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DIFFERENTIAL RECRUITMENT OF BONE MARROW-DERIVED CELLS INTO 

THE INJURED RETINA  

 

BRIGHT ASARE-BEDIAKO 

 

VISION SCIENCE 

 

ABSTRACT  

 

 The hematopoietic system, which resides in the bone marrow in adults, maintains 

the constant turnover of blood cells in the circulatory system and supplies 

inflammatory/vascular reparative cells to the retina. Chronic metabolic diseases disrupt 

hematopoietic homeostasis, suppressing the generation of bone marrow-derived reparative 

cells in favor of pro-inflammatory cells. While much research has been done on 

development and disease-associated changes in hematopoiesis in the long bones and how 

mobilization to the retina is affected, the calvarium's hematopoiesis is underexplored. This 

dissertation investigated hematopoiesis in postnatal development and in disease, 

comparing calvarium hematopoiesis to that of long bones. The findings showed that 

hematopoietic cells are recruited into the retina prenatally, distributed over the entire retina 

at birth and are critical for retinal angiogenesis in development. In addition, the calvarial 

marrow showed delayed hematopoietic development, delayed reconstitution of blood but 

enhanced engraftment of hematopoietic stem and progenitor cells (HSPCs) compared to 

long bones. Using retina ischemia-reperfusion injury model, it was observed that the 

calvaria marrow contributes more neutrophils and myeloid angiogenic cells (MACs) to the 

retina than the long bones following acute injury, even though the proportion of neutrophils 

and MACs at baseline were not significantly different between the two compartments. In 

chronic type 2 diabetes, it was observed that the calvarial marrow showed a resistance to 

the damaging effects of type 2 diabetes. The calvarium underwent slower bone 
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deterioration, reduced buildup of fat content and less vascular degeneration compared to 

the tibia during chronic type 2 diabetes. This cumulatively resulted in a relative 

preservation of hematopoietic stem and progenitor cell function and an increase in 

erythroid lineage cells in the calvarial marrow and may explain, in part, why diabetic 

retinopathy is delayed in its development as the source of reparative cells for the retina 

comes from this protected compartment. Taken together, this dissertation has uncovered 

novel details about intramedullary hematopoiesis that shows that hematopoiesis in different 

bone marrow compartments is functionally different and important for the development of 

a healthy retina. It also highlights the significance of the calvaria bone marrow as a special 

source of reparative cells for the retina and survival of HSPCs and also a potential 

therapeutic target for delivery of therapeutic agents aimed at preventing or treating diabetic 

bone marrow damage and retinopathy. 

 

Keywords: calvarial marrow, retinal angiogenesis, retinal ischemia-reperfusion, long 

bones, development of hematopoiesis, relative preservation of hematopoiesis 
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INTRODUCTION 

Hematopoiesis Overview 

Hematopoiesis is the process by which all blood cells- erythrocytes, platelets, 

neutrophils, macrophages, monocytes, natural killer cells, T-lymphocytes and B-

lymphocytes, are continuously produced throughout life [1, 2]. It is the expansion and 

subsequent differentiation of blood-fated stem cells in the bone marrow into these mature 

phenotypes that are released into circulation [3]. It has long been known that even in the 

healthy state, most blood cells have a rather short lifespan and undergo constant turnover 

(long-lived quiescent stem cells and memory T and B cells the exception), making the 

hematopoietic system one of the most dynamic in the body [4, 5]. Approximately one 

trillion blood cells are produced daily in humans, making blood the most regenerative 

tissue in the body[6]. Although early researchers had reported the observation that the 

bone marrow and spleen contained cells of blood lineage that could rescue bone marrow 

pathology [7], it was studies by Till and McCullough in 1961 [8] and Moore and Metcalf 

in 1970 [9] that provided direct evidence that the bone marrow houses undifferentiated 

cells responsible for reconstituting the blood. As the primary mechanism that regenerates 

the cellular component of blood, hematopoiesis maintains key components of circulatory 

homeostasis.  

Hematopoiesis relies on the maintenance of self-renewal and multilineage 

potential of a small population of quiescent stem cells in the bone marrow called 
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hematopoietic stem cells (HSCs) [10, 11]. When stimulated, HSCs proliferate to produce 

a daughter cell and a stem cell that becomes quiescent, thus maintaining the stem cell 

pool. Thus, while the majority of HSC progeny differentiate into hematopoietic 

progenitor cells (HPCs) that undergo successive periods of lineage commitment into the 

mature blood cells (Figure 1) [12], a few remain in the quiescent undifferentiated state, 

retaining their self-renewal and multipotency to maintain the HSC pool. HSCs therefore 

serve as a source of blood cells for the lifetime of the organism [13]. Maintenance of 

quiescence ensures that in the homeostatic state, HSCs maintain a very low proliferation 

rate to  maintain blood and avoid premature bone marrow exhaustion [14, 15], while 

staying ready to respond to major hematopoietic stressors such as caused by severe injury 

or infection [5]. 

Through reconstitution experiments, it has been shown that the quiescent HSC 

pool in the bone marrow is a small population called long-term hematopoietic stem cells 

(LT-HSCs) or long-term reconstitution cells (LTRs) and that a single LT-HSC is capable 

of repopulating an entire hematopoietic system [16]. Mammals that have sustained 

disorders of hematopoiesis secondary to exposure to lethal and sublethal doses of 

radiation survive after bone marrow/HSC transplantation of donor cells [17, 18]. The 

transplanted donor HSCs migrate to the bone marrow, engraft to establish themselves in 

the marrow, self-renew and differentiate into blood cell lineages. HSCs maintain the 

ability of the hematopoietic system to keep the cellular component of blood in 

homeostasis throughout the lifespan of the organism. Due to their highly regenerative 

potential, HSC transplantation is the most widely used regenerative therapy clinically for 

the treatment of numerous blood disorders [6, 13, 19]. 



3 
 

 

 

Ontogeny of Hematopoiesis in Mice 

Development of hematopoiesis begins early in embryogenesis (Figure 2) [20]. 

Derived from the posterior and lateral plate mesoderm [10], the hematopoietic system is 

spatially and temporally tightly regulated in order to adequately serve the immediate 

physiological needs of the developing embryo while concurrently colonizing emerging 

Figure 1: Hematopoietic tree. Schematic showing the classical model of differentiation 

and lineage commitment of hematopoietic stem cells (HSCs). While both long-term (LT-

HSC) and short-term (ST-HSC) HSCs have multilineage potential, ST-HSCs have slightly 

reduced self-renewal capacity. ST-HSCs differentiate into multipotent progenitors (MPP), 

after which there is stricter lineage commitment into common myeloid progenitor (CMP) 

and common lymphoid progenitor (CLP).  CMPs and CLPs can give rise to all mature 

blood lineages via several more lineage restricted progenitors such as, granulocyte-

macrophage progenitor (GMP) and megakaryocyte-erythroid progenitor (MEP). Note: 

From “New paradigms on hematopoietic stem cell differentiation” by H. Cheng, Z. Zheng 

and T. Cheng, 2020, Protein & Cell, 11, p. 36. Copyright 2019 by Springer Nature. 

Adapted with permission. 
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hematopoietic sites [5]. The first wave of hematopoiesis occurs extra-embryonically in 

the yolk sac at embryonic day (E) 7 [21]. Posterior mesodermal cells cluster in the yolk 

sac to form ‘Blood Islands’; originally thought to be comprised of hemangioblasts- 

primitive cells that differentiate into early endothelial precursors (angioblasts) at the 

periphery of blood islands and primitive hematopoietic cells (erythroblasts) centrally [22, 

23]. However, more recent evidence suggests that the emergence of primitive 

hematopoietic cells precede the formation of ‘blood islands’, where primitive erythroblast 

progenitor cells emerge from the posterior primitive streak and migrate towards the 

proximal yolk sac before being circumscribed by primitive angioblasts [24].  This early 

wave of hematopoiesis is only transient, ensuring a robust production of the much-needed 

erythroid cells early in development before the establishment of circulation. Primitive 

cells from the yolk sac at E7-E9 give rise to primarily primitive erythroid cells, primitive 

megakaryocytes, and myeloid cells (macrophages), and is termed ‘primitive 

hematopoiesis’ [21]. HSCs with higher hematopoietic potential appear in the yolk sac 

after E9, but have been shown to partly arrive from an intraembryonic source elsewhere, 

such as the aorta-gonad-mesonephros (AGM) [22]. 

Primitive hematopoiesis is followed by a second partially overlapping wave of 

hematopoiesis termed erythro-myeloid progenitor (EMP) wave. This wave is the first to 

generate definitive hematopoietic cells. At this stage in the yolk sac, definitive erythroid, 

myeloid, megakaryocyte, neutrophil, and mast cells emerge from erythro-myeloid 

progenitor (EMP) cells [25] derived from hemogenic endothelium. Near simultaneously, 

B and T lymphoid progenitor cells emerge in the yolk sac [26] and all the EMP and 
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lymphoid progenitor cells seed the fetal liver at E10 [27] prior to emergence of the third 

wave of hematopoiesis that procedes from the AGM region. 

It is this third wave that gives rise to the first true HSCs. Definitive HSCs give 

rise to all mature blood cell lineages [28, 29]. Before the development of the fetal liver, 

only the AGM harbors definitive HSCs and at low frequency [30]. Murine AGM explants 

from E10 embryos clonally proliferate and differentiate into erythroid, myeloid and 

lymphoid lineages, as expected of definitive HSCs- a feature lacking in other 

hematopoietic embryonic tissues such as the yolk sac where EMP and lymphoid 

progenitors are largely independently produced [31, 32]. Thus, the AGM, specifically the 

dorsal aorta [33], is considered the first intra-embryogenic source  of definitive HSCs. In 

what has been termed as endothelial-to-hematopoietic transition, specialized endothelium 

called hemogenic endothelium in the ventral wall of the dorsal aorta gives rise to these 

definitive HSCs [34-37].  At E10.5, definitive HSCs are also observed circulating in the 

umbilical and vitelline arteries between the AGM and placenta [38].  

Another embryogenic organ that doubles as a hematopoietic organ is the placenta. 

Gekas et al. showed that HSC activity is observed in the placenta around E10.5-E11, 

paralleling the onset of hematopoiesis in the umbilical and vitelline arteries [38]. In vitro 

colony forming assays showed that the placenta harbors HSCs that generate 

hematopoietic progenitors with multipotent potential [39]. Ottersbach et al. showed that 

placental HSCs numbers increase rapidly between E11- E12  and possessed long-term 

reconstitution potential in irradiated hosts [40]. For this reason, it has been suggested that 

in addition to the AGM, the placenta partly contributes to definitive HSCs that colonize 

the fetal liver later [38]. 
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From the AGM/placenta, definitive HSCs are seeded into the fetal liver (FL) 

around E11.5. HSCs from the FL are the most proliferative and are constantly cycling 

[41]. The self-renewal, differentiation and long-term repopulation potential of FL HSCs 

are higher than that of the bone marrow [42, 43] as the FL provides a microenvironment 

that promotes the rapid expansion of HSCs [4]. As the main hematopoietic organ in the 

developing embryo, the FL also provides an ideal microenvironment for the maturation 

of EMP progenitors and HSCs that arrive from the AGM and yolk sac [38]. Between E12 

and E16, there is about 38-fold increase in expansion of HSCs seeded in the FL [44], 

indicating that the FL provides a niche uniquely suited for hematopoietic expansion 

unlike pre-FL hematopoietic tissues. It has been reported that the interaction between 

HSCs and Nestin+NG2+ cells in the FL  drives this massive expansion [45], although 

cytokines are required to protect the cells from apoptosis [46]. After E16, the 

repopulation potential of HSCs from the FL declines as definitive hematopoiesis is being 

transferred to the developing bone marrow [47]. However, the FL remains the 

predominant hematopoietic organ in the developing embryo until about 3 weeks after 

birth in mice when environmental factors such as the expression of erythropoietin in the 

FL is suppressed [41]. 

By E12.5, HSCs are seeded into the fetal spleen, increasing gradually until around 

E17-E19 [48]. Although fetal spleen HSCs are definitive, they do not possess the high 

proliferative potential of FL HSCs. Although they are unable to maintain myelopoiesis 

initially [49], their long-term reconstitution potential increases with development [50]. 

Fetal spleen HSCs gain differentiation potential either while maturing in the spleen or 

through precursors that arrive from the FL [4]. Thus, the spleen primarily preserves the 
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self-renewal and differentiation potential of seeded HSCs [50]. However, the fate of these 

cells in the fetal splenic microenvironment is largely erythroid and myeloid [51]. The 

fetal spleen maintains active hematopoiesis until 14-15 days after birth [52]. 

Shortly before birth, around E16-E18 [52, 53], HSCs are seeded in the fetal bone 

marrow (FBM). Transfer of hematopoiesis to the bone marrow is the first step in ensuring 

a lifetime of continuous blood cell production. Although the bone marrow exists in all 

long and flat bones in the body, it is the FBM in the long bones that has been studied in 

detail. Similar to the spleen, the earliest HSCs that colonize the FBM at around E16 lack 

full hematopoietic functionality [54]. Full HSC activity is only detected in the FBM at 

E16.5, when the FBM is sufficiently vascularized and osteolineage cells have begun 

calcifying the marrow [55]. Interestingly, HSCs that arrive from other sources such as the 

fetal liver initially localize to the perivasculature in the developing diaphysis before the 

trabecular regions [55]. Functional long-term repopulation activity of FBM HSCs is 

significantly less that of the FL [56] and is only detectable around E17.5 [53], suggesting 

that the bone marrow microenvironment only then provides the necessary conditions for 

the maturation of the initial HSCs. Recently, Hall and colleagues [54] showed that while 

they do possess some hematopoietic activity, FBM HSCs do not show robust functional 

long-term repopulation until at the time of birth at P0. At about 3 weeks after birth, the 

newborn murine bone marrow becomes the dominant hematopoietic organ and unlike FL 

HSCs, the definitive HSCs in the bone marrow become quiescent from that point [41].  
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Hematopoietic niches 

Hematopoietic cells exist in specialized microenvironments called  niches, which 

represent unique anatomical sites that support the self-renewal, quiescence, 

differentiation and migration of stem cells [57]. In homeostasis, HSCs maintain blood 

through a balance between maintenance of quiescent HSCs and the differentiation of 

daughter cells into progenitors and precursors. Hematopoietic niches are ‘designed’ to 

support these highly regulated functions of HSCs [58]. In addition, niches with the right 

Figure 2: Ontogeny of hematopoiesis. Schematic showing the emergence of 

hematopoietic progenitors (circles) and the sequential changes in the sites of 

hematopoiesis (ellipses and trapezium) in the developing murine embryo over time. 

Primitive hematopoiesis begins around E7.25 in the yolk sac. Around E8.25, erythro-

myeloid progenitors are detected in the yolk sac and later in the para-aortic 

splanchnopleure (P-Sp), followed by the emergence/detection of lymphoid 

progenitors. After E10, definitive HSCs are detected in aorta-gonad-mesonephros 

(AGM), yolk sac and AGM before being seeded in the placenta, fetal liver and then 

the fetal bone marrow . Note: From ‘Lymphoid Progenitor Emergence in the Murine 

Embryo and Yolk Sac Precedes Stem Cell Detection’ by Y. Lin, M. C. Yoder, and M. 

Yoshimoto, 2014, Stem cells and development, 23(11), p. 1172. Copyright 2014 by 

Mary Ann Liebert, Inc. Adapted with permission. 
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conditions are required for the engraftment and homing of new stem cells and progenitors 

when they arrive through circulation. In disease states such as following irradiation, the 

blood  system only survives when niches support (i) homing of transplanted HSCs into 

the bone marrow, (ii) HSC movement into ‘healthy’ locations within the marrow and (iii) 

their proliferation to repopulate HSC niches with adequate stem cells, differentiate into 

progenitors for each lineage in the marrow, and reconstitute blood [59].   

The most well characterized hematopoietic niche is that of the adult bone marrow. 

For hematopoiesis to thrive in the adult bone marrow, the niche must provide the right 

conditions necessary to support the tightly regulated and metabolically demanding 

activities of stem cells in the marrow [60, 61]. Niches provide localized conditions, such 

as for oxidative phosphorylation, anaerobic glycolysis and calcium signaling essential for 

preserving HSCs and their function [62]. To meet these physiological demands, the niche 

houses supporting stromal/mesenchymal cells and the secreted soluble factors from these 

cells  mediate self-renewal, differentiation, intra-marrow migration and mobilization of 

HSPCs, which also respond to hematopoietic demands via cell-to-cell interactions or 

cytokine signaling [63]. Hematopoietic niches exist in the bone marrow of all the long 

bones (such as the tibia and femur) and flat bones (such as the skull and vertebra) in the 

body [64, 65].  

Within the bone marrow, HSC localization in homeostasis has recently been 

recognized as dynamic, potentially occupy multiple niches [66, 67]. However, only two 

main niches have been characterized- the endosteal niche and the vascular or perivascular 

niche (Figure 3) [68, 69]. The endosteal niche contains only about 10-20% of HSCs in 

the bone marrow. In this niche, HSCs are located within 10µm of the endosteum where 
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osteoblasts reside [68, 70]. Thus, in the endosteal niche, HSCs reside with predominantly 

osteoblasts and osteoclasts- bone cells which have been shown to play essential role in 

regulating HSC function [71]. For instance, in studies where osteoblast numbers were 

experimentally manipulated in the bone marrow, reduced HSC numbers correlated with 

reduced osteoblast numbers [72, 73].  

