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Abstract 
 

Understanding the Etiology of Post-Radiotherapy Osteoclastopenia 

 
Ashley R. Sweeney-Ambros 

 
Sponsor: Megan E. Oest, PhD 

 
Introduction: Late-onset post-radiotherapy (RTx) bone fragility is a common side 

effect in patients, often resulting in insufficiency fractures leading to delayed union or 
non-union. Due to new clinical innovations, patient survival has been prolonged and there 

is a need to prevent fractures in these patients. Data from murine models of irradiation 
indicates that post-RTx, there is a biphasic osteoclast response characterized by early 

osteoclasia followed by long-term osteoclastopenia. We hypothesized that the imbalance 
in homeostatic bone remodeling is a contributing factor to RTx-associated fragility. The 

primary goal of this dissertation was to elucidate potential mechanisms of early 
osteoclasia and long-term osteoclastopenia in a murine model of limited-field RTx. 

Methods: We utilized both in vivo and in vitro approaches for these studies. For all in 
vivo studies, BALB/cJ mice received four fractionated doses of 5 Gy x-irradiation. In 
vitro irradiation was conducted on whole bone marrow and passaged marrow stromal 
cells at 2 Gy. We utilized various techniques to gather data such as flow cytometry, 

micro-computed tomography, mechanical testing, histology, qRT-PCR, and various cell 
culture models. Statistical analyses were completed using JMP16 software. 

Results: We determined zoledronic acid following parathyroid hormone treatment 
cessation maintains accrued bone mass post-RTx. Osteogenesis was largely unaffected by 

irradiation. Inflammation contributed to increased osteoclastogenesis in only RTx 
marrow at 2 weeks post-RTx, with an increase in pro-inflammatory monocytes and IL-10 

signaling decrease noted at this time point. Hematopoietic stem cells (HSCs) repopulated 
irradiated bone marrow as early as 4 weeks post-RTx and retained their osteoclastic 

differentiation potential when provided with pro-osteoclastic cues ex vivo. 
Conclusions: These data suggest that the early increase in osteoclast number seen in 

our murine model may occur due to an increase in pro-inflammatory signals coupled with 
the loss of anti-inflammatory cytokines such as IL-10. As HSCs repopulate in irradiated 

marrow as early as four weeks post-RTx, we determined that long-term osteoclastopenia 
is not due to loss of progenitor cells. Additionally, HSCs isolated from whole bone 
marrow also retain their osteoclastic differentiation potential, further supporting our 

conclusions and hinting that there may be defunct or dysfunctional pro-osteoclastic 
signaling post-RTx. 
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Chapter 1 
Introduction 

 

1.1 Radiotherapy-Associated Insufficiency Fracture of Bone 

1.1.1 Radiotherapy for Cancer Treatment 

 Radiation therapy (RTx) is a widely utilized cancer treatment modality, both 

alone and in combination with chemotherapeutic agents. For many different types of 

cancers, including lung and breast cancer, it plays an integral role in tumor shrinkage for 

both curative and palliative care. This is achieved when energy from the radiation source 

is directed at the anatomic site bearing the tumor. The primary goal of RTx is to induce 

lethal DNA damage to the tumor while maintaining the integrity of healthy tissues 

surrounding the tumor; the difference in radiation dose sensitivity between the tissues is 

known in radiation oncology as the therapeutic window. 

Due to certain hallmarks of tumorigenesis not seen in normal healthy tissues, 

including mutations in cell cycle regulatory mechanisms (e.g., checkpoint proteins and 

apoptotic pathway proteins),1 tumor cells rapidly and uncontrollably proliferate and are 

thus ideally more sensitive in the G2 and M phases of the cell cycle to ionizing radiation 

(IR). Sensitivity in the G2 and M phases of the cell cycle may be due to increased cell 

cycle progression, as demonstrated by Connor et al (2019) in metastatic pancreatic 

cancer.2 This primarily causes lethal double strand breaks, telomere shortening, and 

chromosomal instability3 in cancer cells, leading to cancer cell death. Secondarily, IR 

leads to increased oxidative stress by the release of reactive oxygen species (ROS) such 

as those produced by nitric oxide synthase (NOS).4 Increased ROS production is 
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associated with higher levels of inflammation5 which can impair healing processes of 

irradiation-induced tissue damage. 

The radiation-induced bystander effect is a well-characterized phenomenon that 

occurs in  healthy non-irradiated cells as a result of the primary and secondary changes 

caused by IR.6 Evidence supporting this claim includes decreased clonogenicity,7 

increased expression of genes associated with the stress response,8 and increased gH2AX 

foci9 (indicative of double stranded breaks) in non-irradiated cells incubated with 

conditioned media from irradiated cells. The bystander effect may also be responsible for 

the abscopal phenomenon10 in which distant, non-irradiated sites are impacted by RTx. 

This has been demonstrated clinically when distant metastatic tumors far from the site of 

RTx were found to decrease in size,11 hypothesized to occur via migrating cytotoxic 

lymphocyte action.12 

 Several methods to protect healthy cells are used as part of a patient’s treatment 

plan. Clinicians often utilize a strategy called dose fractionation, in which radiation 

treatments are provided in smaller fractions of the total dose (approximately 2 Gy/dose) 

delivered over time to maximize tumor damage while allowing normal cells within the 

irradiation field time to repair DNA damage.13 Radioprotectants are agents designed to 

widen the therapeutic window such that a healthy tissue can survive a higher radiation 

dose before sustaining damage.14 The only drug currently FDA-approved for the use as a 

radioprotectant is amifostine, a free radical scavenger, that may be used during oral-

pharyngeal cancer radiotherapy. Amifostine is a prodrug, processed into its active form 

by alkaline phosphatase. This allows amifostine to accumulate preferentially in healthy 

cells, as cancer cells tend to have lower alkaline phosphatase levels.15 Though this 
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seemed promising as a broad spectrum radioprotectant, the mechanism of action as a free 

radical scavenger was found to interfere with normal cellular processes.14 

Even with actions taken to protect healthy tissues in the RTx field, there are still 

many common early and late-term effects in patients. Early side effects of RTx are highly 

dependent on the anatomic site. Ionizing radiation can induce edema, nausea and 

vomiting, dehydration, oral sores and dysphagia (head and neck RTx), and urinary and 

bowel incontinence (pelvic RTx).16 Acute symptoms related to inflammation and edema 

typically resolve once treatment is complete. Late RTx side effects also vary with 

anatomic location and RTx dose, and include radiation-induced fibrosis (especially 

common in the lung),17 sarcopenia,18 infertility in pelvic RTx patients,15 cardiac toxicity 

due to damaged vasculature,19 and secondary malignancy.20 Another late-onset side effect 

of RTx, and the clinical focus of this dissertation, is insufficiency fracture of bone. 

 

1.1.2 Post-Radiotherapy Insufficiency Fractures 

 Radiation-induced insufficiency fractures, also referred to as fragility fractures, 

are fractures that occur due to bone embrittlement and loss of mechanical strength.21 

Characteristically, these fractures are late-onset and occur months to less than 5 years 

following cessation of RTx.22 Radiographs and bone densitometry scans are poor 

predictive criteria for determining which patients will go on to fracture, as gross bone 

loss does not generally occur. The clinical incidence of insufficiency fractures is highly 

variable (Table 1.1) and can depend on dose, location, and diagnostic criteria. Several 

studies have found a positive correlation between radiation dose and risk of fracture, 

where higher RTx doses are correlated with higher fracture incidence.23,24 Additionally, 
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certain anatomic sites, such as the pelvis and sacrum, are more frequently associated with 

fracture. Unfortunately, the true incidence of post-RTx insufficiency fracture is difficult 

to determine due to variability in the way fractures are identified as well as long-term 

patient follow-up. One clinical study has even been able to demonstrate that of the pelvic 

RTx patients that went on to fracture, 43.8% of them were asymptomatic and only 

detected incidentally through patient follow-up.25 This demonstrates that the true 

incidence of post-RTx insufficiency fracture could be even higher.  
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Table 1.1. Clinical Incidence of Radiotherapy-Associated Bone Insufficiency Fractures 
Based on Primary Tumor and Irradiated Anatomic Site. 

Fracture Site Fracture Incidence 
(<5yr) Primary Tumor Citation 

Pelvic 
 

8.2-14% Anal/cervical/rectal  Baxter 200526 
13% Gynecologic cancer Ikushima 200627 

17.9% Cervical cancer Ogino 200328 
19.7% Cervical cancer Oh 200829 
9.5% Cervical cancer Park 201130 
9.7% Cervical cancer Schmeler 201031 
20% Uterine/cervical Tokumaru 201232 
32% Cervical cancer Uezono 201333 
7.8% Cervical/endometrial/vaginal cancer Salcedo 202025 
15.8% Cervical cancer Yamamoto 201734 
4.4% Cervical and anal cancer Bazire 201735 
14% Cervical cancer Chung 202136 
9.7% Cervical cancer Kurrumeli 202137 
4.6% Rectal cancer Cambray 202038 

Femoral 9% Soft tissue sarcoma Blaes 201039 

Lower extremity 
 

6.8% Soft tissue sarcoma Cannon 200640 
4.5% Soft tissue sarcoma Dickie 200941 
7% Soft tissue sarcoma Helmstedter 200142 

7.4% Soft tissue sarcoma Holt 200521 
4% Soft tissue sarcoma Pak 201222 

21.8% Soft tissue sarcoma Gortzak 201043 
33% Ewing’s sarcoma Paulino 200418 

Rib 
 

8.3% Lung, breast, etc. Dunlap 201044 
25% Breast cancer Overgaard 198845 

21.4% Lung cancer (NSCLC) Voroney 200946 
13.7% Lung cancer Stam 201747 
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There are three main types of bone fractures that a patient could suffer. Traumatic 

fractures occur when there is a large applied force that exceeds the strength of the bone. 

