endothelium was found to be the predominant vasculature 

and co-localized with F4/80hi macrophages during healing. In the osteotomy gap, the majority of cells 

seven days post-osteotomy were CX3CR1+Gr1-F4/80+ macrophages. Using Limbostomy, the increase of 

CX3CR1+ cells was observed to be initiated 2 – 3 days post-osteotomy. CX3CR1+ cells preceded 

vascularization and were present throughout the regeneration process.  
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In summary, LIMB reveals vascular dynamics during homeostasis. In addition, the new LIMB approach 

was further developed to visualize spatiotemporal organization during bone regeneration. The findings 

imply that niches in the bone marrow are subject to continued tissue changes and that 

CX3CR1+ mononuclear phagocytes play a role in promoting vascularization and endothelial remodeling.  

1 Introduction 

1.1 Motivation for This Dissertation 

Broken bone initiates a regeneration process that secures complete healing. Basic research on bone 

regeneration is driven by three major motivations: First, depending on injury location, age, and risk 

factors, bone healing results in nonunion in 5 – 10 % of all cases (Praemer et al., 1999). Due to a strong 

link between severity and age, this incidence displays a heavy socio-economic burden to an aging society 

(Watkins-Castillo and Andersson, 2014). Second, bone healing develops distinct phases of its regeneration 

cascade that eventually result in scar free healing (Schmidt-Bleek et al., 2014a). Studying bone 

regeneration can refine our understanding of the basic principles in regeneration cascades and the impact 

of its sequential phases on the healing outcome. As these principles might be transferable to the 

regeneration of other tissues, this knowledge will allow the development of well-timed and adequate 

clinical intervention strategies in both bone and other tissue regeneration settings (Schmidt-Bleek et al., 

2014). Third, deciphering cellular regulatory functions between bone compartments and the immune 

system, also called osteoimmunological functions, will contribute to develop pharmaceuticals for bone 

development, homeostasis, and healing, by specifically targeting immune cell functions (Tsukasaki and 

Takayanagi, 2019). Importantly, some phases of bone regeneration, such as callus formation, resemble 

processes of developmental bone formation (Marsell and Einhorn, 2011). In addition, key functions of 

bone regeneration reflect musculoskeletal disease mechanisms such as vascularization of cartilage and 

its subsequent degradation in rheumatoid arthritis (Elshabrawy et al., 2015). Consequently, 

understanding bone regeneration can contribute to basic insights into a wide range of mechanisms in 

bone formation, homeostasis, and pathology. 

The highly complex process of bone regeneration involves signaling between cells of the vascular 

network, the immune system, and mesenchymal cells. It includes the differentiation of bone cells from 

distinct cellular progenitors, the growth of vasculature to secure oxygen and nutrient supply, and 

inflammatory processes orchestrated by immune cells. These mechanisms occur simultaneously and are 

highly dependent on signals in their immediate proximity, their microenvironment. Furthermore, 

reorganization and migration of the cells involved occurs in space and over time. This spatiotemporal 

organization of cells is important, e.g. for the effectiveness of receptor-bound factors such as receptor 

activator of NF-κB (nuclear factor ‘kappa-light-chain-enhancer’ of activated B cells) (RANK) ligand (RANKL) 
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when compared to soluble factors (Nakashima et al., 2000), as well as the simultaneous contribution of 

multiple cell types, e.g of the hematopoietic stem cell microenvironment (HSC niche) (Birbrair and 

Frenette, 2016), or plasma cell niche (Zehentmeier et al., 2014). 

However, the spatiotemporal organization is not preserved when using state of the art methods such as 

fluorescence-activated cell sorting (FACS) analysis or histological approaches. Here, intravital microscopy 

– the microscopic imaging of living organisms – allows us to improve the understanding of biological 

functions within tissue context. By maintaining the spatiotemporal cellular context of the tissue, a better 

understanding of mechanisms such as hematopoietic stem and progenitor cell (HSPC) homing can be 

achieved (Bixel et al., 2017; Itkin et al., 2016). 

To visualize the spatial organization and cellular dynamics in bone under homeostatic conditions over 

time, an intravital microendoscopic imaging approach called longitudinal intravital multiphoton 

microendoscopy of the murine bone (LIMB) has been developed by the working groups of Prof. Anja 

Hauser and Prof. Raluca Niesner. Application and functionality of LIMB were not yet established. 

The work of this dissertation aimed 

- to analyze the immunophysiological reaction to the LIMB endoscope, including the immune cell 

reaction to the implant, the response of the endothelial network, and the cellular composition of 

the bone marrow tissue over the course of post-surgical healing. 

- to develop an intravital microendoscopic imaging approach that allows visualization of the 

spatiotemporal organization of bone and bone marrow longitudinally under regenerative 

conditions. This approach was termed longitudinal intravital microendoscopy in murine 

osteotomies (Limbostomy). 

- to elucidate the role of mononuclear phagocytes in the process of angiogenesis during bone 

regeneration using Limbostomy.  

Lux et veritas! 
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1.2 Bone Physiology 

In mammals, bones are highly vascularized and composed of osseous tissue and bone marrow. The 

osseous tissue is primarily type I collagen fiber-based extracellular matrix (ECM), deposited calcium and 

phosphate, bone cells, and vessels. The bone marrow contains cells of the hematopoietic system, 

mesenchymal stromal cells (MSC), and vessels. Composition and quality of both osseous tissue and the 

bone marrow are influenced by age, nutrition, and exercise, regulated by the endocrine and immune 

system. Pathological conditions such as cancer and autoimmune diseases including rheumatoid arthritis 

can deregulate the maintenance of the bone tissue - the bone homeostasis (Al-Sebaei et al., 2014; Einhorn 

and Gerstenfeld, 2015). 

1.2.1 Osteogenesis and Bone Homeostasis 

Bone is a highly dynamic tissue. Over a mammal’s lifetime bone is produced, reorganized, and maintained 

by cells of mesenchymal origin such as bone-producing osteoblasts and their progeny, bone matrix-

embedded osteocytes. In osteogenesis, growth, and regeneration, chondrocytes produce and maintain a 

cartilaginous template, which is converted into osseous tissue. During constant reorganization of the 

tissue, the remodeling process, bone-degrading osteoclasts of myeloid hematopoietic origin are essential. 

Bone mass quality is determined by an equilibrium of osteoblasts and osteoclasts. Osteoclasts 

differentiate from myeloid cells after stimulation with macrophage-colony stimulating factor (M-CSF) and 

RANKL. M-CSF binds to cluster of differentiation (CD) 115 (C-FMS; CSF1R). Differentiation and 

proliferation of osteoclasts is indicated by high expression of tartrate-resistant acid phosphatase (TRAP). 

Bone cells are of different developmental origin. MSCs can differentiate into osteoprogenitor cells under 

the expression of runt-related transcription factor 2 (Runx2) (Komori, 2006), while maturation of 

osteoblasts is marked by the expression of osterix (Osx). Chondrocytes, however, require the expression 

of sex-determining region Y (SRY)-box transcription factor 9 (Sox9). To initiate conversion of cartilage into 

bone, chondrocytes turn into hypertrophic chondrocytes. Osteoblasts, once differentiated, produce the 

main organic bone ECM component osteoid, which primarily contains type I collagen fibers built by one 

alpha-2 chain and two alpha-1 chains, within which calcium is deposited in the form of crystallin 

hydroxyapatite (Lian et al., 2011). In this process, some osteoblasts are actively embedded into the ECM 

and differentiate into osteocytes.  
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Figure 1: Overview of vasculature in the femoral long bone.  

Bones are formed via two pathways of ossification during embryogenesis. Intramembranous ossification 

is a process in which osteoblast cells differentiate from MSCs within vascularized tissue to produce bone. 

In endochondral ossification MSCs differentiate into chondrocytes in non-vascularized connective tissue.  

1.2.2 The Role of Vasculature in Bone Homeostasis 

The highly vascularized bones contain various types of endothelium (Figure 1). In long bones hypertrophic 

cartilage is vascularized during endochondral ossification. This process results in a small number of main 

arteries that supply bones, such as the femur, at the center and the terminal ends. CD31+Emcn-Sca1+ 

(CD31+Endomucin-Stem cell antigen-1+) arteries, which are surrounded by α smooth muscle actin 

(αSMA)+  pericytes, split at bone surfaces and particularly below the growth plate in the metaphysis into 

CD31+Emcn-Sca1+ arterioles, that are smaller in diameter compared to arteries (~5 µm) (Itkin et al., 2016). 