In the vascular niche, however, HSCs localize in close proximity to the sinusoids 

and arterioles where their activity is influenced by the vascular and sinusoidal 

endothelium [41, 65]. The vascular niche contains the majority of HSCs in the bone 

marrow, with HSCs five times more likely to localize in the perivascular niche than the 

endosteal niche [67, 74]. About 80% of HSCs localize to the sinusoids and a further 10% 

to the bone marrow arterioles [70]. Also present at the vascular niche are supporting cells 

such as nestin+ mesenchymal stem cells [75], CXCL12-abundant reticular (CAR) cells 

[76, 77] and megakaryocytes [77, 78]. The dual components, the endosteal niche and the 

vascular niche, of the bone marrow makes the bone marrow unique in its organization 

compared to other hematopoietic niches in other hematopoietic organs. However, it is not 

entirely clear whether these two niches are true distinct HSC niches or they represent the  

transient intra-marrow migration of HSCs between the sinusoids and the endosteum [63, 

65]. 

In addition to osteoblasts, endothelial cells,  CAR cells and megakaryocytes, 

hematopoietic cells co-exist with other non-hematopoietic mesenchymal/stromal cells 

such as adipocytes[79] , chondrocytes [4] and sensory nerve endings [80, 81]. The role of 

non-hematopoietic cells on hematopoiesis has been shown to be largely through the 

secretion of important factors [82]. Both autocrine and paracrine processes are involved 
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in the production of hematopoietic regulatory cytokines and chemokines, which are 

frequently produced by non-hematopoietic cells including bone marrow stromal cells and 

endothelium [1, 83]. For example, endothelial cells and perivascular leptin receptor-

positive (Lepr+) stromal cells express stem cell factor (SCF), an important growth factor 

required for the maintenance and function of HSCs in the marrow [84]. SCF binds to its 

receptor C-Kit on HSCs to activate intracellular mechanisms that promote HSC 

maintenance [70]. Other niche cells such as osteoclasts secrete angiopoietin-1 that 

promotes HSC function [85]. The high amounts of calcium produced from osteoclastic 

activity promote HSC engraftment and maintenance [82, 86]. Osteoblasts secrete 

CXCL12 [87], thrombopoietin [88] and angiopoietin [89] that regulate HSC maintenance 

and function. Other perivascular cells, such as CXCL12-abundant reticular (CAR) cells, 

also influence HSC function via secretion of high amounts of CXCL12 [90]. CXCL12 

binds to and activates its receptor CXCR4 on HSCs and other hematopoietic cells [91]. 

Activation of the CXCL12-CXCR4 pathway controls proliferation and retention of 

hematopoietic stem and progenitors in the marrow [70, 92].  However, signaling via 

direct cell-to-cell interactions between hematopoietic and non-hematopoietic cells 

through binding of receptors to their membrane-bound ligands has also been implicated 

[41]. 

A key regulatory element of hematopoiesis is neuronal control by intra-marrow 

sympathetic and sensory nerve endings [93-98]. Bone marrow neurons serve as chief 

integrators of signals from distant tissues and organs to regulate the bone marrow’s 

response to distant stressors [99]. Majority of bone marrow nerves are perivascular, 

travelling parallel to the vessels, while a smaller population is observed at the edge of the 
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bone and in the marrow parenchyma around cells, forming a structural complex called the 

neuro-reticular complex with surrounding reticular cells [75, 93, 97].  

HSPCs and other mesenchymal cells express adrenergic receptors that mediate 

their response to noradrenaline release within the marrow [99, 100]. For example, 

granulocyte colony-stimulating factor (G-CSF) mobilizes HSPCs through adrenergic 

stimulation and the circadian release of HSPCs is dependent on sympathetic stimulation 

[100, 101]. Catecholamines promote HSPC mobilization and egress out of the bone 

marrow [102]. Sensory stimulation is also critical to hematopoiesis. Sensory fibers in the 

bone marrow express the sensory neuropeptide calcitonin gene-related peptide (CGRP), 

and its receptor RAMP1 is expressed on HSPCs and some mature lymphocytes [103-

105]. Recently, it has been shown that sensory stimulation is similarly required to enforce 

HSC egress out of the marrow and it may work hand-in-hand with the sympathetic 

nervous system [106]. In that study, it required dual denervation of sensory and 

sympathetic neurons to alter HSC dynamics in the bone marrow. Maintenance of HSC in 

the bone marrow is therefore a collaborative effort between sympathetic and sensory 

innervation. 

Other important elements of the niche that affect hematopoiesis are the 

extracellular matrix (ECM) components including, collagens, fibronectin, heparin, and 

other ECM proteins. ECM provides a scaffold for the engraftment of HSCs and their 

progenitors in the marrow [1]. In the endosteal niches, extracellular calcium in the ECM 

released by bone cells activate calcium-sensing receptors (CaR) on HSCs, facilitating 

their homing to the niche [107]. In the vascular niches, CXCR4 activation on HSCs leads 

to expression of  adhesion molecules such as E-selectin that facilitate their attachment to 
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collagen I in the ECM [107]. In addition to these structural components, the ECM 

contains trace elements, vitamins and other essential ligands that arrive in the marrow 

from the external environment [1].  

 

 

Bone marrow in calvarium 

Development of the calvarium begins prenatally from skeletogenic mesenchymal 

cells derived from the neural crest and mesoderm [108]. Beginning around E9.5, the 

frontal calvarium is formed from the neural crest while the parietal originates from the 

Figure 3: Hematopoietic niches. Schematic showing the endosteal (top circle) and 

perivascular/vascular niches (bottom circle) of the bone marrow (enlarged from the 

trabecular region). The endosteal niche comprises of HSCs co-inhabiting with the bone 

cells (osteoblasts and osteoclasts) that line the bone. The perivascular niche is located 

around the sinusoids populated by HSCs, endothelial cells and other perivascular cells 

such at CXCL12-abundant reticular cells (CAR) cells. Note: From ‘Bone Marrow 

Niches in the Regulation of Bone Metastasis’ by F. Chen, Y. Han and Y. Kang, 2021, 

Br J Cancer, 124, p. 1913. Copyright 2021 by Springer Nature. Reprinted with 

permission. 
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mesoderm. The two regions merge to form the rudimentary coronal and sagittal sutures 

and progress posteriorly to form the occipital calvarium [108]. By E12.5, osteogenic 

precursors migrate into the calvarium and facilitate the expansion of the calvarium 

apically and laterally [109]. By E14, osteogenic precursors have matured into osteoblasts 

which deposit collagenous extracellular matrix [110] and mineralize the calvarium to 

allow the successful engraftment of HSCs that arrive through circulation [86, 111, 112]. 

Despite the observation of HSCs in the calvarium before birth, unlike other fetal 

hematopoietic organs, development of hematopoiesis in the calvarium has not been well 

investigated.  

In the 1990s, a group of investigators reported that newborn calvaria of mice 

lacking macrophage colony-stimulating factor (M-CSF) contained unique stromal cells 

that promoted differentiation into multiple hematopoietic lineages [113]. Named OP9 

cells, coculture of embryonic stem cells with OP9 cells facilitated differentiation of the 

stem cells into erythroid, myeloid and B lymphoid lineages [114, 115]. This finding gave 

an indication of the potential uniqueness of the calvarial marrow but has gone relatively 

unexplored. However, much of our  recent understanding of the organization of the 

hematopoietic niche and HSC engraftment have come from intravital imaging of the adult 

calvarial marrow [116, 117]. 

The adult calvarial marrow is entirely trabecular bone with cells and vasculature 

interspersed in between (Figure 4). In the calvarial marrow, it has been reported that 

while mature cells are distributed throughout the marrow, HSCs preferentially engraft 

around sinusoids (vascular niche) where there is increased expression of SDF-1/CXCL12 

and E-selectin [118].  The bone marrow microvasculature is structurally and functionally 
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heterogenous, comprising of arteries, arterioles, veins, venules and sinusoids intricated 

together in a complex architecture [119, 120]. While arteries and venules deliver nutrients 

and remove wastes, sinusoids serve as conduits for mobilization of cells and as a niche 

for HSCs and megakaryocytes [119, 121]. The microvasculature of the calvarial marrow 

was first described in detail by Mazo and colleagues [122]. There is a distinct patterned 

network of sinusoids that drain into a central venule. The central vein runs parallel and 

close to the coronal suture. In addition, the lateral regions of the marrow cavities contain 

parasinusoidal and parasagittal vessels that also drain into the central collecting venules, 

as well as bone vessels that supply the bone itself. Herisson et al. [64] observed 

osteoblast-lined channels that connect the calvarial marrow to the brain dura beneath. 

These channels serve as conduits for blood vessels that connect the calvarial marrow to 

surrounding tissues like the brain. The channels also serve as exit route for hematopoietic 

cells out of the calvarial marrow into the brain [64, 123]. Pulous and colleagues observed 

that cerebrospinal fluid (CSF) exits into the calvarial marrow through the perivascular 

spaces of these channels [124]. Thus, the transcortical channels may serve as a route of 

communication between the calvarial marrow and the central nervous system via the 

CSF.  
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Bone marrow in long bones 

Development of the long bones begin prenatally, just about when definitive 

hematopoiesis has begun [125, 126]. Around E9 and E10, for the fore limbs and hind 

limbs respectively, the limb buds appear in the lateral wall of the mesoderm, from which 

mesenchymal cells proliferate and differentiate into the rudimentary limbs [127]. While 

HSCs are seeded in the developing long bones around E16 [53], they do not mature until 

after birth [54]. The adult bone marrow in the long bones is the bone marrow 

Figure 4: The bone marrow in the calvarium. Representative image of coronal section 

through intact skull and brain of a mouse showing the bone marrow in the calvarium. The 

trabecular marrow cavity bounded by bone (Osteosense, cyan) is filled with hematopoietic 

cells (CX3CR1+ cells, green) with interspersed vasculature (CD31+, red).  The calvarial 

marrow cavity (top) is connected to the brain dura (bottom) by vascular channels (arrows). 

Note: From ‘Direct Vascular Channels Connect Skull Bone Marrow and the Brain Surface 

Enabling Myeloid Cell Migration’ by F. Herisson et al., 2018, Nat Neurosci. 21, p. 1214. 

Copyright 2018 by Springer Nature. Reprinted with permission. 
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compartment that has been extensively studied. Unlike the flat bones of the calvarium, 

the long bones are comprised of trabecular bone (at the proximal and distal epiphyses and 

metaphyses) and a hollow compact bone (diaphysis) (Figure 5) [128, 129]. Interspersed 

within both trabecular and compact regions are cells and vasculature. Histological 

investigations have revealed that unlike mature hematopoietic cells which are dispersed 

throughout the marrow, majority of HSCs in the long bones reside in the trabecular 

regions [41, 130, 131] where they may be influenced by factors secreted by osteoblasts 

and osteoclasts [67]. However, similar to the calvarial marrow, HSCs preferentially 

localize in close proximity to the vasculature and sinusoids (vascular/ perivascular niche) 

in long bones, whether in the trabecular regions or in the diaphysis [67, 120, 132]. 

Interestingly, Guezguez and colleagues [132] found that HSCs that localize to the 

trabecular regions showed higher self-renewal and regenerative potential compared to 

those that localized to the diaphysis.  

The long-bone marrow microvasculature also shows a unique vascular 

organization [80]. As described by Nombela-Arrieta et al. [120] using a 3D imaging 

setup, there is a central large artery which courses through the center of the  diaphysis, 

branching into smaller arterioles towards the bone edges. These arterioles partly 

transition into venules at the endosteum while also giving rise to the sinusoids that course 

back towards the center of the diaphysis, and venules drain into a central sinus [80]. Li et 

al. [121] observed a similar organization in the diaphyseal region, in which the arteries 

show a tree-like pattern towards the center of the diaphysis while the sinusoids, in a 

complex network, make up the majority of vasculature in the marrow. The microvascular 

organization of the trabecular region has less structure, with a number of arteries entering 
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the marrow through the bone cortex and branching into smaller arterioles along the 

endosteum. The arterioles course towards the center of the marrow where they transition 

to the sinusoids in the process. There are fewer transitional vessels in the trabecular zone 

compared to the diaphysis [121]. 

 

  

Bone marrow-derived cells in retinal injury 

The bone marrow serves as a readily available source of inflammatory and 

reparative cells to the retina and the rest of the body. In addition to HSCs, the bone 

Figure 5: The bone marrow in long bones. Schematic showing the bone marrow in 

femur. The distal parts of the bone are entirely trabecular (spongy) while the middle 

diaphysis is hollow, filled with marrow. ‘Red marrow’ becomes ‘yellow marrow’ with 

age due to deposition of fats. Inside the marrows, all blood cell lineages are generated 

from stem cells. Note: From “Bone Anatomy” by Terese Winslow, 2014, National 

Cancer Institute Visuals Online. Copyright 2014 by Terese Winslow. Reprinted with 

permission. 
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marrow also houses mature cells and progenitors for circulating/myeloid angiogenic 

cells, neutrophils, monocytes, macrophages, microglia and lymphocytes [133-138]. 

Studies have shown that bone marrow-derived progenitors can travel to peripheral 

ischemic sites to support restoration of tissue health or in disease can contribute to long-

term pathophysiology [139-142]. In the retina, acute and chronic injury lead to 

mobilization and recruitment of bone marrow-derived hematopoietic cells and their 

transmigration into the parenchyma [143-145].  

When the retina or other peripheral tissues are injured, cytokines and other 

regulatory factors are released into circulation, which triggers the mobilization of bone 

marrow-derived cells from the marrow and their subsequent homing to the sites of injury 

[146, 147]. Inflammatory signaling cascades that lead to activation of receptors on bone 

marrow cells are triggered by damage-associated molecular patterns (DAMPS) produced 

from the injury [148]. DAMPS facilitate recruitment of bone marrow inflammatory cells 

by activating toll-like receptors (TLRs) on these cells [149]. Also, hematopoietic 

progenitor cells can be mobilized into peripheral tissues via activation of adhesion 

molecules and metalloproteinases (MMPs) [139]. Growth factors such as placental 

growth factor (PGF) and vascular endothelial growth factor-A (VEGF-A) induce MMP 

expression in the bone marrow, which activates the migration of progenitors towards the 

sinusoids and out into circulation [150, 151]. 

Once in the retina, bone marrow-derived cells collaborate with resident cells to 

facilitate tissue repair or promote pathophysiological events that propagate a worsening 

retinal disease [143]. Leukocytes including neutrophils, monocytes and MACs participate 

in the milieu that proceeds tissue injury. In response to inflammation, the endothelium 
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secretes adhesion molecules such as vascular cell adhesion molecules (VCAMs) and 

intercellular adhesion molecules (ICAMs) that make the vascular walls at the injured site 

“sticky” with adhesive ligands to attract circulating cells [152]. Leukocytes, which also 

express cell adhesion molecules, adhere to vascular endothelium and cause leukostasis 

[153, 154]. The ensuing milieu of capillary obstruction, microaneurysm [155] and 

production of more inflammatory agents leads to blood-tissue barrier breakdown and the 

eventual transmigration of the leukocytes into the retina[152, 156-159]. Once in the 

retina, the major mechanism by which these cells participate in the retina’s response to 

injury is through paracrine secretions [143]. For tissue repair, bone marrow-derived cells 

secrete factors that suppress inflammation and apoptosis and promote angiogenesis and 

cell survival [160]. In the damaged retina, monocytes secrete cytokines that promote the 

inflammatory response and later differentiate into macrophages that survey the retina and 

facilitate healing by phagocytosing dead cells [161, 162]. Neutrophils, which are the first 

to respond to tissue injury, increase neuronal survival by expressing crucial paracrine 

proteins [163].  In addition, bone marrow-derived MACs closely surround damaged 

vessels and neovasculature [164, 165]. MACs secrete paracrine factors that promote 

vascular repair and angiogenesis [166].  

In addition to tissue repair, bone marrow-derived cells harbor the potential to 

worsen tissue injury and disease through the release of pro-inflammatory cytokines [167, 

168]. For example, it has been shown that following ischemic injury, tissue and serum 

levels of inflammatory cytokines such as interleukin-6 (IL-6) increase, attracting 

inflammatory cells to the site of injury. IL-6 then activates IL-6 receptor on bone 

marrow-derived monocytes/macrophages, which in turn produce more IL-6 to recruit 
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more inflammatory cells [147]. In the bone marrow, IL-6 together with IL-3 stimulate the 

acute proliferation of hematopoietic progenitors and their release into circulation [169, 

170]. Thus, as the initial tissue repair response fails, inflammatory cytokines activate 

microglia and macrophages, which also secrete more neurotoxic inflammatory cytokines 

that worsen the pathology. 

The bone marrow in diabetes 

Diabetes is a complex metabolic disorder characterized by chronic hyperglycemia, 

hyperinsulinemia and dyslipidemia [171-177], leading to severe multi-organ 

complications in the eye, kidney, heart, among others [178]. Like vital organs, current 

literature recognizes the bone marrow as another target of diabetic end-organ damage 

[99], where diabetes-associated metabolic dysfunction leads to a disruption of the balance 

between inflammatory damage and reparative mechanisms. Diabetes-associated bone 

marrow damage is largely responsible for the impairment of the body’s cellular-based 

reparative mechanisms [99, 178-180].  