An example of a traumatic fracture includes one obtained from a car or motorcycle 

accident. Pathologic fractures occur due to local bone defects such as cancerous 

osteolytic lesions. Insufficiency fractures are atraumatic in nature, and occur under 

normal daily loading conditions, such as rolling over in bed. Post-RTx fractures are of the 

insufficiency type, and difficult to predict as there is typically no apparent loss of bone 

density. 

 Consequences of RTx-associated insufficiency fracture are dire for most patients, 

though the underlying causes have yet to be elucidated. It is possible that damaged 

vasculature plays a role, but this has never been confirmed in patients. They can 

experience delayed healing, in which normal fracture healing processes are disrupted and 

leave patients susceptible to osteomyelitis. Another possible complication of 

insufficiency fracture is non-union, in which a proper fracture callus never develops, and 

the opposing cortices never come together. Non-unions, if asymptomatic, may not 

necessarily require treatment, but those that are symptomatic or in load-bearing bones 

require surgical intervention and stabilization.48 As RTx has become a widely used and 

valuable therapeutic tool, there is a clinical need to prevent RTx-induced insufficiency 

fractures to preserve a patient’s quality of life. 

 

1.2 Murine Models of Radiotherapy 

Small rodent models are often used as preclinical models to study the skeletal 

effects of IR. Though no model can perfectly recapitulate the pathology of RTx-induced 
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insufficiency fractures in humans, it is possible to manipulate variables in small animals 

that cannot be controlled for in humans. Described below are three murine models of 

irradiation that are commonly utilized in scientific literature. There are advantages and 

disadvantages to each model, and the way in which they are irradiated varies. 

 

1.2.1 Total Body Irradiation 

Total Body Irradiation (TBI) is often used in the literature as a model for space 

irradiation and a method for marrow ablation in adoptive transfer models. The total body 

irradiation protocol does not utilize any shielding techniques, and therefore the entire 

animal is exposed (Figure 1.1A). In adoptive transfer models, either a sublethal or lethal 

dose of IR is delivered to mice, followed by the allogeneic transfer of cells of interest. 

This technique results in murine bone marrow ablation with very slow cellular 

repopulation,49 which makes it particularly useful in adoptive transfer models. 

Christofidou-Solomidou et al (2015) along with scientists at NASA utilized TBI in a 

murine model and discovered a positive correlation between mild space irradiation and 

lung inflammation.50 The effect of TBI on the skeletal system has only been studied in 

the context of spaceflight51,52 and accidental exposures.53,54 As TBI is not typically 

utilized in a clinical setting for cancer therapy, TBI is not an ideal platform to study RTx 

in a preclinical model and is not widely used for this purpose. 

 

1.2.2 Small Animal Radiation Research Platforms 

 To more accurately recapitulate clinically relevant RTx delivery, some groups use 

a small animal radiation research platform (SARRP) (Figure 1.1B). This platform 
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utilizes image registration (micro-computed tomography or x-ray) and a focal beam 

designed to accurately deliver IR to a small area (1-3 mm) in an immobilized animal.55 

The advantage of using such a system lies in the ability to more accurately model clinical 

RTx at a rodent scale, and the irradiated area is much smaller and more representative of 

what would occur in humans. The downside of such a model, however, is that the limited 

amount of tissue irradiated may not be sufficient to assess functional outcome measures 

such as mechanical testing or morphologic analysis of larger tissue structures. 

 

1.2.3 Limited-Field Hindlimb Irradiation 

 Limited-field hindlimb RTx aims to model what patients would receive during 

clinical treatment, much like SARRP, but provides more tissue to evaluate. Limited-field 

RTx can be used to irradiate one or both hindlimbs in rodents to model RTx changes to 

healthy tissue56,57 as well as irradiation of flank and hindlimb tumors, as described by Lin 

et al (2021).58 For unilateral hindlimb RTx, rodents, including their tails, are shielded 

with a lead shield and one hindlimb is outstretched into the RTx field (Figure 1.1C). 

Using this method allows use of the non-irradiated contralateral hindlimb of the irradiated 

animal for paired analysis. The advantage to using limited-field RTx over SARRP is that 

while a larger part of the body will be irradiated relative to the animal size, more affected 

tissue is available to evaluate functional outcomes (skeletal morphology, biomechanics, 

cell culture). In this dissertation, limited-field hindlimb radiotherapy (both unilateral and 

bilateral) was used for all in vivo experiments. 
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Figure 1.1. Common Modalities of Small Animal Radiotherapy. Three common models 

of small animal RTx include (A) total body irradiation (TBI); (B) small animal radiation 

research platform (SARRP); and (C) limited-field radiotherapy in healthy tissues and 

flank tumor. TBI involves no shielding and is typically used in skeletal biology as a 

model for spaceflight and nuclear disaster. SAARP delivers focal x-irradiation to small 

animals in a very small area. Limited-field RTx involves shielding the entire mouse with 

extension of the one hindlimb. Impacted tissues are circled in red and listed below each 

figure. 
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1.3 Normal Long Bone Structure 

1.3.1 Bone Macrostructure and Microstructure 

Bone is a dynamic tissue critical for stability, movement, organ protection, 

calcium homeostasis, and a reservoir for hematopoiesis in most vertebrate organisms. 

The skeletal system in humans is comprised mainly of four different categories of bones: 

long bones (e.g., femur, tibia), flat bones (e.g., skull), short bones (e.g., tarsal bones), and 

irregular bones (e.g., vertebrae, sacrum).  

Bone consists of two tissue types: cortical bone and trabecular bone. Cortical 

bone provides most of the mechanical strength to long bones, while trabecular bone 

contributes some mechanical strength and has shock-absorbing properties. The mechanics 

of cortical bone heavily rely on the amount of mineralized matrix as well as cortical 

porosity.59 Following irradiation, several studies have shown evidence of cortical 

thinning. Farris et al (2018) demonstrated that following total chest irradiation in non-

human primates, the rib bones of irradiated groups had significant cortical thinning and 

loss of bone mineral density.60  In a limited-field model, Oest et al (2018) reported that 

irradiated mice had significantly lower cortical area at the mid-diaphysis region.57 

Irradiation also impairs the mechanical properties of bone. Bartlow and colleagues (2018) 

demonstrated that irradiated bone had an immediate decrease in bone fracture toughness 

that was sustained through the duration of the study.61 Following up the prior study, 

Bartlow et al (2021) studied material properties of irradiated demineralized bone and 

found that irradiated bone had increased stress relaxation and decreased elastic modulus 

and energy to failure.62 Trabecular bone is composed of a network of rod and plate-like 

structures and is considered to be more metabolically active than cortical bone.63 
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Irradiation induces a loss of trabecular bone volume, as demonstrated both clinically and 

in preclinical models.64-68 

There is a hierarchical structure in bone that contributes to biomechanics and bone 

function. Bone is highly vascularized, which is critical for maintenance of bone health 

and cell mobilization. In human bone, Haversian canals house nerves and capillaries, 

making them important structures for bone vascularity.69 Though having a hierarchical 

structure to bone is conserved in all vertebrates, there can be species-specific differences 

in the bone structure itself. For example, small rodents lack Haversian systems, which 

may be a limitation in translational studies.70-72 

Bone matrix is composed mainly of inorganic mineral in the form of 

hydroxyapatite [Ca10(PO4)6(OH)2] (~60%), collagen (mostly Type I, ~20%), water 

(10%), and non-collagenous proteins (~10%).73 The hydroxyapatite matrix provides 

compressive strength and rigidity to bone, while the collagenous matrix provides 

elasticity.74 Hydroxyapatite in healthy bone has low crystallinity, but as bones age or 

accumulate damage, hydroxyapatite crystals increase in size and length.75 Collagen 

molecules are connected by enzymatic crosslinks, and the type of crosslink can reflect 

bone health or tissue age.73 Non-collagenous proteins, including osteopontin and 

osteocalcin, are also critical for matrix maturation.74,76 A unique aspect of bone is that 

through remodeling, bone maintains its own reservoir of bioactive signaling molecules 

that play a role in remodeling homeostasis. These microstructural components all play a 

crucial role in the macrostructure, rigidity, and elasticity that is important for bone 

biomechanical function, and changes to these aspects of bone may compromise bone 

integrity. Oest and Damron (2014) saw a RTx-induced increase in non-enzymatic 
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collagen glycation at one week post-RTx that did not persist long-term.77 This data also 

appears to be upheld in dental tissue exposed to 30 Gy or 60 Gy, in which irradiated 

enamel in molars had decreased elastic modulus and hydroxyapatite crystallinity.78 

 

1.3.2 Bone Marrow Microenvironment 

 Bone marrow is a heterogeneous milieu of numerous cell types that work 

collectively to support maintenance of the postnatal hematopoietic niche. It is highly 

structured, and sometimes referred to as yellow and red marrow due to the appearance of 

red and white blood cells (red marrow), as well as a source of fat (yellow marrow). Bone 

marrow is highly vascularized, allowing transport of cells, nutrients, and oxygen.79 Blood 

vessels are lined with endothelial cells and pericytes that interact with other cell types in 

the marrow.80 In an section of healthy bone (Figure 1.2A, hematoxylin & eosin stain), it 

is possible to visualize the cellular abundance in addition to cell types such as osteocytes 

(white triangles), chondrocytes (blue triangles) red blood cells (gray triangles), and 

megakaryocytes (orange triangles). Bone marrow is comprised mainly of macrophages 

and neutrophils, but other cells important to bone health that reside in the marrow include 

hematopoietic stem cells (HSCs), marrow stromal cells (MSCs), monocytes, dendritic 

cells, and osteoclast precursors (Figure 1.2B, Table 1.2). Described below are the most 

relevant cells found in the bone marrow/cortical bone that will be the focus of this 

dissertation. 
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Figure 1.2. Normal Bone Marrow Morphology. The medullary shaft of the diaphysis of 

the bone houses the bone marrow. (A) The above H&E-stained marrow is from a 

BALB/cJ mouse (4x magnification). White triangles denote osteocytes, blue triangles 

denote chondrocytes, gray triangles denote red blood cells, and orange triangles denote 

megakaryocytes. (B) Cell types and their relative proportions that comprise whole bone 

marrow. LT-HSC = long-term HSC, ST-HSC = short-term HSC, LepR = leptin receptor. 