In regions of bone growth, they feed into columnar CD31hiEmcnhi (type H) vascular endothelium (Kusumbe 

et al., 2014). Following the blood flow away from bone surfaces, vessel diameter increases, blood flow 

decreases and enters the CD31loEmcnlo sinusoid system of larger diameter (~25 µm), that subsequently 

empties in the main, central sinus of the bone marrow (Itkin et al., 2016). The central sinus eventually 

exits the femur at the tips in few major locations (Grüneboom et al., 2019). Additionally, recently trans-

cortical vessels have been shown to supply a major portion of blood in and out of the bone marrow 

(Grüneboom et al., 2019). This relatively new and detailed understanding of the bone vasculature 

network is the result of research using microscope techniques, including light-sheet microscopy, intravital 

microscopy, and confocal microscopy combined with advanced immunofluorescence histology. 
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1.3 The Immune System and the Bone 

Immune cells are mostly generated via definitive hematopoiesis, primarily in the bone marrow. The 

immune system consists of the innate immune system, the general defense apparatus, and the adaptive 

immune system. The latter has evolved to detect pathological cells or particles via antigen-specific 

recognition and store this information in memory cells.  

1.3.1 Hematopoiesis 

Hematopoiesis describes the production of blood cells. These cells include the cells of the adaptive 

immune system, T and B lymphocytes, cells of innate immunity, among them myeloid cells, 

megakaryocytes, erythrocytes, and innate lymphoid cells (ILCs), including natural killer cells. Some 

immune cells such as a population of myeloid cells - the tissue resident macrophages - develop during 

embryogenesis. Through intermediate steps, embryonic progenitors of HSCs gain full and definite 

hematopoietic potential. Postnatal, self-renewing long-term HSCs hierarchically differentiate into distinct 

intermediate progenitors of increasing commitment, which are classified into short-term HSCs, 

multipotent progenitor (MPP), common lymphoid progenitor (CLP), common myeloid progenitor (CMP) 

cells, which can turn in to megakaryocyte-erythrocyte progenitor (MEP) or granulocyte-monocyte 

progenitor (GMP) cells. HSPCs reside in microenvironments called niches, which provide specific signals 

such as oxygen tension and signals from mesenchymal stromal cells for survival, proliferation, and 

mobilization (Wei and Frenette, 2018). Understanding these niches enables us to influence hematopoietic 

cell differentiation in health and disease.  

1.3.2 Monocytes 

Monocytes are mononuclear phagocytes along with dendritic cells, and macrophages. They belong to the 

myeloid cell population that includes granulocytes, polymorphonuclear leukocytes such as neutrophils, 

eosinophils, basophils, and mast cells. Monocytes represent accessory cells that link the innate and 

adaptive immune system via antigen presentation. Once definitive hematopoiesis is established, 

monocytes develop from the CMP cell descendant macrophage dendritic progenitor (MDP) cells via 

common monocyte progenitor (cMoP) cells in the bone marrow (Hettinger et al., 2013). Monocytes were 

long considered to be the sole progenitor of all macrophages, which is formulated in the mononuclear 

phagocyte system (MPS) model. Monocytes are short-lived mononuclear phagocytes of the blood. They 

are recruited during early inflammation via pathogen-associated molecular patterns and damage-

associated molecular patterns along with granulocytes. They fulfil phagocytic functions and can 

differentiate into macrophages and dendritic cells.  

The generation of monocytes is largely dependent on M-CSF, since upon the deletion of both (csf1-/-) or 

its receptor CD115 (csf1r-/-), a dramatic reduction of blood monocytes is observed (Auffray et al., 2009). 
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Monocytes are released into the blood from the bone marrow upon inflammatory stimuli such as type 1 

interferons (IFN) and toll-like receptor ligands (Shi and Pamer, 2011). They are continuously released 

under homeostatic conditions depending on C-C chemokine receptor type 2 (CCR2) and its ligand, which 

is secreted by pericytes and MSCs (Shi and Pamer, 2011). 

The immunophenotype of monocytes consists of various markers. Monocytes are positive for integrin 

CD11b, which is, together with CD18, one of two subunits of the complement receptor 3. CD11b is 

involved in adhesion and spreading of cells and expressed on myeloid cells such as macrophages, 

granulocytes but also natural killer cells. Monocytes are positive for F4/80, an adhesion G protein-coupled 

receptor glycoprotein, which is required for peripheral tolerance in mice (Lin et al., 2005). Most blood 

monocytes carry lymphocyte antigen 6 complex, locus C1 (Ly6C) on their surface. It is the co-receptor of 

Ly6G, which in combination with Ly6C constitute the granulocytic marker 1 (Gr1) receptor.  

In the blood, among CD11b+F4/80+ myeloid cells, two monocyte populations are distinguished (Table 1). 

These are split into CX3CR1loCCR2+Gr1- classical monocytes and CX3CR1hiCCR2-Gr1- non-classical 

monocytes (Geissmann et al., 2003). Classical monocytes are characterized by a Ly6Chi/+(Gr1+)CD62L+ 

immunophenotype and fulfill pro-inflammatory functions in an immune response. There is evidence that 

CX3CR1loLy6Chi monocytes are the precursors of CX3CR1hiLy6C- monocytes, although research suggests 

that an undiscovered pathway for differentiation under non-homeostatic conditions exists (Mildner et al., 

2017). Non-classical blood monocytes are Ly6Clo/-(Gr1-)CD62L- and are described as CX3CR1hiLy6Clo/- non-

classical monocytes. They patrol endothelial cells (Auffray et al., 2007) and control their disposal in an 

 

Table 1: Immunophenotype and function of classical and non-classical monocytes. 

Immunophenotype Subset Function 

CX3CR1loCCR2+Gr1- 

CX3CR1loLy6Chi 

Ly6Chi/+(Gr1+)CD62L+ 

Nr4a1 (Nur77)- 

Classical monocytes Pro-inflammatory functions in immune 
response 

CX3CR1hiCCR2-Gr1- 

CX3CR1hiLy6Clo/- 

Ly6Clo/-(Gr1-)CD62L- 

Nr4a1 (Nur77)+ 

Non-classical monocytes Patrol endothelial cells and control their 
disposal 
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Nr4a1 (Nur77)-dependent manner (Carlin et al., 2013). They can be identified by using Nur77 in a 

transgenic Nur77GFP mouse model (Buscher et al., 2017). Under inflammatory conditions, non-classical 

monocytes seem to be biased to differentiate into anti-inflammatory macrophages that support 

vascularization during regeneration (Olingy et al., 2017). The mouse immunophenotypes of the distinct 

monocyte subsets is reflected with similar functions in human CX3CR1loCD14hiCD16lo and 

CX3CR1hiCD14loCD16hi (Geissmann et al., 2003). It is yet unknown how these monocyte populations 

contribute to the process of bone regeneration. 

1.3.3 Macrophages of the Bone Marrow 

Macrophages are often referred to as the most plastic cells of the hematopoietic system (Wynn et al., 

2013). They can be found in all tissues of vertebrates and are involved in development, homeostasis, 

tissue repair, and immunity (Udalova et al., 2016; Wynn et al., 2013). In general, macrophages express 

F4/80, CD11b, and Fcγ-receptors. For their functional classification, a dichotomous model of M1 (pro-

inflammatory, classically activated macrophages) and M2 (anti-inflammatory, alternatively activated 

macrophages) was proposed (Gordon, 2003; Sica and Mantovani, 2012). Although the M1/M2 

classification has been rejected from the field of macrophage research (Murray et al., 2014), for simplicity 

reasons, these macrophages are referred to as M1-like or M2-like, if they fulfill certain criteria.  Typical 

markers are CD206 for M2-like macrophages and CD80/86 for M1-like macrophages (Schlundt et al., 

2018).  

The developmental origin of macrophages in the bone marrow remains elusive. During development, 

vascularization of the murine femur by embryonic CD31hiEmcnhi (type E) endothelium occurs on 

embryonic day (E)15.0 (Langen et al., 2017). Around the same time osteoclasts develop from erythrocyte 

myeloid progenitors (EMPs) and not HSCs (Jacome-Galarza et al., 2019). From there, the bone marrow 

cavity is formed and adult, repopulating HSCs seed from the fetal liver to the bone marrow around 

E15.5 – E16.5 (Coşkun et al., 2014; Jacome-Galarza et al., 2019). Considering that tissues become 

populated by yolk-sac derived macrophages much earlier in development, it is unclear whether bone 

marrow macrophages derive from proliferating embryo-derived macrophages of surrounding tissues or 

de novo from monocytes of the bone marrow. Similarly, the immunophenotype of macrophages is 

described in detail for most tissues (Kierdorf et al., 2015), but barely considered for macrophages in the 

bone marrow. It is also unclear to what extent macrophages of the bone marrow are resident. 