Diabetes end-organ damage in the bone marrow occurs in multiple ways. First, 

there is microangiopathy- loss of the integrity of the local bone marrow microvasculature 

[99]. Outside the gut, vascular endothelial cells are the first cell types in any organ that 

immediately encounter and respond to abnormally high levels of circulating blood 

glucose [181, 182]. The bone marrow contains arterioles, venules and capillaries with 

tight vascular barrier that controls trafficking of molecules in and out of the marrow. The 

sustained exposure of endothelial cells in these vessels to high glucose leads to impaired 

cellular function  [182] and subsequent inflammatory response [183, 184]. There is a 

breakdown of the vascular barrier established by endothelial cells in the marrow [185] 
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and the uncontrolled entry of inflammatory molecules leads to dysfunction of the 

sinusoids, small vessel rarefaction and a disruption of the vascular niche [99]. There is 

reduction in proportion of total hematopoietic cells, HSPCs and mislocalization of  HSCs 

[179]. In addition, sinusoidal endothelial cells are depleted while endothelial progenitors 

are dysfunctional, with reduced ability to proliferate and form networks [179]. These 

abnormalities have been attributed to reduced perfusion and supply of nutrients as well as 

increased oxidative stress in the marrow [185]. 

In correlation with microangiopathy, diabetes leads to bone marrow neuropathy, 

in which there is a general loss of sympathetic nerve fibers over time in the long bone 

marrow [99]. There is strong evidence in the literature that impaired HSPC mobilization 

and function is largely due to loss of sympathetic innervation in the bone marrow [186]. 

Busik et al. [187] and Albeiro et al. [186] observed a reduction in sympathetic nerve 

endings in the bone marrow in diabetic rodents and humans. However, another study 

found increased sympathetic innervation in the calvarium in rodents [188], suggesting 

that different bone marrow sites may exhibit different responses to diabetic metabolic 

disorder.  

Closely related to bone marrow neuropathy is impaired HSPC function [186]. 

HSPCs from diabetics show abnormally increased oxidative stress and apoptosis- features 

of abnormal molecular integrity as a result of poor perfusion [185]. The lack of nutrients 

and important trophic factors destabilizes the bone marrow microenvironment [189], the 

vascular niche in particular, with negative consequences on hematopoietic homeostasis 

[185, 190]. In homeostasis, HSPCs are mobilized into circulation where they can exert 

their reparative functions on distant tissues. Efficient mobilization requires HSPC 
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proliferation and the activation of MMPs to enhance cell movement and egress out of the 

marrow [100]. Diabetes suppresses the proliferation and adhesion ability of HSPCs, 

impairing their ability to support vascular repair [191]. In addition, there is impaired 

mobilization of HSPCs out of the marrow into circulation [192], which is believed to be 

responsible for impaired vascular repair in peripheral tissues such as the retina, kidney, 

heart and other organs of the cardiovascular system [187, 188, 193, 194].  

Diabetic HSPC mobilopathy has been attributed in part to poor response of 

HSPCs to mobilizing agents such as G-CSF and a subsequent inability of niche 

supporting cells to downregulate the stem cell retention factor CXCL12 [180, 188]. G-

CSF stimulates HSPC mobilization via sympathetic activation, and sympathetic 

norepinephrine release activates adrenergic receptors on niche cells to rapidly 

downregulate CXCL12 expression [195, 196]. Thus, bone marrow mobilopathy is largely 

associated with local neuropathy. 

In addition to HSPC mobilopathy, chronic diabetes drives myelopoiesis- the 

proliferation and migration of leukocytes into circulation [197-201]. Myelopoiesis has 

been shown to be closely linked to HSPC mobilopathy [202, 203]. Within the bone 

marrow, hematopoiesis follows a hierarchy, whereby HSCs divide and differentiate 

through stages into myeloid, erythroid and lymphoid lineages [198].  Diabetes skews the 

differentiation of the hematopoietic progenitors towards the myeloid lineage, leading to 

leukocytosis [204, 205]. There is increased expression of damage-associated molecular 

patterns (DAMPS) such as S100A8/s100A9, which activate receptors for advanced 

glycation end products (RAGEs) on hematopoietic progenitors [206] thereby driving their 

differentiation into inflammatory myeloid cells such as neutrophils and monocytes [204, 
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207]. Also, DAMPS induce increased expression of cytokines such as IL-1β by activating 

TLR4/MyD88 pathway. IL-1β activates its receptors on HSPCs to drive their 

differentiation into monocytes and neutrophils [208]. Thus, diabetes alters the 

hematopoietic niche [209] by inducing the expression of DAMPS and inflammatory 

cytokines, which activate myeloid differentiation pathways in hematopoietic progenitors 

leading to myelopoiesis. 

Diabetes is also associated with uncontrolled accumulation of fats/lipids in the 

bone marrow [210]. The number and size of adipocytes in the bone marrow increases in 

type 2 diabetic mice, and this negatively correlates with HSC activity as excess 

adipogenesis inhibits homing of HSCs and slows down hematopoiesis [211]. Long-

standing diabetes alters the differentiation potential of bone marrow 

mesenchymal/stromal stem cells [212], skewing their differentiation away from 

osteoblast and chondrocyte lineages and towards adipocyte lineages to enhance 

adipogenesis [213-215]. Botolin and colleagues observed an increase in adipocyte 

markers as well as increase in the number of adipocytes in the tibias of diabetic mice 

compared to controls, while osteoblastic markers were decreased [216]. Elevated bone 

marrow adipogenesis in diabetes has been shown to be mediated by high glucose-

associated upregulation of adipocyte transcription factors such as peroxisome 

proliferator-activated receptor γ (PPARγ) and the CCAAT/enhancer-binding protein 

alpha (C/EBPα) [217, 218]. Elevated serum lipids during dyslipidemia also stimulate 

increased expression of PPARγ and inhibit osteoblast differentiation [219], facilitating 

enhanced adipogenesis in the bone marrow. 
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Concluding Remarks 

As described in the preceding subsection, the bone marrow is an important target 

of metabolic disorders such as diabetes [99]. It has been hypothesized that mobilopathy 

of vascular reparative cells from the bone marrow is a significant contributor to the 

microangiopathy observed in diabetic retinopathy [180]. However, bone marrow exists in 

different types of bones in multiple locations within the body and it is not known whether 

the response of the marrow in these different compartments to retinal injury is 

homogenous. Understanding how hematopoiesis in different bone marrow compartments 

differs in development and in response to retinal injury is critical to our understanding of 

hematopoietic regulation with implications for future advances in cell-based therapies for 

diabetic retinopathy. The subsequent sections in this dissertation will explore 

hematopoietic development in different marrow locations and its relevance to retina 

development.   They will also cover how acute retinal injury engages the hematopoietic 

system in the long bones such as the tibia compared with that of flat bones such as the 

calvarium and how these different bone marrows respond to chronic metabolic insults.  

This work will help identify novel, mechanism-based approaches for retina repair that 

can cure diabetic retinopathy, rather than only addressing the symptoms. It is well known 

that diabetic retinopathy occurs later during diabetes, typically after 20 years in humans 

despite the presence of hyperglycemia throughout this time. However, why this delay 

occurs is poorly understood. This work provides a paradigm shift by proposing that the 

delay is due to the ability of the calvarial marrow to provide functional myeloid 

angiogenic cells (MACs) for vascular repair. The studies provide support that until late in 

the disease course the calvaria is resistant to hyperglycemic damage because of the 
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unique communication it has with cerebrospinal fluid which can provide it with 

neurotrophic and growth factor support and sustain hematopoiesis. 
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ABSTRACT 

The hematopoietic system produces the cellular components of blood and it is the 

predominant system that generates the inflammatory/immune cells that invade injured 

and diseased tissues. Seeded by circulating hematopoietic stem and progenitor cells 

shortly before birth, the bone marrow becomes the primary hematopoietic organ in the 

adult state and resides in all long and flat bones in the body. Studies have shown that 

injury and disease alters the homeostatic state of hematopoiesis, leading to the generation 

and mobilization of both inflammatory and reparative cells from the bone marrow to 

target tissues. Whereas extensive studies have been performed on the development of 

hematopoiesis in the long bones, the process of hematopoiesis in the calvarium is 

incompletely understood. In this study, we compared the development of hematopoiesis 

in the calvarium and long bones postnatally in mice and how the different bone marrow 

sites influence mobilization of cells following acute retinal ischemic injury. We show that 

hematopoiesis is developmentally delayed in the calvaria marrow compared to the long 

bones until P21, when both compartments show robust hematopoiesis and the bone 

marrow becomes the predominant hematopoietic organ in the body as the liver’s role 

subsides. Using the competitive repopulation assay, we show that cells of long bone 

origin reconstitute blood faster than those of calvarial origin. However, the calvaria 

marrow provides a microenvironment that promotes engraftment of hematopoietic stem 

and progenitor cells. In addition, we show that the calvaria marrow contributes more 

neutrophils and MACs to the retina than the long bones during acute ischemic retinal 

injury, even though the proportion of neutrophils and MACs at baseline are not 

significantly different between the two compartments.  
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INTRODUCTION 

The hematopoietic system, the innate machinery that ensures consistent 

production of erythroid, myeloid and lymphoid cells, repopulates the cellular component 

of blood [1-4] and supplies the inflammatory cells that home to injured tissues [5-7]. 

Hematopoiesis arises from HSCs- a small population of normally quiescent multipotent 

cells that maintain self-renewal and multilineage potential. In mice, hematopoietic cells 

first appear in the yolk sac at embryonic day (E)7 in what is termed as ‘primitive 

hematopoiesis’, prior to the emergence of the first definitive HSCs in the AGM at E10 [8, 

9]. The cells then migrate to the fetal liver, spleen and bone marrow at E11.5, E12 and 

E16-E18 respectively [10]. The fetal liver dominates blood cell production prenatally and 

in the newborns until shortly after birth when the bone marrow becomes the dominant 

hematopoietic organ [3, 8, 11].  Expansion and subsequent differentiation of HSCs upon 

stimulation generates lineage-committed progenitors [12] that give rise to mature blood 

cells such as erythrocytes, monocytes, neutrophils, and lymphocytes that are released into 

circulation [13, 14]. Even in the healthy state, the survival of the hematopoietic system 

depends on the ability of bone marrow long-term hematopoietic stem cells (LT-HSCs) to 

maintain their ability to produce circulating myeloid and lymphoid cells to replace those 

cells that complete their lifespan or die by apoptosis [15]. 

It is well documented in the literature that both acute [7, 16-18] and chronic [16, 

19, 20] retinal injury result in recruitment and homing of bone marrow-derived cells into 

the retina. Injury to peripheral tissues like the retina leads to the release of cytokines and 

regulatory factors into circulation that initiate the mobilization of bone marrow-derived 

cells out of the marrow and their subsequent homing into the sites of injury [21, 22]. 
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DAMPS released from injured tissues trigger inflammatory signaling cascades that 

activate receptors on bone marrow cells [23]. Myeloid cells such as neutrophils, 

monocytes and MACs have all been implicated in the milieu that follows acute and 

chronic retinal injury. In response to inflammation, neutrophils, the earliest responders, 

adhere to the retinal endothelium and cause leukostasis, resulting in capillary obstruction, 

microaneurysms, blood-retinal barrier breakdown and exudation [24-27].  

These pathophysiological processes facilitate the transmigration of activated 

inflammatory cells into the retina [28]. Infiltrating monocytes enter the retina from 

multiple sources including the optic nerve head [29], RPE/choroid [30, 31] and the retinal 

vasculature as patrolling monocytes [29]. They initially secrete cytokines that further the 

inflammatory response, then transmigrate and differentiate into macrophages in later 

stages [29, 32] to facilitate healing by phagocytosing dead cells [17]. MACs, previously 

known as circulating angiogenic cells (CACs), are bone marrow-derived cells that help 

preserve vascular homeostasis [33, 34]. When recruited into the injured retina, they 

facilitate vascular repair by paracrine secretion of cytokines supportive of retinal 

endothelial cell function [35, 36]. 

Hematopoietic cells exist in microenvironments housed and protected by bones 

[8]. The microenvironments have a complex organization, comprising of a vascular niche 

(near the sinusoids, where most HSCs localize) and an endosteal niche (near the bone 

endosteal lining) that support and maintain HSC function [11, 37]. These niches have 

been shown to exist throughout the body in flat bones such as the calvarium [38-43] and 

long bones such as the tibia [44-48]. The calvarial and tibial marrows release cells into 

periosteal circulation via a network of vascular channels that traverse the bone [38, 49]. 
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Despite the general appreciation of the existence of hematopoietic cells in these distinct 

locations, the physiological differences between these sites have not been extensively 

studied. The development of hematopoiesis in the calvarium, which matures later than the 

long bones, and how it differs from that of the long bones, is incompletely understood. In 

addition, the differences in contribution of these sites to bone-marrow derived cells in the 

injured retina have not been investigated.                                                              

In this study, we compared the development of hematopoiesis in the calvaria 

marrow to the long bones postnatally. We show that the ability of seeded hematopoietic 

stem cells to expand and populate the developing marrow is delayed in the calvarium 

compared to the long bones. Also, we observed that reconstitution of the blood by 

calvaria marrow-derived cells is delayed compared to that of cells from long bones. 

However, the calvarium offers a microenvironment supportive of hematopoietic stem and 

progenitor cell engraftment. In addition, we identified that more neutrophils and MACs 

are mobilized from the calvarium into the retina following acute retinal ischemia. 
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METHODS 

Animals                                                                                                                                                            

Four-to-eight-week-old CD45.1 (B6.SJL-Ptprca Pepcb/BoyJ) and C57BL6/J male 

and female mice were purchased from Jackson Laboratory (Jackson Laboratories, Bar 

Harbor, ME). CD45.1 mice were bred in-house to generate P7, P14 and P21 donor 

newborn mice while the adult C57BL6/J (CD45.2) mice were used as hosts for 

competitive repopulation assay. Four-to-eight-week-old KIKGR (Tg(CAG-

KikGR)33Hadj/J) mice were purchased from Jackson Laboratory (Jackson Laboratories, 

Bar Harbor, ME) for in vivo bone marrow-derived cell labelling experiments. The 

animals were housed in a standard laboratory environment and maintained on a 12-hour 

light–dark cycle. All animal experiments were approved by the Institutional Animal Care 

and Use Committee at University of Alabama at Birmingham (APNs 21261 and 21291) 

and adhered to the Association for Research in Vision and Ophthalmology Statement on 

the Use of Animals in Ophthalmic and Visual Research. 

Isolation of bone marrow cells from tibia and calvarium                                                          

To ensure all tissues were treated in a similar manner, bone marrow cells were 

obtained by bone crushing. Briefly, animals were euthanized and the tibia and calvaria 

were carefully dissected from the legs and skulls respectively. Bones were cut into pieces 

with surgical scissors and then gently crushed for up to 1 minute with a mortar and pestle 

3 times in 1ml FACS buffer. Crushed bones were filtered into a 50ml conical tube 

through a 40µm strainer, centrifuged at 350g for 5 minutes and the supernatants were 

discarded. Cell pellets were resuspended and red blood cells were lysed in 1-2ml ACK 
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lysis buffer. The cells were washed twice with FACS buffer and resuspended for 

subsequent experiments.   

Flow Cytometry                                                                                                                                                   

For bone marrow-derived cells, single cells in suspension obtained as described 

above were incubated with a cocktail of primary antibodies for 45 min at room 

temperature in the dark.  

For the retina, single cell suspensions were prepared for flow cytometry as 

previously published [31]. Briefly, mice were perfused transcardially under isoflurane 

anesthesia with phosphate-buffered saline (PBS). After euthanasia, eyes were enucleated 

into PBS on ice. The retinas were immediately isolated after removing the corneas and 

lenses. Each retina was incubated in 1 ml of papain dissociation solution (Roche 

Diagnostics GmbH, REF#10108014001, Mannheim, Germany) prepared according to the 

manufacturer's instructions for 30 min in a 37 °C water bath for dissociation into single 

cells. After washing with FACs buffer, single cell suspensions were incubated with 

primary antibody cocktails for 45 min in the dark.                                                                                                                                           

Antibodies used included anti-Mouse Hematopoietic Lineage-e450 (Invitrogen, 

Cat# 88-7772-72), C-Kit-APC (BD Biosciences, Cat# 553356), Sca-1-BV605 

(Invitrogen, Cat# 64-5981-82), CD45.1-BV650 (BioLegend, Cat # 110743), CD45.2-

Percp-Cy5.5 (BD Biosciences, Cat# 552950), CD34-PE (Invitrogen, Cat# MA5-17831), 

Ly6C-Percp/Cy5.5 (Biolegend, Cat# 128012), Ly6G-BV605 (Biolegend, Cat# 127639), , 

Flt3-APC (Invitrogen, Cat# 17-1351-82), CD11b-BV786 (Invitrogen, Cat# 78-0112-82), 

CD45-APC-e780 (Invitrogen, Cat# 47-0451-82), CD31-PE (Invitrogen, Cat# 2114546), 
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Fixable Viability Dye eFluor506 (Invitrogen, Cat# 65-0866-14), CD45-BV650 

(Invitrogen, Cat# 47-0451-82), CD31-BUV563 ( BD Biosciences, Cat# 741251) and Flk-

1 AF700 (Invitrogen, Cat# 56-5821-81). The cells were then washed with FACs buffer, 

resuspended, and analyzed using BD FACSCelesta flow cytometer (BD Biosciences) and 

FlowJo™ v10.8 Software (BD Life Sciences, Franklin Lakes, NJ, USA). 

