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SUMMARY  

As an important component of microenvironment, macrophages have crucial 

regulatory functions in stem cell activities. The crosstalk between macrophage and stem 

cell is still elusive in the context of cartilage regeneration. Current understanding of 

macrophage functions on cartilage is mainly from arthritis studies. However, the role of 

macrophage in cartilage regeneration after osteochondral injury remains largely 

unexplored. This dissertation mainly focuses on the function of macrophage in cartilage 

regeneration after osteochondral injury, while its involvement in abnormal skeleton 

development is also discussed. 

First, the role of native macrophage in self-regeneration of articular cartilage in 

juvenile mice was investigated. In CCR2 (C-C chemokine receptor type 2) inactivation 

mice, the landscape of macrophage activation and composition in the synovium was 

described. By clodronate liposome injection, joint macrophages were selectively depleted 

to investigate the influence on regeneration. And the mechanisms were explored. The study 

demonstrated the majority of macrophages after injury were differentiated from circulating 

monocytes in a CCR2-dependent manner. Macrophage depletion hampered cartilage 

regeneration, via reducing proliferation and increasing apoptosis at the defect. 

Second the therapeutic potentials of exogeneous macrophages in osteochondral 

injury were investigated. Bone marrow macrophages were harvested and polarized into M1, 

M2a and M2c macrophages in vitro. They were injected into adult mice without 

regeneration capacity after osteochondral injury. The influence of administration time was 

also investigated. During this process, activation and distribution of stem cells were 
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explored. It showed that macrophages could enhance regeneration of cartilage and 

subchondral bone in a time- and phenotype-dependent manner, providing a pro-

regenerative microenvironment for activated stem cells. 

Third, osteochondral injury and postnatal skeleton development in pathological 

conditions were investigated. Sickle cell disease is an autosomal recessive disease, casing 

blood disorder and abnormal vascular microenvironment. It further causes a series of 

cartilage and bone problems. Due to limited knowledge of cartilage regeneration and 

skeleton development under sickle cell disease, they were studied in this research, and 

macrophage as well as monocyte/macrophage-lineage-derived osteoclast were investigated 

during the process. By combining histology, cell culture, protein assay and 

immunohistochemistry methods, the study revealed that sickle cell disease altered the 

balance of cartilage and bone, resulting in failure of cartilage reconstruction and delayed 

postnatal development of femoral head. 

In summary, this research provides the direct evidence for regulation of cartilage 

regeneration by macrophage in vivo after osteochondral injury. It also demonstrates the 

different functions of macrophage subsets in regeneration of osteochondral injury for the 

time, as well as the importance of time window. This research investigates osteochondral 

injury and delayed femoral head development in sickle cell disease. The significance of 

macrophage in regulating cartilage regeneration and postnatal development is highlighted 

in this dissertation, serving as the kick-starter to understand the complicated topic of 

immunity in cartilage regeneration niche and mechanisms of disease caused abnormal 

skeleton problems. Functional restoration of cartilage still remains a clinical challenge. 
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Investigation of regulatory role of macrophage during cartilage regenerating process is 

important for understanding regeneration mechanisms and improving treatment. 
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CHAPTER 1. INTRODUCTION  

Dependent on self-renewing stem cells, our body is able to maintain homeostasis 

with lifetime dynamic turnover, and restores tissues upon injury. Despite of tissue-specific 

cellular events and replacement rate, the balance of proliferation and differentiation of stem 

cells is regulated by signals from local microenvironment. Immune cells have been 

highlighted as an important component of stem cell niche in recent years. They exhibit 

crucial regulatory functions on stem cells in homeostasis and under stress. Thus, 

understanding the intricate crosstalk between immune cells and tissue stem cells will 

underpin elucidation of regeneration process and facilitate optimal therapy development.  

Cartilage regeneration still remains a challenging clinical problem. This crosstalk in 

the context of cartilage injury is elusive, especially under different pathological and non-

pathological conditions. From the perspective of macrophage, this dissertation summarizes 

novel findings about the regulatory role of macrophage in cartilage regeneration. For better 

understanding of the topic, basic knowledge of macrophage and cartilage biology is 

introduced first. Also, significance and objectives of research are described in the end of 

this chapter as syllabus navigation of the whole dissertation. 

1.1 Macrophage: More than Professional Phagocyte 

Macrophages were first discovered as specialized phagocytes in 1884, which clear 

tissue debris, pathogens, cancer cells, foreign substance etc. to protect the host from 

exogeneous or endogenous invasion1. Since Ilya Metchnikoff subsequently proposed 

versatile functions of macrophages beyond phagocytosing microbes2, 3, non-immune 
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functions of macrophages have been revealed over decades. Their prevailing existence in 

the body and far-ranging regulatory role in development, homeostasis and regeneration4 

indicate the importance to understand and elucidate their functions in the context of specific 

tissues and process. 

1.1.1 Origin of Macrophage 

Macrophages populate prevalently in tissues throughout the body. They are derived 

from two sources, embryo and bone marrow monocytes. Although the composition of 

resident macrophages is tissue-specific, most tissues have resident macrophages from both 

sources (Figure 1.1). 

 

Figure 1.1 Composition of macrophage lineage in adult resident macrophage5 

Embryo-derived resident macrophages can be generated from primitive 

hematopoiesis and definitive hematopoiesis (Figure 1.2). Around embryonic day 7 (E 7.0), 

macrophages and erythrocytes are generated during primitive hematopoiesis in the yolk 

sac6. Subsequently, hematopoietic stem cells (HSCs) are generated during definitive 
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hematopoiesis in the aortaïgonadïmesonephros of mesoderm, and migrate to fetal liver 

around E10.5 as the major hematopoietic organ until perinatal period7, 8. Except brain 

microglia and some epidermal Langerhans cells, most embryo-derived resident 

macrophages are descended from HSCs during definitive hematopoiesis in the fetal liver 

(Figure 1.3). 

 

Figure 1.2 The origins of embryonic and adult macrophage lineages5 

After birth, bone marrow HSCs become primary hematopoiesis center and give rise 

to all blood cell lineages. HSCs generate several progenitors (Figure 1.4). Common 

monocyte progenitors (cMoP) develop into monocytes. Undifferentiated monocytes exist 

in blood and extravascular tissues, and they can differentiate into macrophages under 

stimulation9. 

Under homeostasis, resident macrophages can maintain themselves by self-renewal5. 



 4 

 

Figure 1.3 Embryonic origin of resident macrophages in tissues8 

 

Figure 1.4 Myelopoiesis after birth8 
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After injury, monocytes are recruited to inflamed tissues and differentiate into 

macrophages. Both resident and recruited macrophages have proliferation capacity under 

inflammation (Figure 1.5). 

 

Figure 1.5 Monocytes and macrophages under homeostasis and inflammation5 

1.1.2 Current Understanding of Macrophage Polarization 

 

Figure 1.6 Spectrum of macrophage polarization10 
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Macrophages are highly plastic cells. They can respond to specific stimuli and 

polarize into different subsets to exert discrepant functions (Figure 1.6). Generally, 

macrophages can be divided into M1 and M2 macrophages, the nomenclature derived from 

Th1 and Th2 cytokines needed for polarization. However, macrophages subsets can have 

tremendous intermediate phenotypes in the spectrum of polarization, and one phenotype 

can shift into another instead of maintaining a fixed one11. M1, M2a, M2b, M2c and M2d 

are five well-characterized phenotypes10, 12. They have different activation mechanisms 

(Figure 1.7), surface marker expression and factor secretion, despite some features are 

shared in some subsets.  

 

Figure 1.7 Discrepant mechanisms of macrophage polarization by different stimuli12 

M1 macrophages are mainly polarized by IFN-ɔ, LPS and GM-CSF. IFN-ɔ dimers 

bind to heterodimer receptor of IFNGR subunits on the extracellular domain to activate the 

phosphorylation STAT-1 by JAK kinases on tyrosine 70113. STAT1 homodimers 
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translocate to the nucleus to activate expression of IRF transcription factors, which activate 

the following expression of specific secondary response genes14. STAT1, JAK2, and IRF1 

are major mediators of IFN-ɔ-induced signaling, and CISH, NMI, PTPRC, PTPRO, 

SOCS1 are regulators of STAT and JAK functions15. LPS can be recognized by TLR4/MD-

2 receptor complex with the help of LBP and CD14, and activate MyD88-dependent 

pathways inducing activation of transcription factors NF-əB, AP-1, IRFs and STAT512, 16. 

RP105, ST2L and SIGIRR on cell surface can inhibit the initiation of TLR4 signaling. 

TRIAD3A, SOCS1 and other further downstream regulators, such as TRAFs and A20, can 

also negatively regulate TLR4 signaling16. IFN-ɔ and LPS are usually combined together 

for M1 macrophage polarization. Despite of overlapped similarity, gene expression profiles 

of this combination are different from single stimulus17, 18 . And M1 macrophages induced 

solely by IFN-ɔ or LPS also cannot be recognized as homologous12. GM-CSF activates 

dodecamer complex of GM-CSF receptor, and ɓc subunits associate with JAK2 to activate 

STAT5, ERK, AKT, IRF5 and NF-əB19, 20. Expression of SOCS1 is also induced by GM-

CSF signaling, which inhibits JAK/STAT signaling to form a negative feedback loop. 

Notably, GM-CSF regulates macrophage polarization in a dose-dependent manner21. In 

general, M1 macrophages exhibit pro-inflammatory properties. They express high level 

surface markers like CD86 and CD80, secret inflammatory cytokines such as IL-1ɓ, TNF-

Ŭ, IL-6, IL-12 etc., and produce iNOS22-24. 

M2a macrophages can be polarized by IL-4 and IL-13. IL-4 binds to IL-4R inducing 

phosphorylation of IL-4RŬ and IL-2Rɔc on tyrosine, and activate JAK1 to control 

activation and translocation of STAT3 and STAT625. IL-13 activates either IL-

4RŬ/Jak2/Stat3 or IL-13RŬ1/Tyk2/Stat1/Stat6 cascade. Other transcription factors like 
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IRF4, as well as regulators such as CISH and SOCS1 are also activated in M2a 

macrophages26. M2b macrophages are the product of combine stimuli of IC and TLR or 

induced by IL-1R ligands. For example, LPS and IC can activate TLR4 and FcRs, 

modulating NF-əB, MAPK, PI3K/Akt, and IRF3 signaling11. M2c macrophages can be 

induced by IL-10 and glucocorticoids. IL-10 binds to the dimer IL-10R and induce 

phosphorylation of JAK1 and Tyk2, which subsequently activate STAT327. The lipophilic 

hormone stimulus glucocorticoids is translocated to nucleus by association with GR, 

regulating gene expression dependent on either directly binding to DNA via GREs and 

nGREs, or indirectly interacting with transcription factors, such as NF-əB, STAT3, STAT5 

and AP-128. M2d macrophages can be polarized by LIF and IL-6, representing tumor-

associated macrophages29. Unlike M1 macrophages convert L-arginine to NO by iNOS, 

M2a and M2c macrophages produce Arg1 hydrolyzing arginine to ornithine and urea24, 30. 

They express surface markers like CD206 and CD163, and secret anti-inflammatory 

cytokines including IL-10, TGF-ɓ etc.22, 23. M2b macrophages suppress immune responses, 

express CD86 (also expressed in M1) and HLA-DR (also expressed in M2a), secret both 

pro-inflammatory cytokines (IL-1ɓ, IL-6, and TNF-Ŭ) and anti-inflammatory cytokines 

(IL-10, low level of IL-12), as well as express iNOS but lower than M1 macrophage12, 22, 

23, 31, 32. M2d macrophages express high level of IL-10 and iNOS but low level of IL-12 

and TNF-Ŭ, and mildly increased level of Arg133. They also produce VEGF, TGF-ɓ and 

MMP9 to promote angiogenesis and tumor progression29.  

Macrophage polarization stimuli and cascades are extensive and complex, also 

including microRNAs, M-CSF, radiation etc. These mechanisms and tremendous 

intermediate phenotypes will not be discussed here.  
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1.1.3 Common Strategies for Macrophage Depletion 

Selective depletion is an important method to study macrophage functions. 

Clodronate liposome is widely used for selective depletion of macrophages. 

Clodronate liposomes accumulate in macrophages by phagocytosis metabolized to a 

nonhydrolyzable ATP analog, finally resulting in macrophage death without affecting 

other non-phagocytotic cells34-36. Intravenous injection of clodronate liposomes can deplete 

spleen macrophages and circulating monocytes but not neutrophils and synovial 

macrophages37, 38. Resident synovial macrophage in the joint can be depleted by intra-

articular injection of clodronate liposomes, with the maximum clearance at day 736, 39. 

Macrophage depletion by clodronate liposomes is a reversible process, but Ly6C- 

monocytes fail to recover37. Administration route and time should be carefully considered 

for successful reach to macrophages by liposomes in certain tissues34. 

Diphtheria toxin (DT) is a conditional and targeted cell ablation method to clear 

certain macrophage populations40. Transgenic mice should be developed to express 

diphtheria toxin receptor (DTR) on certain cells using specific promoter, such as CD11b 

(expressed by monocytes and bone-marrow-derived macrophages)37. DTR-expressing 

cells are sensitive to highly cytotoxic DT, which inactivates NAD+ to inhibit protein 

synthesis in these cells and finally cause apoptosis. Since other cells in mice are insensitive 

to DT, they will not be affected40. Target cells may repopulate dependent on their 

regenerative capacity. 

Fas-induced suicide system is another conditional depletion method to clear 

macrophages. In macrophage Fas-induced apoptosis (MaFIA) transgenic mice, CSF1R 
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promoter drives expression of a mutant human FKBP, tethering Fas on cell membrane by 

covalent linking in macrophages41. Administration of small molecule dimerizing reagent 

AP20187 cause preferred binding to FKBP, and activate cytoplasmic Fas dimer to induce 

apoptosis in macrophages by caspase-8 pathway42, 43. 

1.1.4 Macrophage and Tissue Regeneration 

Self-renewal, repair and regeneration of tissues rely on proliferation and regeneration 

of stem cells, regulating by unique local microenvironment including extracellular matrix, 

stromal, vasculature, nerve, adipose tissues and even stem cells themselves44. Macrophages 

are important component of stem cell microenvironment, regulating activities of stem cells 

during regeneration. They play versatile roles during the process, with functions specific 

in the context of tissue type. 

Regeneration of skeleton muscle is dependent on activation of satellite cells, quiescent 

precursors giving rise to new myofibers. Although considerable leukocytes (about 109 per 

liter) exist in skeleton muscle, the number will soar up to 100 times this45. Infiltration of 

leukocytes is important. The population of macrophages decreased in early days followed 

by impaired debris clearance and muscle restoration, in mice with ablation of CCL2 or its 

receptor CCR246, 47. IFN-ɔ inhibits differentiation of satellite cells while allowing enough 

proliferation via JAK-STAT1 signaling pathway inducing the expression of CIITA45, 48. 

TNF-Ŭ modulates the early differentiation of satellite cells but hampers their increase49, 50, 

and also promoting M1 polarization together with other inflammatory cytokines. This fine-

tuned network allows satellite cells to replenish the pool while forming functional muscle 

fibers under fine orchestration. Features of both M1 and M2 macrophages are expressed in 
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vivo after muscle injury, but with a bias from M1-dominated to M2-dominated populations 

at 4 to 7 days, associated with stage from proliferation to differentiation of satellite cells 

and myogenesis51. Expression of IL-10 and TGF-ɓ are increased52, and clearance of 

macrophages at this stage hampers muscle regeneration53. IL-10 facilitate muscle 

restoration through regulating macrophage polarization to M2 macrophage while 

eosinophil derived IL-4 promotes final regeneration through modulating proliferation and 

fate of fibro-adipogenic progenitor cells (FAP cells), a pool of resident mesenchymal cells 

in muscle54. 

Like satellite cells in the muscle, type 2 alveolar epithelial cells (AEC2s), finally 

giving rise to type 1 alveolar epithelial cells (AEC1s), are essential for lung regeneration. 

M2 macrophages are essential for successful lung regeneration in mice treated with partial 

pneumonectomy55. Accumulation of CCR2+ monocytes were observed consistent with 

upregulated CCL2 protein in AEC2 cells. Recruited CCR2+Ly6c+ monocytes polarized to 

M2 macrophages. And M2 macrophages supported proliferation of AEC2 colonies. IL-13 

from innate lymphoid cells modulated M2-polarization via IL4Ra. 

1.2 Macrophage-based Therapy for Tissue Regeneration 

Due to the prevailing importance in regulating regeneration in various tissues, 

macrophage-based therapies have been developed to promote tissue regeneration, such as 

spinal cord56, heart57, kidney58 etc. 

1.2.1 Discrepancy of Macrophage Subpopulations in Macrophage Therapy 
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Heterogenous niches in different tissues determine that therapy should be tailored to 

fit the context of tissue type. M2 macrophages secret anti-inflammatory cytokines and 

growth factors, and they have been commonly regarded regenerative phenotype58, 59. 