Macrophages of the bone marrow support hematopoiesis. Using the macrophage FAS-induced apoptosis 

(MaFIA) mouse model, which allows depletion of macrophages under the Csf1r promoter in mature 

animals, showed depletion of F4/80+CD11b+Ly6G+ macrophages and mobilization of HSCs from their 

niches (Winkler et al., 2010). This observation has been confirmed by Chow et al. using clodronate 
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phagocyte depletion (Chow et al., 2011). Using diphtheria toxin-inducible depletion of CD169+ cells in the 

CD169DTR/+ mouse model, these macrophages have been shown to contribute to the maintenance of 

erythroid islands and the retention of hematopoietic stem and progenitor cells (HSPCs) in their niche 

(Chow et al., 2013, 2011; Jacobsen et al., 2014). CD169+ macrophages were further described as 

F4/80+VCAM-1+ERHR3+Ly6G+ in a flow cytometric approach (Jacobsen et al., 2014). The macrophage 

population of the bone marrow is a heterogeneous population, which becomes evident from the example 

of erythroid island macrophages which are negative for the pan-phagocyte marker CD11b (Birbrair and 

Frenette, 2016). Furthermore, Ludin et al. identified a rare subset of CX3CR1+ radiation-resistant αSMA+ 

monocyte-macrophages as a component for HSPC retention under stress in the bone marrow niche (Ludin 

et al., 2012). 

In the bone, mononuclear phagocytes represent precursors of osteoclasts. Osteoclast differentiation is 

potently enhanced by the pro-inflammatory cytokine interleukin (IL)-17 and inhibited by IFNγ (Sato et al., 

2006; Takayanagi et al., 2002). Osteoclast progenitor cells express CD80/86 which interacts with CD28 on 

T cells to support osteoclastogenesis. New data show that osteoclasts are long-lived cells, which derive 

from EMPs during embryogenesis and grow by fusion with monocytes (Jacome-Galarza et al., 2019). 

Macrophages at osteal sites, sometimes named osteomacs, have also been shown to support osteoblastic 

differentiation and support their survival (Chang et al., 2008; Vi et al., 2015). In regeneration, however, 

the differentiation of osteoclasts and origin of their precursors is not well described. 

1.3.4 The CX3CR1/CX3CL1 Axis 

The CX3CR1GFP reporter mouse marks all monocytes (Jung et al., 2000; Palframan et al., 2001). CX3CR1 is 

the only member of the CX3C chemokine receptor family that binds the chemokine CX3CL1, also known as 

neurotactin (Bazan et al., 1997; Pan et al., 1997). CX3CL1 is expressed in a membrane bound version that 

is presented on a mucin-like stalk and additionally as a soluble splice-variant. CX3CL1 is expressed on 

activated endothelial cells (Bazan et al., 1997; Pan et al., 1997) dendritic cells and neurons (Jung et al., 

2000).  

In the bone marrow, CD11c+MHCII+ (major histocompatibility complex molecule class II) dendritic cells 

are marked by a high expression of CX3CR1 (Evrard et al., 2015). Dendritic cells were shown to cluster 

perivascular in the bone marrow and stimulate CD4+ T cells (Sapoznikov et al., 2008). This subset and the 

expression of the survival factor macrophage migration inhibitory factor is required for recirculating 

mature B cells in this niche in the bone marrow (Sapoznikov et al., 2008). 
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1.4 Bone Regeneration 

1.4.1 Organization of Bone Regeneration 

After bone injury, regeneration can be divided into three major phases: 1) inflammatory, 2) anabolic, and 

3) catabolic (Einhorn and Gerstenfeld, 2015). Phase 1 can be subdivided into an initial, pro-inflammatory 

phase followed by an anti-inflammatory phase during which vascularization occurs and osteogenic 

signaling progressively allows callus formation and hardening in phase 2 (Schmidt-Bleek et al., 2014b, 

2014a). The formed callus is then degraded in phase 3, the remodeling phase (Einhorn and Gerstenfeld, 

2015). During these phases, the origin and differentiation of MSCs into bone cells, immune cell invasion 

such as macrophage invasion, and callus formation is highly dependent on microenvironmental cues and 

the cells’ developmental stage in time (Gerstenfeld et al., 2003). Although various phase-models have 

been proposed for bone regeneration, it should be stressed that a clear differentiation of distinct phases 

in general is challenging due to significant overlaps across phases of characteristics such as the 

vascularization and spatial dependencies. To exclude effects of variations between individuals during the 

process of regeneration, a visualization of its phases in space in one and the same individual is needed. 

1.4.2 Initial Fracture Hematoma and Vascularization 

The initial fracture hematoma in phase 1 is an important and potent stimulator for recruitment of immune 

cells. It also acts as an initial stimulator of vascularization through vascular endothelial growth factor 

(VEGF), platelet-derived growth factor (PDGF), and transforming growth factor beta 1 (TGF-β1) (Kolar et 

al., 2011, 2010; Shiu et al., 2018). Innate immune cells such as granulocytes and activated macrophages 

are recruited by damage-associated molecular patterns and the platelet-derived complement system. 

Since the bone marrow produces those cells, recruitment is likely to occur immediately. 

Whether the immense tissue damage, which occurs in the bone marrow after fracture, also leads to 

significant changes in the bone marrow microanatomy and possibly its function is unclear. Innate immune 

cells produce pro-inflammatory cytokines such as IL-1, IL-6, and tumor necrosis factor (TNF) which recruit 

MSCs to the site of injury (Schmidt-Bleek et al., 2014a; Shiu et al., 2018). Due to disruption of vasculature 

and clotting of extravascular thrombin, the hematoma is hypoxic (Shiu et al., 2018). Hypoxia is a strong 

stimulator of VEGF expression via hypoxia-inducible factor (HIF) signaling, which is highest in the first 

24 – 36 h after injury (Schmidt-Bleek et al., 2014b).  

The pro-inflammatory milieu switches to an anti-inflammatory milieu as early as one day after injury, 

marked by a high expression of IL-10 (Schmidt-Bleek et al., 2014b). It has been shown that IL-10 strongly 

enhances neovascularization and endothelial progenitor recruitment (Balaji et al., 2020). Throughout this 

process, platelets, granulocytes, macrophages, and MSCs produce VEGF (Shiu et al., 2018). Endothelial 

cells progressively sprout into the hematoma, possibly on routes previously cleared by phagocytic activity 
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(Schmidt-Bleek et al., 2014a). The availability of endothelial progenitors also impacts regeneration as the 

migration of CD31+ endothelial progenitors from the bloodstream into the hematoma improves the 

fracture healing outcome (Sass et al., 2017). In phase 2, ECM is produced by osteoblasts, chondrocytes, 

MSCs, and to some extent endothelial cells, which allows callus and cartilage formation. 

Vascularization of cartilage is an essential step in bone development (Langen et al., 2017), long bone 

growth (Kusumbe et al., 2014), and endochondral bone regeneration (Schmidt-Bleek et al., 2014a). This 

process involves specialized endothelial cells with high expression of CD31 and endomucin (Kusumbe et 

al., 2014; Lang et al., 2016; Langen et al., 2017). These type H and type E endothelial cells are functionally 

linked to osteogenesis and their growth is controlled by the blood flow (Kusumbe et al., 2014; Langen et 

al., 2017; Ramasamy et al., 2016). The survival and differentiation of type H endothelium is stabilized by 

HIF-1α (Kusumbe et al., 2016). Recently, Romeo et al. showed that a specific subset of non-resorbing 

osteoclasts is involved in the vascularization of growth plate cartilage (Romeo et al., 2019). In this context 

it is important to highlight that vascularization of cartilage is mainly driven by factors released by 

chondrocytes under normal growth conditions, in contrast to the inflammation-driven vascularization of 

the fracture hematoma. It is unknown, how and when vascularization of regenerating bone tissue occurs 

on a cellular level and which underlying mechanisms initiate or drive angiogenesis in this context. 

1.4.3 Macrophages in Bone Regeneration 

Macrophages are important for the process of bone regeneration and homeostasis. They are known to 

be essential for the maintenance and differentiation of osteoblasts and bone lining cells (Chang et al., 

2008). In a digit tip amputation model in mice, macrophages were essential for the epimorphic 

regeneration (Simkin et al., 2017). Similarly, macrophages were shown to be essential for regeneration 

after clodronate depletion and using the MaFIA mouse model (Alexander et al., 2011; Raggatt et al., 2014; 

Schlundt et al., 2018). Transferring F4/80+ macrophages from young into old mice during fracture healing 

completely rescued the healing outcome, suggesting a strong contribution to bone regeneration in 

general (Vi et al., 2018). In 2020, Clark et al. identified F4/80+Ly6C- macrophage numbers to be decreased 

dramatically in young mice, when compared to older controls, while total macrophage numbers in the 

callus were similar in early regeneration (Clark et al., 2020). This underlines the importance of 

macrophages, especially in early fracture healing events, for the overall regeneration outcome. Some 

attempts have been made to further characterize the responsible subset of macrophages. For example, 

Li et al. identified M2-like polarized macrophages to promote bone healing (Li et al., 2019), while CCR2 

seems not to be essential for the healing outcome in the craniofacial region (Biguetti et al., 2018). 