Competitive Repopulation Assay                                                                                                           

The competitive repopulation assay was modified according to previously 

published protocols [50, 51]. Briefly, CD45.2 host mice were lethally irradiated with two 

doses of 4.50Gy total body gamma radiations four hours apart. Donor CD45.1 pups were 

euthanized and their calvaria and legs were harvested, cleaned, and rinsed in sterile PBS. 

While maintaining a sterile environment, tissue samples were digested with 5mg/ml 

collagenase I (Millipore Sigma, Cat# SCR103) at 37°C for 30 minutes. Samples were 

filtered through a 40μm strainer to obtain bone marrow cells in suspension. Samples were 

enriched for hematopoietic stem and progenitor cells using the EasySep Mouse 

Hematopoietic Progenitor Cell Isolation Kit (STEMCELL Technologies, Cat# 19856) 

according to manufacturer’s instructions. A total of 1 × 106 cells in a 100μL volume was 

transplanted into each irradiated host retro-orbitally. Host mice were given antibiotics 

(Baytril, Bayer Healthcare LLC, Kansas, USA) orally in drinking water for two weeks 

post-transplantation as prophylaxis against bacterial infections. Host mice were bled 

retro-orbitally biweekly, starting 3 weeks post-transplantation, to enumerate the donor 

cells reconstituting the blood by flow cytometry. Host mice were euthanized 16 weeks 

post-transplantation and their calvaria and tibial bone marrows were harvested to assess 

the stem and progenitor cells in the bone marrows by flow cytometry. 
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Bone marrow photoconversion                                                                                                  

KIKGR transgenic mice were anesthetized with a combination of ketamine 

(80mg/kg) and xylazine (15mg/kg). The fur covering the skulls and tibias was shaved and 

the skin disinfected with 70% ethanol. For the calvarium, a vertical incision was made in 

the skin above the sagittal suture and extended to the end of the occipital calvarium 

posteriorly and the frontal calvarium anteriorly. Extra membranes covering the skull were 

gently excised to allow the flexible movement of the skin. The two halves of the skin 

above the calvarium were then held apart to expose the entire calvarium and kept in place 

with tape. After ocular lubricant was placed on the eye, the front part of the head 

including both eyes were covered with aluminum foil held in place with tape. Extra 

precaution was taken to avoid photoconversion of surrounding tissues by covering the 

remainder of the body with aluminum foil.  

For the tibia, a small incision was made in the skin on the medial side of the tibia 

and extended to the beginning of the patella and the distal tibia. Under a dissecting 

microscope, the muscle tissue beneath the skin was excised to expose the tibia while the 

leg was held in place with a tape. To avoid photoconversion of surrounding tissues, the 

rest of the body was covered with aluminum foil.  

To photoconvert the bone marrow cells, the anterior (3 min) and posterior (3 min) 

halves of the exposed bones were illuminated by a 405nm laser fitted with a 5mm-

diameter focusing lens (Dymax Bluewave QX4 V2.0, Dymax Corporation, Torrington, 

CT) at 75% power (16.5W/cm2) for a total laser duration of 6 minutes. The focusing lens 

was positioned at 5cm from the surface. After photoconversion, the skin incision was 

closed using vetbond tissue adhesive. 
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Acute retinal ischemia/reperfusion injury (I/R)                                                                                       

Retinal I/R procedure was modified as previously published [52, 53]. Under deep 

isoflurane anesthesia, right eyes were cannulated with a 30-gauge needle connected to a 

sterile saline infusion bag to elevate the IOP (80-90mmHg) for 1 hr. Whitening of the iris 

and loss of red reflex confirmed retinal ischemia. After 1 hr of ischemia, the needle was 

removed, and the eyes were allowed to reperfuse.  Mice were euthanized after 6 hrs.  

CXCL12 ELISA                                                                                                                                                        

Bones were cut into pieces with surgical scissors and then gently crushed for up to 

1 min with a mortar and pestle 3 times in 1ml FACS buffer containing protease 

inhibitors. Crushed bones were filtered through a 40µm strainer on top of a 50 ml conical 

tube. Samples were then centrifuged at 350g for 5 minutes and the supernatant collected 

by pipetting on ice. Samples were analyzed for CXCL12 levels using the Mouse 

CXCL12/SDF-1 DuoSet ELISA kit (R&D Systems, Cat# DY460) according to 

manufacturer’s instructions. 

Statistical Methods 

 Statistical analyses were performed using GraphPad Prism v9.1 software. All data 

data were assessed for adherence to normal distribution by the Shapiro-Wilks normality 

test. Data which conformed to normal distribution were analyzed by unpaired Student’s t-

test and data which failed to meet the assumptions of normality were analyzed using 

unpaired Mann-Whitney test. P-values less than 0.05 were considered statistically 

significant. 
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RESULTS 

Hematopoietic cells in the calvarium and long bones during postnatal development 

Although the fetal liver remains the dominant hematopoietic organ in the 

developing mouse embryo until shortly after birth [54], development of both the 

calvarium [55, 56] and long bones which house the bone marrow starts prenatally [57-

59]. However, our understanding of hematopoiesis in development has largely been 

restricted to that occurring in long bones. We were interested in comparing the 

development of hematopoiesis at both marrow sites by determining if the proportions and 

function of hematopoietic cells were comparable at three key time points. We selected 

P7, when the fetal liver is still the dominant hematopoietic organ, P14, when 

hematopoiesis in the fetal liver is shut off allowing the bone marrow to begin to dominate 

and P21 when the bone marrow is the dominant hematopoietic site in the body [60]. We 

assessed the proportion of hematopoietic stem and progenitor cells (HSPCs) as well as 

mature (CD45+) cells by flow cytometry.  

As shown in Figures 1 and 2, the proportion of HSPCs in the calvarium was 

significantly higher than that of the long bones at P7 and P14 but not at P21. Conversely, 

the proportion of mature cells in the calvarium was significantly lower than that of the 

long bones at P7 and P14 but not at P21. This suggested that the proportion of HSPCs 

were higher in the calvarium at P7 and P14 because of relatively low content of mature 

cells in the calvarium. This difference was lost at P21 when the cells in the calvarium had 

proliferated and differentiated to levels similar to those in the long bones.       
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Functional Hematopoiesis in the calvarium and long bones during postnatal development 

Next, we tested the reconstitution ability of hematopoietic cells from these two 

locations using the competitive repopulation assay. The competitive repopulation assay is 

a gold standard technique for evaluating the self-renewal and multilineage differentiation 

potential of cells of hematopoietic origin in vivo [2], allowing assessment of short-term 

and long-term reconstitution of the host’s bone marrow and blood by donor bone marrow 

cells. At P7, P14 and P21, isolated cells from either the calvarium or long bones were 

transplanted into lethally irradiated host mice and the hosts were bled biweekly to assess 

the repopulation of the blood by donor cells using flow cytometry.  

As shown in Figure 3, when donor cells were obtained from P7 pups from either 

compartment [calvaria (red line) or long bones (green line)] the number of CD45.1 cells 

in the peripheral blood was the same by 6 weeks. However, the calvaria-derived donor 

cells were slower to repopulate the CD45.2 mice compared to the long bones. This same 

pattern was observed when transplanted cells were obtained from P14 pups or P21 pups. 

Thus, this data indicates that the HSPCs from long bones can repopulate a lethally 

irradiated host faster than HSPCs from the calvaria.  

Next, we were interested in assessing the proportions of long-term HSCs (LT-

HSCs), short-term HSCs (ST-HSCs) and multipotent progenitors (MPP) in the calvaria 

and tibias of stably transplanted host mice 16 weeks post transplantation.  As shown in 

Figure 4, for both groups of mice (calvaria hosts and tibia hosts) that received P7 donor 

cells, there was no significant difference in the proportions of LT-HSCs, ST-HSCs and 

MPPs. However, we observed significantly higher proportions of LT-HSCs, ST-HSCs 

and MPPs in the calvaria than tibias in mice that received P14 and P21 calvarial donor 
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cells. Similarly, for mice that received tibial donor cells (Figure 5), we observed 

significantly higher proportions of LT-HSCs, ST-HSCs and MPPs in the calvaria than in 

the tibias of mice that received P14 and P21 donor cells.  

When we analyzed the levels of the stem cell proliferation and retention factor 

CXCL12 by ELISA (Figure 5D), we observed significantly higher levels in the calvarium 

compared to the tibia. CXCL12 is a critical regulator of HSC homing in the bone marrow 

[21].  These results suggest that irrespective of the source of the hematopoietic cells, the 

calvarial marrow provides a better microenvironment for the survival and engraftment of 

HSPCs.                                                                                              

Differential recruitment of hematopoietic cells from the calvarium and tibia into the 

retina following acute ischemic injury                                                                                                        

A major role of the bone marrow is to mobilize and release myeloid inflammatory 

and vascular reparative cells to injured tissues. We investigated whether there were any 

differences in the type and proportion of myeloid cells contributed by the calvarium 

compared to tibia following retinal injury. We differentially labelled the two bone 

marrow compartments by photoconversion using different experimental groups (Figure 

6A). To accomplish this, the calvarium or tibia of separate KIKGR mice were exposed to 

405nm laser to photoconvert the green cells of the respective bone marrow cells to red 

(Figure 6B,C). The mice then underwent I/R injury to the retina.  

At baseline (without retinal injury), we observed that the photoconversion rates of 

total CD45+ cells, as well as the myeloid cells of interest (neutrophils, monocytes and 

MACs) were significantly higher in the calvarium than the tibia (Figure 7). This was not 
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surprising as the calvarium is flatter, thinner and wider, offering increased surface area 

for exposure to laser than the tibia. Also, the photoconversion rate of each cell type was 

different, presumably due to the differences in their relative abundances in the marrow 

and relative locations in the marrow. To account for these differences in the experimental 

groups, the proportion of photoconverted cells was normalized to the baseline 

photoconversion rate of each cell type at the photoconversion site. When we subjected 

mice to acute I/R injury, we observed that the most robust response was from MACs 

irrespective of the photoconverted site (Figure 8A,B). Interestingly, the proportion of 

neutrophils and MACs but not monocytes from the calvarium were significantly higher 

than that of the tibia (Figure 8C,D,E). 

Myeloid cell composition of the calvarium versus tibia  

We asked whether the observed migration heterogeneity to the injured retina 

could be attributed to differences in the composition of the myeloid cells in the different 

bone marrow sites. To investigate this, we prepared single cell suspensions of the calvaria 

and tibial marrows of WT mice and analyzed them by flow cytometry. As shown in 

Figure 8F, G and H, we observed no significant differences in the proportion of 

neutrophils and MACs in the calvarium versus the tibia. However, the proportion of 

monocytes in the tibia was significantly higher than that of the calvarium.                                          
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DISCUSSION 

The key findings of our study include that in early postnatal development, the 

calvarium shows a higher proportion of HSPCs and a lower proportion of mature 

hematopoietic cells compared to the long bones. At time points when the bone marrow 

dominates hematopoiesis (P14-21), we observed that hematopoietic cells of long bone 

origin repopulate the peripheral blood of lethally irradiated hosts faster than cells of 

calvarium origin. These findings indicate a delayed differentiation potential of the 

calvaria marrow during development. However, the calvaria marrow showed increased 

engraftment and survival of hematopoietic stem cells and progenitors. This was supported 

by increased levels of stem cell engraftment and higher expression of the retention factor 

CXCL12 in the calvaria marrow compared to the long bones. In addition, the calvaria 

marrow contributed more neutrophils and MACs migrating into the retina following 

acute ischemic injury than the long bones (tibia).  

The development of definitive hematopoiesis begins early in the developing 

embryo, around E10 in the AGN after primitive hematopoiesis in the embryonic yolk sac 

[61-63]. From the AGN, hematopoietic stem cells are seeded into other organs such as 

the spleen, fetal liver and then the bone marrow shortly before birth [8, 64, 65].  

Development of both the long bones and flat bones begin prenatally [55-59], and these 

regions begin to support hematopoiesis when osteoblasts begin to calcify the bones to 

provide a microenvironment conducive for homing of circulating HSCs into the marrow 

[66, 67].  

However, while the field has made progress in understanding the development of 

hematopoiesis in the long bones [66, 68, 69], very little is known about the calvarium. By 
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flow cytometry, we observed that early on in postnatal development (at P7, when the fetal 

liver still dominates hematopoiesis), the proportion of HSPCs in the calvarium was 

higher than that of the long bones while the proportion of mature cells was less (Figure 

1). At P14 when fetal hematopoiesis has just been shut off due to loss key regulators such 

as erythropoietin [70], hematopoiesis in the calvarium increased, occupying the marrow 

with more mature cells (Figure 2). At P21 when the bone marrow is the primary 

hematopoietic organ, the proportion of HSPCs and mature cells in the calvarium and long 

bones were not different. Thus, our data uncovered an unsurprisingly gradual increase in 

hematopoiesis in different bone marrow compartments soon after birth, where the 

expansion of hematopoiesis in the calvarium trails that of the long bones until at most 

P21. It has been shown that during embryogenesis, the calvarium appears later, around 

E12.5, than the long bones around E9 [55, 56]. Although calcification/mineralization, 

which is required for successful HSC homing and proliferation in the marrow, has been 

reported to begin around the same time (E14-16 [56, 71]) in both tissues, by E17.5 the 

entire long bone is calcified but not the calvarium [55, 56], suggesting a relative delay in 

preparation of the various calvarial segments for HSC function. Our data supports that the 

relative delay in maturation of the calvarium compared to the long bones is associated 

with a concomitant delay in hematopoiesis.  

Next, we assessed the function of hematopoietic cells from the two locations 

using the competitive repopulation assay. The competitive repopulation assay, in which 

isolated bone marrow cells are transplanted into lethally irradiated hosts to replace the 

hosts hematopoietic cells, is considered the gold standard for evaluating the self-renewal 

and multilineage capability of stem and progenitor cells in vivo [2, 72, 73]. We employed 
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this assay to assess the ability of hematopoietic cells from the calvarium vs. long bones to 

repopulate the blood of irradiated hosts and the engraftment of HSPCs in the calvarium 

vs. long bones. At all three time points studied, we observed that cells of tibial origin 

repopulate the blood more rapidly than those of calvaria origin (Figure 3). Hematopoietic 

cells of different origins have different reconstitution potential [74]. For example, several 

studies have reported that the fetal liver HSCs have a more rapid reconstitution potential 

than that of the adult bone marrow [75-77]. A major drawback in these studies is that the 

donor cells were isolated from sites at different time points. Our data shows that at the 

same time points when the bone marrow dominates hematopoiesis in the body, cells from 

different bone marrow compartments exhibit different rates of blood reconstitution.  

When we assessed the hosts’ bone marrows 16 weeks post transplantation, a time 

point accepted as stable reconstitution, there was no difference in bone marrow stem and 

progenitors in hosts that received donor calvarial and long bone cells from P7 pups. This 

is not surprising because at P7, both bone marrows are still relatively immature. 

Immature bone marrow stroma does not possess the optimal conditions required for 

optimal engraftment, maturation and differentiation of stem cells [78]. Thus, cells of both 

long bone and calvaria origin from P7 pups are similar and not optimally primed for 

engraftment. However, analysis of bone marrow of hosts transplanted with cells from P14 

and P21 pups showed that, irrespective of the source of cells, the proportion of LT-HSCs, 

ST-HSCs and MPPs in the calvarium was higher that of the long bones (tibia) (Figures 4 

and 5). To ascertain a potential mechanism by which HSPCs survive and engraft better in 

the calvarium, we analyzed the levels of CXCL12 in the bone marrows by ELISA. 

CXCL12 is an important regulator of hematopoietic stem cell engraftment and facilitates 
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HSC retention at hematopoietic sites [66, 79, 80]. It binds to its receptor, CXCR4, 

expressed on HSCs. Activation of the CXCL12/CXCR4 signaling promotes HSC homing 

and repopulation in the marrow and the maintenance of HSC quiescence [81, 82]. We 

observed that CXCL12 was higher in the calvarium compared to the long bones. Taken 

together, our data suggests that the calvarium offers a better microenvironment for 

engraftment and survival of hematopoietic stem and progenitor cells by promoting 

increased expression of CXCL12. 

In addition to replenishing peripheral blood cells, the bone marrow responds to 

stress and injury by releasing inflammatory and reparatory cells that migrate to sites of 

injury [33, 83-85]. The injured retina, like all tissues, is invaded by bone marrow-derived 

cells following injury and hematopoietic cells contribute to the repair of the damage and 

reduce progression [86-88]. Bone marrow exhibits functional heterogeneity, in which 

different compartments or sites contribute different proportions of inflammatory cells into 

injured tissues [38]. We investigated whether this functional heterogeneity is exhibited in 

response to acute retinal injury. In vivo bone marrow labelling by photoconversion was 

followed by retinal ischemia-reperfusion injury. IR injury is a pathophysiologic 

phenomenon whereby tissue damage by hypoxia is exacerbated by reperfusion injury 

[23]. This injury model recapitulates neuronal cell loss mediated by severe vascular 

injury and inflammation [22, 89, 90]. We observed that after ischemic injury, the most 

robust cellular response from either the calvarium or tibia was by MACs. This was not 

unexpected as MACs are vascular reparative cells that provide paracrine support to 

facilitate repair in injured tissues. Interestingly, we observed that the calvaria marrow 

contributed more neutrophils and MACs. Herrisson et. al. reported a similar finding with 
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neutrophils in the brain when the mice were subjected to acute ischemic stroke [38]. 