Intravenous injection of M2 macrophages alleviate renal inflammation and injury, with 

efficacy of M2c subset more superior58. In murine liver fibrosis model, mice receive M2-

like macrophages demonstrate reduced fibrosis and activation of liver progenitor cells60. 

Expansion of M2-like macrophages and MSCs by ixmyelocel-T decrease cardiac events in 

patients with ischemic heart failure61, 62. 

But repair potentials of macrophages are not restricted to M2 macrophages and they 

are not panacea for all conditions. M1 macrophages were also important in bone and 

muscle regeneration63, 64. Injection of M1 macrophages reduce muscle damage, while 

unpolarized M0 macrophages impaired muscle function. Activation of M1-like 

macrophages accelerates the healing of pressure ulcers65. However, M2 macrophages 

failed to promote cutaneous healing in mice66.  

1.2.2 Influence of Time Window in Macrophage Therapy 

Notably, macrophage can affect tissue regeneration in a time-dependent manner. 

Some studies suggested macrophages were effective in an early time window67, 68. In 

limb regeneration of aquatic salamander, systemic depletion of macrophages in the first 24 

h of proliferation phase after injury results in closure of amputation wound in the limb. But 

subsequent regeneration is also inhibited permanently. Late depletion of macrophages post 

blastema formation during differentiation phase wonôt block but delay the regeneration. 

Replenishment of macrophages in the proliferation phase by reamputation can reactivate 
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subsequent limb regeneration process. In skeleton muscles, early intramuscular injection 

of M1 macrophages can promote muscle restoration68. However, macrophages are also 

suggested to influence the late stage of muscle regeneration63. 

1.3 Macrophage and Cartilage Regeneration: Known & Unknown 

Osteochondral trauma can occur during cartilage acute injury, causing damage in the 

cartilage and subchondral bone tissues, and resulting in bleeding, inflammation responses, 

and stem cell activation. Due to poor spontaneous regenerative capacity in adults, cartilage 

regeneration is still challenging in clinic, causing 12% of osteoarthritis69. In spite of 

development of diverse engineered therapies, key factors and mechanisms of cartilage 

regeneration still need further investigation, such as immune modulation of healing process. 

1.3.1 Macrophage in Homeostasis 

In articular joint, resident macrophages are derived from embryo70. Macrophages in 

the lining layer of synovium express CX3CR1 and constitute 40% of total macrophage 

population in the synovium under homeostasis. They form a physical and functional barrier 

protecting the joint, sharing some features of barrier-forming epithelial cells. Macrophages 

in the sublining layer of synovium are CX3CR1-CSF1R+. The renewal of CX3CR1+ 

macrophages rely on CX3CR1-CSF1R+ macrophages, but neither on themselves or bone 

marrow monocytes, with a half-life of 5 weeks. 

1.3.2 Macrophage in Joint Disease 

Macrophages play diverse roles in arthritis progression, cartilage degradation, 

inflammation regulation and cell recruitment during joint diseases8, 71. As key effector cells 
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in arthritis, macrophages are activated and crucial source of inflammatory cytokines, such 

as TNF-Ŭ, IL-1ɓ and IL-1572, 73, shifting homeostasis and shaping inflammation of joint. 

M1 macrophages associated cytokines TNF-Ŭ and IL-1ɓ promoted cartilage catabolism by 

inducing protease and aggrecanase, including MMP1, MMP3, MMP13 and ADAMTS574. 

In murine model of rheumatoid arthritis, nonclassical Ly6C- monocytes rather than 

classical Ly6C+ monocytes initiate sterile inflammatory arthritis37. Ly6C- monocytes 

polarize into M1 phenotype, driving inflammation and disease pathogenesis. Resident 

synovium macrophages maintain M2 phenotype and protect joint during arthritis. 

Recruited macrophages shift M1 phenotype to M2 phenotype during the course of arthritis, 

with altered function in resolving inflammation. 

1.3.3 Macrophage and Cartilage Stem Cell 

Cartilage-derived stem/progenitor cells (CSPCs) have been identified in the joint from 

bone marrow, synovium, superficial cartilage layer, periosteum/perichondrium, and fat 

pad75. With self-renewal, multilineage differentiation and migratory capacities, CSPCs like 

other resident stem cells actively respond to cartilage injury and participate in the healing 

process76. These endogenous or exogenous stem cells, such as mesenchymal stem cells 

(MSCs), are regarded as promising candidate for reconstruction of cartilage tissues with 

limited regeneration capacity. 

Immune signals are important regulators of activities of stem cells. Inflammatory M1 

macrophages exhibit destructive properties. M1 macrophages impair migration, 

proliferation and induce apoptosis of stem cells77-79, and restrain chondrogenesis by 

downregulating COL2 and ACAN in stem cells80. However, effects of M2 macrophages on 
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cartilage show inconsistent conclusions. M2 macrophages can enhance migration, 

proliferation and survival of stem cells78, 79, 81, but they show either enhanced82 or 

insignificant effect80 on chondrogenesis. Certain biomaterials can induce macrophage 

polarization towards M2-like phenotype and increase synthesis of IL-10, TGF-ɓ and IGF, 

promoting cartilage regeneration in cell culture or arthritis model83, 84. Anyhow, another 

study suggests M2 macrophages fail to reverse predominant catabolic effects of M1 

macrophages in arthritis preconditions85. 

1.3.4 Macrophage and Osteoclast in Sickle Cell disease 

Sickle cell disease is caused by mutation in ɓ-globin gene (HBB) which produces 

hemoglobin86. Under lower oxygen level, these mutated S hemoglobin forms rigid protein 

strands and change flexible disk-like erythrocytes into non-flexible sickled shape, which 

can block small vessels, reduce blood supply and cause pain and damage in tissues86-90. 

The lifespan of sickled red blood cells is greatly reduced to less than 20 days, compared 

with 70 to 140 days in normal ones, causing anemia91, 92. Apart from vascular problems, 

sickle cell disease also affects metabolism of cartilage and bone from the young age of 

patients, causing a series acute and chronic skeleton related complications93, such as 

significantly delayed skeletal maturation, reduced bone mineral density, femoral head 

osteonecrosis etc. 

Due to important roles of macrophages and osteoclasts in metabolisms of cartilage 

and bone, they are suggested to have intimate link with cartilage and bone problems caused 

by sickle cell disease. 
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Macrophages are pivotal in bone anabolism and fracture healing. F4/80+TRAPīosteal 

macrophages are located within resting osteal tissue in and adjacent to osteoblast in active 

remodeling bones94, 95. They regulate vascular calcification possibly via tumor necrosis 

factor and oncostatin M96, 97. Depletion of macrophages result in reduced bone formation 

in vitro and in vivo, disrupting osteogenesis of stem cells and matrix deposition98-101. 

However, S hemoglobin in sickle cell disease impairs lysosome processing in macrophages, 

and finally lead to increased inflammation by upregulating pro-inflammatory cytokines as 

well as increased macrophage proliferation by upregulating M-CSF and GM-CSF102. 

Osteoclasts are specialized in resorption of cartilage and bone via acidification, MMPs 

and cysteine protease (like cathepsin K), important for metabolism of cartilage and bone103. 

They also regulate differentiation of osteoblast, migration of hematopoietic stem cells, and 

immune responses104. F4/80-TRAP+ osteoclasts are derived from monocyte/macrophage 

lineage, but they function independently on macrophages105, 106. However, sickle cell 

disease increases level of TRAP and IL-6 in the serum, indicating enhanced osteoclast 

activity107.  

1.3.5 Research Gap and Challenges in Cartilage Regeneration Niche 

Macrophages are important component of cartilage regeneration niche. Although the 

importance of macrophages in cartilage metabolisms has been emphasized, there are still 

many problems to be addressed in the topic of cartilage regeneration. 

First, microenvironment in osteochondral injury is different from arthritis. Current 

understanding of macrophage functions in the joint is based on arthritis studies. Unlike 

arthritis heavily involves participation of T cells and B cells, innate immunity is 



 17 

predominant activated upon osteochondral trauma108. And immune dialog in acute injury 

conditions is different from dysregulated immune responses and chronic inflammation in 

pathologic arthritis. Functions of macrophages on cartilage regeneration in this scenario 

need further investigation. 

Second, in vivo investigation interaction between macrophages and stem cells is 

required despite a few in vitro co-culture studies. Notably in vitro chondrogenic property 

of induced macrophages may not guarantee therapy potentials in vivo82. Insights of 

regenerative role of macrophages in osteochondral defect should be obtained from in vivo 

studies of injury model, as influences of polarized macrophages on stem cells are mostly 

from in vitro culture. Also, different settings and nomenclature among these studies 

hamper further comparison and interpretation of results. For example, pathology and 

origin can cause puzzles. M2-derived anti-inflammatory cytokine IL-4 could neutralize 

destructive effect of IL-1Ŭ and TNF-Ŭ on primary bovine chondrocytes109. But 

degradation intensified by M1 macrophages could not be inhibited by either M2a or M2c 

macrophage in human OA cartilage explants110, also emphasizing the importance for 

consideration of microenvironment difference mentioned in the first point. 

Third, although macrophage-based therapy has been proved to promote repair and 

regeneration in various tissue, it remains elusive whether this strategy works in cartilage 

regeneration. And key factors influencing therapeutic potential as well as possibility of 

combination with current treatment also need further investigation.  

Last but not the least, osteochondral injury remains largely unexplored under certain 

pathological conditions (such as sickle cell disease) involving cartilage and bone 
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problems. The underlying mechanisms of sickle cell disease caused skeleton abnormality 

need further investigation. 

Mechanisms regulating cartilage regeneration process are still covered under a 

mysterious veil. Functional restoration of cartilage is still a tough and challenging clinical 

problem. Investigation of immune regulation of regeneration process is of great importance, 

hoping to help decipher the puzzles. 

1.4 Research Objectives 

Based on unsolved questions in cartilage regeneration and the significance of 

macrophage regulation, the research mainly focuses on the regulatory role of macrophage 

in cartilage regeneration (Figure 1.8), while how disease changes cartilage/bone balance is 

also investigated. 

 

Figure 1.8 Overview of research 
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Generally, the research contains mainly two parts. In the first part, responses and 

functions of macrophages during cartilage regeneration after osteochondral injury in keen 

joint (distal epiphysis of femur) are investigated, divided into 2 aspects: 

Aim 1: To investigate role of native macrophage in cartilage regeneration.  

Distribution and composition of macrophages are investigated after osteochondral 

injury in the murine model. And function of macrophages during self-regeneration of 

cartilage is investigated by depletion study. Results are summarized in Chapter 2. 

Aim2: To explore therapy potential of exogenous macrophage in cartilage 

regeneration. 

In mice without cartilage regeneration capacity, in vitro polarized bone marrow 

macrophages are delivered into joint to investigate therapeutic potentials of macrophages 

in cartilage regeneration. In particular, key factors influencing regeneration outcome are 

investigated. Stem cells are also investigated during cartilage regeneration. And possible 

interaction between stem cells and macrophages are also investigated. Results are 

summarized in Chapter 3. 

Next, since sickle cell disease causes skeleton problems and alters metabolism of bone 

and cartilage, osteochondral injury in keen joint and postnatal development in hip joint 

(distal and proximal epiphysis of femur) are investigated in the second part, with focus on 

the role of macrophage and osteoclast. 

Aim3: To investigate osteochondral injury and postnatal skeleton development 

under sickle cell disease conditions. 
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Regenerative process after osteochondral injury is investigated under SCD conditions.  

Meanwhile, ossification of femoral is found to be delayed in SCD mice. The 

phenomenon is investigated in 5 months old mice. Tissue structure, progenitor cell 

properties and vasculature in the femoral head are analyzed. Results are also summarized 

in Chapter 4. 

At the end of dissertation, a general summary and future perspective will be discussed. 
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CHAPTER 2. MACROPHAGE DEPLETION  HAMPERS NATIVE 

CARTILAGE REGENERATI ON 

 Clodronate liposome is a widely used strategy to deplete tissue macrophages. 

Depletion studies have demonstrated the involvement of macrophage in regulating 

regeneration process in different tissues. However, the function of macrophage in cartilage 

regeneration after osteochondral injury remain elusive. 

In this chapter, macrophage distribution and component are first investigated to 

outline macrophage activation after osteochondral injury. Since juvenile mice can 

regenerate articular cartilage after osteochondral injury spontaneously111, depletion study 

is performed to investigate macrophage function during native cartilage regeneration 

(Figure 2.1). Then, regulation mechanisms are explored. 

 

Figure 2.1 Schematic diagram of depletion study  

2.1 Materials and Methods 

 To move to a new chapter, you must tell Word that you are moving on to a new 

page. You do this by inserting a page break. A page break forces the next line of text to 

appear at the top of a fresh page. 
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2.1.1 Instruments 

 Table 2.1 List of experiment equipment 

Instrument Model Manufacturer 

Autoclave machine MLS-3750 SANYO 

Basic power supply 1645050 Bio-rad 

BluView Transilluminator MBE-200A Major Science 

Cold Plate for Modular Tissue Embedding System EG1150C Leica 

Confocal microscope Revolution XD Andor 

Cryostat  CM3050 S Leica 

Electronic balance BS124S Sartorius 

Magnetic stirrer IKARH Basics KT/C 

Microscope DM3000 Leica 

Paraffin embedding station EG1150H Leica 

Paraffin flotation bath HI1210 Leica 

Rotary microtome  RM2235 Leica 

Stereo microscope SZN71 SUNNY Optical 

Thermal cycler system MyCycler Bio-rad 

2.1.2 Animals and Genotyping 

Wild C57BL/6 mice (Charles River Laboratories), and Cx3cr1GFP/+ (also known as 

Cx3cr1tm1Litt/J) mice and Ccr2RFP/RFP mice (bred from Ccr2RFP/+ mice, also known as 

Ccr2tm2.1Ifc/J mice) from the Jackson Laboratory were used for the following experiments 

in this chapter. Due to use of heterozygote Cx3cr1GFP/+ mice for experiments, genotyping 

is performed after weaning. Any detail about the kit usage can be referred in the 

manufacturerôs instructions and only necessary procedures are described in the dissertation. 

Totally, 34 male mice were used in this chapter (Table 2.2). 4-6 weeks old juvenile mice 

are used in depletion study. All procedures are approved by IACUC at Peking University 

(COE-GeZ-4 and COE-GeZ-5). 
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Table 2.2 Animal usage 

Aim Procedure Mice 
Age 

(weeks) 

Number 

of 

animals 

Joints for 

quantification 

Sacrifice 

(weeks 

after 

surgery) 

Synovium 

macrophage 

observation 

Osteochondral 

surgery on the 

right knee. 

Cx3cr1GFP/+ 8-10 3 male 

Both joints for 

qualitative 

analysis. 

1 

Monocyte 

migration 

observation 

Osteochondral 

surgery on the 

right knee. 

Ccr2RFP/RFP 
8-10 

3 male 
6 (right) 

1 

C57BL/6 3 male  

Control 

without 

surgery 

No treatment. C57BL/6 4-6 1 male 

Both joints for 

qualitative 

analysis. 

 

Liposome 

(PBS) 

injection 

Osteochondral 

surgery on 

both joints. 

C57BL/6 4-6 

3 male 

24 

1 

3 male 2 

3 male 4 

3 male 8 

Liposome 

(clodronate) 

injection 

Osteochondral 

surgery on 

both joints. 

C57BL/6 4-6 

3 male 

24 

1 

3 male 2 

3 male 4 

3 male 8 

2.1.2.1 Materials 

One Step Mouse GenoTyping Kit (PD101-01, Vazyme), DNA ladder (B600303-0020, 

BBI, Sangon Biotech), 4S Green Plus Nucleic Acid Stain (A616696-0100, Sangon 
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Biotech), agarose (111860, Biowest), TAE buffer (PM5040, Coolaber), primers 

(synthesized by Sangon Biotech (Shanghai) Co., Ltd.). 

Electrophoresis cell (JY-SPFT, Junyi), PCR tubes (PCR-02-C-1, Axygen, Corning), 

microcentrifuge tubes (MCT-150-C, Axygen, Corning), autoclaved iris scissor. 

2.1.2.2 Procedures 

1) DNA extraction: 2 mm mouse tail tip is used for genotyping. Release the DNA 

from tissues by lysis buffer at 55  according to manufacturerôs instructions. Proteinase 

K must be inactivated at 95  for 5 min before the PCR reaction. Vortex and centrifuge 

the mixture. Only the supernatant lysate is used for PCR. 

Table 2.3 PCR reaction system of genotyping 

Reagent Volume (ɛl) 

dH2O 4 

Master Mix 10 

10 ɛM primer:  

CX3CR1-wt GTCTTCACGTTCGGTCTGGT 1 

CX3CR1-common CCCAGACACTCGTTGTCCTT 1 

CX3CR1-mutant CTCCCCCTGAACCTGAAAC 1 

Sample lysate from 1) 3 

Table 2.4 PCR thermocycling program of genotyping 

Step Temperature Time Cycle 

1 94  2 min  

2 94  20 sec  

3 65  15 sec  

4 68  10 sec Go to step 2, 10 cycles 

5 94  15 sec  

6 60  15 sec  

7 72  10 sec Go to step 5, 28 cycles 

8 72  2 min  

9 4  Ð  
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2) PCR amplification: Prepare the 20 ɛl reaction system in Table 2.3in each PCR tube 

on ice. Then, run the reaction following the thermocycling program in Table 2.4. 