Additionally, pro-angiogenic, pro-inflammatory cytokines IL-1, IL-6, and TNF are secreted by activated, 

M1-like macrophages and neutrophils, which might support regeneration in the pro-inflammatory phase, 

especially during vascularization (Kolar et al., 2010; Schmidt-Bleek et al., 2014a). 
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1.4.4 The Role of Macrophages in Regenerative Angiogenesis 

The role of macrophages during regenerative angiogenesis is not fully understood. Macrophages act as 

chaperones in the process of anastomosis during development in the brain of mice (Fantin et al., 2010; 

Geudens and Gerhardt, 2011) and soft tissue regeneration in the zebrafish (Gurevich et al., 2018). 

Interaction of macrophages and endothelial cells during angiogenesis is mediated by HIF-1α (Gerri et al., 

2017). Most recently, Balaji et al. showed that IL-10 supports wound healing by promoting 

neovascularization through endothelial progenitor cells in mice. 

A potent factor for vascularization is VEGF, which is produced by osteoblasts and chondrocytes during 

bone regeneration. VEGF recruitment and on-site education of monocytes in liver regeneration improves 

their role as angiogenic accessory cells (Avraham-Davidi et al., 2013). In bone regeneration, deletion of 

VEGFA from osteoblasts slows bone regeneration in some cases (Buettmann et al., 2019). Another 

powerful, paracrine signal from macrophages to support angiogenesis is the pro-inflammatory cytokine 

IL-1 (Carmi et al., 2009). Furthermore, juxtacrine signals of macrophages for vascularization, such as 

accessory functions for anastomosis have been proposed, but remain largely elusive (Corliss et al., 2016). 

1.5 Multiphoton Intravital Microscopy of the Bone 

Multiphoton intravital imaging allows for the visualization of spatial organization and cellular dynamics in 

the tissue context of living organisms. The principle that a molecule can reach a higher energetic state by 

simultaneous absorption of two photons instead of one was initially predicted by Göppert-Mayer and is 

independent of the wavelength and photon flux, when the photon flux is high enough to allow for an 

optically non-linear process (Göppert-Mayer, 1931). With the invention of lasers, two-photon excitation 

has been experimentally demonstrated and later implemented to microscopy (2PM) of biological samples 

(Denk et al., 1990). Recently, three-photon excitation has been employed to generate microscopic images 

of the brain (Wang et al., 2018). Using wavelengths in the near infrared spectrum for fluorophore 

excitation allows deep sample imaging due to low scattering in this spectral range. Additionally, out-of-

focus fluorescence is reduced, since the high photon flux density necessary for two-photon excitation is 

reached only within a small excitation volume around the focus of the objective lens. The sample is 

scanned in a raster pattern, while detection is performed using photomultiplier tubes. Sectioning in depth 

is limited by the resolution capacity of the microscope and depends not only on diffraction but also on 

sample scattering and wave front distortions, this is particularly relevant in tissue when in vivo imaging is 

performed. In bone and bone marrow, imaging depth using conventional 2-photon microscopy is limited 

to 150 µm in the bone (lo Celso et al., 2009). In recent years, the application of three-photon microscopy 

yielded improved imaging depths of up to 700 µm in the mouse brain including 100 – 150 µm of intact 

calvarium (Wang et al., 2018). 
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Multiphoton intravital microscopy of the bone is a challenging task due to the inaccessibility of the bone 

marrow tissue. In mice, intravital bone imaging has been established for the calvarial flat bone, 

subcutaneous ossicles metatarsal bones, femoral imaging through an external window, and the tibia 

through a thinned cortex1. Amongst other limitations, none of the existing methods allows for the 

observation of regeneration in long bone fractures and all methods are limited to a total imaging depth 

of 150 µm. Therefore, the development of a method that enables deep bone imaging and the flexibility 

for microscopy of bone regeneration is needed. 

2 Material and Methods 

To avoid repetition and increase clarity of this summary, only the most relevant methods are listed here 

briefly. All additional material and methods such as FACS and bone sample preparation are described 

comprehensively in the selected publications. 

2.1 Mice 

All mice were female and kept under specific pathogen-free husbandry with water and food ad libitum. 

Transgenic mice were bred on C57/Bl6J background. CD19tdRFP mice express tandem red fluorescent 

protein (tdRFP) after removal of the loxP-flanked STOP cassette by Cre-mediated recombination under a 

transgenic cd19 promotor (Reismann et al., 2017). CX3CR1GFP were heterozygous mice expressing GFP 

under the endogenous cx3cr1 locus (Reismann et al., 2017; Stefanowski et al., 2019). Wildtype mice were 

either C57/Bl6J or C57BL/6N (Reismann et al., 2017; Stefanowski et al., 2020, 2019). Cdh5GFP/tdTomato mice 

express a membrane-tagged tandem tomato fluorescent protein (tdTomato) and histone 2B linked 

enhanced green fluorescent protein (GFP) under a transgenic VE-cadherin (cdh5) promoter (Stefanowski 

et al., 2020). Surgeries were performed at age of 10 – 14 weeks of age. All mice were bred in the animal 

facility of the DRFZ or Charité Universitätsklinikum and animal experiments were approved by Landesamt 

für Gesundheit und Soziales, Berlin, Germany, in accordance with institutional, state, and federal 

guidelines. 

2.2 LIMB and Limbostomy System Implantation 

LIMB is a microendoscopic method for longitudinal intravital imaging of the murine femoral bone marrow 

under homeostatic conditions. Limbostomy is a modular design of the LIMB system with a larger GRIN 

lens allowing for a larger FOV2 that enables longitudinal intravital microendoscopy of murine osteotomies. 

Their main differences are listed in Table 2. In short, implantation under isoflurane was achieved by  

 
1 An overview of the existing intravital bone imaging techniques is listed in Reismann et al. (2017) and updated in 

Stefanowski et al. (2020) followed by a discussion of their advantages and limitations. 
2 The FOV of the two methods is compared in the Supp. Table 1 and Supp. Fig. 1 (Stefanowski et al., 2020). 
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Table 2: Functions of LIMB and Limbostomy. 

Function LIMB Limbostomy 

Reference Reismann et al., 2017 Stefanowski et al., 2020 

Field of view in lens diameter ~280 µm ~500 µm 

Diameter of protrusion into 

bone/bone marrow 

650 µm (interior metal ring) 600 µm (lens diameter) 

Penetration depth 500 µm, 700 µm Flexible, dependent on lens 

Suitable for homeostasis? Yes Yes 

Suitable for osteotomy? No Yes 

 

removing the fur and cutting parallel to the right femur of the mouse. The LIMB system was inserted in a 

predrilled hole into the femur (Reismann et al., 2017) and the internal fixator plate (RISystem, Davos, 

Switzerland) was fixed using two bicortical screws. Using Limbostomy, the internal fixator plate was fixed 

using four screws and two cuts were made using a Gigli saw wire. The lens was inserted afterwards, and 

the wound sealed using an absorbable surgical thread (Reismann et al., 2017; Stefanowski et al., 2020). 

For lens protection and fixation, a reference plate was positioned on the tubing (Reismann et al., 2017; 

Stefanowski et al., 2020). 

2.3 Longitudinal Intravital 2-Photon Microscopy 

For intravital imaging (Reismann et al., 2017; Stefanowski et al., 2020, 2019), animals were anesthetized 

with isoflurane and positioned on a heating pad onto the intravital microscope table (LaVision BioTec 

GmbH, Bielefeld, Germany). Using a 20x objective lens (Olympus, Hamburg, Germany) the imaging plane 

was focused and recorded at specified settings in the ImspectorPro software (LaVision BioTec GmbH, 

Bielefeld, Germany). Excitation of GFP was achieved using 940 – 980 nm, tdTomato with 980 nm, tdRFP 

at 1100 nm, and Qtracker 655 at 940 – 980 nm. Photomultiplier tubes were used to detect the emitted 

light in the ranges specified, respectively (Reismann et al., 2017; Stefanowski et al., 2020, 2019).  

2.4 Immunofluorescence Histology 

Sections of 7 µm were processed using blocking solution for 30 min, stained with respective antibodies 

for 1 – 2 h in staining solution and counterstained using DAPI at room temperature (Reismann et al., 2017; 
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Stefanowski et al., 2020, 2019). The microscopes used were a LSM710 (Carl Zeiss AG, Oberkochen, 

Germany) (Reismann et al., 2017), Biorevo (BZ-9000, Keyence GmbH, Neu Isenburg, Germany) (Reismann 

et al., 2017; Stefanowski et al., 2019), and LSM880 (Carl Zeiss AG, Oberkochen, Germany) (Stefanowski et 

al., 2020, 2019) with their respective software. 

3 Results 

This result section encompasses a description of the most relevant data from the selected publications, 

which is not a duplicate of the result sections in the publications. To allow an overarching discussion, 

individual paragraphs describe observations based on the data from multiple publications collectively. 