Whereas MACs are known to be vascular reparative and beneficial, the role of 

neutrophils in tissue injury has been reported to be both beneficial and destructive [24, 

91]. However, as first responders to tissue injury, neutrophils promote neuronal survival 

by expressing important paracrine factors [92]. Thus, our data supports that the calvaria 

marrow contributes more of the early vascular and neuroprotective cell types from the 

bone marrow following acute injury.  

We observed no significant differences in the proportion of neutrophils and 

MACs between the calvarial marrow and the tibia, except for monocytes which was 

higher in the tibia. Thus, the proportion of cells in the marrows did not account for the 

heterogeneity in recruitment of bone marrow cells into the injured retina. However, the 

calvaria marrow communicates with the central nervous system through the cerebrospinal 

fluid (CSF). CSF directly accesses the calvaria marrow through the perivascular space 

bordering the vasculature that enter the calvarium and bacteria take advantage of this 

route to infect hematopoietic niches following meningitis [93]. The CSF within the 

subarachnoid space is contiguous with and surrounds the optic nerve head at the back of 

the eye [94]. It is known that injury signals such as tumor necrosis factor alpha and 

interferons are essential cytokines of inflammation that affect hematopoiesis [95, 96]. 

Thus, it is plausible that injury signals from the retina travel through the CSF at the back 

of the eye to the calvarium and elicit a calvarial marrow response faster than the tibial 

marrow which lacks direct input from the CSF. This could lead to the initial high 

contribution of cells from the calvarium we observed. Although studies have reported 

entry of bone marrow-derived cells into the retina via the optic nerve head [16], further 



47 
 

studies will look to explore evidence of this potential route of communication between 

the retina and the calvaria marrow through the CSF.   
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CONCLUSION 

Our study has provided insight into differences in hematopoiesis in the calvarium 

and long bone compartments. The expansion of hematopoietic cells during development 

is delayed in the calvaria marrow compared to the long bones until P21. Cells of calvarial 

origin do not repopulate blood as quickly as those of long bone origin in competitive 

repopulation studies. However, the calvaria marrow promotes improved survival of 

HSPCs by increased expression of stem cell factors such as CXCL12. Our data also 

supports that the calvarium contributes more neutrophils and more vascular reparative 

cells to the retina following acute injury. Further investigation is required to determine if 

this is mediated by faster communication between the retina and the calvarial marrow 

through CSF. Our study supports that even though the bone marrow is the primary 

hematopoietic organ in the adult state, hematopoiesis in different bone marrow 

compartments is functionally different. It also sheds light on the previously 

underappreciated importance of the calvaria bone marrow as a unique source of 

reparative cells for the retina and survival of HSPCs. 
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Figure 1: Hematopoietic stem and progenitor cells (HSPCs) in the calvarium and long 

bones during postnatal development. A-C: Representative flow cytometry plots for 

hematopoietic stem and progenitor cells (LS-K and LSK combined) in the bone marrow. D: 

Bar graphs showing quantification of HSPCs at the different time points. The proportion of 

HSPCs was significantly higher in the calvarium than long bones at P7 and P14 but 

decreased to comparable levels at P21 as hematopoiesis increased in the calvarium over 

time. 
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Figure 2: Mature hematopoietic cells (CD45+) in the calvarium and long bones 

during postnatal development. A-C: Representative flow cytometry plots for CD45+ 

cells in the bone marrow. D: Bar graphs showing quantification of CD45+ cells at the 

different time points. The proportion of CD45+ cells was significantly lower in the 

calvarium than long bones at P7 and P14 but increased to comparable levels at P21 as 

hematopoiesis increased in the calvarium over time. 
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Figure 3: Assessment of hematopoietic cell function in calvarium vs. long bones by 

competitive repopulation assay. A: Representative flow plots showing flow cytometric 

gating strategy for CD45.1+ donor cells and CD45.2+ host cells in the blood. B: 

Experimental design for the competitive repopulation assay. Bone marrow-derived 

cells were isolated from the calvarium and long bones of P7, P14 and P21 CD45.1+ 

donors and transplanted into lethally irradiated CD45.2+ hosts. Mice were bled 

biweekly and euthanized 4 months post transplantation for flow cytometry. C-E: Line 

graphs showing the proportion of donor cells reconstituting the blood of hosts. 
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Figure 4: Engraftment of hematopoietic stem and progenitor cells in the bone marrow 

4 months post transplantation. A: Representative plots showing flow cytometric gating 

strategy for evaluation of LT-HSCs, ST-HSCs and MPPs in the bone marrow. Mice 

were euthanized 16 weeks post transplantation and the proportion of hematopoietic 

stem and progenitors in the long bones (tibia) and flat bones (calvarium) assessed by 

flow cytometry.  B-D: Bar charts showing quantification of LT-HSCs, ST-HSCs and 

MPP in bone marrows of hosts that received calvarial donor cells at P7, P14 and P21 

respectively.  
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Figure 5: Engraftment of hematopoietic stem and 

progenitor cells in the bone marrow 4 months 

post transplantation. A-C: Bar charts showing 

quantification of LT-HSCs, ST-HSCs and MPP in 

bone marrows of hosts that received tibia donor 

cells at P7, P14 and P21 respectively. D: 

Quantification of CXCL12 levels in the 

calvarium and tibia (prior to irradiation and 

transplantation), assessed by ELISA showing 

significantly higher levels of CXCL12 in the 

calvarium compared to tibia. 
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Figure 6: In vivo bone marrow cell labelling by photoconverting calvarial and tibial 

marrow of KIKGR mice for BM cell tracking. A: Experimental design for tracking 

recruitment of BM cells into the injured retina. Either the tibias or calvaria of KIKGR 

mice were photoconverted by laser exposure, followed by retinal ischemia reperfusion 

and then flow cytometry 6 hours later. B,C: Representative plots showing proportions 

of live photoconverted (PE:red) CD45+ cells in the tibia, calvarium and blood of 

control uninjured mice before (B) and immediately after (C) photoconversion.   
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Figure 7: Baseline photoconversion of calvaria and tibias of KIKGR mice before 

retinal injury. A: Representative plots showing flow cytometric gating strategy for 

evaluation of photoconverted neutrophils, monocytes and MACs. B,C: Bar graphs 

showing differences in baseline photoconversion rates of (B) total CD45+ cells, 

monocytes, (C) neutrophils and MACs. 
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Figure 8: Relative contributions of calvarial and tibial marrows to neutrophils, MACs and 

monocytes in retina after ischemic injury. A-E: Bar graphs showing the normalized relative 

contribution of BM cells from the calvarium (A) and tibia (B) into the injured retina. The most 

robust response was observed from MACs in both calvarium and tibia photoconverted mice. 

However, (C-D) the calvarial marrow contributes significantly more neutrophils (C) and MACs 

(D) to the injured retina but not monocytes (E). F-H: Bar graphs showing the proportion of 

neutrophils, MACs and monocytes in calvarium (cal) and tibias (tib) of uninjured wild type mice. 
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ABSTRACT 

Hematopoietic cells play a crucial role in the adult retina in health and disease. 

Monocytes, macrophages, microglia and myeloid angiogenic cells (MACs) have all been 

implicated in retinal pathology. However, the role that hematopoietic cells play in retinal 

development is understudied. The temporal changes in recruitment of hematopoietic cells 

into the developing retina and the phenotype of the recruited cells are not well 

understood. In this study, we used the hematopoietic cell-specific protein Vav1 to track 

and investigate hematopoietic cells in the developing retina. By flow cytometry and 

immunohistochemistry, we show that hematopoietic cells are present in the retina as early 

as P0, and include microglia, monocytes and MACs. Even before the formation of retinal 

blood vessels, hematopoietic cells localize to the inner retina where they eventually form 

networks that intimately associate with the developing vasculature. Loss of Vav1 lead to 

a reduction in the density of medium-sized vessels and an increased inflammatory 

response in retinal astrocytes. When pups were subjected to oxygen-induced retinopathy, 

hematopoietic cells maintained a close association with the vasculature and occasionally 

formed ‘frameworks’ for the generation of new vessels. Our study provides further 

evidence for the underappreciated role of hematopoietic cells in retinal vasculogenesis 

and the formation of a healthy retina. 

Keywords: hematopoietic cells; developing retina; vasculogenesis; microglia; Vav1 

knockout 
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INTRODUCTION 

Hematopoietic cells are bone-marrow derived cells that become blood-borne 

myeloid and lymphoid cells and migrate to various tissues, participating both in immune 

responses and the maintenance of specific tissues [1–3]. Produced in the bone marrow in 

the adult homeostatic state [4], hematopoietic cells consist of undifferentiated, 

multipotent stem cells and progenitors responsible for their self-renewal and downstream 

mature immune cells [5]. Hematopoietic cells are involved in the maintenance of immune 

homeostasis in health [6] but are also activated in disease or stress to fight infection and 

aid in tissue repair. For example, in the steady state, monocytes patrol the vascular wall to 

assist in removal of infectious agents and other pathogens [7,8]. During injury or disease 

however, monocytes are recruited into the tissue parenchyma where they differentiate 

into macrophages with proinflammatory and anti-inflammatory activities [9–11]. In the 

adult retina, hematopoietic cells are immediately recruited following acute injury and 

home to sites of injury to facilitate tissue repair [2]. In the diabetic retina, hematopoietic 

cells accumulate in the lumen of the vasculature in response to increased vascular 

inflammation leading to capillary non-perfusion, endothelial cell loss and the eventual 

formation of acellular capillaries [12–14] and also extravasate from vessels to promote 

additional retinal pathology. 

In murine development, hematopoietic cells first appear in the embryonic yolk sac 

between embryonic days 7 (E7) and 8 (E8) [15,16]. They are later detected in the aorta–

gonads–mesonephros (E10.5), fetal liver (E11.5) and then the bone marrow (E14–16.5), 

which becomes the dominant hematopoietic site in the adult state. Concurrently, retina 

development begins around E10 and matures postnatally [17,18]. Multiple studies have 
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shown that some resident immune cells in the retina, typically microglia, are seeded in 

the eye from hematopoietic cells in the embryonic yolk sac, which migrate and proliferate 

in the retina [19,20]. However, a detailed characterization of the different phenotypes of 

hematopoietic cells in the developing retina is lacking, and the role that these cells play in 

retina development is understudied. The goal of this study was to investigate the timeline 

of the migration of different hematopoietic cells into the developing mouse retina 

postnatally and their contribution to the formation of a healthy adult retina. 
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MATERIALS AND METHODS 

Animals 

All animal experiments adhered to the Association for Research in Vision and 

Ophthalmology Statement on the Use of Animals in Ophthalmic and Visual Research and 

were approved by the Institutional Animal Care and Use Committee of University of 

Alabama at Birmingham (APN-21223), the Bioethics Committee of the University of 

Salamanca (animal license #568) and the animal experimentation authorities of the 

autonomous Government of Castilla y León (Spain). They were treated humanely in 

accordance with standards described in the Guide for the Care and Use of Laboratory 

Animals, considering relevant national and European guidelines. 

To generate Vav1-GFP mice, ROSAmTmG mice (Gt(ROSA)26Sortm4(ACTB-

tdTomato,-EGFP)Luo/J; The Jackson Laboratory) were crossed with Vav1-icre (B6.Cg-

Commd10Tg(Vav1-icre)A2Kio/J; The Jackson Laboratory) mice. This allowed the 

expression of GFP under the Vav1 promoter, giving rise to GFP+ (Vav1) hematopoietic 

cells in subsequent progeny. Vav1-GFP newborns were euthanized at P0, P7, P14 and 

P21 and their retinas used for downstream experiments and analysis. Vav1–/– (Vav1 KO) 

mice were generated as described previously [21,22]. 

Flow Cytometry 

Mice were perfused transcardially under isoflurane anesthesia with phosphate-

buffered saline (PBS) to flush vessels before euthanasia. After euthanasia, eyes were 

enucleated into ice-cold phosphate-buffered saline (PBS). The corneas, lenses and 

hyaloid vasculatures were removed and the retinas isolated immediately. To dissociate 
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retinas in-to single cells, each retina was incubated in 1 ml of papain dissociation solution 

(Roche Diagnostics GmbH, REF#10108014001) prepared according to manufacturer’s 

protocol for 30 min in a 37 °C water bath. Single cell suspensions were washed with 

FACs buffer on ice and then incubated with primary antibody cocktails for 45 min at 4°C 

in the dark. Antibodies used included CD45 Apc-eFluor780 (Invitrogen, Cat#47-0451-

82), Ly6C Percp/Cy5.5 (Biolegend, Cat#128012), Ly6G (BV605 Biolegend, 

Cat#127639), CD11b PE-CF594 (BD Biosciences, Cat#562287), CD31 PE (Invitrogen, 

Cat#2114546) and Fixable viability Dye eFluor506 (Invitrogen, Cat# 65-0866-14). The 

cells were then washed with FACs buffer, resuspended and analyzed using BD 

FACSCelesta flow cytometer (BD Bio-sciences) and FlowJo™ v10.8 Software (BD Life 

Sciences). Gating of the different cell populations was performed as previously published 

[23]. 

Immunofluorescence of Flat-Mounted Retinas and Retinal Cross-Sections 

Immunofluorescence of retinal cross-sections was performed as previously 

described [24]. Briefly, enucleated eyes were fixed in 4% paraformaldehyde solution for 

15–30 min on ice. After removing the corneas and lenses, the posterior cups were 

incubated in 15% sucrose solution in phosphate-buffered saline (PBS) overnight at 4 °C, 

then transferred to 30% sucrose in PBS for 3–4 h. The samples were then embedded in 

optimal cutting temperature (O.C.T.) medium and immediately frozen on dry ice and 

stored at −80 °C until further processing. The sections were thawed at 37 °C for 15–30 

min., washed in PBS and then permeabilized with 0.25% Triton-X in PBS for 5 min at 

room temperature. Sections were blocked with 10% normal horse serum in 1% bovine 

serum albumin (BSA) for 1 hr and incubated with primary antibody diluted in blocking 
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solution (1:100 dilution) over-night at 4 °C. Samples were then washed and incubated 

with the appropriate fluorescent-labeled secondary antibodies for 1 hr at room 

temperature, followed by washing with PBS. Sections were incubated with 40,6-

diamidino-2-phenylindole, dihydrochloride (DAPI) solution (Invitrogen, Cat#D3571) for 

5 min at room temperature. For retinal flat mounts, enucleated eyes were fixed in 4% 

paraformaldehyde solution for 90 min on ice. After fixation, the corneas, lenses and 

hyaloid vasculatures were removed and the whole retinas isolated, washed in PBS and 

incubated in blocking buffer for 3 hrs at room temperature. The samples were then 

incubated in primary antibodies overnight at 4°C, washed and incubated with secondary 

antibodies at room temperature for 4 h. The primary antibodies used were chicken anti-

GFAP (Novus Biologicals, Cat# NBP1-05198) and rabbit anti-collagen IV (Abcam, 

Cat#19808). Finally, samples were washed and mounted with anti-fade mounting 

medium (Vector Laboratories, Cat# H-1000) for imaging. Images were obtained with a 

40 X objective lens for cross-sections and 20 X for flat mounts and all experiments 

included negative controls in which the primary antibodies were replaced with blanks 

(blocking buffer). All analyzed images were acquired from the mid-periphery of the 

retina where we observed high density of vessels without interference from very large 

vessels at all time points. 

Oxygen-Induced Retinopathy (OIR) 

To study the impact of hematopoietic cells on abnormal retinal vascular 

development, we utilized the oxygen-induced retinopathy (OIR) model [25,26] as 

previously published [27]. Briefly, Vav1-GFP mice (P7) were placed with their nursing 

dams in a 75% oxygen atmosphere for 5 days. Mice were returned to normoxic 
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conditions at P12 and euthanized at P15 and P17, the timepoint for peak 

neovascularization or angiogenesis [28,29]. Retinas of the OIR mice were used in flat 

mount preparations as detailed above. 

Quantification of Retinal Vascular Density Using VESGEN 

VESGEN is a JAVA-based vascular analysis software program available from 

NASA (https://software.nasa.gov/software/ARC-17621-1) and operates as an ImageJ 

plugin [30,31]. In addition to the assessment of overall vascular densities, VESGEN also 

allows grouping and quantification of different generations of blood vessels in retinal 

images. For this study, 20 X images of retinal flat mounts were traced and binarized in 

Adobe Photoshop CC 2018 v19.1.2 (Adobe Systems Incorporated). The resulting binary 

images were loaded into VESGEN2D v1.11 for analysis. For this murine study, large-

sized (macrovascular) vessels were defined as generations 1–3, medium-sized vessels as 

generations 4–6 and small-sized (microvascular) vessels were defined as generations 7 

and greater [32]. 