3) Electrophoresis: Prepare 2˿ agarose gel. Add nucleic acid stain to cooled melted 

agarose at 5 ɛl per 50 ml of agarose solution. Load 5 ɛl sample per well. Run 

electrophoresis in 1X TAE buffer at 170 V for 40 min. 

4) Imaging: Image the gel with blue light. Wildtype should only have band at 400 bp. 

Cx3cr1GFP/GFP should only have band at 500 bp. Heterozygote should have bands at 400 

bp and 500 bp. 

2.1.3 Construction of Murine Osteochondral Defect Model 

2.1.3.1 Materials 

Chloral hydrate (23100, Sigma-Aldrich), NaCl (112008, Tong Guang), carprofen 

(MB1412, Meilunbio), ethanol (AR2500ML, Tong Guang), Betadine, hair removal cream. 

Sterile gauze, sterile cotton swab, 1 ml syringe, insulin syringe (Omnican® 40, B. 

Braun Medical), 26G needle (V274262̆KDL®), 3# scalpel holder, 15# scalpel blade (K4-

15, Jinhuan Medical), serrated forceps, iris scissors, needle holder, 5-0 sutures (CR537, 

Jinhuan Medical), 6-0 sutures (R611, Jinhuan Medical), medical tape, 502 super glue, 

coverslip (SAIL BRAND), microscope slide (7101, SAIL BRAND). 

2.1.3.2 Procedures 
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1) Defect construction tool: The tool to construct osteochondral defect is modified 

from standard 26G needle on a custom-made working platform (Figure 2.2, not drawn to 

scale).  

 

Figure 2.2 Defect construction tool modified from standard 26G needle 

A silicone stopper is fixed at 390 ɛm from the needle tip, to limit the depth of 

constructed defect. The contacting side of stopper can be trimmed to fit the trochlea groove 

of mice articular cartilage. Modified needles should be autoclaved before surgery use.  

2) Anesthesia: Mice are anesthetized by 3.5% chloral hydrate (10ml/kg), and fixed 

under stereo microscope with medical tape. Hind legs are epilated by hair removal cream 

and sterilized by betadine.  

3) Surgery: All surgical tools should be autoclaved before surgery use. Flex the joint 

to strain the skin and muscle, and hold it firmly. Make a small incision on the skin over the 

joint to expose the patella tendon. Perform medial parapatellar arthrotomy from the end 

point of ligament to quadriceps. The incision should be made in muscles about 2 mm from 

patella to avoid cutting the tendon or ligament. Trochlear groove is exposed by lateral 

dislocation of patella and attached tendon and ligament, using forceps gently without 
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breaking the cartilage. Clamp the modified 26G needle firmly by needle holder, adjusting 

the sharp bevel towards the same direction of movement. Dot at the middle of beginning 

site of articular cartilage to confirm the start point, and move steadily to the end of articular 

cartilage to make a longitude full-thickness defect throughout the middle length of 

trochlear groove (Figure 2.3). Take great care to avoid cause extra damage during surgery. 

Flush out debris using sterile saline (0.9% NaCl). Stretch the leg to restore the patella. 

 

Figure 2.3 Osteochondral defect surgery in mouse articular joint 

4) Suture: Use simple interrupted suture. Close the incision of joint capsule with 6-0 

surgery sutures. Three sutures are enough for each joint. Dislocation of patellar after 

surgery due to reliable suture should be avoided. Suture the skin with 5-0 sutures. Avoid 

suturing the skin and muscles together by mistake. 

5) Post-surgery: Mice are injected subcutaneously with 5 mg/kg Carprofen for pain 

relief and placed on warm pad until they recover. They should be under close observation 

in a few days. 
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2.1.4 Macrophage Depletion 

2.1.4.1 Materials 

Clodronate liposome & control liposome (PBS) (CP-005-005, LIPOSOMA), chloral 

hydrate (23100, Sigma-Aldrich), hair removal cream, Betadine, ethanol (AR2500ML, 

Tong Guang). 

Insulin syringe (Omnican® 40, B. Braun Medical), microsyringe (7635-01, Hamilton), 

33G needle (7803-05-1, Hamilton), 3# scalpel holder, 15# scalpel blade (K4-15, Jinhuan 

Medical). 

2.1.4.2 Procedures 

1) Grouping: Mice with macrophage depletion are injected with clodronate liposomes. 

Control mice are injected with PBS liposomes. 

2) Intra-articular injection: Liposomes are injected intra-articularly a week before 

surgery. After anesthesia, the mouse is placed in a supine position. Epilate and sterilize the 

joint area. Make a small incision in the skin to expose the patella tendon of joint in a flexed 

position. Insert 33G needle of microsyringe into the space between patella and femur 

carefully. As the needle successfully enter the joint space, the patella will move upwards a 

little. Inject 6 ɛl liposomes in total in each joint every 3-4 days (twice a week). 

2.1.5 Immunohistochemistry Staining 

2.1.5.1 Materials 
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PFA (BL539A, Biosharp), EDTA (65-191, Xilong Scientific), NaOH (S0205, Xilong 

Scientific), HCl (10011028, Sinopharm), PBS (IH0140, Leagene), sucrose (S3053, 

Beihua), PVP (V900010, Sigma-Aldrich), gelatin (10010328, Sinopharm), OCT (4583, 

Sakura), TBS (MA0141, Meilunbio), Triton X-100 (T109026̆ Aladdin), SDS (S108350, 

Aladdin), goat serum (MP20008-100ml, Yuanye), DAPI (D9542, Sigma-Aldrich), 

glycerol (70-20, Xilong Scientific), Tris buffer (pH = 8.0) (T1150, Solarbio), N-propyl 

gallate (P108603-100g, Aladdin). Primary and secondary antibodies used for IHC staining 

is listed in Table 2.5. 

Cryomold (4566, Sakura), low-profile blade (819, Leica), iris scissors, serrated 

forceps, brush, adhesive microslide (P1469-01, Aladdin), PAP pen (E678004-0000, BBI), 

coverslip (TNTC-169, TNTC), nail polish, humidity chamber. 

Table 2.5 Antibodies for immunohistochemistry staining 

Antibody Manufacturer  Cat. No. Dilution  

Phospho-Histone H3 (PHH3) 

antibody 
Cell Signaling Technology 9701S 1:400 

Goat Anti-Rabbit IgG H&L (Alexa 

Fluor® 488) 
Abcam ab150077 1:2000 

Goat Anti-Rabbit IgG H&L (Alexa 

Fluor® 647) 
Abcam ab150079 1:2000 

Goat Anti-Rat IgG H&L (Alexa 

Fluor® 568) 
Abcam ab175476 1: 100 

Anti-BrdU antibody [BU1/75 

(ICR1)] 
Abcam ab6326 1: 100 

PDGF Receptor Ŭ (D1E1E) XPÈ 

Rabbit mAb 
Cell Signaling Technology 3174T 1:1000 

IgG Goat Anti-rat IgG/RBITC Bioss 
bs-0293G-

RBITC 
1:100 

Purified anti-mouse F4/80 Biolegend 123101 1:200 
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Table 2.6 Mounting media for fluorescent IHC (pH = 8) 

Reagent Amount 

Tris buffer 10 ml 

Glycerol 90 ml 

N-propyl gallate 0.5 g 

2.1.5.1 Procedures 

1) Sample processing: Euthanize the mice by cervical dislocation. The whole joint 

should be kept intact. Remove unneeded muscles as much as possible. Operations should 

be careful to avoid breaking the articular joint violently. Fix the sample in 4% PFA at 4  

overnight. Wash the sample with PBS twice to remove excess PFA. And decalcify the 

sample in 0.5M EDTA (pH = 7.4-7.6) at 4  for at least 4 days until decalcification is 

completed.  

2) Embedding: Wash the sample with PBS twice and soak it in cryoprotectant solution 

4  overnight. The sample should descend to the bottom during this time. Prepare fresh 

embedding reagent at 65 . Stop stirring the embedding reagent when the mixture 

dissolves completely and becomes clear and keep it at 60  to eliminate bubbles. Incubate 

the sample with some embedding reagent at 60  for 45 min. Add 1 ml embedding reagent 

in the tissue mold and put it on ice. Trim the joint sample and put it in the mold, using 

forceps to adjust the position of sample during solidification of gelatin, to make sure the 

articular cartilage will be cross-sectioned (transverse plane). Replenish the embedding 

reagent to fill the mold if needed. Bubbles should be avoided during embedding. Store 

embedded blocks at -80 . They should be frozen at least overnight before being sectioned 

on a cryostat at 20 .  



 31 

3) Section preparation: Glue the block to the holder by OCT. Prepare 10-20 ɛm 

sections using low-profile blade for the following staining. Use a clean brush to help flatten 

the section if needed. Transfer the section onto adhesive microslide by touching. The 

microslide should be room temperature to keep the temperature difference with tissue 

section. Dry the slides at room temperature for 30 min before staining. Sections can be 

stored at -20 . Allow frozen slides to thaw at room temperature for 20 min before staining. 

4) Rehydration: Draw water resistant circles around sections on the microslide. 

Dissolve the gelatin in TBS at 40  for 5 min. 

5) Permeabilization: Staining should be performed in a humidity chamber to avoid 

reagent evaporation. Sections should never dry out. Incubate the sections in TBST with 

0.3% Triton X-100 for 20 min at room temperature. 

6) Antigen retrieval: Incubate the sections in 1% SDS for 5 min at room temperature. 

Extended incubation in SDS can cause damage the samples. Wash the sections with TBS 

for 5min three times to remove residual SDS. 

7) Blocking: Block the sections in TBS with 10% goat serum for for 30 min at room 

temperature. 

8) Primary antibody incubation: Dilute primary antibody according to manufacturerôs 

instructions with blocking buffer. Incubate the sections with primary antibody at 4  

overnight. 

9) Secondary antibody incubation: Wash the sections with TBS for 5 min three times 

to remove excess primary antibody. Dilute secondary antibody with blocking buffer. 
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Incubate the sections with secondary antibody at room temperature for 1 h, protected from 

light. 

10) Nuclear staining: Wash the sections with TBS for 5 min three times to remove 

excess secondary antibody. Cell nuclei are counterstained with 100ng/ml DAPI for 30 min 

at room temperature in dark. 

11) Mounting: Wash the sections with TBS for 5 min three times to remove residual 

DAPI. Remove excess TBS and mount the slides with mounting medium. Avoid bubbles 

during mounting and remove excess medium. Seal edges of the coverslip with nail polish. 

Dry the slides at 4  overnight in dark.  

12) Confocal microscopy: Perform microscopy immediately after drying. Sections 

can be stored at 4  protected from light for a few days. 

2.1.6 Apoptosis Detection 

2.1.6.1 Materials 

TdT In Situ Apoptosis Detection Kit (4812-30-K, R&D Systems), N-propyl gallate, 

PBS (IH0140, Leagene), DAPI (D9542, Sigma-Aldrich), glycerol (70-20, Xilong 

Scientific), Tris buffer (pH = 8.0) (T1150, Solarbio), N-propyl gallate (P108603-100g, 

Aladdin). 

PAP pen (E678004, BBI), coverslip (TNTC-169, TNTC), nail polish, humidity 

chamber. 

2.1.6.2 Procedures 
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1) Rehydration: Prepare and rehydrate the slides in hot PBS as described before 

(Immunohistochemistry Staining) 

2) Permeabilization: Incubate sections with CytoninÊ for 30 min at room temperature 

in the humidity chamber. Wash the sections with dH2O for 2 min twice. 

3) Positive and negative controls: Positive control is treated with nuclease. Dilute 

TACS-NucleaseÊ (1:50) in TACS-NucleaseÊ buffer. Incubate the sections with TACS-

NucleaseÊ solution for 1 h at room temperature. Wash the sections with PBS for 2 min 

twice. Negative control is the sample without treatment or labeling to show background. 

4) Labeling: Prepare reagents according to manufacturerôs instructions. Incubate 

sections with 1X TdT Labeling Buffer for 5 min. And then incubate sections in Labeling 

Reaction Mix for 1 h at 37  in the humidity chamber. Stop the labeling reaction with 1X 

TdT Stop Buffer for 5 min at room temperature. 

5) Probe incubation: Wash sections with PBS for 5 min twice. Incubate sections with 

Strep-Fluorescein Solution for 20 min at room temperature in the dark.  

6) Nuclear staining: Wash the sections with PBS for 2 min twice. Stain the nuclei with 

DAPI for 30 min in the dark. 

6) Mounting: Wash the sections with PBS for 5min three times to remove residual 

DAPI. Mount the slides as the same as mounting in IHC and perform confocal microscopy. 

2.1.7 Histology 

2.1.7.1 Materials 
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PFA (BL539A, Biosharp), EDTA (65-191, Xilong Scientific), HCl (10011028, 

Sinopharm), PBS (IH0140, Leagene), ethanol (AR2500ML, Tong Guang), xylene (102018, 

Tong Guang), paraffin (39601095, Leica), Mayerôs hematoxylin (400802225, Quartett), 

ammonia solution (109031, Tong Guang), eosin Y (01-164, AOBOX), acetic acid (101025, 

Tong Guang), fast green (F110919-5g, Aladdin), safranin O (S2255-25G, Sigma-Aldrich), 

neutral balsam mounting medium (ZLI-9555, ZSGB-BIO) 

Staining rack, staining tank, coverslip (TNTC-169, TNTC), adhesive microslide 

(P1469-01, Aladdin). 

2.1.7.2 Procedures 

Table 2.7 Processing of mice joints for paraffin embedding 

Step Reagent Time 

1 50% ethanol 15 min 

2 60% ethanol 15 min 

3 70% ethanol 15 min 

4 80% ethanol 15 min 

5 90% ethanol 10 min 

6 95% ethanol  10 min 

7 95% ethanol  10 min 

8 Ethanol  10 min 

9 Ethanol  10 min 

10 Xylene: Ethanol = 1:1 5 min 

11 Xylene  2 min 

12 Xylene  2 min 

13 Paraffin  (48-50 ) 1 h 

14 Paraffin  (58-60 ) 1 h 

15 Paraffin  (58-60 ) 1 h 

1) Sample processing: Fix and decalcify the samples as described in 

Immunohistochemistry Staining. After wash samples with PBS, dehydrate the samples in 

ascending ethanol solutions gradually. Saturate the joint samples in mixture of xylene and 
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ethanol, and then saturate them in xylene for clearing. Saturate the samples in melt paraffin 

with three changes. The detailed process is listed in Table 2.7. 

2) Paraffin embedding: Cool the cold platform in advance. Add a few drops of melt 

paraffin (58-60 ) to the metal mold. Place the joint in the desired position with forceps 

(as described in IHC section), and fix it when paraffin cools down. Put the labeled cassette 

on the top of mold and fill the mold with melt paraffin immediately. Complete 

solidification of bottom paraffin before the whole sample is embedded in paraffin may 

cause mechanical failure at the interface during demolding or sectioning. Place molds on 

cold platform. Demold the paraffin blocks after 15 min.  

3) Microtome: Trim the block to remove excess paraffin if needed. Fix the block on 

the holder. Trim the paraffin block until the cartilage section is found. Sections in the area 

of cartilage intersected with epiphyseal plate are used for histology staining and scoring. 

Prepare 5 ɛm paraffin sections on microtome. Extend the sections on hot water at 40 . 

Transfer sections onto adhesive microslides carefully to avoid bubbles and excess water. 

Then slides are place on heat platform for further extension and drying at 42 . Dry the 

slides completely in the oven at 37  overnight. 

4) Rehydration: Deparaffinate the slides in xylene. Go through descending ethanol 

solutions and finally rehydrate the sections in tap water. Detailed steps are listed in  

 

Table 2.8. 
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Table 2.8 Deparaffinization and rehydration of 5 ɛm paraffin sections 

Step Reagent Time 

1 Xylene  5 min 

2 Xylene  5 min 

3 Xylene: Ethanol = 1:1 3 min 

4 Ethanol  1 min 

5 Ethanol  1 min 

6 90% ethanol 1 min 

7 70% ethanol 1 min 

8 Water 1 min 

5) H&E staining: After rehydration, perform H&E staining following the steps in 

Table 2.9. Acid alcohol refers to 0.5% HCl (37% concentrated solution) in 75% ethanol 

solution. For eosin solution, dissolve 5 g eosin Y in 100 ml dH2O, and add 20 ml acetic 

acid in the beaker. Stir the mixture and collect sediment by filtration. Dry the sediment in 

the oven at 60  and store in the dark until use. Dissolve 0.25 g eosin sediment in 100 ml 

95% ethanol solution for H&E staining. 