3.1 Internal Fixation of a Microendoscope Is Suitable for Longitudinal Intravital 

Microscopy under Homeostatic Conditions 

To visualize the spatial organization and longitudinal dynamics of the bone marrow of long bones, a 

longitudinal intravital multiphoton microendoscopy of the murine bone (LIMB) was developed. To access 

the deep bone marrow of a living animal for longitudinal multiphoton imaging, an internal fixator plate 

was combined with a customized gradient refractive index (GRIN) lens with a diameter of 350 µm 

(Fig. 1a, d) contained in an endoscope tubing, which protrudes 500 µm or 700 µm below the fixator plate 

(Fig. 1a, c) (Reismann et al., 2017)3. Stable fixation of the microendoscope system onto the murine femur 

was guaranteed by using two bicortical screws of four available screw threads (Fig. 1a, b). The 

combination of stable fixation and GRIN lens allowed deep bone marrow imaging of Qtracker 655 (here: 

Qdots) labeled vascular lumen down to 204 µm below the protruding lens surface (Fig. 1h) at weekly time 

points over the course of a month (Fig. 1i). The behavioral and immunological reaction of the animal to 

the implant was assessed during this period. All mice recovered within 14 days post-surgery based on 

clinical score (Fig. 2h), their overall motility (Fig. 2i), and gait (Supp. Movie 24). In response to tissue 

damage, expression of the ECM marker laminin was increased at the site of injury (Fig. 3a, c), which 

coincided with accumulations of CD45+ cells (Fig. 3a, c) and an increase in Sca-1+ (Fig. 3a, c). The pan-

leukocyte marker CD45 indicates immune cell accumulations and Sca-1 is a marker for mesenchymal 

stromal cells, immune cell subsets and endothelial cells. Some cells were round Sca-1+CD117(ckit)+ (Supp. 

Fig. 4a), others were elongated CD45-Sca-1+ (Supp. Fig. 4b), which indicates the possible presence of HSCs 

and endothelial progenitor cells, respectively. No immune cell accumulations were observed 28 days post-

surgery (Fig. 3a-c). Similarly, HSPCs and differentiated hematopoietic cells of the bone marrow were 

 
3 Data and figure references in this paragraph refer to Reismann et al. (2017). 
4 Digital supporting information, such as movies are publicly available at the publishers’ websites under the digital 

object identifiers of the selected publications. 
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unaltered in composition and absolute numbers between age-matched femora of control mice, the 

contralateral femur, and the LIMB-implanted bone (Fig. 3g; Supp. Fig. 5). Blood supply via periosteal 

vasculature (Fig. 3d) and the morphology of the main sinus (Fig. 3f) was not impaired and vessel 

morphology was comparable to contralateral femora (Fig. 7b) and unaffected endosteal areas (Fig. 7a) at 

28 days post-surgery. Adoptively transferred CMTPX-labeled (CellTracker, ThermoFisher, Frankfurt, 

Germany) splenocyte engraftment was unaffected in LIMB-implanted mice 28 days post-surgery (Fig. 3e). 

The only change in bone morphology was the gradual degradation of bone below the fixator plate as 

observed at 28 days post-surgery, possibly as a result of a alterations of the force distribution within the 

bone due to the implanted fixator plate (Fig. 3a). A comparison between three bone marrow imaging 

techniques in the calvarium, the tibia, and the femur using LIMB in CD19tdRFP mice showed no differences 

in velocity, volume, or displacement of tdRFP+ B lymphocytes (Fig. 4b-e). Positioning of the FOV was 

further shown to be stable over 36 h using ubiquitously expressing photoactivatable GFP (paGFP) mice 

(Fig. 5a).5 

Taken together, bone marrow morphology and composition are comparable to homeostatic bone 

marrow one month after surgical implantation of the LIMB system. Consequently, LIMB allows 

visualization of the bone marrow cells in steady state, which is comparable to homeostasis.  

3.2 Longitudinal Multiphoton Microendoscopy of the Bone Marrow Allows 

Visualization of Bone Regeneration after Osteotomy 

The LIMB system has two major limitations: First, the FOV is limited by the GRIN lens’ diameter of 350 µm, 

dictated by the inner diameter of the endoscope tubing, which cannot exceed the diameter of the bone 

marrow cavity. Second, the introduction of an osteotomy is spatially hindered by the protruding lens 

tubing inside the bone marrow. To improve FOV and suitability for an osteotomy model, a modular design 

was developed in which an endoscope-lens tubing of larger diameter was manufactured to be attachable 

via a tube thread to the plate (Fig. 1A) (Stefanowski et al., 2020)6. The protruding portion below the fixator 

plate is the GRIN lens, 600 µm in diameter; in total slightly smaller when compared to the lens tubing 

650 µm in diameter of the LIMB system (Fig. 1B). This approach also allowed performance of an 

osteotomy (Fig. 3E-F) after fixation of the fixator plate (Fig. 3C-E) before the introduction of the lens 

tubing (Fig. 3G). The osteotomy gap size was therefore required to be larger than the lens diameter and 

was consistently 787 – 844 µm wide (Fig. 3J). Regeneration of the osteotomy results in vascularization 

and intramedullar callus formation (Fig. 3L). Using vascular label Qtracker 655, the blood stream was 

resolved at high resolution (Supp. Video 2) and using endothelial reporter mice (Cdh5GFP/tdTomato) 

 
5 The observations in CD19tdRFP and paGFP mice are discussed in Reismann et al. (2017). 
6 Data and figure references in this paragraph refer to Stefanowski et al. (2020). 



18 
 

demonstrated longitudinal intravital multiphoton microendoscopy in murine osteotomies (Limbostomy) 

(Fig. 4A).  

For the first time, Limbostomy enabled visualization of cellular dynamics during regeneration of 

osteotomies in mice. Furthermore, the FOV limitations of LIMB were overcome with Limbostomy due to 

its modular design and the possibility to use larger GRIN lenses. 

3.3 The Vascular Network in the Bone Marrow Dynamically Reshapes during 

Homeostasis 

Longitudinal intravital bone marrow microscopy in the femoral long bone using LIMB revealed continuous 

changes in the vessel structure one week after complete healing of the post-surgical tissue injuries 

(Fig. 6a-c) and the speed of those structural changes was negatively correlated with the diameter of blood 

vessels (Fig. 6d) (Reismann et al., 2017)7. Small vessels of 5 – 15 µm were more dynamic than 

intermediate (15 – 35 µm) and large (> 35 µm) vessels (Fig. 6d). Interestingly, vascular changes over a 

period of one week were also observed in the calvarial bone marrow (Fig. 6e).  

This finding highlights that plasticity is an integral characteristic of the bone marrow vascular network and 

not restricted to regeneration.  

3.4 Vascularization from Existing Vessels during Intramedullary Bone Regeneration 

Occurs in Two Distinct Phases in Cdh5GFP/tdTomato Mice 

LIMB analysis of Qtracker 655 injected blood networks allows short term observation of the luminal blood 

before fluorescent labels are filtered from the bloodstream in the liver, taken up by phagocytic cells, or 

diffuse into the tissue. The latter especially occured in the bone marrow via leaky sinusoids within 30 min 

under steady-state homeostasis (Supp. Video 2) (Stefanowski et al., 2020)8. To be able to identify 

endothelial cell number and their sprouting behavior, Cdh5GFP/tdTomato mice were used to study bone 

regeneration after osteotomy (Fig. 4A). Endothelial cells developed primarily from existing bone marrow 

vasculature as shown in histology using fluorophore labelled Emcn antibodies (Fig. 3L). Similarly, vessels 

grew in the x,y axis (Fig. 4A). The initial infiltration of the injury site by endothelial cells was observed 

intravitally 3 – 4 days post-osteotomy (Fig. 4A, J) and was completed within 24 hours (Fig. 4A, J). In this 

time frame, endothelial sprouts with activated endothelial cell filopodia were observed (Supp. Video 4). 

These sprouts migrated into the osteotomy gap indicated by endothelial cell nuclei, which followed the 

direction of the sprouting tip (Supp. Video 4). After complete vascularization, endothelial cell density grew 

until day 5, changing the vascular network structure (Fig. 4A, I) without further increasing total vessel 

 
7 Data and figure references in this paragraph refer to Reismann et al., (2017). 
8 Data and figure references in this paragraph refer to Stefanowski et al., (2020), unless stated otherwise. 
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volume after day 4 (Fig. 4J). Soft callus formation was observed based on the presence of a second 

harmonic generation (SHG) signal, caused by collagen deposition on day 6 (Supp. Fig. 4C). Using three-

dimensional segmentation of endothelial volume and endothelial cell nuclei based on tdTomato and GFP 

fluorescence signal, endothelial cell nuclei displacement, their migratory direction, and speed were 

determined, which showed no changes over 14 days of regeneration in the osteotomy gap (Fig. 4F-H). 

Surprisingly, although one cell division event was observed using LIMB (Supp. Video 3), no proliferation 

was detected within the observation time after osteotomy using Limbostomy.  