 

 

 

 

 

 

 



83 
 

RESULTS 

Phenotype and Localization of Hematopoietic Cells in Healthy Developing Retina 

Using mice that express GFP under the control of the promoter for Vav1, a gene 

that encodes a hematopoietic cell-specific signaling protein [33–36], we investigated the 

phenotype of hematopoietic cells in the retina during post-natal development by flow 

cytometry and immunohistochemistry. As shown in Figure 1, GFP+ hematopoietic cells 

were detected in the retina less than 24hrs after birth (P0). The proportion of these cells in 

the retina increased significantly after P7 but remained steady up to P21. We observed 

that the majority of GFP+ hematopoietic cells early in postnatal development were 

microglia (53.05%, 51.34%, 58.37%, for P0, P7, P14, respectively,). The proportion of 

hematopoietic cell-derived microglia was reduced at P21 (34.61%) but did not reach 

statistical significance (p = 0.161). In addition, we detected GFP+ myeloid angiogenic 

cells (MACs) and monocytes in the developing retina. While the levels of the 

angiogenesis-supporting MACs were steady from P0 to P21, we observed that the levels 

of monocytes fluctuated between early (P0 to P7), mid (P7 to P14) and late (P14 and 

P21) development. 

The post-natal development of the retina is a tightly controlled process, such that 

the different neuronal cell types are being specialized into mature neurons while 

vasculogenesis occurs concurrently. We investigated which retinal layers showed 

hematopoietic cell recruitment during development. As shown in Figure 2, we observed 

that GFP+ hematopoietic cells were recruited into the inner retina (from inner limiting 

membrane to outer plexiform layer) at all the time points investigated, while the outer 
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retina was largely devoid of hematopoietic cells, except for dendritic processes of a few 

cells. 

Hematopoietic Cells and Retinal Angiogenesis and Inflammation 

One of the main events that occurs in the murine retina postnatally is the final 

formation of the vascular network. Using flat mounted retina and immunohistochemistry, 

we observed that GFP+ hematopoietic cells form networks that closely associated with 

the developing vasculature (Figure 3) and occasionally assimilated into vessels (Figure 

4). At P7, we observed that GFP+ hematopoietic cells occasionally formed retinal vessels 

(Figure 4A, inset). This suggests that hematopoietic cells may play a role in retinal 

vasculogenesis during development. 

We next examined the retinas of Vav1 knockout (KO) mice to evaluate the impact 

of loss of functional hematopoietic cells on retinal vascular development and used 

VESGEN for analysis of the vasculature. As shown in Figure 5, we observed that Vav1 

KO mice have a significantly reduced vessel number density at 1 month of age compared 

to wild-type (WT) mice (0.1592/pixel2 ± 0.011 vs. 0.2337/pixel2 ± 00025, p = 0.0018). 

We observed a significant difference in vessel density in the medium-sized vessels but 

not the large vessels or microvessels. We also examined the expression of glial fibrillary 

acidic protein (GFAP) in the developing retina. GFAP is normally expressed by retinal 

astrocytes but is increased with inflammation. We observed that GFAP expression was 

significantly elevated in Vav1 KO mice compared to WT (29.48a.u ± 10.09 vs. 14.34 ± 

5.91, p = 0.0412), supporting an increased inflammatory response in retinal astrocytes of 

Vav1 KO mice. Finally, we examined 7-month-old Vav1 KO mice and found that they 

had reduced vascular density (Figure S2D) but not significant difference in GFAP 
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expression (Figure S2E) compared to controls, suggesting that while the KO retinas 

recover from the increase in inflammation observed early after birth, the loss of vascular 

density persists. 

Hematopoietic Cells in Abnormal Retinal Vascular Development 

We used the OIR model to investigate the role of hematopoietic cells in retinal 

vascular repair during abnormal retinal development. In the OIR, exposure to high 

oxygen followed by a return to normoxia creates a relative hypoxic environment in the 

retina that leads to abnormal vascular development. Similar to WT retinas, we observed 

that GFP+ hematopoietic cells were recruited into the retina and were closely associated 

with the vasculature (Figure 6). In the retinas of mice subjected to OIR, hematopoietic 

cells aggregated and elongated to form vascular branches (Figure 6D) and formed new 

vessels or repaired damaged vessels at P17. 
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DISCUSSION 

The major findings of this work include that hematopoietic cells are recruited 

early in development and participate in the formation of the healthy retina mainly as 

microglia and by facilitating retinal angiogenesis. GFP+ cells in the retina appear as early 

as less than 24 h after birth (P0) and reach steady levels from P7 to P21 with the majority 

of these cells becoming microglia. We show that hematopoietic cells consistently align 

with the developing vasculature, potentially providing paracrine support to aid 

vasculogenesis in the healthy developing retina and also for vascular repair in abnormal 

vascular development. 

The involvement of hematopoietic cells in maintenance of retinal health is widely 

appreciated in the adult retina. Hematopoietic cells are mobilized from the bone marrow 

and recruited into injured or diseased retina to orchestrate tissue repair, inflammation 

and/or cell death [37–39]. However, the role that these cells play in the development of 

the retina and the temporal dynamics of their recruitment during postnatal development is 

understudied. We used transgenic mice that express GFP in the hematopoietic cell-

specific protein Vav1 [35] to study the temporal changes in the recruitment of 

hematopoietic cells into the developing retina postnatally. GFP+ hematopoietic cells 

appeared in the retina as early as P0 and reached steady levels from P7 to P21 (Figure 1). 

Retinal microglia were the primary cell type derived from hematopoietic cells. Microglia 

arise from primitive hematopoietic cells in the embryonic yolk sac (which become the 

resident microglia) and previous studies have identified microglia in the retina prenatally 

[10,20]. We observed myeloid leukocytes (ML) in the developing retina, and they were 

significantly reduced after P7. Of myeloid leukocytes in the retina, the levels of MACs 
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remained consistent up to P21 while the number of monocytes fluctuated. The initial 

relatively high levels of ML (predominantly monocytes) are likely in response to neonatal 

stress [40,41] after exposure of the newborn to a new oxygenated environment, which 

influences the mobilization of hematopoietic cells [42]. Given that there is no blood-

retinal barrier at birth in mice, circulating myeloid leukocytes enter the retina 

unrestricted. However, monocytes and other myeloid leukocytes only remain in the retina 

for a few days and are replaced [23]. Monocytes patrol the retina to protect against 

infection [7] and facilitate the activation of tissue resident microglia and macrophages to 

phagocytose [7,19] dead or misplaced cells as the developing retina organizes into 

distinct layers. The fluctuating levels of these cells in the developing retina is indicative 

of the dynamics of recruitment and removal of myeloid cells protecting the retina by 

facilitating the elimination of dead cells or unwanted cells every few days. 

Whereas vascular wall-derived endothelial colony forming cells (ECFCs) are the 

main cells capable of forming blood vessels de novo, MACs are hematopoietic cells that 

provide paracrine support to ECFCs during angiogenesis [43,44]. Given that the newborn 

mouse retina is devoid of blood vessels, the MACs are likely recruited to facilitate 

formation of blood vessels de novo and their organization into layers in the developing 

retina postnatally. We observed that GFP+ hematopoietic cells were distributed over the 

entire retina without preference for central or peripheral retina as shown in Figure S1. 

Other studies have shown bone marrow-derived cells enter the retina through the optic 

nerve head and ciliary body [45]. With no blood vessels and no blood-retinal barrier until 

later in development, the cells enter the retina mainly through the optic nerve head prior 

to P0 (Figure S2A), and also through the choroid (Figure 2E) and migrate towards the 
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inner retina and periphery as vasculogenesis begins and progresses. The recruited 

hematopoietic cells predominantly occupied the inner retina, from the inner limiting 

membrane to the outer plexiform layer (Figure 2). Santos et al. [20] observed similar 

localization of microglia in the developing retina, which is what we observed in our 

study. Interestingly, normal vascular development in the mouse retina is also confined to 

the inner retina [46,47]. We observed that GFP+ hematopoietic cells organized into 

connected networks that closely paralleled and occasionally incorporated into the 

developing vasculature (Figure 3,4). Retinal astrocytes form the framework that guides 

the structural organization of blood vessels in the developing retina [48,49]. However, it 

has been shown that hematopoietic cells are capable of targeting retinal astrocytes to 

promote both vasculogenesis and retinal vascular repair [50,51]. MACs secrete paracrine 

factors that recruit and guide ECFCs to areas of vasculogenesis [43]. Hematopoietic cells 

provide pro-angiogenic factors as well as structural support that promote angiogenesis 

[52]. Thus, our study adds to the increasing evidence of hematopoietic cells as key 

regulators of retinal vascular development. 

To investigate further the potential impact of hematopoietic cells on retinal 

vascular development, we used VESGEN to analyze the retinal vasculature of Vav1 KO 

mice. Vav1 is a signal transducer that mediates cytoskeletal rearrangement required for 

activation and mobilization of hematopoietic cells. Phosphorylation of Vav1 is essential 

for cell signaling and activation of receptors in the hematopoietic system [33,53,54]. We 

observed a reduction in retinal vascular density in Vav1 KO mice compared to controls 

(Figure 5), predominantly in the medium-sized vessels (generations 4 to 6). Previous 

studies have shown that loss of Vav1 leads to a reduction in lymphocytes [21], 
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particularly T cells [22,55]. Interestingly, Deliyanti et al. observed that expansion of 

regulatory T cells alleviates pathological angiogenesis [56], supporting the role that 

hematopoietic cells play in the formation and maintenance of blood vessels. In addition, 

Vav1 KO mice showed increased inflammation as evidenced by an increase in GFAP 

expression in retinal astrocytes- key modulators of retinal angiogenesis in development 

[50]. Thus, lack of and/or a dysfunction of hematopoietic cells in the developing retina is 

associated with retinal astrocyte pathology which negatively impacts vascular 

development. Reduced retinal vascular density is a known indicator of poor retinal 

function and is associated with retinal pathologies [51,57,58]. Reduced vascular density 

in Vav1KO mice therefore implies a reduction in retinal blood supply of oxygen and 

nutrients and inadequate removal of metabolic wastes, which affects retinal function. 

This, in part, could account for the increase in inflammation (GFAP expression) observed 

in Vav1 KO retinas. 

Retinopathy of prematurity (ROP) is characterized by abnormal retinal 

neurovascular growth in preterm newborns, caused by the exposure of the of immature 

retina to hyperoxic-to-hypoxic conditions leading to aberrant retinal vascularization [59–

62]. The murine OIR model has been used to recapitulate and investigate the 

pathogenesis of ROP [63–65]. The OIR model, like most vascular injury models, leads to 

infiltration of hematopoietic cells into the retina [66,67], and intravitreally administered 

hematopoietic cells are able to target the retinal vasculature to reverse abnormal retinal 

vascular development [27]. We subjected Vav1-GFP mice to OIR injury to track the 

response of endogenous hematopoietic cells in pathological vascular development. 

Hematopoietic cells maintained close association with blood vessels as observed in non-



90 
 

OIR retinas (Figure 6A–C). Hematopoietic cells incorporated into blood vessels and 

occasionally formed ‘channels’ (Figure 6D) as framework for the formation of new 

vessels. These findings support that hematopoietic cells may play a vital role in 

orchestrating retinal vasculogenesis during development. 

Our study has limitations. Even though Vav1 is widely known to be expressed in 

hematopoietic cells, it can infrequently be turned on in endothelial cells [68]. 

Nonetheless, given the overwhelming evidence in the literature that Vav1 cells are 

hematopoietic [55,69,70] and the retinal phenotype of the Vav1KO mice (Figure S2B), 

our data supports the role that hematopoietic cells play in retinal development. Data from 

7-month-old Vav1 KO mice and controls (Figure S2D,E) shows that at 7 months of age, 

Vav1 KO retinas have a significantly reduced vascular density (Figure S2D) but no 

significant difference in GFAP expression (Figure S2E). Thus, while the Vav1 KO 

retinas recover from the increase in inflammation experienced early after birth, the loss in 

vascular density persists beyond the resolution of inflammation. This suggests that the 

reduction in vascular density is more likely due to the loss of hematopoietic cells in the 

retina and not secondary to inflammation. In summary, our data supports that 

hematopoietic cells play a vital role in orchestrating retinal vasculogenesis during 

development. Further studies should also seek to correlate the reduced vascular density 

observed in these mice with results from physiological tests of functions such as 

electroretinography. 
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CONCLUSIONS 

Our study characterizes hematopoietic cells recruited into the developing retina 

and the possible roles of these cells in the formation of a healthy retina. In addition to 

microglia which are seeded prenatally, monocytes and MACs participate in the growth 

and development of the retina. Hematopoietic cells maintain a close association with the 

developing vasculature, contributing to the regulation of angiogenesis either directly or 

indirectly by targeting retinal astrocytes. Further investigation is required to elucidate the 

interplay between hematopoietic cells, astrocytes and endothelial colony forming cells in 

vasculogenesis. 
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Figure 1. Hematopoietic cells in developing retina (A). Representative plots showing 

flow cytometric analysis gates used to quantify cells within the retina. After gating for 

single cells, events were sub-gated into GFP+(Vav1) cells, GFP+/CD11b+/CD45high 

myeloid leukocytes (ML), GFP+/CD11b+/CD45low microglia and 

GFP+/CD11b+/CD45- ‘primitive’ microglia. ML were sub-gated into Ly6C+Ly6G- 

monocytes, and CD31+ myeloid angiogenic cells (MACs). Panel (B) shows 

quantification for each of these populations at P0, P7, P14 and P21 as indicated. 
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Figure 2. Localization of hematopoietic cells in developing retina. (A–D): 

Representative images showing localization of GFP+ (green) hematopoietic cells in 

the retina at P0, P7, P14 and P21. The cells predominantly migrate to the inner retina 

(inner limiting membrane to outer plexiform layer). (E): Representative image 

showing the occasional localization of a hematopoietic cell in the outer retina. A GFP+ 

cell is observed in the developing outer retina extending dendritic processes towards 

the RPE layer and inner retina. GFP+ cells are also observed arriving at the posterior 

retina via the choroid. Nuclei were stained with DAPI (blue). GCL: Ganglion cell 

layer; IPL: inner plexiform layer; NBL: neuroblast layer; INL: inner nuclear layer; 

OPL: outer plexiform layer; ONL: outer nuclear layer. 
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Figure 3. Hematopoietic cells and vascular development in the retina. Representative 

images showing the close association between GFP+ hematopoietic cells and the 

developing vasculature in the mouse retina. In early retinal vascular development (P7), 

hematopoietic cells in the retina form networks (P7, arrows) that parallel the 

developing vasculature, providing support to the vessels. Remnants of these networks 

persist throughout development (P14-P21, arrows). 
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Figure 4. Hematopoietic cells in retinal vascular development. Hematopoietic cells 

support an-giogenesis in the developing retina. GFP+ hematopoietic cells provide a 

framework for the completion of a branch vessel in the retina at P7 ((A), inset) and are 

occasionally incorporated into the developing vasculature at P14 ((B), white arrow) 

and P21 ((C), white arrow) for the formation of healthy/normal vessels. 
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Figure 5. Loss of hematopoietic cells in the developing retina delays retinal vascular 

development and increases inflammation. Representative images (A,B) showing 

retinal flat mounts of WT and Vav1 KO retinas stained with collagen IV which labels 

the vasculature, and the corresponding outputs from VESGEN (C,D) showing the 

different vessel generations color coded (E) from 1 − 9. (F − I) Graphs showing 

VESGEN quantifications comparing total vessel number density, large vessel, 

medium-sized vessel and small vessel densities between the two groups. (J,K) 

Representative images showing GFAP expression (green) in the retinas of WT and 

Vav1 KO mice and the cor-responding quantification in (L). White arrows indicate 

retinal astrocytes.  
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Figure 6. Hematopoietic cells in abnormal vascular development and repair. 

Representative images (A,B) showing retinal flat mounts of Vav1-GFP without OIR 

(WT) and with OIR (OIR) at 3 days (P15; (A,B)) and 5 days (P17; (C,D)) post OIR. 

At P15, GFP+ hematopoietic cells are observed forming close association with the 

vasculature in both models (white arrows). At P17, the peak of neovascularization, 

recruited GFP+ hematopoietic cells are observed to align/aggregate ((D), inset) to 

remodel or repair a damaged vessel in the developing retina. 
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Figure S1: Distribution of hematopoietic cells in retina development. Representative 

images showing the distribution of GFP+ hematopoietic cells recruited into the retina from 

P0 to P21. The recruited cells are distributed over the entire retina as early as P0 with no 

preference for the central or peripheral retina. Inserts are magnified images showing the 

uniform distribution at each time point. 
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Figure S2: Hematopoietic cells play a role in vasculogenesis in retina development. A: 

Representative image showing the recruitment of GFP+ hematopoietic cells the retina at 

P0. The recruited cells mainly enter the retina posteriorly at the ONH and are distributed 

over the entire retina. (B) Representative images showing the expression of Vav1 in WT 

and (C)Vav1 KO retinas. Retinal flat mounts of wild-type (WT) and Vav1 KO mice were 

stained with rabbit anti-Vav1 (Cell Signalling Technology, Cat# 2502S). Vav1 KO retinas 

are devoid of Vav1+ hematopoietic cells. C: Bar graphs showing quantification of vascular 

density and GFAP expression in older (7-month-old wild-type and Vav1 KO mice. ONH: 

optic nerve head 
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ABSTRACT 

Hematopoiesis is the machinery responsible for the generation and renewal of blood cells 

in the body. Hematopoietic stem and progenitor cells exist in specialized 

microenvironments, called niches, inside the bone marrow of the long and flat bones 

throughout the body. These cells self-renew and differentiate upon stimulation to give 

rise to the mature myeloid and lymphoid cells that populate the blood. Much like other 

tissues, the bone marrow suffers diabetic end-organ damage, including aberrant 

adipogenesis, mobilopathy and microangiopathy. However, the impact of diabetes on 

hematopoiesis and on the bone marrow niches at different sites has not been studied. We 

show that the impact of diabetes is different in the calvarial marrow compartment 

compared to long bones. The calvarium undergoes slower bone deterioration, reduced 

buildup of fat content and less vascular degeneration compared to the tibia during chronic 

type 2 diabetes. Cumulatively, this results in a relative preservation of hematopoietic 

stem and progenitor cell function and an increase in erythroid lineage cells in the 

calvarial marrow during this period of chronic metabolic insult. 