Table 2.9 H&E staining of mice cartilage 

Step Reagent Time 

1 Mayerôs hematoxylin 10 min 

2 Water 1 min 

3 Water 1 min 

4 Acid alcohol 10 s 

5 Water 2 min 

6 0.2% ammonia solution 1 min 

7 Water 1 min 

8 Water 1 min 

9 Eosin solution 30 s 

10 Water 2 s 

11 70% ethanol 2 s 

12 90% ethanol 2 s 

13 Ethanol  3 min 

14 Ethanol  3 min 

15 Xylene: Ethanol = 1:1 2 min 

16 Xylene  2 min 

17 Xylene  2 min 
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6) Safranin O staining: After rehydration, perform Safranin O and fast green staining 

following the steps in Table 2.10. 

Table 2.10 Safranin O staining of mice cartilage 

Step Reagent Time 

1 0.05% fast green 5 min 

2 1% acetic acid 10 s 

3 0.1% safranin O 5 min 

4 95% ethanol 2 min 

5 95% ethanol 2 min 

6 Ethanol  3 min 

7 Ethanol  3 min 

8 Xylene: Ethanol = 1:1 2 min 

9 Xylene  2 min 

10 Xylene  2 min 

7) Mounting: Take slides out of xylene, and dry slides in air for a while to remove 

excess xylene. Mount the slides with neutral balsam for microscopy. Bubbles should be 

avoided. 

2.1.8 Evaluation of Cartilage Regeneration 

Histology results of cartilage regeneration is evaluated by Modified OôDriscoll 

scoring system (Table 2.11). 

Table 2.11 Modified OôDriscoll histological evaluation of cartilage repair 

OôDriscoll category Score 

Nature of the predominant tissue 

Cellular morphology 

Hyaline articular cartilage 4 

Incompletely differentiated mesenchyme 2 

Fibrous tissue or bone 0 

Safranin-O staining of the matrix 

Normal or nearly normal 3 

Moderate 2 

Slight 1 

None 0 

Structural characteristics 
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Table 2.11 Modified OôDriscoll histological evaluation of cartilage repair 

(continued) 

Surface regularity  

Smooth and intact 3 

Superficial horizontal lamination 2 

Fissures: 25ï100% of thickness 1 

Severe disruption, including fibrillation 0 

Structural integrity  

Normal 2 

Slight disruption, including cysts 1 

Severe disintegration 0 

Thickness  

100% of normal adjacent cartilage 2 

50ï100% Of normal cartilage 1 

0ï50% of normal cartilage 0 

Bonding to the adjacent cartilage  

Bonded at both ends of the graft 2 

Bonded at one end, or partially at both ends 1 

Not bonded 0 

Freedom from cellular changes of degeneration 

Hypocellularity  

Normal cellularity 3 

Slight hypocellularity 2 

Moderate hypocellularity 1 

Severe hypocellularity 0 

Chondrocyte clustering  

No clusters 2 

< 25% of the cells 1 

25ï100% of the cells 0 

Adjacent cartilage degenerative joint disease 

Normal, no clusters, normal staining 3 

Normal cell, mild clusters, mod staining 2 

Mild/moderate hypocellularity, slight staining 1 

Severe hypocellularity 0 

2.1.9 Quantification of Cell Number 

Three distant sections are selected in one experiment within each sample, but 

consecutive sections are selected for different staining for comparison. Image processing 

and manual cell counting are accomplished on Image J (Java 1.8.0_172, National Institutes 

of Health) and Adobe Photoshop CC (Version 19.1.6, Adobe Inc.) software. 
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Figure 2.4 Schematic diagram of cell counting in synovium 

P-patella, F-femur. Scale bar: 100 ɛm. 

For quantification of cell number in synovium tissues, the lateral synovium of the joint 

is used for quantification to avoid the effects of surgery and suturing. Cells are counted in 

the synovium within the selected area (SA) in each sample (shown as dash square in Figure 

2.4). For quantification of apoptotic cells in adjacent tissues, cartilage within 150 ɛm from 

the edge of the defect area is selected. For quantification of cell number in defect area, 

injury region is selected in bright field channel and cells are counted manually in combined 

fluorescent images. 

2.1.10 Quantification of Synovium Tissues 

H&E staining images are used to measure thickness and are area of synovium tissues. 

Like cell counting, the lateral synovium within a selected box is used for quantification. 

Area is measure by Image J. For thickness measurement, 6 sites are selected in each image 

and measured in Photoshop CC. 
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2.1.11 Statistical Analysis 

Statistical analysis is performed in SPSS (Version 24, International Business 

Machines Corp.) and GraphPad Prism 7 software (GraphPad Software. Inc.). Normal 

distribution is checked by Shapiro-Wilk test. Homogeneity is checked by Leveneôs Test of 

equality of variance. For a single independent variable, two groups were analyzed by 

Manne-Whitney U test (nonparametric), and multiple groups were analyzed by one-way 

ANOVA (parametric) with Sidak correction (homogeneity) or Tamhaneôs post hoc test 

(heterogeneity), or Kruskal-Wallis test corrected with Dunnôs test. For all analyses, 

differences were reported statistically significant at 95% confidence level. Data 

interpretation was shown by the difference between medians with 95% confidence interval 

(CI). In figures, error bars represent standard error of the mean (presented as mean ± SEM), 

and asterisks indicate p-values. *p<0.05; **p<0.01; ***p<0.001. 

2.2 Results 

2.2.1 Influx of Macrophages Appeared after Acute Cartilage Injury 

As CX3CR1 is widely expressed in the mononuclear phagocytes112, Cx3cr1GFP/+ mice 

were used to detect responses of monocyte and macrophage in the joint. On lining layer of 

normal mouse synovium, only a few Cx3cr1+ resident macrophages (green) could be 

observed during homeostasis, forming the physical barrier. Upon injury, a large number of 

Cx3cr1+ monocytes and macrophages were activated and infiltrated throughout the entire 

synovium and even periosteum, joint capsule and surrounding muscles (Figure 2.5). 
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. 

Figure 2.5 Activation of macrophages after osteochondral injury 

Arrow head: Cx3cr1+ monocyte/macrophage; dash line: synovium outline; S: synovium. 

Scale bar: 100 ɛm. N = 3 joints. 

2.2.2 Infiltrated Macrophages Constituted the Majority Dependent on CCR2 

Since macrophage have different origins, the composition population was investigated. 

To identify circulating monocyte-derived macrophages, Ccr2RFP/RFP mice were utilized, in 

which CCR2 was inactivated and blood monocytes were unable to migrate across the 

vessels and infiltrate into injury sites. Significantly decreased number of F4/80+ 

macrophages were observed in Ccr2RFP/RFP mice (-107, 95%CI -127 to -63) compared to 

wildtype at 1 week post-surgery (p<0.001), which was consistent with a reduced number 

of total cells in the synovium (Figure 2.6). Recruited macrophages constituted the majority 

of the macrophage population in the synovium (approximately 73%), with a minority 

population of resident macrophages. These data indicated that CCR2 played an important 

role in the migration of recruited macrophages after acute injury. Macrophages constituted 

36% of the synovium cell population in the first week, and potentially exerted a profound 

influence on the regeneration process of cartilage injury.  
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Figure 2.6 CCR-2 dependent infiltration of monocyte-derived macrophages 

(A) Immunohistochemistry staining of macrophages (F4/80+, yellow) in the synovium of 

wildtype C57 mice (WT) and Ccr2RFP/RFP mice (CCR2 inactivation) at 7 days post injury. 

White arrow head: F4/80high macrophage; red arrow head: F4/80low macrophage. Scale 

bar: 100 ɛm. (B and C) Quantitation of number of total cells and macrophages in the 

synovium shown in A. Manne-Whitney U test for cell counting. N = 3 joints per group. 

2.2.3 Successful Macrophage Depletion by Clodronate Liposome 

 

Figure 2.7 Intraarticular injection of liposomes 

Black or red arrow: intra-articular injection of liposomes; green arrow head: surgery; 

orange arrow head: sacrifice. 

Since clodronate liposome reaches the maximum depletion efficiency at day 736, 39, 

mice received intra-articular injection vehicles (PBS) or clodronate liposomes (CLO) one 
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week before surgery (Figure 2.7). Continuous treatment was administrated for sustaining 

depletion. 

To confirm macrophage depletion in synovium, immunohistochemistry staining was 

performed after liposome injection. 

 

Figure 2.8 Depletion of synovium macrophage by clodronate liposome 

(A) Immunohistochemistry staining of macrophages (F4/80+, yellow) in the synovium of 

PBS and CLO mice at 7 days post injury. Dash line: synovium outline; S: synovium. Scale 

bar: 100 ɛm. (B and C) Quantitation of number of total cells and macrophages in the 

synovium. Manne-Whitney U test for cell counting. N = 3 joints per group. 

Macrophages in knee joint were selectively depleted by intra-articular injection of 

clodronate liposomes, without affecting the survival of tissue cells113. Control mice were 
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injected with PBS liposome. The number of total cells in the synovium was reduced due to 

macrophage depletion. With a clearance efficiency of 89%, clodronate liposome 

significantly reduced macrophages in the synovium (-48, 95%CI -95 to -37, p<0.001), as 

compared with PBS-liposome treated mice, demonstrating successful depletion by 

liposomes (Figure 2.8). 

2.2.4 Macrophage Depletion Reduced Synovium Hyperplasia after Injury 

 

Figure 2.9 Reduced synovium hyperplasia by macrophage depletion 

(A) H&E staining of synovium at indicated time points. Dash line: synovium outline; S: 

synovium. Scale bar: 100 ɛm. (B and C) Quantification of thickness and area of synovium. 

Manne-Whitney U test for comparison at each time point. N = 3 joints per group. 
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Cartilage acute injury led to synovium hyperplasia, resulting from cell infiltration and 

resident proliferation114. H&E staining of mice synovium showed that hyperplasia caused 

by infiltration peaked in the first week in PBS-liposome treated mice, but then diminished 

gradually within one month (Figure 2.9).  

However, clodronate liposome ameliorated hyperplasia at first 2 weeks after surgery, 

with a reduced total cell number in the synovium, with no obvious hyperplasia being 

observed afterwards. Quantification of thickness and area of synovium showed significant 

hyperplasia in PBS liposome-treated mice, particularly during the first 2 weeks. There were 

no significant differences in synovium of PBS versus CLO mice after 4 weeks. These data 

suggested that macrophages are a key factor in injury-induced synovium hyperplasia. 

2.2.5 Macrophage Depletion Hampered Spontaneous Cartilage Regeneration 

The regeneration process was observed by histological staining at different time points 

after surgery (Figure 2.10). One week after osteochondral defect surgery, few cells or neo-

tissues could be observed at the defect site in mice either treated with either PBS liposome 

or clodronate liposome. However, at 2 weeks post-surgery, fibrous tissues filled the defect 

in PBS liposome-treated mice. Migratory cells could be observed within the defect area 

(DA). Sparse light safranin O staining appeared in these tissues with most being stained by 

fast green, indicating production of proteoglycans during this time. The border between 

cartilage and subchondral bone was not clear at this early moment, and there was no 

hierarchy of structure in the filling matrix. 
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Figure 2.10 Impaired cartilage regeneration after macrophage depletion 

(A) H&E and Safranin O (S.O) staining of articular cartilage from PBS or CLO joints at 

the indicated time points. Higher magnification of local tissues (blue square) is indicated 

at the bottom left of each figure. Defect region is indicated by blue arrow. Scale bar: 100 

ɛm. (B) H&E (upper) and Safranin O (lower) staining of normal articular cartilage. Scale 

bar: 100 ɛm. (C) Regeneration evaluation by modified OôDriscoll histological scoring at 4 

and 8 weeks. Manne-Whitney U test for scoring. N = 3 joints. 

On the contrary, clodronate liposome blocked potential cell migration into the defect 

area without enough production of matrix to cover the injury site at 2 weeks. Cell migration, 

neo-tissue synthesis and reconstruction arose between 7 and 14 days, which might be an 

important regulatory period during the early stage of regeneration. At 4 weeks and 8 weeks 

post-surgery, cartilage matrix could be detected by deep safranin O staining of 

chondrocytes at the defect site in PBS liposome-treated mice. Although osteochondral 

injury could not restore the native tissues with perfect homogenous integration and layered 

structure, PBS liposome-treated mice were able to regenerate subchondral bone and the 

partial cartilage filled the defect with relatively smooth surface, as compared with the 

beginning state. But poor repair was observed in CLO mice. The V shape injury caused by 



 47 

scratching was still obvious. Indented surface, hypocellularity, exposure of subchondral 

bone and deficiency of the cartilage layer at the defect indicated very limited regeneration 

after acute injury in these mice. Regeneration was evaluated by the modified OôDriscoll 

score system, with significantly lower scores and rather poor repair being observed in CLO 

mice (p<0.001), either at 4 weeks (-8, 95%CI -12 to -3) or 8 weeks (-12, 95%CI -16 to -7). 

Generally, macrophage depletion impeded self-regeneration upon acute injury in juvenile 

mice, suggesting the essential role of macrophage in cartilage regeneration. 

2.2.6 Cell Proliferation Reduced in Macrophage-depleted Joint 

It was further investigated how macrophage depletion influenced the cartilage 

regeneration process. It was noticed that in CLO mice, the defect shape was obvious with 

little regeneration (Figure 2.11). So, we assessed the recruitment and survival of cells in 

the defect area at selected time points during the whole process. Proliferative cells could 

be detected at the defect by PHH3, a specific marker of mitosis (Figure 2.11). Cell 

proliferation could hardly be observed in the cartilage, and abundant PHH3 signals could 

be detected in the bone marrow of intact subchondral bones at all times in both mice. The 

number of cells at the defect was not greatly influenced by macrophage depletion at 1 week 

(-11, 95%CI -17 to -6, p < 0.01) and 2 weeks after surgery (16, 95%CI -36 to 37, p = 0.587). 

However, CLO mice showed a decreased trend of cell proliferation at the defect compared 

with PBS mice, with significant reduction of PHH3+ cells at 2 weeks (-3, 95%CI -6 to -1). 
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Figure 2.11 Reduced proliferation at defect after macrophage depletion 

(A) Detection of proliferating cells by immunohistochemistry staining of phospho-Histone 

H3 (PHH3, red). Dashed line: surrounding cartilage surface and regenerated tissue surface 

at defect; white arrow head: proliferating cells; star: defect area. Scale bar: 200 ɛm. (B and 

C) Quantitation of total cells and proliferating cells within cartilage defect area. Manne-

Whitney U test for comparison at each time point. N = 3 joints per group. 

2.2.7 Cell Apoptosis increased in Macrophage-depleted Joint 

TUNEL assay also revealed a difference in cell apoptosis during the regeneration 

process between the PBS and CLO-treated mice at 4 weeks post-surgery (Figure 2.12). 

Apoptotic cells could be detected in the defect area and adjacent tissues. There was a 4.9-

fold increase in the number of apoptotic cells (in the mean) being observed within 150 ɛm 

of adjacent cartilage tissues after macrophage depletion (12, 95%CI 4 to 15, p < 0.001). 

Although apoptotic cells at the defect showed no significant difference (p = 0.408), CLO 

mice had a mean of 75% of apoptotic cells at the injury site (0.35, 95%CI 0.18 to 0.51, p 
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< 0.01), which was 1.8 folds (in the mean) more than control. Total cells in the defect area 

were not affected by macrophage depletion (p = 0.680). All these indicated that debris 

clearance was affected. Together, these data demonstrated that macrophage depletion 

hampered cartilage regeneration by decreasing proliferation and increasing apoptosis 

around the injury site, rather than affecting cell recruitment. 

 

Figure 2.12 Increased apoptosis after macrophage depletion 

(A) Detection of apoptotic cells by TUNEL assay using terminal deoxynucleotidyl 

transferase (TdT, green) at 4 weeks post-injury. Dashed line: surrounding cartilage surface 

and regenerated tissue surface at defect; white arrow head: apoptotic cells within defect 

area; hollow arrow head: apoptotic cells in adjacent tissues; star: defect area. Scale bar: 

100 ɛm. (B) Quantitation of apoptotic cells in adjacent cartilage tissues within 150 ɛm 

from defect area. C: adjacent cartilage. (C-E) Quantitation of apoptotic cells, total cells and 

percentage of apoptotic cells in total cells within cartilage defect area. Manne-Whitney U 

test for cell counting. N = 3 joints per group. 

2.3 Discussion 

Macrophages associated with osteochondral injury originate from at least two sources, 

with predominant monocyte differentiated macrophages recruited during cartilage 

regeneration. Heterogeneity in the cellular composition of joint macrophages complicates 

the interpretation of their functions. Other researchers70 and us have observed Cx3cr1+ 

resident macrophages within the lining layer of mice synovium under steady homeostasis, 

which are derived from embryonic hematopoiesis, and form a tightly conjunct physical 

barrier. Distinct sub-populations of synovium macrophages, such as F4/80high and F4/80low 
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macrophages can be observed in the synovium. Upon osteochondral injury, circulating 

monocytes are recruited and migrate into the synovium in a CCR2-dependent manner, to 

become the predominant source of synovial macrophages. Proliferation of resident 

macrophages and bone marrow derived macrophages are independent from each other, 

although resident macrophages show limited proliferative activity during arthritis37, 115. 