In summary, two distinct phases of vascularization were observed. The first, initial infiltration of 

endothelial cells and active sprouting from existing endothelium into the damaged tissue was considered 

as the vascularization of the injury hematoma. The second, was the continuous adaptation of the vessel 

network within the intramedullary callus formation and remodeling phase.  

3.5 Bone Marrow Endothelial Cells at Sites of Bone and Bone Marrow Regeneration 

Exhibit a Type H Immunophenotype 

Bone and bone marrow tissue damage induced type H endothelium after drilling (Fig. 7a) (Reismann et 

al., 2017), introduction of an osteotomy with external fixation (Fig. 2B, C) (Stefanowski et al., 2019)9, 

internal fixation (Fig. 5A), and throughout the regeneration process (Fig. 2A-E). Using Limbostomy, 

intramedullary endothelial cell density was shown to be highest at 5 days post-osteotomy (Fig. 4I), 

coinciding with the highest number of Osx+ cells, which are considered late osteoprogenitor cells and 

osteoblasts (Fig. 1E). After drilling, based on pulse-chase experiments with the injected thymidine 

analogon 5‐ethynyl‐2′‐deoxyuridine (EdU) no dividing endothelial cells were detected (Fig. 7b) (Reismann 

et al., 2017) and after osteotomy using Limbostomy, no cell division was observed.  

Taken together, EmcnhiCD31hi endothelial cells that colocalized with Osx+ cells were found at sites of bone 

and bone marrow regeneration. Vascularization of type H endothelium, which functionally supports 

osteoblastic differentiation is an effective function of bone formation, also during bone regeneration. To 

support regeneration, the stimulation of vascularization emerges as a promising approach for 

pharmaceutics that target bone regeneration.  

3.6 Macrophages Localize towards the Type H Endothelium during Regeneration 

Under homeostatic conditions, macrophages were evenly distributed throughout the bone marrow (Fig. 

5C) (Stefanowski et al., 2019)10. After osteotomy, F4/80hi macrophages accumulated intramedullary at 

the site of injury as early as day 2 post-injury (Fig. 4A, B) and were detected in increasing abundance 

 
9 Data and figure references in this paragraph refer to Stefanowski et al. (2019), unless stated otherwise. 
10 Data and figure references in this paragraph refer to Stefanowski et al. (2019). 
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extramedullary, periosteal from day 3 (Fig. 3A, B). F4/80+ macrophages remained present throughout the 

regeneration process (Fig. 3A, B) and decreased in abundance from day 7 (Fig. 3C). Throughout 

regeneration, all nuclei in the osteotomy gap localized close to type H endothelium (Emcnhi) when 

compared to type L endothelium (Emcnlo) (Fig. 3F) and F4/80+ cell number around type H endothelium 

decreased between day 3 and day 21 post-injury (Fig. 3E). Due to the spatial correlation of F4/80+ cells 

and Emcnhi endothelium, the macrophage population at the osteotomy site was further characterized. 

3.7 VEGF is Provided by CD80+ Cells in the Early Phase of Healing 

During regeneration CD206+ M2-like macrophages resided primarily extramedullary throughout the 

regeneration process (Fig. 3A, B) and CD80+ M1-like macrophages were detected during the first two days 

of regeneration (Fig. 4A, B). Some CD80+ cells were F4/80+ (Fig. 4A) and some CD80+ cells produced VEGF 

(Fig. 4C). Macrophages accumulated intra- and extramedullary after injury, but only few were either 

CD206+ or CD80+, of which even less produced VEGF. This result might indicate a contribution of CD80+ 

cells to vascularization by VEGF production in the pro-inflammatory phase of the first 2-3 days and 

subsequent VEGF production performed by osteogenic cells (Fig. 4D). CD206+ macrophages were present 

primarily extramedullary in all phases of regeneration with no clear association to vascularization.  

In summary, macrophages appear to contribute to vascularization via VEGF in the first two days of 

regeneration via CD80+ cells.   

3.8 CX3CR1+ F4/80+ Macrophages Are the Major Subset of Cells in the Osteotomy Gap 

and Precede Vascularization 

Using CX3CR1 reporter mice, immunofluorescence histology demonstrated the major subset in the 

osteotomy gap to be F4/80+Gr1-CX3CR1+ within the first 2 weeks post-injury (Fig. 5F, G) (Stefanowski et 

al., 2019)11. These cells densely accumulated at areas of bone formation (Fig. 5C) and CD31+ endothelial 

cells (Fig. 5D). Using Limbostomy, CX3CR1+ cells were observed to infiltrate the osteotomy gap between 2 

to 3 days post-injury, followed by perfused blood vasculature between day 3 and 4 post-injury. CX3CR1+ 

cells populated the space between blood vessels and were divided into round and non-round cells (Fig. 

5G). CX3CR1+ cells in the osteotomy gap were primarily F4/80+ and the major subset of cells in the 

osteotomy gap were F4/80+Gr1-CX3CR1+. The intravital observation that CX3CR1+ cells preceded 

vascularization might indicate that CX3CR1+ cells contribute to the first phase of vascularization. 

 
11 Data and figure references in this paragraph refer to Stefanowski et al. (2019). 
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4 Discussion 

This section aims to provide an overarching discussion beyond the individual discussions of the selected 

publications. To extend the discussion, relevant parts of those discussions in the selected publications are 

referenced in footnotes for further reading. 

4.1 Applications of LIMB and Limbostomy 

Longitudinal intravital multiphoton microscopy has been established for numerous organs in the mouse 

including the central nervous system, retina, lymph nodes, brain, and calvarium (Reismann et al., 2017)12. 

In the bone marrow, intravital multiphoton microscopy contributed to a better understanding of bone 

marrow niches for HSPCs in health and disease (Hawkins et al., 2016; Itkin et al., 2016) and the regulation 

of bone mass (Nevius et al., 2015). However, longitudinal observations over months in the bone marrow 

of long bones were not achieved13. Using the LIMB system, deep bone marrow imaging under steady-

state homeostatic conditions revealed plasticity of the bone marrow vasculature (Reismann et al., 2017). 

LIMB and Limbostomy can be applied to further improve our understanding of niche plasticity of HSPCs 

and their progeny, the release of cells into the bloodstream, the differentiation of MSCs and 

hematopoiesis, and the impact of cells such as adipocytes in bone marrow niches. Using depths of 100 µm 

or 500 µm (Reismann et al., 2017) or a flexible depth of up to 700 µm (Stefanowski et al., 2020) allows 

investigation and better understanding of the heterogeneity of the bone marrow or the regenerating 

bone. The FOV of LIMB is big enough to visualize small cell subsets such as plasma cells (Reismann et al., 

2017).  

The large diameter of 600 µm of the GRIN lens using Limbostomy can be used to analyze rare subsets 

such as HSCs in their niche or differentiation events. Our data show changes in the vessel network of the 

bone marrow but it is unclear whether the microenvironments, the niches are also impacted and unstable 

with respect to cellular composition and localization. Very recently, Upadhaya et al. described HSC to be 

motile in both steady state and mobilization (Upadhaya et al., 2020), which indicates the niche 

environment to be less stable than previously known. Furthermore, to allow the tracking of cells such as 

motile HSCs, a large FOV is necessary. Similarly, long-lived plasma cells in the bone marrow, which are 

also considered to be sessile in their niches can be analyzed for motility patterns or for testing 

pharmaceutics for their mobilization. A larger FOV using thicker stacks during image acquisition could be 

achieved by selecting a GRIN lens for 3-photon microscopy wavelengths. 

 
12 This publication contains further references for the examples mentioned. 
13 An overview of the existing intravital bone imaging techniques is listed in Reismann et al. (2017) and updated in 

Stefanowski et al. (2020) followed by a short discussion of their advantages and limitations. 
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Models for murine bone regeneration such as drill hole injury or osteotomy can be combined with 

Limbostomy. While drill hole injury favors intramembranous ossification, endochondral ossification 

occurs in a full osteotomy. Since the two regeneration processes are functionally distinct (Buettmann et 

al., 2019), different observations such as osteogenic differentiation of MSCs could be compared using this 

standardized method.  

The Limbostomy method greatly improved the FOV, image quality, and range of application compared to 

LIMB. However, the FOV is limited due to stable fixation of the implant. To allow visualization of trabecular 

bone an adaptation of the fixator plate is necessary. Furthermore, the internal fixator plate influenced 

bone remodeling due to a change in force distribution, although changes in bone marrow composition 

was not observed. Currently, no comparable, less invasive method is available that enables a comparison 

with Limbostomy to measure the impact of the implantation itself on bone homeostasis. A strong 

advantage of the LIMB and Limbostomy method is the longitudinal measurement at subcellular 

resolution. Progress of bone regeneration is strongly dependent on the individual organism and 

longitudinal data allow conclusion within, and not only between individuals. This contributes to refined 

data density, reduced usage of animals, and replacement of other techniques by intravital microscopy to 

actively implement the 3R principle and improve animal welfare.14 

4.2 The Impact of Vessel Plasticity on the Bone Marrow Microenvironment during 

Homeostasis 

A key finding of longitudinal intravital bone marrow microscopy is that the intramedullary vascular 

network undergoes change under homeostatic conditions. The impact on vascular remodeling might 

derive from the introduction of the internal fixator plate, which changes force distribution in the femur. 