Created in part with Biorender.com. 
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Table 1.2. Cellular Composition of Murine Bone Marrow. 
 

Cell Type Percentage in Bone Marrow Citation 
KLS-type HSCs 0.01-0.055% Lo Celso 200981; Tian 201682 
Short-term HSC 0.005% Osawa 199683; Tian 201682 
Long-term HSC 0.05% Osawa 199683; Tian 201682 
LepR+ MSC 0.1-0.30% Zhou 201484 
Monocytes 2-5.80 % Nombela-Arrieta 201785 
Macrophages 3.48-9.30%*See note Hensel 201986 
Osteoclast Precursors ~4.00% Ascone 202087 
Dendritic Cells 2.78-7.45%* See note Hensel 201986 
Neutrophils 19.81-34.67%*See note Hensel 201986 
CD4+ T Cells 3.15-7.76%*See note Hensel 201986 
CD8+ T cells 4.28-5.60%* See note Hensel 201986 
B cells 9.59-36.65%*See note Hensel 201986 

*Note: The wide variation seen in the percentage of these cells in the marrow is 
attributed to differences in murine strain, age, and gender. KLS cells are HSC 
characterized by cell surface markers as c-Kit+, Lin–, and Sca-1+. LepR = leptin 
receptor. 
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1.3.2.a Hematopoietic Stem Cells 

Hematopoietic stem cells are multipotent progenitor cells with the ability to self-

renew and differentiate into a wide variety of cells of myeloid and lymphoid lineage 

(Figure 1.3). The literature suggests that HSCs exist as a small pool of short-term HSCs 

(ST-HSCs) and a larger pool of long-term HSCs (LT-HSCs) (Table 1.2).82,83 Long-term 

HSC populations are typically quiescent88 until activated by Wnt, Hedgehog, and Notch 

signaling pathways.89 Once activated, it is thought that LT-HSCs divide and proliferate to 

produce ST-HSCs, which are ready to differentiate. These cells are the multipotent 

progenitors that give rise to myeloid and lymphoid common progenitors responsible for 

replenishing the stocks of immune cells and red blood cells following injury or cell death 

(Figure 1.3). Very little is known about the impact limited-field irradiation on marrow 

HSCs, as most data in the literature uses TBI. In a mouse model of TBI, Green et al 

(2012) demonstrated decreased total marrow cellularity and immediate ablation of HSCs 

that do not show signs of recovery until 8 weeks post-RTx.49 As HSCs give rise to cells 

that play a crucial role in the bone remodeling process, either directly or indirectly, there 

remains a need to study the longitudinal impact of IR on these cells. 
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Figure 1.3. Hematopoietic Stem Cell Differentiation Hierarchy. Hematopoietic stem cells 

(HSCs, both short-term and long-term) give rise to numerous cell types. Proliferating 

HSCs can differentiate into lymphoid progenitors or myeloid progenitor cells, which can 

then give rise to a variety of terminally differentiated cells including osteoclasts, 

monocytes, and macrophages. Lymphoid progenitor cells which give rise to T cells, B 

cells, or NK (natural killer) cells. Created with BioRender.com 
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1.3.2.b Marrow Stromal Cells 

Marrow stromal cells (MSCs), also called mesenchymal stem cells, are tripotent 

skeletal progenitor cells crucial to maintenance of the hematopoietic niche that can 

differentiate into osteoblasts, adipocytes, and chondrocytes in the marrow (Figure 1.4). 

Osteoblasts are bone-forming cells that contribute to homeostatic bone remodeling. 

Adipocytes store lipids and also contribute to endocrine signaling, metabolism, and 

provide energy to the marrow space.90 Chondrocytes are cells involved in cartilage 

formation and maintenance, including roles in long bone growth and fracture healing.91 

As their name suggests, MSCs are stromal cells with a spindle-like shape that is 

reminiscent of fibroblasts. MSCs contribute to the organization and structure of the bone 

marrow, and MSC heterogeneity dictates the hematopoietic niche through many signaling 

mechanisms.92 An important discovery was a subset of MSCs that express leptin receptor 

(LepR), which appear to represent a large number of bipotent stromal cells in the 

hematopoietic niche.84 In the literature, murine MSCs have been described as relatively 

radio-resistant and able to repair DNA double strand breaks rather rapidly,93 and this 

effect is enhanced in a hypoxic environment.94 Konkova et al (2020) reported that 

following low dose IR, there are damaged and apoptotic cells, though a majority of the 

cells adapt to the oxidative stress and become more resistant.95 Unfortunately, the low 

dose IR model in that study does not recapitulate clinical treatment and may not be an 

accurate representation of what is occurring in human MSCs. 

MSCs serve a critical role in propagating monocyte/macrophage lineage cell 

growth by the release of macrophage colony stimulating factor (M-CSF) either by 

paracrine or autocrine signaling mechanisms.96 Melief et al (2013) reported that MSCs 
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secreted increased levels of IL-6, pushing monocytes towards an anti-inflammatory 

phenotype expressing IL-10,97 demonstrating the importance of MSCs in cell and 

immune maintenance in the marrow. The promotion of wound healing of MSCs was 

evident when Diaz et al (2020) reported MSC therapy after 8 Gy TBI increased survival 

of mice, though they also reported that supplementation of MSCs did not restore 

hematopoiesis.98 These properties of MSCs are also utilized to enhance HSC engraftment 

both clinically and in preclinical models.99 
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Figure 1.4. Marrow Stromal Cell Differentiation Hierarchy. Marrow stromal cells 

(MSCs) can differentiate into osteoblasts (bone forming cells), adipocytes (fat cells) and 

chondrocytes (cartilage cells). Osteoblasts can be differentiated further into osteocytes 

(cells entombed in bone matrix). Created using BioRender.com. 
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1.3.2.c Osteoclasts 

 Osteoclasts are multinucleated cells derived from the monocyte/macrophage 

lineage that resorb old or damaged bone. Histologically, osteoclasts are typically 

identified by the number of nuclei (>3) and the production of tartrate-resistant acid 

phosphatase (TRAP). Osteoclasts (and to a lesser extent monocytes, macrophages, and 

dendritic cells) secrete TRAP, which may be used as a biomarker for active bone 

resorption.100   

Osteoclasts circulate as mononuclear osteoclast precursors and travel to the site of 

impending bone resorption. Precursor cells are activated when receptor activator of 

nuclear factor kappa-B (RANK) on the cell surface binds receptor activator of nuclear 

factor kappa-B ligand (RANK-L). Once activated, osteoclast precursors fuse, mediated 

by dendritic cell-specific transmembrane protein (DC-STAMP). Following 

multinucleation, actin cytoskeletal rearrangement through M-CSF and integrin signaling 

pathways aids in osteoclast function.101-103 The pro-osteoclastogenic signal RANK-L is 

mainly secreted by osteoblasts and osteocytes, though under inflammatory conditions, 

like rheumatoid arthritis, can be secreted by T cells. Following TBI in a murine model, 

Willey et al (2008) reported an early increase in the number of osteoclasts per bone 

surface and serum markers of bone resorption,104 which was abrogated by treating mice 

with a bisphosphonate, risedronate, in a subsequent study.105 Corroborating this data in a 

limited-field irradiation model, Oest et al (2015) noted an increase in osteoclast number 

at 2 weeks post-RTx followed by long-term osteoclast depletion through the duration of 

the study (~26 weeks post-RTx).106  
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 Inflammatory bone and joint disorders like rheumatoid arthritis have a high 

incidence of bone erosion around joints. Through histological analysis of human 

pathology tissue and the use of preclinical models, there is evidence that 

osteoclastogenesis can occur independent of RANK-L signaling.107 Inflammatory-

induced bone resorption occurs when tumor necrosis factor alpha (TNFa) binds to tumor 

necrosis factor receptor 1 or 2 (TNFRI, TNFRII respectively). Binding of TNFa to its 

receptors on osteoclast precursors has resulted in osteolysis in murine models and has 

been shown to induce bone resorption regardless of the presence of RANK-L.108,109 

However, Yao et al (2009) demonstrated that TNF-induced osteoclastogenesis was not as 

effective without RANK-L, as it did not efficiently process NF-kB subunits for 

translocation to the nucleus.110 Currently, there is a dearth of literature describing TNFR-

dependent osteoclastogenesis post-RTx in mice, so the effects of the direct inflammatory 

response on osteoclasts are largely unknown.  