Resident macrophages maintain joint integrity and restrain inflammation, while infiltrated 

macrophages initiate inflammation and drive pathogenesis which later transit from the M1 

to M2 phenotype and contribute to inflammation resolution and regeneration in arthritis37, 

70. However, it is still unclear whether resident and infiltrated macrophages play similar 

roles in osteochondral injury. In this study, depletion of all joint macrophages attenuates 

spontaneous cartilage regeneration in juvenile mice. These results indicate that certain 

macrophage subpopulations are required for promoting the cartilage regeneration process 

after acute injury, by modulating proliferation and apoptosis of cells within the defect area. 

Apart from physical barrier and inflammation suppression, macrophages also exert their 

protective role in modulating cartilage regeneration in vivo. Interestingly, cartilage 

regeneration was observed to be enhanced in CCR2-/- mice116. The respective functions of 

resident and infiltrated macrophages in the regeneration of osteochondral injury remain to 

be clarified and further identification of sub-populations is needed. 

2.4 Summary 

In this chapter, macrophage activation after osteochondral injury is outlined, with 

most macrophages are derived from circulating monocytes. Then, for the first time, 

depletion study in juvenile mice reveals the crucial role of macrophages in native cartilage 

regeneration, by regulating cell proliferation and apoptosis activities in the area 
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surrounding injury site. Synovium hyperplasia is also reduced after macrophage depletion 

as a result of reduced macrophage infiltration. 
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CHAPTER 3. MACROPHAGE THERAPY E NHANCES 

CARTILAGE REGENERATI ON: TIME AND PHENOTY PE ARE 

CRITICAL  

As an important regulator of stem cells, macrophages are involved in tissue 

regeneration. Macrophage-based therapy has a prevailing significance in promoting repair 

and regeneration in other tissues. But it is unexplored in cartilage regeneration. When 

C57BL/6 mice grow up, adults lose the capacity to regenerate cartilage tissues after 

osteochondral injury111. So, in this chapter, macrophage-based therapy is applied to 

investigate therapeutic potentials in cartilage regeneration (Figure 3.1). In particular, 

factors affecting the regeneration are discussed. And stem cells are investigated during the 

process (Figure 3.2). 

 

Figure 3.1 Schematic diagram of intra-articular injection of macrophages 



 53 

 

Figure 3.2 Schematic diagram of stem cell labelling 

3.1 Materia ls and Methods  

3.1.1 Instruments 

Table 3.1 List of experiment equipment 

Instrument Model Manufacturer 

Autoclave machine MLS-3750 SANYO 

Basic power supply 1645050 Bio-rad 

Biological safety cabinet 
BSC-1100-

L A2 
HaDonglian 

BluView Transilluminator MBE-200A Major Science 

Cell incubator HERA Cell150 
Thermo Fisher 

Scientific 

Cold Plate for Modular Tissue Embedding 

System 
EG1150C Leica 

Confocal microscope Revolution XD Andor 

Cryostat  CM3050 S Leica 

Inverted phase contrast microscope CKX41-RC Olympus 

Magnetic stirrer IKARH Basics KT/C 

Microscope DM3000 Leica 

Paraffin embedding station EG1150H Leica 

Paraffin flotation bath HI1210 Leica 

Real-time PCR instrument Pikoreal96 
Thermo Fisher 

Scientific 

Refrigerated centrifuge 5702R Eppendorf 

Rotary microtome  RM2235 Leica 

Spectrophotometer ND1000 
Thermo Fisher 

Scientific 

Stereo microscope SZN71 SUNNY Optical 

Thermal cycler system MyCycler Bio-rad 
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3.1.2 Animals and Genotyping 

Table 3.2 Animal usage 

Aim Procedure Mice 
Age 

(weeks) 

Number 

of 

animals 

Joints for 

quantificat

ion 

Sacrifice 

(weeks 

after 

surgery) 

Control with 

osteochondra

l injury but no 

injection 

Osteochondra

l surgery on 

both joints. 

C57BL/6 8-10 
3 male (1 

injured) 
6 4 

M1 

macrophage 

injection 

Osteochondra

l surgery and 

injection for 

both joints. 

C57BL/6 8-10 6 male 12  4 

M2a 

macrophage 

injection 

Osteochondra

l surgery and 

injection for 

both joints. 

C57BL/6 8-10 
6 male (1 

died) 
10 4 

M2c 

macrophage 

injection 

Osteochondra

l surgery and 

injection for 

both joints. 

C57BL/6 8-10 

6 male (1 

died, 1 

injured) 

8 (1 broken) 4 

Stem cell 

detection 

No treatment. 

Cx3cr1GFP/

+ 
8-10 

2 male 

Both joints 

for 

qualitative 

analysis. 

 

Osteochondra

l surgery on 

both joints. 

3 male 4 

Osteochondra

l surgery on 

both joints 

with injection, 

equal male or 

female mice 

per group. 

6 male 

3 female 
2 

18 male 4 

BrdU 

labeling 

Osteochondra

l surgery on 

both joints 

with BrdU 

labeling, 

equal mice per 

group. 

Cx3cr1GFP/

+ 
8-10 21 male  

Both joints 

for 

qualitative 

analysis. 

4 

Macrophage 

culture 

Bone marrow 

harvest. 
C57BL/6 8-10 5 male   
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Refer to Animals and Genotyping. 

8-10 weeks old mice are used in this section. Osteochondral defect surgery and intra-

articular injection were performed on both knee joints. Totally, 76 male mice and 3 female 

mice were used in this Chapter (Table 3.2). 

3.1.3 Construction of Murine Osteochondral Defect Model 

Refer to Construction of Murine Osteochondral Defect Model. 

3.1.4 Macrophage Culture and Polarization 

3.1.4.1 Materials 

Ŭ-MEM medium (SH30265.01, HyClone), FBS (10099141C, Gibco), 

streptomycin/penicillin (15070063, Gibco), trypsin (25200072, Gibco), DMEM/F12 

medium (SH30023.01, HyClone), isopropanol (106030, Tong Guang), ethanol 

(AR2500ML, Tong Guang), Trypan blue (DA0065, Leagene), LPS (L2880, Simga-

Aldrich), IFN-ɔ (315-05-20, PeproTech), IL-4 (214-14-5, PeproTech), IL-13 (210-13-2, 

PeproTech), IL-10 (210-10-2, PeproTech). 

Culture dish (430167, Corning), Petri dish (C7071-A100mm-10EA, i-Quip), syringe, 

serrated forceps, iris scissors, 50 ml sterile conical tubes (430829, Corning), 15ml sterile 

conical tubes (SPL-50115, SPL life), cell scraper (70-2180, Biologix), 6-well plate (3516, 

Corning), hemocytometer. 

3.1.4.2 Procedures 
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1) L-929 conditioned medium: Culture L-929 cells in Ŭ-MEM medium supplemented 

with 10% (v/v) FBS and 100 U/ml streptomycin/penicillin at 37 °C with 5% CO2 

atmosphere. Conditioned medium is harvested from culture dish 3 days after confluency. 

Conditioned medium is stored at -80 . 

2̃Bone isolation: Euthanize wildtype C57BL/6 mice by cervical dislocation. Isolate 

hind legs and remove muscles as much as possible. Cut patella tendon and put femur and 

tibia in PBS. Operations should be careful to avoid break the bone and expose bone marrow. 

3) Bone marrow isolation: Bone marrow isolation should be performed in a biosafety 

hood with autoclaved surgical tools. Soak the bones in isopropanol rapidly and put them in 

a sterile dish. Hold the bone by forceps and cut the epiphysis by scissors. Flush bone 

marrow cavity of all 4 bones in one mouse with syringe using 10 ml complete DMEM/F12 

medium (containing 10% (v/v) FBS and 100 U/ml streptomycin/penicillin) in total into a 

10 cm Petri dish. Bones should turn white if bone marrow has been flushed out. Clean the 

forceps and scissors with ethanol for next sample. Generally, one mouse can provide at 

most 4 dishes. Surgical tools should be autoclaved in this step. 

4) BMM culture: Evenly distribute the cell suspension into 4 dishes and replenish the 

total volume to 8 ml with complete DMEM/F12 medium in each dish. Add 2 ml L-292 

conditioned medium at a final concentration of 20% in each dish. Culture cells in the 

incubator for 5 days at 37  with 5% CO2 until confluency. Add fresh complete medium 

at day 3. 

5) Macrophage polarization: Scrape the cells gently with a cell scraper. Transfer cells 

into 15 ml conical tube and centrifuge for 5 min at 1,000 rpm. Aspirate the medium, and 
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resuspend cells in 5 ml complete medium. Count cells with a hemocytometer and 0.4% 

Trypan blue solution. Prepare dilution of cell suspension in complete medium with 20% 

L929 conditioned medium and cytokines for macrophage polarization. Seed cells into 6-

well plate with 1,000,000 cells/well in 1 ml medium. Primary macrophages are polarized 

into M1 (100 ng/ml LPS + 100 ng/ml IFN-ɔ), M2a (40 ng/ml IL-4 + 20 ng/ml IL-13) and 

M2c macrophages (40 ng/ml IL-10) for 2 daysô culture. 

3.1.5 Gene Expression Analysis of Polarized Macrophages 

3.1.5.1 Materials 

TRIzol (DP424, Tiangen), FastQuant cDNA kit (with gDNase, KR106, Tiangen), 

SuperReal PreMix Plus (SYBR, FP206, Tiangen). 

3.1.5.2 Procedures 

1) RNA extraction: Remove the medium and transfer the samples to a 1.5 mL EP tube. 

Samples were washed with PBS. Add 100 ɛL Trizol lysis buffer to samples, and grind with 

an electric tissue grinder (OSE-Y10, Tiangen) for 2 minutes. Then add 900 ɛL Trizol lysis 

buffer, let it stand after mixing well. Add 200 ɛL chloroform to each EP tube. Shake 

vigorously for 45 seconds and let it stand at room temperature for 3 minutes. Centrifuge at 

10,000 g for 15 minutes. Absorb the liquid in the upper water phase, and transfer into a 

new EP tube. Add 500 ɛL isopropanol to each EP tube, mix well. Let it stand at -20  for 

30 minutes. Centrifuge at 10,000 g for 10 minutes. Remove the supernatant, and add 1 mL 

75% ethanol solution to each EP tube, wash and shake. Centrifuge at 7,000 g for 5 minutes. 

Remove the supernatant, and leave to dry at room temperature for 10-20 minutes. Add 20 
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ɛL enzyme-free sterile DEPC water (R1600, Solarbio) to dissolve the samples. Detect 

RNA concentration with NanoDrop UV spectrophotometer (ND-1000, Thermo Fisher 

Scientific). 

2) Reverse transcription cDNA: According to the RNA concentration detected by 

NanoDrop, calculate the volume to require for RNA mass of 1000 ng. According to the 

following Table 3.3 to configure reversing cDNA mixtures, mix well and put it in gene 

cycler (Cycler, Bio-rad) at 42  for 3 minutes, then put it on the ice.  

Table 3.3 Removal of gDNA reaction system 

Components Usage amount 

5ĬgDNA Buffer 4 ɛL 

Total RNA 2 ɛg 

RNase-Free ddH2O make up to 20 ɛL 

Then configure the reverse transcription system mixture according to Table 3.4. And 

put this mixture into removal of gDNA reaction system put it in gene cycler at 42  for 15 

minutes and 95  for 3 minutes to capture DNA samples. DNA Samples were stored at -

20oC until Real-time PCR reaction. 

Table 3.4 Reverse transcription reaction system 

Components Usage amount 

10ĬFast RT Buffer 4 ɛl 

RT Enzyme Mix 2 ɛl 

FQ-RT Primer Mix 4 ɛl 

RNase-Free ddH2O make up to 20 ɛl 

3) Real-time quantitative PCR: SuperReal Premix Plus, primers (Table 3.5), DNA 

samples and RNase-Free ddH2O are kept at room temperature. Following the reaction 

system in Table 3.6., the reactions are carried out by two-step method in Table 3.7. 
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Table 3.5 Primer sequences for Real-time PCR 

Primer Forward and reverse sequence (5ô to 3ô) 

IL-1ɓ 
CTTCAGGCAGGCAGTATC 

CAGCAGGTTATCATCATCATC 

IL-10 
CTTACTGACTGGCATGAGGATCA 

GCAGCTCTAGGAGCATGTGG 

IL-1RŬ TTGTGCCAAGTCTGGAGATG 

 CTCAGAGCGGATGAAGGTAAAG 

TNF-Ŭ TCTTCTCATTCCTGCTTGTGG 

 GGTCTGGGCCATAGAACTGA 

TGF-ɓ ATGTCACGGTTAGGGGCTC 

 GGCTTGCATACTGTGCTGTATAG 

Arg1 AGACCACAGTCTGGCAGTTG 

 CCACCCAAATGACACATAGG 

CD86 TCTCCACGGAAACAGCATCT 

 CTTACGGAAGCACCCATGAT 

CD206 CAGGTGTGGGCTCAGGTAGT 

 TGTGGTGAGCTGAAAGGTGA 

CD163 TCCACACGTCCAGAACAGTC 

 CCTTGGAAACAGAGACAGGC 

GAPDH GTCTACATGTTCCAGTATGACTCC 

 AGTGAGTTGTCATATTTCTCGTGGT 

Table 3.6 PCR reaction system 

Components Usage amount 

2ĬSuperReal Premix Plus 10 ɛl 

Forward primer10ɛM  1 ɛl 

Reverse primer10ɛM  1 ɛl 

cDNA sample 2 ɛl 

RNase-Free ddH2O 6 ɛl 

Table 3.7 Real-time PCR reaction program 

Stage Temperature Time Cycles Fluorescence signal collection 

Pre-denaturation 95 15 min 1 No 

PCR reaction 95 10 s 
40 

No 

 60 32 s Yes 
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After the cycles, analyze the data collected by the fluorescence quantitative PCR 

instrument. The expression of each gene relative to the internal reference gene GAPDH is 

calculated according to 2-ËËCt. 

3.1.6 In Vivo Delivery of the Macrophages 

3.1.6.1 Materials 

Polarized macrophages, DMEM/F12 medium (SH30023.01, HyClone), chloral 

hydrate (23100, Sigma-Aldrich), ethanol (AR2500ML, Tong Guang), Betadine, hair 

removal cream. 

3# scalpel holder, 15# scalpel blade (K4-15, Jinhuan Medical), cell scraper (70-2180, 

Biologix), microsyringe (7635-01, Hamilton), 33G needle (7803-05-1, Hamilton), sterile 

gauze, sterile cotton swab, medical tape. 

3.1.6.2 Procedures 

1) Cell preparation: Scrap cells in the 6-well plates and resuspend them with 

DMEM/F12 medium at 1,000,000 cells/ml.  

2) Intra-articular injection: After anesthesia, place the mouse in supine position. Flex 

and hold the knee joint firmly. Cut a small incision on the skin over patella to expose the 

tendon. Take care and avoid injure tissues underneath. Take 6 ɛl of cell suspension in the 

sterile microsyringe. Insert the 33G needle through the tendon into joint cavity, between 

patella and femur cartilage with great care. The successful entry into joint cavity can be 
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observed by lifting of patella and felt by advance of needle. Inject 6 ɛl of solution in total 

for each joint. If injection is performed correctly, swelling of the joint can be observed. 

3.1.7 Histology 

Refer to Histology. 

3.1.8 Evaluation of Cartilage Regeneration  

Refer to Table 2.11. 

3.1.9 Immunohistochemistry Staining 

Refer to Immunohistochemistry Staining. 

3.1.10 Administration and Detection of Nucleoside Analog (Brdu) 

3.1.10.1 Materials 

Bromodeoxyuridine (BrdU) (B5002, Sigma-Aldrich), PBS (IH0140, Leagene), 

NaOH (S0205, Xilong Scientific), HCl (10011028, Sinopharm), boric acid (S0439, Xilong 

Scientific), TBS (MA0141, Meilunbio), Triton X-100 (T109026̆ Aladdin), SDS 

(S108350, Aladdin), goat serum (MP20008-100ml, Yuanye), DAPI (D9542, Sigma-

Aldrich), glycerol (70-20, Xilong Scientific), Tris buffer (pH = 8.0) (T1150, Solarbio), N-

propyl gallate (P108603-100g, Aladdin). 

Sample sections, 1 ml syringe, PAP pen (E678004-0000, BBI), coverslip (TNTC-169, 

TNTC), nail polish, humidity chamber. 

3.1.10.2 Procedures 
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1) BrdU preparation: Prepare artificial nucleoside bromodeoxyuridine (BrdU) at a 

concentration of 10mg/ml in PBS. 

2) Injection after surgery: Mice receive 200µl of BrdU after surgery via subcutaneous 

injection. 

3) Sustaining BrdU lableling: Then BrdU is maintained in drinking water at a 

concentration of 0.8mg/ml, with daily change, until sacrifice. 

4) BrdU detection: For detection, the sections are treated with 1M HCl for 1 hour at 

room temperature, and then neutralized with 0.1 M sodium borate buffer (pH = 8.5) for 10 

minutes. After washing the sections three times with PBS, routine immunohistochemistry 

staining is performed according to Immunohistochemistry Staining. 

3.1.11 Statistical Analysis 

Refer to Statistical Analysis. 