However, due to the impressive velocity of changes within hours and days, it seems more likely to be 

dependent on proliferation, bone marrow cell motility, and blood pressure. EdU pulse-chase experiments 

in contralateral and implanted femora showed that bone marrow endothelial cells, especially type L 

sinusoids have limited proliferative capacity (Fig. 7b) (Reismann et al., 2017), supported by previous 

findings (Kusumbe et al., 2014). This indicates that under homeostatic conditions, vessel plasticity is not 

a consequence of endothelial cell proliferation. It can be assumed that the constant proliferation and 

release of hematopoietic cells, such as erythrocytes, monocytes, neutrophils, and naive B cells from the 

bone marrow, strongly impacts the volume balance of the bone marrow. Based on the observation that 

the release of HSC into the bloodstream and their homing to the bone marrow is regulated by cell 

adhesion molecules such as selectins, cell adhesion molecules and the stromal cell-derived factor 1 

(CXCL12) (Méndez-Ferrer et al., 2008; Scheiermann et al., 2013) one can assume that the volume balance 

 
14 A comparison of the two methods is included in the discussion of Stefanowski et al. (2020). 
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is subject to various phases because release and homing are controlled by cell and tissue-specific circadian 

rhythms and inflammation (Scheiermann et al., 2013). Changes in the volume balance due to cell 

trafficking requires the adaption of the endothelial network via expansion and contraction, while blood 

acts as a buffer volume. These changes in vasculature might add up to strong spatial shifts within the 

bone marrow requiring a high tissue flexibility and elasticity. Considering this highly dynamic context, it 

can be hypothesized that volume adaptability and vessel plasticity are necessary features of the bone 

marrow tissue to cope with volume changes due to cell proliferation, release, homing, and rapid release 

in the case of inflammation.  

It can be observed that not all vessel types are subject to the same rate of change. The notion that small 

vessels of 5 – 15 µm, possibly arteriolar endothelial cells (Bixel et al., 2017; Itkin et al., 2016) undergo 

more rapid and obvious changes than larger vessels, allows the assumption that arteries are less 

adaptable to volumetric changes and are stiffer than sinusoids. In support of this, intercellular endothelial 

junctions of arteries, type H vasculature, and arterioles strongly express CD31 and Sca-1+ arteries further 

maintain αSMA+ pericytes which add additional stability. On the other hand, type L endothelial sinusoids 

have only loose cell-cell-contacts and allow unhindered paracellular migration in combination with 

reduced blood flow velocity. In fact, Itkin et al. demonstrated that sinusoids, which express lower levels 

of adhesion molecules such as the vascular cell adhesion molecule 1 (VCAM-1), the intracellular adhesion 

molecule 1 (ICAM-1), P-selectin or the junctional adhesion molecule-A (JAM-A) compared to arterial bone 

marrow endothelial cells, are the exclusive site for cellular trafficking (Itkin et al., 2016).  

Additionally, they showed that a low reactive oxygen species (ROS) state is maintained in the arterial bone 

marrow endothelial cell niche due to the reduced permeability, which consequently supports HSPC 

survival (Itkin et al., 2016). Of note, local oxygen availability (pO2) in the bone marrow is considered 

hypoxic at pO2 < 32 mmHg (Spencer et al., 2014). Peri-sinusoidal pO2 in deep bone marrow is lowest and 

endothelial regions which contain arterioles are less hypoxic (Spencer et al., 2014). Assuming that 

continuous remodeling and adaption of the vascular bone marrow network influences cellular ROS and 

consequently hematopoietic niches, the question arises: Which cells are responsible for maintaining 

overall integrity of the bone marrow structure? 

One candidate are MSCs, a cell population of heterogeneous functions which is evenly distributed 

throughout the bone marrow (Holzwarth et al., 2018).  They are characterized by cell adhesion molecules 

such as VCAM-1 and maintain niche functions by the secretion of e.g. CXCL12 (Holzwarth et al., 2018). 

The dendrite-like cell phenotype creates a network-like structure and therefore, these MSCs might 

provide a cellular scaffold for other bone marrow cells to adhere to and additionally receive niche factors 

for differentiation and survival.  
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Macrophages of F4/80hi and CD169+VCAM-1+ phenotype are another cellular subset that fulfills these 

requirements. To which extent macrophages contribute to the bone marrow architecture depends on 

their network stability. It is unclear if this network is stable over time, which can be answered by 

longitudinal intravital microscopy of the bone marrow in combination with macrophage reporter mice 

such as F4/80CreRosa26stopfloxtdTomato reporter mice. Whether a bone marrow macrophage network exists 

permanently or is replaced continuously by the MPS is not known. Tracing the replacement rate of 

F4/80hi macrophages in the network over time could be addressed by adoptively transferring fluorescent 

progenitors. Candidates are cMoPs or monocyte subsets such as CX3CR1hiLy6Clo or CX3CR1loLy6Chi. 

In summary, vascular plasticity discovered by LIMB is an important and previously unknown function to 

consider in the context of maintenance and stability in the bone marrow microenvironment. 

4.3 Vascularization and Endothelial Proliferation after Injury 

Bone marrow vasculature undergoes extensive remodeling after injury such as irradiation (Le et al., 2017), 

during cancer (Hawkins et al., 2016) and bone growth (Ramasamy et al., 2016). The underlying 

mechanisms are not fully understood. During bone growth, osteoblast function is linked to type H 

endothelium (Kusumbe et al., 2014). Type H endothelium has been described to promote osteoblast 

differentiation via growth factors such as TGFβ, PDGF and the release of Noggin upon neurogenic locus 

notch homolog protein (Notch) signaling (Ramasamy et al., 2015, 2014). Vice versa, osteoblast 

progenitors provide signals for vascularization such as VEGF (Ramasamy et al., 2015). Here, spatial 

proximity was observed between Osx+15 osteoblasts and type H endothelium during regeneration 

(Stefanowski et al., 2019). A potential stimulus for neovascularization in the hypoxic environment of the 

damaged tissue is VEGFA release upon HIF1α activation. In this context, Buettmann et al. showed that 

bone regeneration was delayed when VEGFA was deleted from Osx+ cells only in full osteotomies, but not 

drill hole injuries (Buettmann et al., 2019). This indicates that another cell type besides osteoblasts and 

chondrocytes is responsible for VEGFA expression in full osteotomies. Considering that drill hole injuries 

are relatively small injuries that do not require extensive callus formation, it is sometimes referred to as 

an injury model for intramembranous regeneration. Full osteotomies and fractures, however, represent 

the process of endochondral regeneration that requires cartilage formation. One could hypothesize that 

extensive bone injuries initiating endochondral regeneration require an additional source of VEGF. The 

data of this study indicate that macrophages or mononuclear phagocytes could potentially be this source 

during the crucial, initial regeneration phase (Stefanowski et al., 2019). 

 
15 The differentiation and origin of mesenchymal-derived bone cells is discussed in Stefanowski et al. (2019). 
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During vascularization of full osteotomies, endothelial growth started from the existing vascular network 

and activated endothelial cells with filopodia were observed (Stefanowski et al., 2020). Vascularization 

occurred in two waves, a first wave that vascularized the fracture hematoma and a second wave that 

remodeled the existing network (Stefanowski et al., 2020). Although a high degree of remodeling 

occurred and continues throughout homeostasis, only one endothelial cell division event was 

documented (Stefanowski et al., 2020). Similarly, proliferating endothelial cells were not found using 

histological methods (Reismann et al., 2017). This indicates that endothelial cell division is a rare event. 

Considering that endothelial cell divisions occur primarily in type H endothelium (Kusumbe et al., 2014) 

and that the endothelium during regeneration is in fact type H endothelium suggests that proliferation 

occurs outside of the imaging window using Limbostomy (Stefanowski et al., 2020). Alternatively, one can 

assume that cell proliferation was simply not captured and to effectively quantify endothelial 

proliferation, longer time windows should be analyzed (Stefanowski et al., 2020). If sprouting is studied, 

endothelial cells are divided into proliferating stalk cells and activated tip cells with filopodia (Geudens 

and Gerhardt, 2011). Although this two-dimensional categorization is not apparent in bone regeneration 

visualized by Limbostomy, it allows the assumption that growing vasculature can compartmentalize 

functionally. In combination with the observation that vascularization of the osteotomy gap is rapid 

(Stefanowski et al., 2020), it seems reasonable to conclude that proliferation of endothelial cells occurs 

in an environment that stimulates its proliferation before the vascular network expands into the fracture 

hematoma. Taken into account that endothelial HIF1α strongly regulates type H endothelial cell 

expansion, this environment has to be hypoxic for a period long enough to stimulate cell expansion 

(Kusumbe et al., 2014).  