  

1.3.2.d Osteoblasts 

 Osteoblasts are highly specialized bone modeling cells of the MSC lineage that 

also are involved in bone remodeling regulation. Cells form tight junctions with one 

another allowing greater cell-cell communication in order to secrete osteoid during bone 

formation.111 Osteoblasts are also responsible for regulating bone remodeling through the 

secretion of osteoprotegerin (OPG). Osteoprotegerin is a soluble decoy receptor for 

RANK-L and inhibits bone resorption when greater amounts of OPG accumulate and 

bind free RANK-L.  
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Osteoblasts are typically activated through canonical Wnt signaling, in which Wnt 

binds to LRP5/6 and forms a complex with Frizzled.112 Through more cellular signaling 

mechanisms, b-catenin accumulates and is translocated to the nucleus, where it is free to 

transcribe osteoblast-related genes such as runx2 or bglap. The expression of sclerostin 

(SOST) by osteocytes directly inhibits bone formation by suppressing the Wnt/b-catenin 

pathway. Chandra et al (2017) demonstrated that an antibody directed against SOST 

accelerated DNA double strand break repairs in primary osteoblasts following focal 

irradiation using SARRP, illustrating that maintenance of Wnt signaling in bone is 

critical to function post-RTx.113 Other groups have shown that IR leads to osteoblast 

apoptosis, blunting bone formation and potentially leading to imbalance in the bone 

modeling and remodeling process.114,115 

 

1.3.2.e Osteocytes 

 Osteocytes, the most abundant cells in the bone, are terminally differentiated 

osteoblasts that have become entombed within the bone matrix.116 The origin of 

embedment into the bone is highly disputed, but has been suggested to occur passively 

when osteoblasts lay osteoid on top of other osteoblasts.117 Once an osteocyte has become 

embedded within the bone matrix, it begins to form dendritic processes that extend 

towards the bone surface and into the Haversian canals.118 With these processes, 

osteocytes can communicate with other neighboring osteocytes and regulate bone 

remodeling in response to mechanical stimuli. The cavity in which an osteocyte resides is 

referred to as a lacuna, and the dendritic processes allow cell-cell communication, 

forming the lacunocanalicular network. Several hypotheses have attempted to explain 
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how osteocytes are able to process mechanical signals and transmit molecular signals, but 

the most prominent theory focuses on fluid shear stress physically deforming the 

osteocyte during loading. As the master regulators of bone remodeling homeostasis, 

osteocytes respond to mechanical signals by secreting cytokines such as RANK-L, OPG 

or SOST.119 The role that osteocytes play in post-RTx bone fragility has only recently 

become a topic of interest. He et al (2019) reported that high dose g-irradiation induced 

apoptosis in the MLO-Y4 osteocyte-like cell line, which increased osteoclastogenesis 

with a modest increase in RANK-L protein expression.120 Conversely, Wang et al (2021) 

found that primary murine osteocytes had significant DNA damage with increased 

senescence following in vitro IR and displayed a senescence-associated secretory 

phenotype that negatively impacted osteoclastogenesis.121  

 

1.4 Homeostatic Bone Remodeling 

 Bone remodeling is a highly regulated process that occurs constantly over the 

course of a lifetime, and is typically stimulated by growth, mechanical loading, tissue 

damage, or metabolic disease.122 It is a tightly coupled process that involves coordinated 

action between bone-resorbing osteoclasts and bone-forming osteoblasts and is 

orchestrated by osteocytes. The molecular signals that drive homeostatic bone 

remodeling are RANK-L, which stimulates osteoclast formation by binding RANK 

receptor on osteoclasts, and OPG. The RANK-L:OPG ratio can be used to determine the 

active stage of bone remodeling or as an indicator of bone health. For instance, high 

RANK-L:OPG is indicative of systemic active bone resorption, while low RANK-L:OPG 

is indicative of a systemic decline in bone resorption, though this ratio may not reflect 
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localized remodeling events. In addition to RANK-L and OPG, bone remodeling is 

responsive to hormonal changes. Parathyroid hormone (PTH) produced by the 

parathyroid glands is a hormone involved in blood calcium maintenance and can have 

both catabolic and anabolic effects on bone. Receptors for PTH can be found on many 

different cells, but in bone are prevalent in osteoblasts, MSCs, and osteocytes.123 Bone 

remodeling can also be impacted by estrogen, which can bind estrogen receptors on 

osteoblasts and osteocytes, increase OPG expression and thereby inhibit RANK-L 

binding to RANK.124,125 There are four main processes involved in the bone remodeling 

process: activation, resorption, reversal, and formation (Figure 1.5). 

1) Activation: Circulating osteoclast precursors receive molecular signals (RANK-L) 

secreted by osteoblasts or from apoptotic osteocytes that recruit them towards the 

site of remodeling. Precursors then fuse and bind to the surface of the bone, form 

a sealing zone, and begin to secrete bone-resorbing acids and enzymes.126 

2) Resorption: Once the sealing zone has formed at the surface of the bone, 

osteoclasts begin to degrade the mineral through a H+ proton pump. This begins 

the formation of Howship’s lacuna (an osteoclast resorption pit). In addition to 

acidification, osteoclasts also release proteases such as cathepsin K and matrix 

metalloproteinase 9 designed to degrade the collagenous matrix. This process 

lasts approximately two weeks and terminates with osteoclast apoptosis.126 It is 

also a critical mechanism for calcium release into the body to maintain global 

calcium homeostasis. 

3) Reversal: The reversal phase is the intermediate phase between resorption and 

formation. During this phase, pre-osteoblasts are recruited to the resorption pits 
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from several stores, including the periosteum, bone lining cells, and MSCs. The 

entire process lasts approximately four to five weeks and is not well-

understood.126 

4) Formation: Osteoblasts secrete type I collagen to establish the organic matrix. The 

deposition of the mineralized hydroxyapatite matrix is complex and involves 

coordination with the collagenous matrix and non-collagenous proteins. Bone 

formation is the longest part of the bone remodeling process, lasting 

approximately four months. Once formation is complete, osteoblasts are subjected 

to one of two fates: die by apoptosis or become entombed in the bone matrix as an 

osteocyte.126  
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Figure 1.5. Homeostatic Bone Remodeling. The phases of homeostatic bone remodeling 

include 1) activation of osteoclast precursors to fuse, forming multinucleated osteoclasts; 

2) resorption of old or damaged bone by osteoclasts; 3) reversal, in which pre-osteoblasts 

are recruited to the resorbed site; and 4) formation, in which osteoblasts lay down 

osteoid. The process is controlled by osteocytes entombed in the matrix. Created in part 

using BioRender.com. 

�� ��������	
 �� ��	����	
 �� ������ �� �	�����	


���

�����	


���

���
���������������

����������

�������

�����������

����������
����������

�����������



 28 

1.5 Potential Areas for Post-Radiotherapy Therapeutic Intervention 

 Due to the severity of insufficiency fractures in many RTx patients, there remains 

a need for proper therapeutic and prophylactic options. As bone remodeling is a highly 

regulated process, any disturbance in cell types or signaling patterns could potentially 

cause an imbalance that impacts the health of bones. Determining which specific cell 

populations in the bone marrow are highly impacted by IR may provide insight as to how 

prophylactic treatment could be delivered to patients. There are several different cell 

populations that would be ideal targets for therapeutic intervention.  

  Two cell types that need to be explored more closely are osteoblasts and 

osteoclasts, as the coupling of these cell types drives bone remodeling homeostasis. As 

prior data has shown that early on post-RTx, there is an increase in osteoclast number 

followed by long-term osteoclast depletion,104,106 and thus preventing early bone 

resorption while preserving osteoclast function is of great importance. Similarly, as some 

groups demonstrated osteoblast apoptosis post-RTx,114,115 sustaining osteoblast 

populations is another avenue of treatment. A potential treatment option in preserving 

homeostatic remodeling is the intermittent use of parathyroid hormone (PTH [1-34], 

henceforth referred to as PTH), a drug already approved by the FDA. Intermittent PTH 

induces anabolic bone formation by activation of osteoblasts, though the mechanism of 

action remains unclear. Oest et al (2016) demonstrated intermittent treatment with PTH 

in a limited field murine RTx model provided transient protection against RTx-induced 

bone loss,127 while Chandra et al (2014) reported intermittent use of PTH prolonged 

osteoblast and osteocyte survival post-RTx.114 



 29 

 There remains an additional need to determine the fate of osteoclast and 

osteoblast progenitor cells, HSCs and MSCs respectively, in a limited-field RTx model. It 

is possible that post-RTx changes in osteoblast and osteoclast populations may be due to 

cell death or senescence of their progenitors. Whitfield (2005) reported that PTH may 

function as a hematopoietic radioprotectant when given prior to IR.128,129 By determining 

how these different cell populations are impaired by IR, it is possible to determine the 

best course of action for prophylactic treatment. 

As bone remodeling homeostasis and hematopoietic niche maintenance are 

dependent on a multitude of cell types, ionizing radiation could have an impact on a wide 

variety of different cellular processes. This dissertation investigates potential causes 

driving persistent osteoclastopenia and loss of bone remodeling homeostasis following 

radiation therapy. We address this by testing the ability of FDA-approved drugs to 

maintain bone mass and bone progenitor cell populations post-RTx (Chapter 2); 

determining the radiosensitivity and osteogenic capacity of primary MSCs from three 

murine strains (Chapter 3); and investigating how marrow populations and function of 

osteoclast precursors change following irradiation (Chapter 4). A combination of in vivo 

(limited-field mouse hindlimb RTx) and in vitro (cell culture) models were used in 

conjunction with flow cytometry, qRT-PCR, histology, biomechanical testing, and micro-

computed tomography. Our primary goal was to understand the etiology of ionizing 

radiation-associated bone loss and identify possible targets for therapeutic interventions. 