3.2 Results 

3.2.1 Gene Expression of Polarized Macrophages 

 

Figure 3.3 Intra -articular injection design 
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Bone marrow derived macrophages were harvested and polarized into either M1, M2a 

or M2c macrophages in vitro and injected into joints immediately after surgery (D0) or 2 

weeks after surgery (Figure 3.3). Mice with surgery only were utilized as the control. 

 

Figure 3.4 Gene expression in M1, M2a and M2c macrophages 

One-way ANOVA with Sidak correction (homogeneity) or TamhaneĽs post hoc test 

(heterogeneity). N Ó 5 tests per group. 

Expression of typical gene markers for specific phenotypes of macrophage were 

analyzed by qRT-PCR to confirm successful polarization (Figure 3.4). M1 macrophages 

were characterized by high gene expression levels of CD86 and inflammatory cytokines 

IL-1ɓ and TNF-Ŭ, while M2a macrophages expressed more CD206, IL-1RŬ and a 

significantly higher level of Arg1. M2c macrophages shared some features with M1 and 
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M2a macrophages, and expressed moderate levels of IL-1ɓ and IL-1RŬ, but were 

distinguished by significantly higher expression of CD163, IL-10 and TGF-ɓ. 

3.2.2 Macrophages Promoted Regeneration in A Time- and Phenotype-dependent 

Manner 

 

Figure 3.5 Promoting cartilage regeneration by macrophages 

(A and B) H&E and Safranin-O (S.O) staining of articular cartilage at 4 weeks after injury. 

Higher magnification of local tissues (blue square) is indicated at the bottom left. The 

defect region is indicated by blue arrow. Scale bar: 100 ɛm. (C and D) Regeneration 

evaluation by modified OôDriscoll histological scoring in mice with injection-D0 and 

injection-D14 of macrophages. Ctr: control mice. Kruskal-Wallis test corrected with 

Dunnôs test for comparison among groups at each time point. Manne-Whitney U test for 

each phenotype between D0 and D14. N Ó 4 joints per group. 
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As expected, poor native cartilage regeneration could be observed in the control, with 

obvious deficiency of cartilage and subchondral bone at the defect area. Although all 

macrophage phenotypes improved regeneration, as evaluated by scoring, different 

macrophage phenotypes showed discrepancy in their effects on reconstruction (Figure 3.5). 

M1 and M2a macrophages could promote subchondral bone regeneration, but not the 

cartilage layer. Instead of the deep groove in control mice, the defect was filled by bone 

tissues with clear trabecular bone structure and bone marrow in mice treated with M1 and 

M2a macrophages. However, the cartilage layer remained absent and no safranin O 

staining could be detected in neo-tissues of these mice, with obvious height difference 

between the defect area and adjacent cartilage due to failure of full restoration of the 

cartilage layer at the defect site. There were no statistically significant differences between 

the scores of mice treated with M1 and M2a macrophages, either with D0 or D14 injection 

(p > 0.999). Timing of delivery had minimal influence on M1 macrophages (p = 0.127), 

but D0 injection of M2a macrophage led to minor improvement in the total score (5.25, 

95% 0.5 to 6, p = 0.037). 

Although total score didnôt show statistical significance in D0 and D14 injection of 

M2c (0.75, 95%CI -1.5 to 8, p = 0.152,), only D14 injection could promote cartilage 

regeneration. In mice with D0 injection of M2c macrophages, only immature cartilage-like 

tissues could be detected by light safranin O staining, which were embedded in major bone 

tissues with trabecular bone structure. With D14 injection, cartilage and subchondral bone 

were both reconstructed, with clear tide mark. Delivery timing of M2c macrophages did 

not influence regeneration of subchondral bone but greatly affected cartilage regeneration. 

Mice with D14 injection of M2c macrophages had the highest score and significantly 
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improve cartilage regeneration, as compared to other D14 groups (Figure 3.5, p<0.05), 

demonstrating superior regenerative potential of cartilage over M1 and M2a macrophages 

(Figure 3.5). The separate score of modified OôDriscoll histological scoring system showed 

similar results (Figure 3.6). 

Overall, macrophages could promote cartilage regeneration in a manner dependent on 

initial phenotypes and delivery timing. 

 

Figure 3.6 Items of modified OôDriscoll histological scoring 

1: cellular morphology; 2: safranin-O staining of the matrix; 3: surface regularity; 4: 

structural integrity; 5: thickness; 6: bonding to the adjacent cartilage; 7: hypocellularity; 8: 

chondrocyte clustering; 9: adjacent cartilage degenerative joint disease. Kruskal-Wallis test 

corrected with DunnĽs test within each item, without p notation in the figure. N Ó 4 joints 

per group. 

3.2.3 Detection of Macrophages at 4 Weeks after Injury 

Macrophages could still be detected within neo-tissues within the defect at 4 weeks 

after injury (Figure 3.7), suggesting that they were actively involved in reconstruction after 

a long period. Also, macrophages could be detected within the synovium tissues.  

It was observed that the synovium extruded to the defect area in some sections at 4 weeks 

after injury (Figure 3.8), suggesting that it was a possible migration approach for cells to 

reach the defect site and participate in reconstruction. 
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Figure 3.7 Immunohistochemistry staining of macrophages at 4 weeks post-injury  

Higher magnification of local tissues (square) is indicated at the right side. Arrow head: 

F4/80+ macrophage (yellow); dash line: synovium outline. N =3 joints. 

 

Figure 3.8 Elongated synovium tissues along cartilage surface in mice (D14-M2c 

treated, 4 weeks) 

Arrow head: extending synovium derived fibrous tissues; dashed line: cartilage surface; 

star: defect area. Scale bar: 100 ɛm. N = 3 joints. 

3.2.4 Detection of Stem Cells at 2 Weeks after Injury 

Early responses were observed after macrophages were injected immediately after 

surgery. Cx3cr1+ macrophages migrated into defect area at 2 weeks, and a few PDGFRŬ+ 
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stem cells appeared in the defect area and synovium close to macrophages. In homeostasis, 

however, PDGFRŬ+ stem cells could be hardly detected in the cartilage and synovium, 

suggesting activation of stem cells after injury. 

 

Figure 3.9 Initial activation of stem cells after injury 

PDGFRŬ+ stem cells (red) increased mildly in defect area and synovium at 2 weeks post-

injury after macrophage injection-D0, close to Cx3cr1+ macrophages (green). Scale bar: 

25 ɛm. N = 6 joints. 

3.2.5 Detection of Stem Cells at 4 Weeks after Injury 

Distribution of cartilage stem cells at 4 weeks was investigated by analyzing 

expression of the pan-fibroblast/mesenchymal stem cell marker PDGFRŬ (Figure 3.10). 

PDGFRŬ+ cells increased significantly at 4 weeks compared with 2 weeks post-surgery, 

and these were found both in the synovium and defect area (Figure 3.9 and Figure 3.10), 

showing close co-localization with Cx3cr1+ macrophages. Interestingly, some PDGFRŬ+ 

cells were also found to express CX3CR1. 
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Figure 3.10 Active involvement of macrophages and stem cells in cartilage 

regeneration 

PDGFRŬ+ stem cells (red) and Cx3cr1+ macrophages (green) in mice with D0- and D-14 

injection. Arrow head: PDGFRŬ+ Cx3cr1+ cell. Scale bar: 25 ɛm. N = 6 joints. 

3.2.6 Detection of Brdu at 4 Weeks after Injury 

PDGFRŬ+ cells proliferated in the synovium and the defect area, as detected by BrdU 

labeling (Figure 3.11), indicating their role as stem cells contributing to cartilage 

regeneration. In control mice without poor regeneration, BrdU+ stem cells could also be 

detected, suggesting complex reasons for poor regenerative capacity in these mice, simply 

beyond the stem cells themselves.  

 

Figure 3.11 Cell proliferation in the defect area and synovium 

(A and B) BrdU+ cells (white) in mice with D0- and D14-injection. Arrow head: BrdU+ 

cell. Scale bar: 25 ɛm. N = 6 joints. 
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However, we did not find any unique pattern of cell distribution among mice treated 

with different phenotypes of macrophages. These data suggested that synovium-derived 

PDGFRŬ+ stem cells migrated and contributed to cartilage regeneration, potentially 

involving PDGFRŬ and CX3CR1 chemokine receptors. Macrophages located closely to 

stem cells were potentially able to modulate the regenerative microenvironment of stem 

cells. 

3.3 Discussion 

The therapeutic potential of exogenous macrophages in promoting cartilage 

regeneration is heavily dependent on phenotype and delivery timing of the macrophages. 

M2c macrophages, but not M1 and M2a macrophages are able to regenerate both cartilage 

and subchondral bone. M1 and M2a macrophages are known to play key roles in bone 

regeneration64, 117, 118. M1 macrophages can promote osteogenesis of MSCs via COX 2

prostaglandin E2 (PEG2) pathway while M2 enhanced matrix deposition in the late stage 

of bone formation64, 119. But this study indicated that in vivo delivery of these two 

macrophage phenotypes had minimal effects in promoting cartilage regeneration. 

Cytokines and growth factors secreted by M2c macrophages may be essential for 

enhancing cartilage regeneration. TGF-ɓ plays a crucial role in regulating bone and 

cartilage formation120, 121, while IL-10 exerts a protective role on joint and can enhance 

chondrogenesis122. Delivery timing is another important factor influencing regeneration 

outcome. Better cartilage regeneration after D14 injection can be explained by the 

activation time of stem cells. Recruitment of stem cells starts from 1 to 2 weeks in this 

study, which is consistent with the observations of other studies123, 124. Since intra-articular 

injected cells gradually decrease after 2 weeks in the joint cavity125, M2c macrophages 
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delivered after surgery have limited therapeutic efficacy on stem cells and the regenerative 

microenvironment. However, D14 injection of M2c macrophages can improve the 

regenerative microenvironment for stem cells. 

Macrophages can potentially regulate cartilage regeneration via PDGFRŬ+ stem cells. 

It is believed that stem cells from cartilage116 or synovium126, 127, characterized by the 

expression of diverse markers in different studies, are key for cartilage regeneration. 

Similar to our observation, other studies highlighted regenerative contribution of synovium. 

Synovium derived mesenchymal cells migrated along cartilage surface to defect, producing 

fibrous matrix126. Gdf5+ cartilage progenitors in synovium proliferated to enhance 

synovium hyperplasia and actively participated in cartilage repair after injury in Yap-

dependent manner128. Synovial Prg4+ cells exquisitely participated in repair after acute 

injury, expressing multipotency markers CD44 and P75127. Our study also highlighted the 

contribution of synovium macrophages to cartilage regeneration. However, recruitment of 

stem cells is not sufficient to ensure successful regeneration. The extended presence of 

macrophages at the defect site and intimate spatial relationship between stem cells and 

macrophages implies prolonged regulation of the regeneration niche by macrophages and 

potential cellular interactions and cross-talk between macrophages and stem cells. Our 

research indicates that pro-chondrogenic regulation of the microenvironment is crucial for 

complete regeneration. Appropriate regulation of the regeneration niche by M2c 

macrophage delivery at 2 weeks after surgery successfully promotes osteochondral 

regeneration. Future studies would focus on molecular mechanisms of cellular interactions 

and the pathways involved, to elucidate how the microenvironment shape cartilage 

regeneration and improve therapeutic development. 
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3.4 Summary 

In this chapter, the injection study reveals the discrepant influences of macrophage 

subsets on regeneration in the context of osteochondral injury. By providing a pro-

regenerative microenvironment, M2c macrophages are able to promote regeneration of 

cartilage and subchondral bone in mice without regeneration capacity. Apart from 

phenotype, time is another important factor in macrophage-based therapy, also 

demonstrating the common significance of macrophages in regulating regeneration among 

tissues. Synovium derived cells contribute to reconstruction in the defect area. Spatial 

distribution and function discrepancy imply interactions between macrophages and stem 

cells during cartilage regeneration. 
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CHAPTER 4. DELAYED POSTNATAL DE VELOPMENT OF 

PROXIMAL FEMORAL EPI PHYSIS IN SICKLE CEL L DISEASE 

Sickle cell disease causes a series acute and chronic skeleton related complications93. 

However, osteochondral injury in sickle cell disease has not been studied. Hence, 

osteochondral injury under sickle cell disease is investigated in this Chapter, to see what 

differences will sickle cell disease bring to cartilage regeneration and seek potential therapy 

target. 

 

Figure 4.1 Schematic diagram of osteochondral injury study in sickle cell disease 

Also, the postnatal development of proximal femoral epiphysis is investigated in mice 

with sickle cell disease to understand the mechanisms of skeleton abnormality from the 

basis. Delayed postnatal development caused by sickle cell disease is studied. The sex 

difference and potential mechanisms are investigated (Figure 4.2). 
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Figure 4.2 Schematic diagram of postnatal development research design 

4.1 Materials and Methods 

4.1.1 Instruments 

Table 4.1 List of experiment equipment 

Instrument Model Manufacturer 

Autoclave machine AMSCO Lab 250 STERIS life Sciences 

Autostainer Autostainer XL Leica 

Benchtop pH meter OrionÊ Star A211 Thermo Fisher Scientific 

Biological safety cabinet 1300 Series A2 Thermo Fisher Scientific 

Cell incubator Symphony 3078 VWR 

Centrifuge IEC Centra CL2 Thermo Fisher Scientific 

Cryostat  CM3050 S Leica 

Digital ultrasonic cell disruptor Branson Sonifier 150 Fisher Scientific 

Electronic balance PB1502-S METTLER TOLEDO 

Electronic balance XS105 METTLER TOLEDO 

Fluorescence microscope Eclipse Ti Nikon 

High-current power supply PowerPacÊ HC BIO-RAD 

Incubator FormaÊ Series II 3110 Thermo Fisher Scientific 

Inverted light microscope Eclipse TS100 Nikon 

Laser scanning confocal microscope  700 ZEISS 

Light box BL1012/5000K Hall Productions 

Microcentrifuge 5430 R Eppendorf 

Multi-Detection microplate reader SynergyÊ 4 BioTek 

Rotary microtome HM 355 S Leica 

Shaker HS 250 basic IKA LABORTECHNIK 

Stereo microscope Stemi 2000-C ZEISS 

Tissue embedding center TECÊ-II General Data Healthcare 

Tissue processor RTPH-360 General Data Healthcare 
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4.1.2 Animals 

Both male and female mice are used in this Chapter. Mouse is used as sickle cell 

disease model (Hbbtm2(HBG1,HBB*)Tow/Hbbtm3(HBG1,HBB)Tow Hbatm1(HBA)Tow/J, Jackson 

Laboratory), with human hemoglobin knock-in to replace endogenous mouse genes. AA 

mouse refers to normal phenotype used as control. AS refers to sickle cell trait also used 

as control. SS mouse refers to sickle cell disease phenotype. Cathepsin K knockout mouse 

has C57BL/6 gene background, a gift from another lab, generated as described129. 

For osteochondral injury study, 4 weeks old and 8 weeks old mice are used for 

different purposes. Totally, 15 male and 24 female mice were used. Osteochondral surgery 

was performed in the right knee for all mice, while the left joint capsule was only cut 

without osteochondral surgery as sham control. All procedures are approved by IACUC at 

Georgia Institute of Technology (A100192) and performed at PRL (Physiological Research 

Laboratory). 

For femoral head study, 5 months old mice are used in this chapter. Totally, 14 male 

and 14 female mice were used. All procedures are approved by IACUC at Georgia Institute 

of Technology (A100183). 

4.1.3 Hemoglobin Gel Assay 

4.1.3.1 Materials 

Protogel (EC-890, National diagnostics), APS (17131101, GE Healthcare), TEMED 

(17-1312-01, GE Healthcare), Tris base (61-233-RT, Corning®), glycine (04808831, MP 

Biomedicals), Coomassie blue R250 (20278, Thermo Fisher Scientific), NaOH (SX0607N-



 76 

6, EMD Millipore), HCl (BDH7204-1, VWR), glycerol (GR0725-048, Tedia), 

bromophenol blue (BP115-25, Fisher Scientific). 

Safety Lancet, Mini-PROTEAN® Tetra Cell (1658000EDU, BIO-RAD), PCR tube 

(3745, Corning), microcentrifuge tube (89000-026, VWR). 

Table 4.2 5X separating buffer (pH = 8.9) 

Reagent Amount 

dH2O 1 L 

Tris base  266.6 g 

Table 4.3 1X running buffer (pH = 8.3) 

Reagent Amount 

dH2O 1 L 

Tris base  3 g 

Glycine 14.4 g 

Table 4.4 5X loading buffer 

Reagent Amount 

Glycerol 500 ɛl 

Bromophenol blue 0.5 mg 

dH2O 500 ɛl 

4.1.3.2 Procedures 

1) Blood collection: Mice are anesthetized by isoflurane (5% for induction and 1-3% 

during maintenance), mixed with oxygen. A filter is used to protect researchers. Make a 

small sting on the hind paw by Safety Lancet, and collect one drop of blood by gentle 

compression. Release hemoglobin in 10 ɛl water. Samples can be stored at -80 . 
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2) Gel preparation: Native 12.5% PAGE gels of 0.75 mm thickness are prepared 

(Table 4.5). Bubbles should be avoided. Gels can be stored at 4  for several days in 

plastic wrap.  