Keywords: Hematopoiesis, calvarium, long bones, tibia, relative preservation, vascular 

degeneration 
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INTRODUCTION 

Diabetes is a complex, heterogenous metabolic disorder characterized by chronic 

hyperglycemia, hyperinsulinemia and dyslipidemia [171-177]. Like the eye, kidney and 

heart among other organs, current literature recognizes the bone marrow as another target 

of diabetic end-organ damage [99]. Diabetes alters the composition of the bone marrow 

microenvironment and its ultimate function of generating blood cells [99, 220]. Diabetes-

associated fat accumulation, chronic inflammation, neuropathy and microangiopathy 

[178, 185-187, 220] impairs the mobilization of bone marrow reparative cells and skews 

hematopoiesis towards the myeloid lineage [191, 202, 204, 221]. Diabetic bone marrow-

derived cells have a reduced ability to proliferate [203], are aberrantly localized in the 

niche [188] and generate more proinflammatory cells [204]. However, the impact of 

diabetes on different bone marrow sites has not been studied. It is not known whether 

diabetes homogenously affects the bone marrow in the calvarium and long bones or if 

one compartment of bone marrow is more resistant to diabetic damage than another. In 

this study, we show that the calvarial marrow undergoes slower bone deterioration, 

slower buildup of fat content and slower vascular degeneration compared to the tibia 

during chronic type 2 diabetes. We observed a preservation of hematopoietic stem and 

progenitor cell function and an increase in erythroid lineage cells in the calvarial marrow 

during this period of chronic metabolic insult. 
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METHODS 

Animals 

All animal experiments were approved by the Institutional Animal Care and Use 

Committee at University of Alabama at Birmingham (APN 21802) and adhered to the 

Association for Research in Vision and Ophthalmology Statement on the Use of Animals 

in Ophthalmic and Visual Research. 10-week-old adult db/db mice (B6.BKS(D)-

Leprdb/J, Jackson Laboratories, Bar Harbor, ME) and wild-type controls (C57BL/6J, 

Jackson Laboratories, Bar Harbor, ME) were housed in a standard laboratory 

environment and maintained on a 12-hour light–dark cycle. Mice were euthanized after 

13-15 months of age for experiments. 

Ex vivo micro-CT imaging 

After euthanasia, bones were isolated and cleaned of external tissue. The 

calvarium of each animal was divided into two halves along the sagittal suture. For each 

animal, one half of the calvarium and one tibia was used for micro-CT imaging (the 

remaining half calvaria and tibias were used for immunohistochemistry). For micro-CT 

imaging, bones were fixed in 4% PFA at 40C overnight, then washed and transferred into 

PBS and imaged using a µCT scanner (MiLabs, Utrecht, The Netherlands). All bone 

images were acquired at ultra-focused magnification with the following parameters: tube 

voltage (50 Kv), tube current (0.24 Ma), step angle (0.25o), and with 75-ms exposure. All 

images were reconstructed using vendor software at 20μm/voxel resolution for analysis. 

Data was analyzed using 3D Slicer v4.8.1. For the calvaria, the whole volumes of the 

frontal and parietal regions were used for analysis and quantification. For the tibias, the 
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entire volume of bone 3.66mm from the top edge (which corresponds to the proximal 

trabecular region) was analyzed and quantified.  

Flow cytometry 

To ensure all tissues are treated in a similar manner, bone marrow cells were 

obtained by bone crushing. Briefly, animals were euthanized and the tibias and calvaria 

were carefully dissected from the legs and skull respectively. Bones were cut into pieces 

with surgical scissors and then gently crushed for up to 1 minute each with a mortar and 

pestle three times in 1ml FACS buffer. Crushed bones were filtered into a 50ml conical 

tube through a 40um strainer. Samples were then centrifuged at 350g for 5 minutes. Cell 

pellets were resuspended in 1ml FACS buffer and counted using a hemocytometer. The 

cells were then incubated with a cocktail of antibodies for 45 minutes at room 

temperature in the dark. The antibodies used included Fixable Viability Dye eFluor506 

(Invitrogen, Cat# 65-0866-14). CD45-APC-Cy7 (Invitrogen, Cat#47-0451-82), Mouse 

Hematopoietic Cell Lineage-FITC (Invitrogen, Cat# 22-7770-72), Sca-1-BV645 

(Invitrogen, Cat# 64-5981-82), TER119-eFluor450 (Invitrogen, Cat# 48-5921-82) and 

CD71-FITC (BD Biosciences, Cat# 553266). Cells were then washed with FACS buffer, 

resuspended and analyzed using BD FACSCelesta flow cytometer (BD Biosciences) and 

FlowJo™ v10.8 Software (BD Life Sciences). 

Colony-forming unit (CFU) assay 

CFU assay was modified as previously published [222, 223]. Briefly, bone 

marrow single cell suspensions were prepared from the calvarium and tibia as described 

above. Red blood cells were lysed with ACK lysis buffer (Gibco, Cat# A1049201) for 5 
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minutes on ice, washed and resuspended in FACS buffer. Cells were plated in MethoCult 

GF M3434 (STEMCELL Technologies, Cat# 03434) according to manufacturer’s 

instructions and allowed to grow for 12 days. Colonies were identified and counted 

following manufacturer’s instructions. Afterwards, all colonies were harvested by adding 

2mL of FACs buffer to each dish and pipetting gently to break the colonies into single 

cells in suspension. Cells in medium were transferred into a15mL conical tube and an 

additional 5 mL of FACs buffer was added to ensure that the methylcellulose is 

completely diluted. Samples were then centrifuged at 350g for 10 minutes to pellet the 

cells and washed again to remove any remaining methylcellulose. Cells were resuspended 

in 1ml FACS buffer and counted using a hemocytometer. 

Immunohistochemistry 

Immunohistochemical procedures were modified according to previously 

published protocols [224, 225]. Isolated bone samples were fixed in 4% 

formaldehyde/12.5% picric acid solution in 0.1M phosphate-buffered saline (PBS, ph 

6.9) overnight at 4OC. After fixation, the samples were decalcified for up to 2 weeks in 

0.5 M EDTA, changing the solution every day. After decalcification, the samples were 

processed for paraffin embedding and then sectioned at 10-μm thickness.  Paraffin-

embedded sections were treated with xylene for 5 minutes (X3), followed by 100% 

ethanol and 95% ethanol. After washing with distilled water, sections were subjected to 

epitope retrieval in sodium citrate buffer for 40 minutes, washed in PBS (X3) and 

permeabilized with 0.3% Triton X-100 before blocking in 4% horse serum at room 

temperature for 45 minutes. Samples were incubated in primary antibodies (1:200 rabbit 

anti-collagen IV, Abcam, Cat#19808) overnight followed by goat anti-rabbit secondary 
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antibody AlexaFluor 647 (Catalog # A-21244) for 2 hours at room temperature. After 

washing three times in PBS, sections were counterstained with DAPI (Invitrogen, 

Cat#D3571) for 10 minutes at room temperature, washed and mounted for imaging. 

Images were obtained with a 40X objective lens and quantified using ImageJ. 

Nile Red staining 

Decalcified bones were incubated in 30% sucrose in PBS for at least 48 hours at 

4oC, embedded in optimal cutting temperature (OCT) medium and immediately frozen on 

dry ice and stored at -80 °C until further processing. The sections were thawed at 37 °C 

for 15-30 min., washed in PBS and stained with 5 μg/mL of Nile Red solution at room 

temperature for 15 minutes. Sections were washed and counterstained with DAPI for 10 

minutes, washed and mounted for imaging. 
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RESULTS 

‘Red Marrow’ in the calvarium and tibia in diabetes 

We used the db/db mouse model to investigate differences in the calvarial and 

tibial bone marrow compartments in response to chronic type 2 diabetes. By examining 

the two tissues ex-vivo, we observed that the calvarium of db/db mice contained more red 

marrow than age-matched control calvarium (Figure 1A). However, the tibia of db/db 

mice had less red marrow than the control tibia, suggesting increased accumulation of 

adipocytes in the tibia of db/db mice, particularly in the epiphysis and metaphysis of the 

tibia (Figure 1B), but not in the calvarium. 

Trabecular thickness and bone mineral density 

Bone provides the structural environment for the bone marrow and osteoblasts 

and osteoclasts influence hematopoiesis [82]. Using microCT imaging, we examined the 

bone mineral density and trabecular thickness of calvarial and tibial bones of diabetic and 

control mice. As shown in Figure 2, an increase in trabecular thickness was observed in 

the frontal calvarium (but not parietal, Fig. 2C,D) of db/db mice compared to controls. In 

contrast, the trabecular thickness of db/db tibia was reduced (Fig 2. E). There was a trend 

towards increased bone mineral density in the calvarium (Fig. 2C,D) and a decrease in 

bone mineral density in the tibia of db/db mice (Fig. E).   

Hematopoietic cells in the calvarium and tibia in diabetes 

Using flow cytometry, we examined the composition of hematopoietic cells in the 

two distinct locations (Figures 3 and 4). The calvarial marrow in db/db mice had higher 

cellularity (cell density) compared to controls. In contrast, the cellularity of the tibia was 
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reduced in db/db mice (Figure 3A). Next, we tested if the HSPCs proportion in the 

calvarium was different from that of the tibia in type 2 diabetic mice. While the 

proportion of HSPCs in the tibia did not differ between diabetic mice and controls, a 

higher proportion of HSPCs were seen in the calvarium of db/db mice compared to 

controls (Figure 3C), suggesting a relative preservation of HSPCs in the calvarium in 

chronic diabetes. The proportion of mature hematopoietic cells (CD45+) was reduced in 

both tibia and calvarium of db/db mice (Figure 4) compared to controls. However, the 

reduction was less in the calvarium (52.78% ± 4.22 vs 32.13% ± 9.25 for controls and 

db/db, respectively) than in the tibia (43.43% ± 3.73 vs 13.39% ± 3.01 for controls and 

dbdb, respectively).  

Since the tissues showed different amounts of red marrow ex vivo (Figure 1), we 

investigated whether there were any differences in the proportion of erythroid lineage 

cells in the marrows. As shown in Figure 4, we observed that the db/db calvarium 

contained significantly more TER119+CD71- mature erythrocytes while the db/db tibia 

showed a trend towards reduced TER119+CD71- mature erythrocytes. Also, the db/db 

tibia showed a significantly reduced proportion of TER119+CD71+ erythroid precursors 

while the db/db calvarium showed a trend towards increased proportion of erythroid 

precursors, suggesting increased erythropoiesis in the calvarial marrow but not in the 

tibia in db/db mice. 

Functional hematopoiesis in the calvarium and tibia in diabetes 

We next examined the proliferation potential of bone marrow-derived cells from 

the calvarium and tibia using the colony-forming assay. Bone marrow cells isolated from 

either the calvarium or tibia were plated and allowed to multiply and expand for 12 days 
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in vitro. As shown in Figure 5, we observed a trend towards an increased total number of 

colonies formed by cells isolated from the db/db calvarium compared to controls. This 

was not the case for the cells isolated from the tibia. When the colonies were harvested 

and the cells counted, we observed that bone marrow cells from the calvarium of db/db 

mice gave rise to colonies with higher cellularity (Fig. 5A) compared to controls but not 

the tibial cells (Fig. 5B). Collectively, this suggests that the calvarium preserves the 

function and proliferative potential of hematopoietic cells compared to the tibia in type 2 

diabetes. 

Vascular density and fat content of the calvarium and tibia in diabetes 

We next examined the cellularity, vascular density and adipocyte content of the 

distinct bone marrow locations in chronic type 2 diabetes (Figures 6 and 7) using 

collagen IV to label the bone marrow vasculature, nile red to stain lipids and DAPI to 

identify cells in bone marrow cross sections. Similar to what we observed with single cell 

suspensions in Figure 3, we observed that the db/db calvarial marrow had significantly 

higher cellularity compared to controls, while the db/db tibia had significantly reduced 

cellularity (Figure 6B). In addition, both the db/db calvarium and db/db tibia had 

significantly reduced vascular density compared to controls (Figure 6D). However, the 

reduction in vascular density in the calvarium was less (5.7au ± 1.9 vs 3.2au ± 0.9 for 

controls vs dbdb, respectively) than the reduction observed in the tibia (13.6au ± 2.7 vs 

3.4au ± 3.1 for controls vs dbdb, respectively). This suggested a slower vascular 

degeneration in the calvarial marrow compared to the tibia in the dbdb mice. Previously, 

type 2 diabetes has been associated with increased adipogenesis in the bone marrow of 

long bones [187, 210, 213]. Thus, we investigated whether there were any differences in 
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fat/lipid accumulation between the two distinct marrow locations using nile red staining. 

As shown in Figure 7, we observed higher nile red fluorescence intensity in db/db tibia 

compared to controls but not in the dbdb calvarium, indicating a higher lipid 

accumulation in the db/db tibia than the calvarium. 
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DISCUSSION 

In this study, we show that the calvarial and tibial marrows respond differently to 

chronic type 2 diabetic insults. The calvarial marrow shows increased trabecular 

thickness and cellularity and a preserved proportions and function of hematopoietic stem 

and progenitor cells compared to the tibia. In addition, the calvarial marrow accumulates 

less fats and has a slower rate of diabetes-associated vascular degeneration. Our data 

supports a previously unknown facet of diabetes-induced bone marrow pathology in 

which the calvarial marrow undergoes slower remodeling and shows better preservation 

of hematopoiesis.  

The bone marrow, a gelatinous tissue found in long and flat bones in the body, 

houses essential proinflammatory, anti-inflammatory and reparative cells critical to the 

immune response to disease and injury. It is well known that the metabolic insults of 

diabetes disrupts the balance between inflammatory and reparative mechanisms in the 

bone marrow [99, 178-180], skewing the generation of cells towards the inflammatory 

phenotype in long bones [204, 208]. In addition, chronic diabetes affects the bones that 

house the marrow. Diabetic individuals have increased risk of osteoporosis due to 

increased bone loss, reduced bone synthesis or both [226-228]. We sought to understand 

if the calvarial and tibial bones are affected differently by chronic type 2 diabetes. Using 

microCT imaging, we observed an increase in the trabecular thickness of the db/db 

calvarium while that of the db/db tibia was reduced compared to controls. Diabetes alters 

the balance between osteoblast and osteoclast activity, whereby elevated osteoclast 

numbers and activity leads to increased bone resorption while reduced osteoblast 

numbers leading to poor bone formation and quality [229, 230]. Type 2 diabetes leads to 
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bigger cavities in the trabecular network and reduced osteoblast recruitment in the long 

bones [231, 232]. Thus, the increase in trabecular thickness in the frontal calvarium 

compared to controls (Fig 2) and increasing cellularity (Fig 3) could be due to an increase 

in osteoblast number and activity. Suppression of osteoclastic activity or increase in 

osteoblast activity in the calvarium compared to the long bones of the tibia could 

similarly result in increased trabecular thickness. Osteoblasts are an essential component 

of the hematopoietic stem cell niche and an increase in osteoblast number and activity has 

been shown to increase HSC function [73, 130]. Type 2 diabetes is known to adversely 

impact bone mass but not as dramatic as type 1 diabetes; however, bone quality is still 

impaired [228, 233]. This could account for the trends towards increasing bone mineral 

density (BMD) of the calvarium of dbdb mice vs controls and decreasing BMD of the 

tibia in dbdb vs controls observed in our study that did not reach statistical significance. 

Our data suggests a potentially slower rate of bone resorption or increased bone 

formation in the calvarium compared to the tibia of type 2 diabetic mice, facilitating a 

microenvironment more conducive to maintaining hematopoiesis in the calvarium than in 

the tibia. 

Type 2 diabetes leads to the accumulation of adipocytes in the bone marrow and 

affects hematopoiesis [187, 234]. Long-standing diabetes leads to increased adipocytes 

by shifting the differentiation of bone marrow mesenchymal stem cells towards 

adipocytic lineage, thereby suppressing the differentiation of osteoblasts and impairing 

hematopoietic stem cell function [212-216]. In our study, we observed ex-vivo that the 

db/db calvarial marrow contained more red marrow than controls (Fig 1). This was 

evident in the frontal, parietal and occipital regions of the calvarium. However, the db/db 
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tibia was observed to contain less red marrow. We employed nile red staining, a 

fluorescent labeling technique specific for lipid droplets [235] to explore  the 

accumulation of lipids in the bone marrow in diabetes (Fig 7). We observed an increase 

in nile red fluorescence in db/db tibias compared to controls but not in db/db calvarium. 

This suggests increased adipogenesis in the tibias of db/db mice while the calvarial 

marrow was relatively spared. The increased adipogenesis likely suppresses the 

differentiation of  mesenchymal stem cells into non-adipocytic phenotypes critical to the 

maintenance of the bone marrow niche [217] and this adversely affects  hematopoiesis in 

the tibia compared to the calvarium.  