Clinically, understanding the origin of early osteoclasia and subsequent osteoclast 

depletion can better guide prophylactic treatment to protect radiotherapy patients from 

suffering insufficiency fractures. 
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Chapter 2 
Orchestrated Delivery of PTH[1-34] Followed by Zoledronic Acid 
Prevents Radiotherapy-Induced Bone Loss but Does not Abrogate 

Marrow Damage 
 

 
2.1 Introduction 

Radiotherapy (RTx) is utilized in approximately fifty percent of all cancer 

patients throughout their treatment course.1 Though efficacious as both a curative and 

palliative treatment option, healthy tissues surrounding the tumor targeted by RTx are 

also damaged by radiation, resulting in off-target damage including sarcopenia,2 fibrosis,3 

and bone fragility fractures.4 Fragility fractures are unpredictable, difficult to treat, and 

occur in 2-40% patients, with prevalence depending on RTx dose, modality, and 

anatomic location.4  

Post-RTx bone damage occurs at tissue and cellular levels. This damage includes 

vascular disruption,5 diminished bone marrow cellularity,6 long-term loss of osteoclastic 

bone remodeling,7 and persistence of aged bone matrix.8,9 Current literature regarding 

comprehensive bone marrow cell population changes following limited field RTx over 

time is sparse for both humans and mice. However, it is known from total body 

irradiation models that hematopoietic stem cell (HSC) populations are depleted 

immediately post-RTx,10 osteoclasts are transiently activated,7,11 and marrow stromal 

cells (MSCs) are radioresistant.12 These cellular changes likely contribute to tissue-level 

alterations in irradiated bone, including accumulation of aged matrix (increased mineral 

and matrix alignment, increased trivalent:divalent collagen crosslink ratio).8,9,13 Tissue 

composition changes and loss of osteoclastic activity7 lead to decreases in bone strength 

and fracture toughness.14-16 Our previous studies have, however, shown that parathyroid 
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hormone fragment [1-34] (henceforth referred to as PTH) may attenuate RTx-induced 

bone damage by inducing anabolic bone formation and potentially preserving osteoclastic 

bone remodeling potential.17 

Intermittent PTH injection is an FDA-approved anabolic treatment for age- and 

glucocorticoid-related osteoporosis18 that stimulates osteoblastic synthesis of new bone.19 

In animal models of radiotherapy, PTH can protect against RTx-induced bone loss for the 

duration of delivery,20 but cessation of PTH is followed by rapid loss of bone mass.17 

PTH has also been shown to maintain MSC populations in irradiated bone21 and function 

as a radioprotectant for HSCs.22 Collectively, these data suggest that PTH given 

concurrent with irradiation may preserve long-term local osteoclastic bone remodeling 

potential by providing radioprotection to osteoclast precursors (HSCs).10 

While effective as an anabolic agent, PTH is not approved as a long-term 

treatment strategy.23 Following PTH cessation, bisphosphonate use could potentially 

retain the bone mass accrued during PTH treatment, but this sequential treatment has not 

yet been tested in a radiation model. Bisphosphonates are a class of drugs widely used in 

the treatment of osteoporosis, hypercalcemia, and some malignancies by inhibiting the 

activity of bone-resorbing osteoclasts.24 Zoledronic acid (ZA), when administered prior to 

focal irradiation and 1, 2, and 3 weeks following RTx, leads to cortical and trabecular 

morphology improvement, but with no sign of biomechanical improvements in mice.25 

When directly comparing the effects of PTH and ZA on mouse femur strength and 

morphology, it was found that ZA rapidly increased the size and strength of femurs at the 

cost of long-term bone quality, while PTH did not exert strong anabolic effects but also 

had no adverse outcomes. Human trials have shown that the combination of PTH 
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treatment with alendronate in post-menopausal osteoporotic women did not have a 

synergistic effect, as alendronate decreased the anabolic effects of PTH.26 Pretreatment 

with bisphosphonates prior to dosing with PTH has shown a blunted anabolic response in 

ovariectomized mice.27 While human and mouse trials of PTH delivered concurrent with 

bisphosphonates have not been efficacious, to our knowledge, the use of bisphosphonates 

following intermittent PTH treatment has not yet been attempted to mitigate bone loss 

that occurs following PTH termination.26,27 This treatment protocol may be effective, as 

the anabolic action of PTH endures only for the duration of delivery. 

The primary objective of this study was to determine if a single dose of zoledronic 

acid (ZA) shortly prior to PTH cessation could preserve the PTH-induced improvements 

in bone quantity and strength following hindlimb irradiation. The secondary objective 

was to determine if PTH treatment concurrent with radiotherapy would protect bone 

marrow cell populations, including HSCs, MSCs, and osteoclast precursors, and how 

these marrow cell populations were modulated post-RTx.  

 

2.2 Methods 

2.2.1 Animal Model 

All procedures involving animals were approved in advance by SUNY Upstate 

Institutional Animal Care and Use Committee. Female BALB/cJ mice (n = 501) were 

procured at 6 weeks of age (#000651; The Jackson Laboratory, Bar Harbor, ME), 

randomly assigned to cages, and maintained on a 12 hour light/dark cycle in community 

housing (n ≤ 5 mice/cage, 22°C) with chow (Formulab Diet 5008; LabDiet, St. Louis, 

MO) and water available ad libitum in an AAALAC-accredited facility (Public Health 



 42 

Service #D16-00318). Routine husbandry included daily welfare checks and complete 

cage changes every 2 weeks. Staff and students were not blinded during animal treatment 

or sample evaluation. 

X-irradiation was delivered to mice as four consecutive daily fractions of 5 Gy 

each (4x5 Gy, 1.1 Gy/min, 225 kV, 17 mA, 55 cm source-to-shelf distance, 0.5 mm Cu 

beam filter, 0.83 mm Cu half-value layer, MultiRad 225; Precision X-ray, North 

Branford, CT), delivered under ketamine/xylazine anesthesia (100/10 mg/kg 

intraperitoneal, #501090/51004; MWI Veterinary Supply, Boise, ID). PTH was given via 

subcutaneous (SC) injection (40 μg/kg, #P3796; Sigma-Aldrich, St. Louis, MO) 

beginning with the first irradiation dose. An equivalent volume per body mass of Vehicle 

(VEH, 0.1% bovine serum albumin; #0175-100G; Amresco, Dallas, TX in 0.9% saline, 

SC) was given on the same dosing schedules to the animals in the vehicle-treated groups. 

 

2.2.2 Femur Morphology and Strength Study 

Animals in this arm of the study were aged 12 weeks at the time of RTx treatment 

(sample sizes and treatment groups in Table 2.1). RTx was delivered to both hindlimbs, 

with the body and tail of each animal covered with a 4 mm lead shield. Drug treatment 

(PTH or VEH) were delivered 5 days/week through the sixth week of the study. For the 

RTx+PTH+ZA group, a single dose of ZA (100 μg/kg, SC in H2O, #SML0223; Sigma-

Aldrich) was given at the start of week 6 (4 days prior to cessation of PTH). Animals 

were euthanized at end points of 0, 2, 4, 6, 7, 8, and 12 weeks post-RTx via CO2 

inhalation followed by cervical dislocation. Hindlimbs were disarticulated to retrieve 

femurs. Samples for morphology/mechanics were wrapped in saline-soaked gauze and 
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frozen at –80°C prior to imaging. Histology samples were fixed in 4% formaldehyde in 

phosphate-buffered saline (PBS; #158127-3KG; Sigma-Aldrich) for 48 hours at 4°C.  

 

2.2.2.a Femur Morphology  

Micro-CT imaging of right femurs was done at a 12 μm voxel resolution (μCT 40; 

Scanco Medical AG, Brüttisellen, Switzerland). Two volumes of interest were analyzed: 

a 1 mm thick mid-diaphyseal section, and a 0.5 mm thick distal metaphyseal trabecular 

bone volume. Quantitative analysis was done using the integrated Scanco software with a 

global threshold of 654 mg hydroxyapatite/cm3 (Gaussian filter σ = 1, support = 2). 

Outcome measures included bone volume (BV) or volume fraction (BV/TV), tissue 

mineral density (TMD), connectivity density (Conn.D), degree of anisotropy (DA), 

structure model index (SMI), and trabecular number (Tb.N), thickness (Tb.Th), and 

spacing (Tb.Sp).  

 

2.2.2.b Femur Bending Strength 

After imaging, the intact femurs were mechanically tested in three-point bending 

(8 mm support span, anterior femur surface in tension). A preload (1 N) was applied to 

each bone before loading to failure at 1 mm/min (Q-Test; MTS, Eden Prairie, MN). 

Bending strength was the primary outcome measure.15,28  

 

2.2.2.c Osteocytes and Osteoclasts 

After fixation, femurs were decalcified in 10% EDTA (pH 7.4, 14 days, 4°C, 

#0105-2.5KG; VWR, Radnor, PA). Decalcification was radiographically verified before 
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dehydrating in graded ethanol and xylene, infiltrating with paraffin (#3801340; Leica, 

Buffalo Grove, IL) and embedding in EM-400 (#3801320; Leica). Paraffin blocks were 

sectioned (5 μm) and stained with hematoxylin and eosin (H&E) or for tartrate-resistant 

acid phosphatase (TRAP) activity (#387A; Sigma-Aldrich) with ethyl green counterstain. 