Table 4.5 Recipe of native 12.5% PAGE gel 

Reagent Volume 

dH2O 4.83 ml 

Protogel 6.25 ml 

5X Separating buffer 3 ml 

1.5% APS 750 ɛl 

TEMED 20 ɛl 

3) Electrophoresis: Prepare 10 ɛl samples (7 ɛl dH2O, 2 ɛl 5X loading buffer, 1 ɛl 

blood mixture for each sample). Assemble the electrophoresis system Positive and negative 

electrodes should never be inverted. Fill the electrophoresis cell with running buffer and 

load samples carefully into wells of the gel. Electrophoresis is performed under 170 V for 

40 min to 1 h at room temperature. 

4) Imaging: Stop electrophoresis and take the gels out carefully. Gels are stained by 

Coomassie blue for 10 min with continuous shaking. After wash in water for three times, 

gels can be checked on the light box. Normal hemoglobin (A, lower bands in the gel) and 

sickle cell disease hemoglobin (S, upper bands in the gel) can be identified for genotyping 

(Figure 4.3).  

 

Figure 4.3 An example of hemoglobin gel assay result 
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4.1.4 Osteoclast Culture 

4.1.4.1 Materials 

Ŭ-MEM medium (SH30265.01, HyClone), FBS (SH30530.03, HyClone), penicillin-

streptomycin (15140-122, Gibco), M-CSF (315-02-, PeproTech), RANKL (462-TEC-010, 

R&D Systems), trypsin (Caisson Labs, TRL02-100ML), Trypan blue (A18600, Alfa 

Aesar), 1X PBS (21040CV, Corning), NH4Cl (A9434, Sigma-Aldrich), KHCO3 (60339, 

Sigma-Aldrich), EDTA (E6511-500G, Sigma-Aldrich). 

Petri dish (7455, Midland Scientific), iris scissors, serrated forceps, 96-well plate 

(165305, Thermo Scientific), cell scraper (229310, CELLTREAT), isopropanol pad, 15 ml 

conical tube (229411, CELLTREAT), 50 ml conical tube (89401-562, VWR), 10 ml 

syringe (309604, Becton Dickinson), 26G needle (BD 305110, Becton Dickinson), 0.2 ml 

tube (20170-012, VWR), cell strainer (229483, CELLTREAT), hemocytometer (0267110, 

Fisher Scientific), Kim wipe. 

Table 4.6 Complete medium 

Reagent Amount 

Ŭ-MEM medium 445 ml 

FBS 50 ml 

PS 5 ml 

Table 4.7 1X RBC lysis buffer 

Reagent Amount 

NH4Cl 8.29 g 

KHCO3 1 g 

0.25M EDTA 0.4 ml 

dH2O 1 L 

4.1.4.2 Procedures 
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1) Bone harvest: Euthanize mice by CO2 at 3.5 L/min in an airtight chamber. Harvest 

hind legs as soon as possible and remove most surrounding soft tissues by scissors and 

forceps on the bench. Clean the remaining muscle by Kim wipe. Cut the patella tendon and 

put the femur and tibia in a tube with sterile PBS in ice. All operations should be careful to 

avoid breaking the bone and exposing the bone marrow. 

2) Bone marrow isolation: Bone marrow isolation should be performed in a biosafety 

hood with autoclaved surgical tools. Wipe the bones with isopropanol pad. Hold the bone 

by forceps and cut the epiphysis by scissors. Flush the bone marrow cavity with 10 ml Ŭ-

MEM medium by 10 ml syringe with 26G needle, through cell strainer into 50 ml tube. 

Bones will turn white if bone marrow has been flushed out completely. Clean the forceps 

and scissors by isopropanol pad for next sample. Centrifuge for 5 min at 1,000 rpm.  

3) RBC lysis: Aspirate the medium and resuspend cells gently by 2.5 ml sterile cold 

RBC lysis buffer at room temperature. After 5 min, add 2.5 ml Ŭ-MEM medium. Centrifuge 

for 5 min at 1,000 rpm. Pellet should turn white from reddish after RBC lysis. 

4) BMM culture: Aspirate the medium and resuspend cells in 5 ml complete medium. 

Seed cells into 10 cm Petri dish homogeneously with 5 ml complete medium containing 

30 ng/ml M-CSF. Culture cells in the incubator for 3 days at 37  with 5% CO2. 

5) Osteoclast differentiation: Aspirate the medium, wash cells with sterile PBS gently. 

Aspirate PBS and add 2 ml 0.25% trypsin-EDTA. Put dishes in the incubator (37 , 5% 

CO2) for 5 min, and check if cells are detached. Add 3 ml complete medium, and scrape 

the cells with a cell scraper if needed. Transfer cells into 15 ml conical tube and centrifuge 

for 5 min at 1,000 rpm. Aspirate the medium, and resuspend cells in 5 ml complete medium. 
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Count cells with a hemocytometer and 0.4% Trypan blue solution. Prepare dilution of cell 

suspension in complete medium containing 30 ng/ml M-SCF and 50 ng/ml RANKL. Seed 

cells into 96-well plate with 5,000 cells/well in 150 ɛl osteoclast culture medium. Cells 

cultured in complete medium with 30 ng/ml M-SCF are used as negative control during 

osteoclast culture. Osteoclasts are usually cultured for 3-5 days. Change medium with fresh 

factors every three days. 

4.1.5 Quantification of Osteoclast 

4.1.5.1 Materials 

PFA (15714, Electron Microscopy Sciences), ethanol (89234-850, VWR), acetone 

(BDH1101-4LP, VWR), HCl (BDH7204-1, VWR), NaCl (S9888, Sigma-Aldrich), KCl 

(BP366-500, Fisher Scientific), Na2HPO4 (470302-660, VWR), KH2PO4 (AC424200250, 

ACROS), TRAP staining kit (294-67001, FUJIFILM) 

4.1.5.2 Procedures 

1) Fixation: Aspirate culture medium, and fix cells in 4% PFA at room temperature 

for 10-15 min. Aspirate PFA, add 100 ɛl PBS to each well. 

2) TRAP staining: Perform TRAP staining on cells following manufacturerôs 

instructions. Briefly, after incubation by 1:1 ethanol/acetone solution and wash by PBS, 

freshly prepared TRAP staining solution is added to the plate, incubated at 37  for 30 

min. Wash the plate with PBS to remove excess staining solution. 
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3) Microscopy: Perform microscopy on stained cells. Then, stain the nuclei of cells 

and perform microscopy on the same location for each sample. 

4) Counting: TRAP positive cells (stained as deep red) with more than 2 nuclei (Ó3) 

are counted as osteoclasts. Counting is done manually by Image J. 

4.1.6 Quantification of Protein Concentration 

4.1.6.1 Materials 

Tris HCl (RC-108, G Biosciences), Tween® 20 (97062-332, VWR), TritonÊ X-100 

(TX1568-1, EMD Millipore), NaF (S7920-100G, Sigma-Aldrich), EGTA (ED0077-100, 

Bio Basic), NaCl (S9888, Sigma-Aldrich), glycerol phosphate (195206, MP Biomedicals), 

sodium orthovanadate (S6508-10G, Sigma-Aldrich), NaOH (SX0607N-6, EMD 

Millipore), HCl (BDH7204-1, VWR), leupeptin (14026, Cayman Chemical Company), 

polyester sealing film (60941-062, VWR), KH2PO4 (AC424200250, ACROS), Na2HPO4 

(470302-660, VWR), KCl (BP366-500, Fisher Scientific), Micro BCAÊ protein assay kit 

(23235, Thermo ScientificÊ) 

Table 4.8 Lysis buffer (pH = 7.5) 

Reagent Amount 

dH2O 500 ml 

Tris HCl  1.21 g 

EGTA 915 mg 

NaCl 4.38 g 

Glycerol phosphate 2.16 g 

NaF 210 mg 

Sodium orthovanadate 91.95 mg 

TritonÊ X-100 5 ml 

TweenÈ 20 500 ɛl 
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96-well plate (9017, Corning), 0.2 ml tube (20170-012, VWR), 15 ml conical tube 

(229411, CELLTREAT), reagent reservoir (89094-666, VWR). 

4.1.6.2 Procedures 

1) Lysate preparation: Aspirate culture medium and wash the cells in 96-well plate 

with PBS buffer gently. Remove PBS buffer. Add total 100-200 ɛl lysis buffer (Table 4.8) 

with 0.1mM leupeptin for each sample, and scratch the cells by tips to help cell lysis. 

Collect the cell lysate. Disrupt the mixture by ultrasonic in ice for interrupted 30 s. 

Centrifuge the lysate at 10,000 rpm for 5 min at 4 . Discard the debris at the bottom and 

collect the supernatant lysate for the following assay. Lysate can be stored at -20  and 

thaw on ice. Keep samples in ice during assay. Repeated freeze-and-thaw cycles should be 

avoided as much as possible to reserve proteins and enzyme activity. 

2) Diluted lysis buffer (DLB): Prepare 1:10 dilution of lysis buffer, 2.5 ml for each 

96-well plate. 

Table 4.9 BSA standards for micro BCA protein determination 

Well Standard (ɛg/ml)  dH2O (ɛl) Diluted BSA (ɛl) DLB (ɛl) 

1 BLANK 90 0 10 

2 2 86 4 10 

3 4 82 8 10 

4 8 74 16 10 

5 12 66 24 10 

6 16 58 32 10 

7 20 50 40 10 

8 25 40 50 10 

9 30 30 60 10 
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3) Diluted BSA standard: Dilute 26 ɛl BSA stock (2 mg/ml) in the kit in 1014 ɛl dH2O 

for each 96-well plate, prepare 50 ɛg/ml BSA standard. And set up protein standards 

gradient (Table 4.9) in the 96-well plate for measurement in duplicate. 

4) Sample dilutions: Prepare samples (Table 4.10) in a new 96-well plate in duplicate. 

Add 90 ɛl dH2O to each sample well in the measurement plate. Transfer 10 ɛl sample from 

dilution plate to measurement plate in the corresponding well. 

Table 4.10 Dilution of lysate for micro BCA protein determination 

 Diluent Sample Final dilution 

#1 45 ɛl dH2O 5 ɛl lysate 100 

#2 40 ɛl DLB 10 ɛl #1 500 

#3 45 ɛl DLB 5 ɛl #1 1000 

5) Reaction: Prepare BCA cocktail freshly (6 ml A, 5.76 ml B and 240 ɛl C), 12 ml 

for the whole 96-well plate. Add 100 ɛl mixture to each well in the measurement plate. 

Seal the plate with film and incubate for 1 h at 37 . 

6) Reading: Remove the film and read the plate at 562 nm. 

7) Calculation: Absorbency (y) has a linear relationship with protein concentration of 

testing samples (x, ɛg/ml): y = mx + C. Slope (m) and intercept (C) of the function can be 

calculated from gradient BSA standards. Then, protein concentration of unknown samples 

can be calculated accordingly. Use the average for protein concentration calculation. A 

template Excel file can simplify the calculation process. Choose the best dilution of lysate 

to prepare protein samples for the following protein assays. 

4.1.7 Zymography of Cathepsins 
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4.1.7.1 Materials 

Protogel (EC-890, National diagnostics), gelatin (G9764 -500, Bio Basic), APS 

(17131101, GE Healthcare), SDS (28365, Thermo Fisher Scientific), TEMED (17-1312-

01, GE Healthcare), butanol (L13171-AU, Alfa Aesar), Tris base (61-233-RT, Corning®), 

Tris HCl (RC-108, G Biosciences), glycerol (GR0725-048, Tedia), glycine (04808831, MP 

Biomedicals), EDTA (E6511-500G, Sigma-Aldrich), Coomassie blue R250 (20278, 

Thermo Fisher Scientific), isopropanol (PX1830-4, EMD Millipore), acetic acid (695092-

4L, Sigma-Aldrich), protein ladder (1610393, BIO-RAD), DTT (04856126, MP 

Biomedicals), Tween® 20 (97062-332, VWR), TritonÊ X-100 (TX1568-1, EMD 

Millipore), NaF (S7920-100G, Sigma-Aldrich), EGTA (ED0077-100, Bio Basic), NaCl 

(S9888, Sigma-Aldrich), glycerol phosphate (195206, MP Biomedicals), sodium 

orthovanadate (S6508-10G, Sigma-Aldrich), NaOH (SX0607N-6, EMD Millipore), HCl 

(BDH7204-1, VWR), NaH2PO4 (71496, Sigma-Aldrich), Na2HPO4 (470302-660, VWR), 

bromophenol blue (BP115-25, Fisher Scientific).  

Mini -PROTEAN® Tetra Cell (BIO-RAD), 0.2 ml tube (20170-012, VWR), 

microcentrifuge tube (89000-044, VWR). Buffer recipes are listed in the tables below. 

Table 4.11 5X separating buffer (pH = 8.9) 

Reagent Amount 

dH2O 1 L 

Tris base  266.6 g 

Table 4.12 5X stacking buffer (pH = 6.7) 

Reagent Amount 

dH2O 1 L 

Tris HCl  38 g 
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Table 4.13 1X SDS-PAGE running buffer (pH = 8.3) 

Reagent Amount 

dH2O 1 L 

Tris base  3 g 

Glycine 14.4 g 

SDS 1 g 

Table 4.14 5X non-reducing buffer (pH = 6.8) 

Reagent Volume (ml) 

Bromophenol blue 0.05 g 

SDS 10 g 

1.5M Tris HCl 20.8 ml 

Glycerol 50 ml 

Table 4.15 Renaturing buffer (pH = 7.4) 

Reagent Amount 

dH2O 400 ml 

Tris base  3.94 g 

Glycerol 100 ml 

Table 4.16 Assay buffer (pH = 6.0) 

Reagent Amount 

dH2O 250 ml 

0.2 M NaH2PO4  219.25 ml 

0.2 M Na2HPO4 30.75 ml 

0.25 M EDTA 2 ml 

Table 4.17 Coomassie blue stain 

Reagent Amount 

dH2O 650 ml 

Isopropanol 250 ml 

Acetic acid 100 ml 

Coomassie blue 450 mg 

Table 4.18 Destain reagent 

Reagent Volume (ml) 

dH2O 800 

Isopropanol 100 

Acetic acid 100 
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4.1.7.2 Procedures 

1) Sample preparation: Freeze and thaw cycles should be avoided for zymography to 

reserve proteinase activity. So, zymography should be performed before western blot. After 

determining the protein concentration of samples by BCA assay, prepare the 25 ɛl reaction 

system with the same initial mass of protein and 5 ɛl 5X non-reducing buffer. Replenish 

the total volume to 25 ɛl with lysis buffer. Sample mixture can be stored at -20  until 

zymography if needed. 

2) Gel preparation: Gels of 0.75 mm thickness are prepared freshly for zymography 

in the assembly. Mix the reagents of separating gel (12.5% polyacrylamide gels with 0.1% 

gelatin following the recipe in Table 4.19), and add the mixture into the mold cavity. Add 

1 ml Butanol to flatten the gel surface and eliminate the foam. After gelation, remove the 

butanol and wash the cavity with dH2O twice. 

Table 4.19 Recipe of separating gel 

Reagent Volume 

dH2O 860 ɛl 

Protogel 3.33 ml 

Gelatin (5 mg/ml) 1.72 ml 

5X Separating buffer 1.6 ml 

1.5% APS 400 ɛl 

10% SDS 80 ɛl 

TEMED 7.5 ɛl 

Table 4.20 Recipe of stacking gel 

Reagent Volume 

dH2O 1.9 ml 

Protogel 1.0 ml 

5X stacking buffer 1.0 ml 

1.5% APS 1.0 ml 

10% SDS 50 ɛl 

TEMED 4 ɛl 
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Remove remaining water, and add the mixture of stacking gel (Table 4.20). Insert the 0.75 

mm 10-well comb into the cavity before gelation. After gelation, remove the comb. All 

operations should be careful to avoid making air bubbles in the gel or breaking the gel. 

3) Electrophoresis: Assemble the electrophoresis system. Positive and negative 

electrodes should never be inverted. The whole system should be placed in ice. Fill the 

electrophoresis cell with SDS-PAGE running buffer. Load 10 ɛl protein ladder, 20 ɛl 

samples and lysate of RAW 264.7 macrophages into the wells. Electrophoresis is 

performed under 100 V for 1 h 40 min at 4 . 

4) Renaturing: Wash the gels with cathepsin renaturing buffer (Table 4.15) for 10 min 

three times at room temperature on the shaker. 

5) Reaction: Wash the gels with assay buffer (Table 4.16) for at least 30min. Incubate 

the gels in assay buffer at 37  on the shaker overnight. DTT should be added to assay 

buffer freshly. 

6) Staining: Wash the gels with dH2O for 10min. Stain the gels with Coomassie Blue 

at room temperature on the shaker overnight. 

7) Imaging: Remove excess Coomassie blue and incubate the gels in destain reagent 

(Table 4.18) on the shaker overnight. Perform imaging for the gels. 