4.4 The Role of CX3CR1hiGr1lo Mononuclear Phagocytes 

Monocytes, macrophages, and other myeloid cells impact vascularization in a range of physiological and 

pathological conditions. Their mobilization orchestrates neovascularization after irradiation (Loinard et 

al., 2017) and it was shown that not only osteoclasts (Romeo et al., 2019) but their progenitors have the 

capacity to stimulate vascularization and subsequent osteogenesis (Kusumbe and Adams, 2014). In turn, 

endothelial cells can regulate the conversion of classical Ly6Chi monocytes into Ly6Clo monocytes via 

monocyte Notch2-signaling (Gamrekelashvili et al., 2016). This suggests that the endothelial-myeloid 

interaction is important for differentiation and survival.  

The data of Clark et al. suggest that an anti-inflammatory polarization bias of macrophages determines 

healing outcome but not the mere presence of macrophages at the injury site. Clark et al. conclude that 

inhibition of M-CSF1R inhibits all monocyte recruitment and prevents monocyte-derived macrophage 

differentiation, but the role of non-classical CX3CR1hiLy6Clo monocytes is not considered in their study 
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(Clark et al., 2020). In this study it is shown that macrophages of the intramedullary callus are primarily 

F4/80+Gr1-(Ly6C-)CX3CR1+ (Stefanowski et al., 2019). These cells exhibit an immunophenotype resembling 

non-classical monocytes. Furthermore, the lifetime of CX3CR1hiLy6Clo mononuclear phagocytes is 

estimated to be 5 days (Geissmann et al., 2003; Ginhoux and Jung, 2014) and depends on survival factors 

beyond CSF1R, including Nur77 and CX3CR1 (Ginhoux and Jung, 2014). In the study of Clark et al. 

treatment for monocyte depletion via CSF1R has only started 24 h before the injury (Clark et al., 2020) 

and thus indicates that only the availability of classical monocytes with a half-life of 20 h but not that of 

non-classical mononuclear phagocytes has been blocked. In further support of this idea, cx3cr1 and il-10 

were amongst the lower 2 % of downregulated genes in macrophages from old mice when compared to 

young mice 3 days post-injury and after treatment (Clark et al., 2020). Additionally, CX3CR1hiLy6Clo 

mononuclear phagocytes are biased precursors for M2-like macrophages which support vascularization 

during regeneration (Olingy et al., 2017). Whether macrophages of an F4/80+Gr1-(Ly6C-)CX3CR1+ 

immunophenotype are the descendants of non-classical monocytes, tissue resident macrophages, osteal 

macrophages (osteomacs) or an intermediate precursor from the bone marrow, requires further 

research. To assess the contribution of CX3CR1hi monocytes, the usage of Nur77GFP reporter mice could 

be a promising option to improve the distinction between CX3CR1hi non-classical and CX3CR1lo classical 

monocytes and their progeny. 

Furthermore, Gamrekelashvili et al. described endothelial cells to trigger differentiation of classical 

monocytes into CX3CR1hiLy6Clo mononuclear phagocytes under steady-state conditions (Gamrekelashvili 

et al., 2016). This process could be exaggerated during inflammation and provide a potential signaling 

pathway via Dll1/Notch2 during endothelial cell activation and type H vessel growth. 

The question how mononuclear phagocytes contribute to vascularization remains unanswered. The role 

of macrophages during tip cell fusion (anastomosis) is not understood (Geudens and Gerhardt, 2011) but 

there is evidence that macrophages can act as helper cells (accessory cells) during the function of newly 

formed vasculature (Gurevich et al., 2018). In this study, CX3CR1+ cells were shown to precede 

vascularization and closely attach to endothelial cells (Stefanowski et al., 2019). CX3CR1hiLy6Clo 

mononuclear phagocytes are a promising candidate for accessory functions during anastomosis for 

multiple reasons: First, CX3CR1hiLy6Clo mononuclear phagocytes are of generally anti-inflammatory 

phenotype and are known for IL-10 production in tissues such as the small intestine (Morhardt et al., 

2019). Second, they monitor the vasculature and control their disposal (Auffray et al., 2009; Carlin et al., 

2013). Third, endothelial cells highly express the CX3CL1 for adhesion (Bazan et al., 1997; Pan et al., 1997) 

and fourth, Gurevich et al. described macrophages of anti-inflammatory phenotype to be relevant for 

anastomosis in the zebrafish (Gurevich et al. 2018). If CX3CR1+ cells also promote anastomosis, could be 
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analyzed by crossing endothelial cell reporter mice with CX3CR1 reporter mice. This approach could be 

combined using CX3CR1 conditional deletion of factors such as VEGFA to assess their effect on growth. 

Apart from directly influencing vascularization CX3CR1+ cells have been shown to be capable of forming 

vessel-like channels (Barnett et al., 2016). Considering this so-called vessel mimicry, CX3CR1+ cells might 

have the potential to actively incorporate into the vascular network or drain the surrounding tissue. 

It remains unclear to which extent macrophages of M1- or M2-like phenotype contribute to 

vascularization or regeneration since both macrophage-derived pro- and anti-inflammatory factors such 

as IL-1 and IL-10, respectively, can contribute to improved wound healing. Sequencing of macrophages, 

present in the fracture gap, will be helpful to understand their function in detail. Overall, the results of 

this study support the idea that anti-inflammatory CX3CR1hi myeloid cells support vascularization 

throughout the bone regeneration process. The pro-inflammatory milieu switches to an anti-

inflammatory milieu as early as one day after injury, marked by a high expression of IL-10 (Schmidt-Bleek 

et al., 2014b). In the presence of young macrophages, cx3cr1 and il-10 are highly upregulated during bone 

regeneration (Clark et al., 2020). Furthermore, a recent study has shown that IL-10 strongly enhances 

neovascularization and endothelial progenitor recruitment (Balaji et al., 2020). It could be hypothesized 

that CX3CR1hi -derived IL-10 contributes to a general shift from a pro- to an anti-inflammatory milieu. 

Various types of osteoclasts promote vascularization and osteogenesis (Kusumbe and Adams, 2014). In 

the growing bone, osteoclasts develop during embryogenesis (Jacome-Galarza et al., 2019) but during 

regeneration their origin is elusive. Osteoclasts are a major contributor for bone remodeling, and we have 

identified some CD80+ macrophages in the first two days of regeneration. Considering that osteoclast 

progenitor cells have been described to express CD8016 might suggest that some macrophages commit to 

osteoclastogenesis early in regeneration. These few cells might be sufficient for providing enough 

progenitors as osteoclasts are long-lived and fuse with circulating monocytes (Jacome-Galarza et al., 

2019). 

The origin and fate of CX3CR1hiLy6Clo mononuclear phagocytes in the osteotomy gap is not known. A 

possible mechanism could be the same as under homeostatic conditions in which classical monocytes 

differentiate into CX3CR1hiLy6Clo non-classical monocytes. They could also originate from tissue-resident 

macrophages in the bone marrow. However, it should be first clarified where tissue-resident 

macrophages themselves derive from. To address their origin, fate map experiments by marking 

macrophages using tamoxifen-inducible Cre-expression models specific for EMPs (c-Myb) or HSCs (Runx1) 

are feasible (Ginhoux and Guilliams, 2016). If macrophages which permanently reside in the bone marrow 

 
16 The role of M1/M2-like macrophages and their markers is discussed in Stefanowski et al. (2019). 



28 
 

self-renew from embryo-derived macrophages (including both yolk-sac and fetal liver), they would be of 

c-Myb+ progeny. If they renew from HSCs (and cMoPs) they would be of Runx1+ (or CD135+) progeny 

(Ginhoux and Guilliams, 2016). However, it should be mentioned that the specific spatiotemporal 

embryonic expression of those markers in macrophage progenitors is still subject to an ongoing debate. 

To clarify the fate of CX3CR1hiLy6Clo cells in the course of regeneration, a combination of a CX3CR1 

tamoxifen-inducible Cre (CX3CR1CreER) with a fate indicating universally expressing ROSA26mT/mG mouse 

that permanently changes fluorescence from red (mT; membrane Tomato) to green (mG; membrane GFP) 

upon Cre-expression could be used. Tamoxifen induction before, during, or after injury will show 

osteoclasts in both colors as they fuse with CX3CR1-expressing myeloid cells. 

In summary, this work presents an intravital imaging approach for longitudinal observations suitable to 

shed light on questions of bone and bone marrow dynamics under homeostatic and pathological 

conditions. Using LIMB and Limbostomy, previously unknown vessel plasticity of the bone marrow 

vasculature and a potential role of phagocytes in vascularization during bone regeneration was revealed. 

This highlights the great potential of this method to improve our understanding of the dynamics in bone 

homeostasis and diseases, which will contribute to the development of specific treatment approaches in 

the future. 
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