Stained sections were imaged at 4x magnification (Nikon Eclipse E800M; Nikon, 

Melville, NY with an Insight CMOS 12 Mp camera; SPOT Imaging, Sterling Heights, 

MI).  
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Table 2.1. Sample Size for Each Treatment Group and End Point. 

  End Point (weeks)  
 Group -4 d 0 2 4 6 7 8 12 16 Total 

n 

µCT & 
Mechanical 
Testing  

Sham 10 10 10 11 10 — 10 10 10 81 
RTx+Veh — 10 10 10 10 — 10 11 10 71 
RTx+PTH — 10 10 10 10 — 11 10 11 72 
RTx+PTH+ZA — — — — — — 11 11 10 32 

Histology 

Sham 3 3 3 3 3 3 3 3 3 27 
RTx+Veh — 3 3 3 3 3 3 3 3 24 
RTx+PTH — 3 3 3 3 3 3 3 3 24 
RTx+PTH+ZA — — — — — 3 3 3 3 12 

Flow 
Cytometry 

Sham — 8 8 8 — — 8 — — 32 
RTx+Veh — 8 8 8 — — 8 — — 32 
RTx+PTH — 8 8 8 — — 8 — — 32 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.3 Marrow Cell Populations Study 
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For the marrow cell populations study, mice were aged 9 weeks at the time of 

irradiation, in order to minimize any age-related decreases in marrow cell numbers over 

the study duration.  To investigate whether PTH could protect against RTx depletion of 

marrow progenitor cells, mice were given Vehicle or PTH immediately prior to each 

radiation exposure (Sham+VEH, RTx+VEH, and RTx+PTH treatment groups, Table 

2.1). Unilateral hindlimb irradiation was used to evaluate systemic effects of limited field 

RTx on bone marrow—RTx mice produced RTx (right hindlimb) and Contralateral 

(“Contra” non-irradiated left hindlimb) samples. Changes in marrow cell populations 

were quantified by flow cytometry. Following disarticulation, femurs and tibias were 

rinsed in ice-cold Hank’s buffered saline solution (HBSS, #02-0121-0500; VWR). 

Femurs and tibias were cracked with a sterile mortar and pestle to a pulpy consistency 

before passing marrow and bone fragments over a 70 μm mesh filter and rinsing with 

HBSS. Nucleated cells were counted using 3% methylene blue (#1.15943, Sigma-

Aldrich), aliquoted (0.75-1.25x106 cells/ tube) and pre-treated with True-Stain Monocyte 

Blocker and TruStain FcX antibody (#426103 & 156604; BioLegend, San Diego, CA). 

From there, cells were stained following manufacturer instructions with one of four 

panels (Table 2.2) to identify the following cell populations: HSCs (KLS criteria: c-

Kit+Lin–Sca-1+),29 MSCs (CD106+CD29+, LepR±),30 osteoclast precursors (OCPs: 

CD11b–CD115+, CD265±), monocytes (Mono: CD11b+CD115+, Ly6Clo/mid/hi),31 and 

neutrophils (NPs: CD11b+CD80/86+). Isotype controls were run in parallel (Table 2.3), 

with live/dead cell populations assessed with Zombie Green (#423112, BioLegend). 

Stained cell panels were fixed overnight in 4% methanol-free formaldehyde.  
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 Data collection and analysis was done using an Accuri C6 flow cytometer (BD, 

Franklin Lakes, NJ) and companion software. At least 500,000 events were collected for 

each sample (75 μl sample volume, 14 μm core size, 20 μl/min flow rate). Cell 

populations were gated for singlets (excluding debris, doublets, and dead cells). Gating 

was informed by isotype controls and data from the literature. Data is presented in terms 

of raw cell number as well as the relative abundance of the cell type (RA = [# of cells of 

interest / # single viable cells] * 100). 
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Table 2.2. Flow Cytometry Antibody Panels. 

Panel Target Fluorophore Vendor; Cat # Dilution 

HSC 

CD117/c-kit AF488 BioLegend; 105816 1:400 
CD34 PE BioLegend; 152204 1:100 
Sca-1/Ly-6A/E PerCP/Cy5.5 BioLegend; 108124 1:400 
Lin/ Ter-119 Biotinylated BioLegend; 133307/79748 1:400 
Lin/ CD11b Biotinylated BioLegend; 133307/ 79749 1:1667 
Lin/ Ly-6C/Ly-6G Biotinylated BioLegend; 133307/79750 1:1667 
Lin/ CD3e Biotinylated BioLegend; 133307/79751 1:400 
Lin/ CD45R/B220 Biotinylated BioLegend; 133307/79752 1:400 
Streptavidin AF647 BioLegend; 405237 1:800 

MSC 

CD106 AF488 BioLegend; 105710 1:400 
CD29 PE BioLegend; 102208 1:800 
Sca-1/Ly-6A/E PerCP/Cy5.5 BioLegend; 108124 1:400 
LepR Biotinylated R&D Systems; BAF497 1:83 
Streptavidin AF647 BioLegend; 405237 1:800 

Monocyte/OCP 

Ly-6C AF488 BioLegend; 128022 1:400 
CD265/ RANK PE BioLegend; 119806 1:200 
CD115/ MCSFR PerCP/Cy5.5 BioLegend; 135526 1:400 
CD11b AF647 BioLegend; 101218 1:400 

Neutrophil 

CD11b AF488 Biolegend; 101217 1:400 
Ly-6G Biotinylated Biolegend; 127608 1:400 
CD45R/B220 Biotinylated Biolegend; 103204 1:400 
F4/80 Biotinylated Biolegend; 123106 1:400 
CD117/c-kit Biotinylated Biolegend; 105804 1:400 
Ter119 Biotinylated Biolegend; 116204 1:400 
CD49b/Dx5 clone Biotinylated Biolegend; 108904 1:400 
CD3e Biotinylated Biolegend; 100304 1:400 
Streptavidin PerCP/Cy5.5 Biolegend; 405214 1:1667 
CD80 AF647 Biolegend; 104718 1:400 
CD86 AF647 Biolegend; 105020 1:400 
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Table 2.3. Flow Cytometry Isotype Control Panels. 

Panel Isotype Fluorophore Vendor; Cat # Dilution 

HSC 

Rat IgG2b, κ AF488 BioLegend; 400625 1:400 
Rat IgG2a, κ PE BioLegend; 400508 1:100 
Rat IgG2a, κ PerCP/Cy5.5 BioLegend; 400532 1:400 
Rat IgG2b, κ Biotinylated BioLegend; 400604 1:800 
Rat IgG2b, κ Biotinylated BioLegend; 400604 1:3333 
Rat IgG2b, κ Biotinylated BioLegend; 400604 1:3333 
Armenian Hamster Biotinylated BioLegend; 400904 1:800 
Rat IgG2a, κ Biotinylated BioLegend; 400504 1:800 
Streptavidin AF647 BioLegend; 405237 1:800 

MSC 

Rat IgG2a, κ AF488 BioLegend; 400525 1:400 
Armenian Hamster PE BioLegend; 400908 1:400 
Rat IgG2a, κ PerCP/Cy5.5 BioLegend; 400532 1:400 
Goat IgG, Normal Biotinylated R&D Systems; BAF108 1:167 
Streptavidin AF647 BioLegend; 405237 1:800 

Monocyte/OCP 

Rat IgG2c, κ AF488 BioLegend; 400715 1:100 
Rat IgG2a, κ PE BioLegend; 400508 1:20 
Rat IgG2a, κ PerCP/Cy5.5 BioLegend; 400532 1:80 
Rat IgG2b, κ AF647 BioLegend; 400626 1:200 

Neutrophil 

Rat IgG2b, κ AF488 Biolegend; 400625 1:400 
Rat IgG2a, κ Biotinylated Biolegend; 400508 1:400 
Rat IgG2a, κ Biotinylated Biolegend; 400504 1:800 
Rat IgG2a, κ Biotinylated Biolegend; 400504 1:800 
Rat IgG2b, κ Biotinylated Biolegend; 400604 1:800 
Rat IgG2b, κ Biotinylated Biolegend; 400604 1:800 
Rat IgM, κ Biotinylated Biolegend; 400804 1:800 
Armenian Hamster Biotinylated Biolegend; 400904 1:800 
Streptavidin PerCP/Cy5.5 Biolegend; 405214 1:1667 
Armenian Hamster AF647 Biolegend; 400924 1:400 
Rat IgG2a, κ AF647 Biolegend; 400526 1:400 
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2.2.4 Statistical Analyses 

All statistical analyses were performed in JMP 16 software (SAS, Cary, NC). For 

micro-CT and mechanical testing analysis, stepwise comparisons were made (due to the 

experimental design) as follows: 1) effect of RTx (Sham+VEH vs. RTx+VEH), 2) PTH 

effects on irradiated bone (RTx+VEH vs. RTx+PTH), and 3) ZA effects on the 

RTx+PTH group (RTx+PTH vs. RTx+PTH+ZA). Groups were compared using 

ANOVA, with ANCOVA used to determine changes over time. For all flow cytometry 

data, ANCOVA was used to compare treatment (Sham, RTx, Contra) and drug (Vehicle 

vs. PTH) effects and rate of change over time. Comparisons between groups within each 

time point were made using Tukey’s HSD. Significance was set at p ≤ 0.05. Sample size 

was determined for morphology and biomechanics outcomes based on prior work from 

our group7,14,15,17,28,32 and for flow cytometry study from the literature.33,34 

 

2.3 Results 

2.3.1 Femur Morphology 

Radiation treatment (RTx vs. Sham) significantly decreased diaphyseal cortical 

BV and TMD, trabecular BV/TV and Tb.N (Tb.Sp increased), and bending strength (p ≤ 

0.0004 for all, by ANCOVA). In longitudinal animal models time is often a significant 

covariate due to age-related changes in bone. Therefore, we examined the rate of change 

(RTx*time term in ANCOVA model) to assess longitudinal effects of treatments. 