4.1.8 Histology Staining of Femoral Head 

4.1.8.1 Materials  
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PFA (15714, Electron Microscopy Sciences), EDTA (E6511-500G, Sigma-Aldrich), 

HCl (BDH7204-1, VWR), NaCl (S9888, Sigma-Aldrich), KCl (BP366-500, Fisher 

Scientific), Na2HPO4 (470302-660, VWR), KH2PO4 (AC424200250, ACROS), 100% 

alcohol (89370-084, VWR), xylene (89370-088, VWR), xylene substitute (89370-090, 

VWR), paraffin (39602004, Leica), Gillôs hematoxylin (10143-152, VWR), eosin Y 

(71311, Thermo Scientific), acetic acid (695092, Sigma-Aldrich), Scottôs tap water 

substitute (26070-07, Electron Microscopy Sciences), fast green (F7258, Sigma-Aldrich), 

safranin O (S8884, Sigma-Aldrich), TRAP staining kit (387A-1KT, Sigma-Aldrich), 

mounting medium (294-67001, Thermo Scientific) 

Staining rack, staining tank, coverslip (48404-453, VWR), adhesive microslide 

(48311-703, VWR), processing/embedding cassette (961-70046, Spectrum). 

4.1.8.2 Procedures 

Table 4.21 Routine paraffin processing program 

Step Reagent Time Temperature 

1 80% alcohol 30 min RT 

2 95% alcohol 1 h 30 min RT 

3 100% alcohol 1 h RT 

4 100% alcohol 1 h RT 

5 100% alcohol 1 h 30 min RT 

6 Xylene 1 h 40  

7 Xylene 1 h 40  

8 Xylene 1 h 40  

9 Paraffin 1 h 30 min 60  

10 Paraffin 2 h 60  

11 Paraffin 10 min 60  

1) Sample processing: Fix and decalcify the samples as described in 

Immunohistochemistry Staining. After wash samples with PBS, dehydrate and store the 
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samples in 70% ethanol solution at 4 . Process the samples on with routine program 

listed in Table 4.21. 

2) Paraffin embedding and sectioning: Please refer to Histology.  

3) H&E staining: Deparaffinization, rehydration, H&E staining and dehydration are 

done on the autostainer following routine H&E staining program listed in Table 4.22.  

Table 4.22 Routine H&E staining program 

Step Reagent Time 

1 Xylene substitute 5 min 

2 Xylene substitute 5 min 

3 Xylene substitute 5 min 

5 100% alcohol 2 min 

6 100% alcohol 2 min 

7 95% alcohol 2 min 

8 70% alcohol 2 min 

9 Water 2 min 

10 Hematoxylin 1 min 

11 Water 1 min 

12 Acid alcohol  1 s 

13 Water 1 min 

14 Scottôs 30 s 

15 Water 2 min 

16 95% alcohol 1 min 

17 Eosin, alcoholic 1 min 

18 95% alcohol 30 s 

19 100% alcohol 1 min 

20 100% alcohol 2 min 

21 100% alcohol 3 min 

22 Xylene substitute 3 min 

23 Xylene substitute 3 min 

24 Xylene 1 min 

4) Safranin O staining: After deparaffinization and rehydration on the autostainer, 

perform Safranin O and fast green staining following the steps in Table 2.10. 

5) Mounting: Take slides out of xylene, and dry slides in air for a while to remove 

excess xylene. Mount the slides with mounting medium. Bubbles should be avoided. 
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6) TRAP staining: Prepare TRAP staining reagents freshly according to 

manufacturerôs instructions. After deparaffinization, draw incubation area by PAP pen for 

samples on slides to save regents. Incubate the sections with suitable amount of TRAP 

staining reagents in the humidity chamber at 37  for 1 h. Wash sections in dH2O and 

counterstain the sections with Gillôs No.3 hematoxylin for 2 min at room temperature. 

Wash slides thoroughly in tap water, and then move slides into Scottôs tap water substitute 

until nuclei turns blue. Air dry the slides and perform mounting. 

4.1.9 Immunohistochemistry Staining 

Procedures please refer to Immunohistochemistry Staining, with minor differences in 

this chapter. PBS is used instead of TBS. Donkey serum (D9663-10ML, Sigma-Aldrich) 

is used instead of goat serum. Medium (0100-1, SouthernBiotech) is used for mounting. 

Table 4.23 Antibodies for immunohistochemistry staining 

Antibody Manufacturer  Cat. No. Dilution  

Endomucin antibody SANTA CRUZ sc-65495 1:50 

Anti-mouse Ly-6A/E (Sca-1) antibody BioLegend 122501 1:100 

Anti-mouse F4/80 antibody BioLegend 123102 1:200 

Goat anti-Rat IgG (H+L) cross-adsorbed 

secondary antibody, Alexa Fluor 488 
Invitrogen A-11006 1:200 

Donkey anti-Rat IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor 

488 

Invitrogen A-21208 1:200 

4.1.10 Construction of Murine Osteochondral Defect Model 

4.1.10.1 Materials 

Sterile saline (0.9 % NaCl), Nair cream, isoflurane (11695-6777-2, Covetrus), oxygen, 

buprenorphine-SR. 
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Gauze, surgical drape, 1 ml syringe (BD 309659, Becton Dickinson), isopropanol pad, 

26G needle (BD 305110, Becton Dickinson), 3# scalpel holder, 15# scalpel blade (72044-

15, Electron Microscopy Sciences), serrated forceps, iris scissors, needle holder, ear 

puncher, wound clip, wound clip applier, 6-0 sutures (G492N, Surgical Specialties), 

medical tape, silicone elastomer kit (SYLGARDÊ 184, Dow), coverslip (12-542-B, 

VWR), microscope slide (2947-75X25, Corning). 

4.1.10.2 Procedures 

1) Defect construction tool: The tool to construct osteochondral defect is modified 

from standard 26G needle on a custom-made working platform similar to Figure 2.2 with 

moderate improvement (Figure 4.4, not drawn to scale). 

 

Figure 4.4 Defect construction tool modified from standard 26G needle (improved) 

A tight shell is fixed at 390 ɛm from the needle tip, to limit the depth of constructed 

defect. Modified needles should be autoclaved before surgery use.  

2) Anesthesia: Mice are anesthetized by isoflurane, and fixed under stereo microscope 

with medical tape on a warm pad of 37 . Hind legs are epilated by Nair cream and 

sterilized by isopropanol pad.  
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3) Surgery: Please refer to Construction of Murine Osteochondral Defect Model. 

4) Suture: Suture the joint capsule as described before in Construction of Murine 

Osteochondral Defect Model. Skin incision is closed by wound clip.  

5) Post-surgery: Mice are injected subcutaneously with buprenorphine-SR (0.8-1 

mg/kg) for analgesia and placed under a heating light until they recover. They should be 

under close observation in a few days. 

4.1.11 Statistical Analysis 

Refer to Statistical Analysis. 

4.2 Results 

4.2.1 Altered Spontaneous Regeneration in Sickle Cell Disease 

Unlike self-regeneration of cartilage tissues in wildtype C57BL/6 mice, all genotypes 

fail to regenerate the cartilage layer, without staining by safranin O at defect. However, 

reconstruction of subchondral bone seemed not to be affected (Figure 4.5). 
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Figure 4.5 Histology staining of articular cartilage 

Blue arrow: defect area. Scale bar: 50 ëm. N Ó 4 joints. 

Ongoing osteogenesis could be observed at defect. However, SS mice showed delayed 

osteogenesis than AA mice, indicated by mild safranin O staining and cartilaginous cell 

arrangement. And a lot of multinucleated cells could be detected at defect in SS mice, while 

most cells in AA and AS mice are mononucleated. 

4.2.2 Osteoclast in Cartilage Regeneration 

Since osteoclast is important for bone remodeling and multinucleated, TRAP staining 

was performed to detect osteoclasts in the defect area (Figure 4.6). 
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Osteoclasts were hardly detected in neo-tissues filling the defect. They were active at 

the interface of neo-tissues and subchondral bone, indicating ongoing bone remodeling and 

integration with surrounding tissues. 

 

Figure 4.6 Activated osteoclast at defect after osteochondral injury 

Red arrow: defect area, red arrow head: osteoclast. Scale bar: 100 ëm (4X, upper) and 

25 ëm (40X, lower). N Ó 4 joints. 

4.2.3 No Improvement for Cartilage Regeneration by Cathepsin K Knockout  

Predominantly expressed by osteoclast, cathepsin K plays an important role in 

cartilage and bone degradation130, 131. The influence of cathepsin K knockout was 

investigated in osteochondral injury (Figure 4.7). 

In 4 weeks old mice, knockout of cathepsin K could not promote native regeneration, 

and on the contrary these mice could not regenerate cartilage tissues after osteochondral 

injury like juvenile wildtype C57BL/6 mice. But the defect was filled with bone tissues, 

indicating the capacity to regenerate subchondral bone. 

8 weeks old mice showed similar responses to wildtype C57BL/6 mice. Regeneration 

of cartilage and subchondral bone were both suppressed. 
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Figure 4.7 Histology staining of articular cartilage in cathepsin K knockout mice at 

different ages 

Blue arrow: defect area. Scale bar: 50 ëm. N Ó 4 joints. 

4.2.4 Delayed Postnatal Development of the Proximal Femoral Physis Caused by Sickle 

Cell Disease  

To observe postnatal development of proximal femoral physis, femoral heads of 5 

months old mice were harvested and stained (Figure 4.8). Morphology of femoral head in 

5 months old mice was observed by H&E staining. Cartilage and bone tissues could be 

distinguished by Safranin O staining, as cartilage matrix was stained as red while bone 

tissues were stained as green. In most normal male AA mice, postnatal development of 

proximal femoral physis reached the end point at the age of 5 months. Epiphyseal fusion 

was completed and physis was absent. Calcified cartilage was replaced by trabecular bone. 

Similar results could be observed in AS mice, with sickle cell trait but normal functions. 

However, in SS mice, ongoing resorption of physis was observed, and hypertrophic 
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chondrocytes could be seen in incompletely ossified area, indicating delayed postnatal 

development of proximal femoral physis caused by sickle cell disease. Female mice were 

also analyzed (Figure 4.9).  

 

Figure 4.8 Delayed postnatal development of proximal femoral physis in male SS 

mice 

Scale bar: 250 ëm. N Ó 4 joints. 

 

Female mice showed general later beginning of resorption event than male mice. In 

normal female AA mice, the cartilaginous matrix was replacing by bony tissues, indicating 

the ongoing resorption and ossification. In female AS mice, only half samples showed 

ongoing resorption while others still demonstrated mineralized cartilaginous matrix in the 

area above physeal plate (Figure 4.10). Four out of five female SS proximal femoral 

epiphysis samples demonstrated predominant safranin O stained cartilage tissues in the 
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femoral head, indicating similar delayed development in female mice with sickle cell 

disease.  

 

Figure 4.9 Delayed postnatal development of proximal femoral physis in female SS 

mice 

Scale bar: 250 ëm. N Ó 3 joints. 

 

Figure 4.10 Ossification degree of proximal femoral epiphysis 

N Ó 3 joints. 
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By summarizing the ossification degree in all samples (Figure 4.10), delayed 

resorption and fusion trend could be clearly observed in mice with sickle cell disease, 

despite of the difference in the resorption time caused by sex and among individuals. 

4.2.5 Increased Osteoclast Activity in Sickle Cell Disease 

 

Figure 4.11 TRAP staining of male proximal femoral epiphysis 

Osteoclasts are indicated by blue arrow. Scale bar: 250 ɛm (4X, left) and 25 ɛm (40X, 

three columns on the right). N = 3 joints. 

Since osteoclast plays an important role in the resorption of bone and cartilage, TRAP 

staining was performed to detect osteoclasts (Figure 4.11). Upper (articular cartilage and 

subchondral bone), middle (mineralized cartilage, trabecular bone or resorbed area) and 

lower regions (trabecular bone or physeal plate) in the resorption part of femoral head were 

selected and five 40X images were taken across each area for observation and counting. 

Osteoclasts could be observed in bone marrow, trabecular bone and the interface between 

articular cartilage and subchondral bone in all genotypes of mice. In SS femoral head, 
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however, tremendous activating osteoclasts could be detected around physeal plate, 

indicating ongoing resorption activity. Osteoclasts were intensive in resorbing area while 

no osteoclast could be detected inside calcified cartilage without resorption event. 

 

Figure 4.12 Quantification of osteoclasts in male femoral head 

Kruskal-Wallis test corrected with Dunnôs test. N = 3 joints. 

 

Figure 4.13 Quantification of osteoclasts in different regions 

Kruskal-Wallis test corrected with Dunnôs test within each region or each genotype. N = 

3 joints. 

The number of osteoclasts per bone surface (No. Os/BS) and the number of osteoclasts 

per bone volume (No. Os/BV) are quantified (Figure 4.12). Significant increase of 
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activating osteoclasts was detected in SS mice, while no statistical significance could be 

observed between AA and AS mice. 

The trend of increased osteoclasts in SS femoral head could be observed within 

different regions among genotypes. But generally, no great differences could be detected 

among different regions within each genotype (Figure 4.13). 

4.2.6 Osteoclast Culture and Staining 

 

Figure 4.14 Schematic diagram of osteoclast formation 

.  

Figure 4.15 TRAP staining of osteoclast 

N Ó 3 mice 
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Figure 4.16 Quantification of osteoclast at day 3 and day 5 

Kruskal-Wallis test corrected with DunnĽs test. N Ó 3 mice. 

To investigate whether sickle cell disease causes native alteration from the source, 

bone marrow progenitors were harvested and induced to form osteoclasts and detected by 

TRAP staining at 3 and 5 days after osteoclast induction (Figure 4.14 and Figure 4.15).  

By quantification of osteoclasts at 3 days and 5 days after induction by RANKL, 

difference in osteoclast formation capacity could be observed (Figure 4.15 and Figure 4.16). 

SS bone marrow demonstrated reduced osteoclasts formation compared with AA or AS 

mice. SS bone marrow formed less cells in total, but there was no big difference in 

percentage of osteoclasts in total cells during culture. Despite of subtle differences, day 3 

and day 5 showed similar trend of reduced osteoclasts in SS bone marrow compared with 

AA or AS mice. 
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Sex difference affected the culture results, but the difference seemed to be subtle 

during in vitro culture. Female SS bone marrow showed increased osteoclast formation 

capacity at day 5 (Figure 4.17). 

 

Figure 4.17 Minor differences in bone marrow from male and female mice 

Manne-Whitney U test within each genotype. N Ó 3 mice. 

4.2.7 Zymography 

 

Figure 4.18 Zymography (pH = 6) of cathepsin K, S and L from AS and SS bone 

marrow induced osteoclasts 

N = 5 tests. 
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Cathepsin (Cat) activity was detected by zymography (Figure 4.18). 

Cathepsin activities changed during osteoclast differentiation, compared with primary 

macrophage control at day 0 before induction. Although variations existed among gels (p > 

0.05), they showed similar trend. Cathepsin K and S increased after osteoclast 

differentiation, while cathepsin L showed inverse trend (Figure 4.19). And in the same gel, 

SS primary macrophages (D0) had higher activated cathepsin K, S and L, and SS 

osteoclasts (D5) also had higher activated cathepsin S and L. However, SS osteoclasts 

showed lower activated cathepsin K than AS samples, consistent with reduced osteoclast 

formation of SS bone marrow. Bands of cathepsin K and S in the gel were also confirmed 

by knockout (KO) samples (Figure 4.20), as no cathepsin S or K could be detected in CatS 

KO or CatK KO bone marrow cells respectively. 

 

Figure 4.19 Cathepsin activity normalized to RAW control 

N = 5 tests. 

Kruskal-Wallis test corrected with Dunnôs test. N = 5 tests. 
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Figure 4.20 Zymography (pH = 6) of cathepsin K, S and L from cathepsin K or S 

knockout bone marrow induced osteoclasts 

N = 5 tests. 

4.2.8 Immunohistochemistry Staining of Sca-1 

 

Figure 4.21 Disturbed vasculature in male proximal femoral epiphysis by sickle cell 

disease 

Scale bar: 100 ɛm. N = 3 joints. 

Since sca-1 is highly expressed in artery and arteriole132, blood vessels in the femoral 

head were detected by IHC staining of sca-1 (Figure 4.21 and Figure 4.22).Vasculature 

was greatly influenced by sickle cell disease. Arteries (Sca-1hi large vessels) and arterioles 

(Sca-1hi small vessels) were well-organized in control mice (AA and AS). In contrast, they 

are highly tortuous and branched throughout the bone marrow cavity of femoral head in 
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SS mice, with increased sinusoids and dilated lumina. These disordered vessels also 

occupied more space in bone marrow cavity than normal AA mice. 

 

Figure 4.22 Quantification of blood vessel features on IHC images of Sca-1 in 

proximal femur epiphysis 

Manne-Whitney U test for diameter data, and unpaired t test for other data. N = 3 joints. 

4.2.9 Immunohistochemistry Staining of Endomucin 

 

Figure 4.23 Altered vascular niche in male proximal femoral epiphysis 

Scale bar: 100 ɛm. N = 3 joints. 
























