The impact of diabetes on hematopoietic cells has been well documented, 

including impaired endothelial progenitor cell mobilization, impaired hematopoietic stem 

cell proliferation and myelopoiesis [179, 191, 194, 204, 220, 236]. We sought to pursue 

the ex vivo observations that the calvarium compartment contained more “red” marrow in 

the diabetic mice compared to age matched controls. When we analyzed the cellularity of 

both compartments by flow cytometry (Fig 4) and immunohistochemistry (Fig 6), we 

observed that the db/db calvarial marrow had more cells compared to controls, while the 

cellularity of the db/db tibia was reduced compared to age-matched controls. In addition, 

the proportion of erythroid lineage cells were higher in the db/db calvarium compared to 

controls but was reduced in the db/db tibia. However, the proportion of mature 

hematopoietic cells (CD45+), which makes up the majority of hematopoietic cells in the 

bone marrow, was significantly reduced in both locations. This suggests that the increase 

in cellularity of the db/db calvarium could in part be due to expansion of non-

hematopoietic and stromal cells, such as osteoblasts responsible for bone formation, or 
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increased erythropoiesis, or both, in the db/db calvarial marrow. We also assessed the 

proportion and function of HSPCs in the distinct bone marrow regions. We observed that 

while the proportion of HSPCs in the tibia remained unchanged between dbdb and 

controls, the dbdb calvarium had significantly higher proportion of HSPCs. When we 

tested the proliferation potential of bone marrow-derived cells from the two locations, we 

observed that cells from the dbdb calvarium formed colonies of higher cellularity 

compared to controls (Fig 5). Studies have reported a reduction in HSPCs in the long 

bones of type 2 diabetic individuals [210, 220] and that diabetic HSPCs are dysfunctional 

[237, 238]. Thus, our data suggests that the calvarial marrow relatively preserves HSPCs 

and hematopoiesis in type 2 diabetes. It has been shown that the calvarial marrow is 

directly connected to the cerebrospinal fluid (CSF) through microscopic channels that 

cross the inner skull cortex and directly connect the skull bone marrow cavities with the 

dura  of the brain [64, 123]. The calvarial marrow receives CSF through perivascular 

spaces traversing the dura [124]. CSF is a source of neurotrophic and growth factors from 

the central nervous system, including oxysterols (endogenous Liver X receptor (LXR) 

ligands) [239-241]. Previously, we showed that LXR activation with N, N-dimethyl-3β-

hydroxy-cholenamide (DMHCA) is sufficient to correct BM dysfunction in db/db mice 

[222]. DMHCA restored cholesterol homeostasis and rejuvenated membrane fluidity in 

bone marrow cells. Using single-cell RNA sequencing on lineage-sca1+c-Kit+ (LSK) 

hematopoietic stem cells (HSCs) from untreated and DMHCA-treated db/db mice, we 

showed that DMHCA reduced myeloidosis, increased myeloid angiogenic cells (MACs; 

vascular reparative cells) and increased erythrocyte progenitors. We show in this study 

that the calvarium maintains erythropoiesis and preserves HSPCs better than the tibial 
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compartments and this may be due to the presence of central nervous system-derived 

endogenous LXR agonists in the bone marrow of the calvarium but not of the tibia. 

  Diabetes causes microangiopathy in peripheral tissues including the bone marrow 

[210], characterized by endothelial dysfunction, increased vascular permeability [178, 

210], remodeling and loss of capillaries [187]. We examined the vasculature in the 

calvarial and tibial marrows of db/db mice and controls to determine if the apparent 

preservation of hematopoiesis in the calvarial marrow is associated with improved 

vasculature. We observed that both db/db calvaria and db/db tibias had reduced vascular 

density compared to controls (Fig 6). However, the reduction in vascular density in the 

db/db calvarium was approximately four times less than the reduction in the tibia. This 

suggests a slower rate of diabetes-induced vascular degeneration in db/db calvarium 

compared to db/db tibia. Beneficial growth factors provided by the CSF in the calvarial 

marrow could be a contributing factor in delaying vascular degeneration in this site. 
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CONCLUSIONS AND FUTURE DIRECTIONS 

Our study shows that the calvarial marrow undergoes slower deterioration in type 

2 diabetes compared to the tibia.  In diabetes, the calvarium preserves the function and 

proliferative potential of hematopoietic cells longer than the tibia. Given that this 

phenomenon has been observed in other flat bones such as the iliac crest in humans 

[242], the more easily accessible calvarium provides an excellent opportunity to explore 

further the inherent mechanisms that protects the marrow in flat bones. In this regard, the 

impact of cerebrospinal fluid-derived endogenous LXR ligands and growth factors may 

be the mechanism that protects the calvarium from the damaging effects of chronic type 2 

diabetes.  
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Figure 1. Ex-vivo observation of calvarial and tibial marrows in chronic type 2 

diabetes. Photographs showing differences in bone marrow content between the 

calvarium and tibia in chronic type 2 diabetes. Db/db mice show more red 

marrow and less fat content in the calvarium than controls (A, black arrows). 

However, db/db tibias have less red marrow and more fat content than controls 

(B, yellow arrows). 
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Figure 2. Bone mineral density and trabecular thickness of calvarium and tibia in 

db/db and controls. Representative images of microCT scans of the calvarium (A) 

and tibia (B) of control and db/db mice. Db/db mice have significantly increased 

trabecular thickness in the frontal calvarium (C) (but not parietal, D) compared to 

controls. However, the trabecular thickness in the tibia is reduced in dbdb mice (E). 
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Figure 3. Flow cytometric characterization of hematopoietic stem and progenitor cells 

(HSPCs) in the calvarium and tibia of dbdb and control mice. A: Representative flow 

plots showing flow gating strategy for Lin-/Sca-1-/C-kit+ (LS-K) and Lin-/Sca-1+/C-

kit+ (LSK) cells. LS-K and LSK cells were combined into HSPCs. B: Bar graphs 

showing quantification of cellularity (cell density) of calvarial and tibial marrows. C: 

Bar graphs showing quantification of the proportions of HSPCs in the two marrow 

sites. 
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Figure 4. Flow cytometric characterization of CD45+ cells and erythroid lineage 

cells in the calvarium and tibia of db/db and control mice. A: Representative flow 

plots showing flow gates for C45+ cells from calvarium (Cal, top row) and tibia 

(Tib, bottow row). B: Bar graphs showing quantification from A. C: Representative 

flow plots showing flow gates for erythroid precursors (Ery Prec, CD71+TER119+) 

and mature erythrocytes (Mat Ery, CD71-TER119+) from calvarium (Cal, top row) 

and tibia (Tib, bottow row). D: Bar graphs showing quantification from C. Ery Prec: 

erythroid precursors; Mat Ery: mature erythrocytes 
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Figure 5. Colony-Forming Unit (CFU) assay for bone marrow-derived cells from the 

calvarium and tibia of db/db mice versus controls. A: Representative images of 

colonies formed by bone marrow-derived cells from the calvarium (Cal, top image) 

and tibia (Tib, bottom image). Bar graphs show the quantification of colonies (B) and 

single cells in suspension (C). After 12 days post-seeding, there is a trend towards 

increasing number of colonies from calvarial cells of db/db mice. Single cell 

suspension of the harvested colonies shows a significant increase in cellularity of 

colonies from db/db calvarium compared to controls, but not from tibial colonies. 



143 
 

 

 

 

 

 

 

 



144 
 

 

 

 

 

 

 

 

 

Figure 6. Cellularity and vascular density of calvarial and tibial marrows in dbdb vs 

controls. A,C: Representative images showing bone marrow cellularity (DAPI+) and 

blood vessels (collagen IV+). Dbdb calvarial marrow has increased number of cells 

(Dapi+) compared to controls while the number of cells in the tibia is reduced in dbdb 

mice (B). In both calvarium and tibia, the vascular densities are significantly reduced 

in dbdb mice (D). However, the vascular degeneration is worse in dbdb tibia. White 

arrows indicate collagen IV vessels, yellow arrows indicate ‘empty’ spaces filled by 

lipids/fats in the marrows. 
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Figure 7. Lipid/Fat contents in the bone marrow. A,B: Representative images 

showing nile red staining in the calvaria and tibias of control (A) and db/db (B) 

mice. C: Bar graphs showing quantification of nile red staining, indicating 

increased fat content in the tibial marrows of db/db mice compared to controls 

but not in the calvarium.   
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SUMMARY CONCLUSIONS 

Developmental delay in calvarial hematopoiesis and the differential recruitment of bone 

marrow-derived cells into the injured retina 

During embryogenesis, the fetal liver (FL) is seeded with HSCs from the AGM 

[23, 243]. The FL dominates hematopoiesis prenatally and in the early days of postnatal 

development. HSCs are seeded into the bone marrow around E16-E18 [244] and shortly 

after birth, the bone marrow becomes the predominant hematopoietic organ in the adult 

state. Whereas the bone marrow exists in all long bones (such as tibia and femur) and flat 

bones (such as the calvarium) in the body [64], development of hematopoiesis in the flat 

bones has not been investigated as extensively as that of the long bones. 

In this project, postnatal hematopoietic development in the calvarium was 

compared to that of the long bones. The differential contribution of the calvarium and 

long bones (tibia) to the recruitment of immune cells into the retina following acute 

ischemic injury was investigated. The primary findings include that the calvarium 

showed a higher proportion of HSPCs and a lower proportion of mature hematopoietic 

cells compared to the long bones at P7 and P14 but not at P21. There was a gradual 

reduction in HSPCs and a concomitant gradual increase in mature hematopoietic cells in 

the calvarium compared to the long bones over time. These findings suggested a 

developmental delay in the differentiation potential of calvarial marrow cells. At P14 and 
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P21 when the bone marrow is known to dominate hematopoiesis, hematopoietic cells of 

long bone origin reconstituted peripheral blood more rapidly than calvarium cells.  

Interestingly, however, there was increased engraftment and survival of hematopoietic 

stem cells and progenitors in the calvarium compared to in the long bones. Upon further 

investigation, it was observed that the calvarium had increased levels CXCL12, a potent 

stem cell retention factor [53, 245], compared to the long bones. These results suggested 

that the calvarial microenvironment provided a better niche promoting more robust 

engraftment and survival of HSPCs.  

This study also investigated the heterogeneity in the mobilization of bone 

marrow-derived cells into the retina following acute ischemic injury. To test this, bone 

marrow cells in the calvarium and tibia were labeled by photoconverting the respective 

bones in KIKGR mice. Using the retinal ischemia-reperfusion injury model, the 

contribution of each bone marrow site to cells infiltrating the retina post-injury was 

compared by quantifying the respective proportions of photoconverted cells in the injured 

retinas. The calvaria marrow contributed more neutrophils and MACs than the long 

bones (tibia) following acute ischemic retinal injury, even though the proportion of these 

cells in the marrow at baseline did not differ significantly. This finding pointed to the 

potential importance of the calvarial marrow to the retina’s reparative response to acute 

injury. 

Hematopoietic cells influence vascular development in the retina 

It is well established that hematopoietic cells are major players in restoration of 

retinal health and function following injury of disease. Myeloid angiogenic cells (MACs), 

neutrophils and monocytes all play unique  roles in how the adult retina responses to 
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inflammation, largely via secretion of paracrine factors that promote cell survival [237]. 

In addition, it has been shown in animal models that the self-renewal and differentiation 

ability of hematopoietic stem cells can be utilized  to restore the adult retina’s health and 

function in retinal degeneration [246]. Although hematopoiesis begins early in 

embryogenic development, the role that these cells play in retinal development is 

underexplored.  

The current project characterized the mobilization of myeloid cells into the 

developing retina and their potential role in the formation of a healthy retina. While there 

were significant levels of MACs and monocytes, the majority of hematopoietic cells in 

the developing retina were microglia- cells purported to ‘clean’ the retina by removing 

dead and misplaced cells by phagocytosis. We observed hematopoietic cells in close 

association with the vasculature as the retina’s maturation progressed, potentially 

contributing to the regulation of angiogenesis via paracrine secretions or by targeting 

retinal astrocytes. Although further investigation is needed to better understand the 

interaction between hematopoietic cells, astrocytes and endothelial cells in retinal 

vasculogenesis, this study sheds light on the underestimated role of hematopoietic cells in 

retinal vasculogenesis and the formation of a healthy retina. 

Relative preservation of hematopoiesis in the calvarial marrow in type 2 diabetic mice 

The bone marrow suffers diabetic end-organ damage including adipogenesis, 

microangiopathy and neuropathy [178]. These intra-marrow complications contribute to 

functional abnormalities such as impaired mobilization of reparative cells and 

myelopoiesis [202, 221]. However, the impact of diabetes on hematopoiesis at different 

bone marrow sites has not been studied.  
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In this study, the effect of long-term type 2 diabetes on the calvarial marrow was 

compared to that of the tibial marrow. The calvarial and tibial marrows responded 

differently to type 2 diabetic metabolic disorder. The key findings included that the 

calvarial marrow showed increased trabecular thickness and bone marrow cellularity. 

Also, the calvarium preserved the proportion and function of its HSPCs compared to the 

tibia. In addition, there was less fat accumulation in the calvarial marrow, along with a 

slower rate of diabetes-associated vascular degeneration. Thus, this study revealed the 

novel finding that the calvarial marrow undergoes slower diabetes-induced remodeling 

and improved preservation of hematopoiesis compared to the tibia. The calvarial marrow 

therefore may serve as a promising source of HSPCs for autologous stem cell therapy in 

type 2 diabetes. In addition, given its relative ease of access, the calvarial marrow could 

provide an ideal local target for delivery of ligands that could potentially alleviate 

diabetes-associated bone marrow pathology. 

Limitations 

This work has a number of limitations. For cell tracking, we labeled bone 

marrow-derived cells in vivo by photoconversion- exposing both the calvaria and tibias 

of KIKGR mice to 405nm laser for 6 minutes each. Differences in bone thickness 

between the calvarium and tibia potentially affected the penetrance of the laser into the 

marrows proper. For this reason, not all the bone marrow cells were photoconverted and 

even though this approach led to a higher percentage of in vivo labeling than what has 

been reported in the literature for similar experiments [64], the photoconversion rate was 

different between the two bone marrow locations. Using invasive techniques to further 

thin the tibia would have damaged the bone and introduced a considerable confounding 
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factor in the bone marrow’s response to retinal injury. Reducing the exposure time of the 

calvarium to achieve a comparable photoconversion rate to the tibia also would have led 

to sub-optimal in vivo labelling in the calvarium and affected our ability to track as many 

calvarial marrow-derived cells as possible. However, this limitation was accounted for by 

normalizing the experimental data to the baseline rate of each cell type in each distinct 

location. 

In addition, we tracked the recruitment of hematopoietic cells into the developing 

retina using GFP-labeled Vav1 (Vav1-GFP) transgenic mice. Although it is widely 

accepted that Vav1+ cells are hematopoietic, Vav1 is infrequently activated in endothelial 

cells [247]. Thus, it is not impossible that a few of the Vav1-GFP cells observed in the 

developing retina were endothelial in origin. It was beyond the scope of this project to 

evaluate what proportion of Vav1-GFP cells observed were derived from endothelial 

cells, if any, and at what point in development this endothelial Vav1 activation occurred. 

However, the data in this work supports the contribution of hematopoietic cells to retina 

development given the numerous reports in the literature that Vav1 cells are largely 

hematopoietic in origin. 

Future directions 

Hematopoiesis is integral to the maintenance of the circulatory system and the 

survival of many body systems. It generates the bone marrow cells that are responsible 

for maintaining the cellular fraction of blood and the repair of tissues after injury. This 

project has shown that hematopoiesis is different in the distinct bone marrow 

compartments. Crucially, this work has established that the calvarial marrow 

microenvironment is specially evolved to promote the engraftment and survival of 
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hematopoietic stem and progenitor cells in the healthy state and during metabolic stress 

in type 2 diabetes. While the current work focused on hematopoietic cells in the marrow 

late in type 2 diabetes, the bone marrow microenvironment comprises a diverse range of 

cell types including stromal cells of mesenchymal origin and nerve endings [248], all of 

which experience the metabolic stress caused by diabetes. Future work could investigate 

the diabetes-associated changes in the composition of bone marrow stromal cells and 

nerve density in the calvarium versus the tibia by multicolor flow cytometry and 

immunostaining, respectively. Single cell RNA sequencing will provide further insight 

into the changes in the epigenetic signature of these bone marrow cells in the calvarium 

versus tibia in diabetes. 

In addition, this work has also shown that the calvarial marrow contributes more 

myeloid angiogenic cells (MACs) and neutrophils into the retina following acute 

ischemic injury. Previous studies have shown that MACs become dysfunctional in late 

diabetes when complications exist [133, 249]. Thus, MACs dysfunction in part explains 

development of vascular complications and once dysfunctional they become unable to 

correct vascular damage, contributing to development of diabetic retinopathy. There is 

still a gap in knowledge regarding the temporal dynamics of recruitment of these cells 

during chronic conditions such as diabetes. Future work could interrogate which of the 

two compartments (calvarium versus tibia) contributes more MACs and neutrophils to 

the retina during early, mid- and late-stage diabetes. In addition, future studies could 

explore calvarium-targeted delivery of Liver X Receptor (LXR) agonists- cerebrospinal 

fluid-derived ligands that promote MACs function, to reverse or slow progression of 

diabetic retinopathy. 
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