Diaphyseal BV, TMD, and bending strength all increased at a significantly slower rate in 

RTx+VEH femurs than in Sham+VEH femurs (p ≤ 0.0452 for all). Of the trabecular bone 

parameters, only trabecular spacing changed (increased) significantly more rapidly in the 
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RTx+VEH group (p = 0.0070 vs. Sham+VEH). As has been consistently demonstrated by 

our group,7,15,17 irradiation induced an early and sustained loss in trabecular BV/TV (p ≤ 

0.0452 for weeks 0-16 vs. Sham+VEH, Figure 2.1A) and Tb.Th at weeks 0-1 and 6-8 (p 

≤ 0.0035 vs. Sham+VEH, Figure 2.1B). Trabecular bone morphology parameters are 

highly variable in the RTx groups, as post-RTx osteoclast activity7,11 can result in 

complete trabecular resorption, partial resorption with thickening of remaining 

trabeculae, or other unusual morphologies that confound the 3D evaluation software 

algorithms. Diaphyseal BV was decreased in the RTx+VEH group only at only week 16 

(p = 0.0010 vs. Sham+VEH, Figure 2.1C), although diaphyseal TMD was decreased at 

weeks 2-16 (all p £ 0.0217 vs. Sham+VEH, Figure 2.1D). This data is consistent with 

previous data from our lab demonstrating extensive post-RTx trabecular resorption with 

smaller changes in diaphyseal bone volume over time compared to sham controls (Figure 

2.2).7,15,17 Descriptive data from other micro-CT parameters can be found in Table 2.4. 

Next, PTH effects on irradiated bone were identified by comparing RTX+VEH 

and RTX+PTH groups. PTH significantly increased diaphyseal cortical BV (p < 0.0001) 

trabecular BV/TV, Tb.N, and Tb.Th (Tb.Sp decreased), and bending strength (p ≤ 0.0144 

for all by ANCOVA). Diaphyseal BV and bending strength both increased more quickly 

over time in femurs from the RTx+PTH group than the RTx+VEH group (p ≤ 0.0019 by 

ANCOVA). Temporal effects on trabecular bone were less drastic; Tb.Sp increased less 

quickly in RTx+PTH femurs (p = 0.0467), and BV/TV declined slightly more slowly 

post-RTx with PTH treatment (p = 0.0567 for RTx+PTH vs. RTx+VEH by ANCOVA). 

Within time points, PTH-treated mice had significantly increased BV/TV and Tb.N at 1-8 

weeks post-RTx (p ≤ 0.0005 for RTx+PTH vs. RTx+VEH). PTH treatment increased 



 52 

BV/TV in irradiated femurs across weeks 1-8 post-RTx (p ≤ 0.0005) and cortical BV at 

weeks 2, 6, 8, and 16 (p ≤ 0.0079) compared to RTx+VEH femurs.  

To determine if ZA could extend the transient anabolic benefits of PTH, we 

compared the RTx+PTH+ZA vs. RTx+PTH groups at weeks 6-16. As determined by 

ANCOVA, ZA treatment significantly increased trabecular BV/TV, Tb.N, Tb.Th, and 

Tb.Sp (all p ≤ 0.0013 vs. RTx+PTH group). While diaphyseal BV and TMD were not 

significantly affected by ZA treatment, the rate of change was impacted; RTx+PTH+ZA 

femurs increased cortical BV more quickly than the RTx+PTH mice (p = 0.0143 for 

ZA*time by ANCOVA), but TMD accrual rate was slower in the ZA-treated group (p = 

0.0223 vs. RTx+PTH). Metaphyseal BV/TV in RTx+PTH+ZA femurs was increased at 

all timepoints (p ≤ 0.0316 vs. RTx+PTH), while trabecular TMD differed only at 16 

weeks (p = 0.0490). Sagittal sections of RTx+PTH+ZA treated mice demonstrate areas of 

sclerotic bone accumulation (Figure 2.3). Overall, these data illustrate that single dose 

ZA can prolong bone mass gains in PTH-treated mice.  

 

2.3.2 Femur Strength 

Radiation significantly decreased both femur bending strength (p < 0.0001 vs. 

Sham) and the rate of gain in femur strength as well (RTx*time by ANCOVA, p < 

0.0001 RTx+VEH vs. Sham+VEH). Bending strength was decreased in RTx+VEH 

femurs at weeks 4, 6, 12, and 16 (all p ≤ 0.0375 vs. Sham+VEH, Figure 2.1E). PTH 

treatment of irradiated mice increased both bending strength and rate of increase bending 

strength (both p ≤ 0.0007 RTx+PTH vs. RTx+VEH by ANCOVA). At weeks 8, 12, and 

16, bending strength of RTx+PTH femurs significantly exceeded that of RTx+VEH 
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femurs (all p ≤ 0.0052). ZA treatment did not significantly affect femur bending strength 

or rate of change in bending strength (p ≥ 0.3002 for both, RTx+PTH+ZA vs. RTx+PTH 

by ANCOVA). Bending strength did not significantly differ at any time point in 

RTx+PTH vs. RTx+PTH+ZA treated mice. These data suggest that while ZA may 

increase bone mass and trabecular retention in mice following PTH cessation, bone 

strength is not affected. 
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Figure 2.1. Changes in Femur Morphology and Mechanics for Following Irradiation. 

(A) Metaphyseal trabecular BV/TV and (B) Tb.Th both decreased post-RTx, which was 

prevented by treatment with PTH+ZA. (C) Mid-diaphyseal cortical BV was decreased in 

the RTx+VEH group only at week 16, and (D) a small decrease in cortical TMD was 

noted for all irradiated groups at 8-16 weeks. (E) Femur bending strength was decreased 

in the RTx+VEH group from weeks 4-16, but this was largely attenuated by PTH 

treatment. Data are presented as mean ± standard deviation. Statistically significant 

differences are denoted as follows: *p < 0.05 for RTx effect (Sham vs. RTx+VEH), ºp < 

0.05 for drug effect (RTx+VEH vs. RTx+PTH), and ‡denotes p < 0.05 for drug effect 

(RTx+PTH vs. RTx+PTH+ZA). 
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Table 2.4. Micro-CT Morphology and Mechanical Testing Data. Morphology parameters 

were measured for cortical bone at the femur mid-diaphysis and trabecular bone at the 

femoral metaphysis, proximal to the growth plate. Mechanical testing data was obtained 

from three-point bending. Data are presented as mean ± standard deviation. Outcome 

measures and respective units are: BV (bone volume, mm3), TMD (tissue mineral 

density, mg HA/cm3), BV/TV (bone volume fraction, dimensionless), Tb.N (trabecular 

number, 1/mm), Tb.Th (trabecular thickness, mm), Tb.Sp (trabecular spacing, mm), 

Conn.D (connectivity density, dimensionless), SMI (structural model index, 

dimensionless), DA (degree of anisotropy, dimensionless), and Strength (bending 

strength, N-mm). 

  



 57 

Wks Group Cortical Bone Trabecular Bone 
Strength 

BV TMD BV/TV Tb.N Tb.Th Tb.Sp Conn.D SMI DA TMD 

0 

Sham 0.794 1470.62 0.065 3.504 0.0437 0.289 34.651 2.759 1.528 1130.81 32.6 
±0.03 ±8.59 ±0.01 ±0.27 ±0.00 ±0.02 ±11.53 ±0.14 ±0.08 ±14.40 ±1.4 

RTx+VEH 0.809 1475.07 0.100 3.743 0.0487 0.270 57.949 2.323 1.546 1117.49 32.8 
±0.04 ±6.36 ±0.03 ±0.31 ±0.00 ±0.02 ±28.50 ±0.28 ±0.10 ±13.35 ±2.5 

RTx+PTH 0.832 1471.20 0.106 3.898 0.0487 0.257 62.326 2.351 1.556 1117.03 33.2 
±0.03 ±8.80 ±0.03 ±0.37 ±0.00 ±0.02 ±24.67 ±0.31 ±0.15 ±15.01 ±2.54 

1 

Sham 0.848 1481.64 0.065 3.381 0.0438 0.303 31.169 2.714 1.450 1117.92 33.462 
±0.04 ±9.63 ±0.02 ±0.36 ±0.00 ±0.04 ±14.53 ±0.21 ±0.13 ±8.65 ±1.9 

RTx+VEH 0.827 1479.67 0.046 2.626 0.0499 0.393 10.476 2.935 1.712 1128.27 32.5 
±0.04 ±10.76 ±0.01 ±0.36 ±0.00 ±0.06 ±4.94 ±0.21 ±0.17 ±17.71 ±2.6 

RTx+PTH 0.852 1471.67 0.114 3.600 0.0570 0.270 45.379 2.571 1.684 1132.25 32.9 
±0.05 ±21.18 ±0.04 ±0.50 ±0.01 ±0.03 ±24.12 ±0.35 ±0.16 ±14.14 ±2.5 

2 

Sham 0.834 1496.26 0.0670 1.912 0.0348 0.519 35.858 2.494 1.558 1137.69 34.2 
±0.04 ±10.43 ±0.02 ±0.48 ±0.00 ±0.14 ±19.20 ±0.28 ±0.09 ±10.95 ±2.0 

RTx+VEH 0.798 1443.64 0.015 0.423 0.0339 3.790 1.926 3.412 1.656 1116.77 32.4 
±0.04 ±65.38 ±0.01 ±0.26 ±0.01 ±3.05 ±3.01 ±0.41 ±0.24 ±27.32 ±2.2 

RTx+PTH 
0.848 1446.03 0.066 1.584 0.0410 0.826 24.336 2.941 1.655 1142.79 34.2 

±0.04 ±63.70 ±0.04 ±0.83 ±0.00 ±0.57 ±21.63 ±0.36 ±0.14 ±20.49 ±3.2 

4 

Sham 0.833 1500.39 0.047 1.457 0.0321 0.686 20.574 2.677 1.651 1137.61 33.5 
±0.02 ±5.56 ±0.01 ±0.34 ±0.00 ±0.16 ±10.05 ±0.31 ±0.12 ±18.78 ±2.4 

RTx+VEH 0.817 1488.26 0.002 0.057 0.0313 17.007 -0.127 4.031 3.042 1159.88 30.0 
±0.05 ±7.61 ±0.00 ±0.05 ±0.01 ±8.65 ±0.80 ±1.77 ±2.38 ±59.19 ±1.7 

RTx+PTH 0.850 1491.27 0.077 1.579 0.0444 1.126 26.256 2.848 1.853 1171.92 32.5 
±0.07 ±7.95 ±0.04 ±0.77 ±0.01 ±1.59 ±18.61 ±0.31 ±0.38 ±20.05 ±3.9 

6 

Sham 0.897 1518.21 0.041 1.215 0.0328 0.926 17.015 2.627 1.553 1143.13 38.8 
±0.07 ±4.44 ±0.02 ±0.49 ±0.00 ±0.41 ±10.31 ±0.31 ±0.17 ±24.60 ±1.9 

RTx+VEH 0.859 1509.57 0.012 0.212 0.0466 13.234 3.507 2.882 2.248 1120.09 35.9 
±0.04 ±6.75 ±0.02 ±0.30 ±0.01 ±12.15 ±7.93 ±0.73 ±0.53 ±64.00 ±2.8 

RTx+PTH 
0.920 1501.63 0.112 2.216 0.0496 0.442 58.938 2.551 1.512 1120.43 37.6 

±0.05 ±8.84 ±0.04 ±0.65 ±0.01 ±0.16 ±23.85 ±0.47 ±0.14 ±19.18 ±3.1 

RTx+PTH+ZA 0.873 1512.49 0.070 1.538 0.0469 0.860 46.536 2.585 1.805 1117.81 37.466 
±0.04 ±8.64 ±0.04 ±0.88 ±0.01 ±0.60 ±55.73 ±0.76 ±0.59 ±55.74 ±2.41 

8 

Sham 0.896 1517.58 0.037 1.102 0.0320 1.216 15.755 2.715 1.697 1131.81 36.4 
±0.08 ±8.67 ±0.03 ±0.73 ±0.00 ±1.03 ±17.12 ±0.54 ±0.19 ±36.96 ±4.1 

RTx+VEH 0.856 1504.13 0.000 0.013 0.0229 — 0.374 1.795 1.315 1169.90 33.6 
±0.05 ±6.44 ±0.00 ±0.02 ±0.00 — ±1.02 ±1.91 ±1.47 ±43.80 ±3.8 

RTx+PTH 0.954 1496.59 0.054 1.456 0.0368 1.104 32.657 3.175 1.429 1094.07 38.3 
±0.04 ±13.03 ±0.03 ±0.97 ±0.01 ±0.90 ±33.33 ±0.46 ±0.18 ±54.33 ±2.5 

RTx+PTH+ZA 0.923 1504.18 0.1330 2.827 0.0600 0.328 93.792 1.615 1.525 1087.86 39.2 
±0.04 ±10.57 ±0.02 ±0.88 ±0.02 ±0.13 ±48.47 ±1.34 ±0.14 ±54.76 ±2.6 

12 

Sham 0.938 1545.76 0.031 0.915 0.0334 1.221 8.844 3.018 1.628 1162.71 41.4 
±0.03 ±7.33 ±0.01 ±0.38 ±0.00 ±0.44 ±8.02 ±0.49 ±0.16 ±20.62 ±3.1 

RTx+VEH 0.933 1520.37 0.010 0.171 0.0359 3.102 6.639 1.992 1.231 1167.80 38.3 
±0.06 ±8.51 ±0.03 ±0.47 ±0.02 ±3.58 ±20.78 ±2.11 ±1.26 ±62.89 ±3.0 

RTx+PTH 0.968 1520.26 0.023 0.515 0.0354 2.559 5.571 2.693 1.533 1127.21 44.1 
±0.09 ±10.53 ±0.03 ±0.55 ±0.02 ±2.36 ±9.47 ±1.40 ±0.67 ±38.73 ±5.2 

RTx+PTH+ZA 
0.996 1514.31 0.097 1.624 0.048 1.085 54.676 2.451 1.498 1130.34 43.1 

±0.07 ±9.85 ±0.08 ±1.07 ±0.02 ±1.49 ±61.19 ±1.04 ±0.32 ±34.38 ±3.8 

16 

Sham 0.990 1547.96 0.029 0.861 0.0323 1.384 6.470 3.049 1.536 1150.32 46.1 
±0.05 ±7.37 ±0.02 ±0.40 ±0.00 ±1.09 ±6.79 ±0.33 ±0.17 ±23.67 ±4.2 

RTx+VEH 0.864 1523.40 0.003 0.067 0.0379 4.331 1.122 1.729 1.435 1184.02 37.0 
±0.09 ±7.34 ±0.01 ±0.14 ±0.01 ±2.98 ±1.74 ±2.01 ±1.96 ±73.73 ±6.6 

RTx+PTH 1.005 1524.38 0.018 0.379 0.0343 3.188 1.183 3.427 1.930 1195.70 43.0 
±0.06 ±12.02 ±0.02 ±0.45 ±0.01 ±2.71 ±3.87 ±0.62 ±0.71 ±37.17 ±3.6 

RTx+PTH+ZA 
1.034 1521.72 0.069 1.533 0.0458 0.752 27.953 2.659 1.449 1164.67 45.9 

±0.05 ±12.47 ±0.03 ±0.71 ±0.01 ±0.39 ±27.38 ±0.49 ±0.32 ±26.24 ±3.8 
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Figure 2.2. Cross-Sectional Images of the Distal Femur Metaphysis Over Time. 

Representative transverse micro-CT cross-sections (~120 μm thick) of the distal femoral 

metaphysis at each time point for Sham, RTx+VEH, RTx+PTH, and RTx+PTH+ZA 

groups. Trabecular bone loss is apparent starting at 2 weeks in the RTx+VEH group. 

PTH, given as an anabolic agent for 7 weeks (RTx+PTH group), attenuated this bone loss 

until week 8, after cessation of the drug. The RTx+PTH+ZA groups received a single 

dose of ZA at 6 weeks post-RTx, which preserved the trabecular bone mass accrued 

during PTH delivery. 
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Figure 2.3. Femur Morphology at Weeks 6-16. Representative sagittal (upper) and 

transverse (lower) micro-CT cross-sections (~120 μm) and of the distal femur. Post-RTx 

bone loss is apparent in the RTx+VEH group by week six. Trabecular bone is partially 

retained in the RTx+PTH group, and more extensively retained in the RTx+PTH+ZA. 

The latter group had mild trabecular sclerosis as a result of bisphosphonate treatment. 
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2.3.3 Osteocyte & Osteoclast Histology 

 Immediately following RTx, vascular permeability was increased as illustrated by 

the gross erythrocyte pooling in the RTx+VEH and RTX+PTH group marrow, shown in 

representative H&E-stained sections (Figure 2.4, inset frame a). At this time, osteocyte 

viability and marrow adiposity were normal in all specimens, and osteoclastic activity 

was visible in the irradiated femora. At 4 weeks post-RTx, H&E staining demonstrates 

osteocyte viability to be unaffected by irradiation (Figure 2.4, inset frame b), although 

overall marrow cellularity was decreased in the RTx+VEH group compared to Sham and 

RTx+PTH controls. At 8 weeks post-RTx, there was no apparent osteocyte death (e.g., 

empty lacunae), and marrow in the RTX+VEH group maintains diminished cellularity 

and increased adipocyte number (Figure 2.4, inset panel c). Marrow in the RTx+PTH 

group demonstrated less adiposity than the RTx+VEH group. Compared to the 

Sham+VEH group, TRAP-stained adjacent sections from the RTx+VEH group showed 

an expected overall increase in TRAP+ osteoclasts at week 0, followed by osteoclast 

depletion at weeks 4-8. Additionally, megakaryocytes were not present in RTx+Veh 

sections at 0 weeks post-RTx, and though there were one or two megakaryocytes at 2 and 

4 weeks post-RTx, they were in greater abundance in Sham controls (Figure 2.5). 

 

 

 

 

 

 



 62 

 

 

 



 63 

Figure 2.4. Representative Histology of Irradiated Femurs. Representative images of 

H&E and TRAP-stained sections from 0, 4, and 8 weeks in Sham, RTx+VEH, 

RTx+PTH, and RTx+PTH+ZA groups. Inset (a) highlights erythrocyte pooling in 

irradiated marrow at week 0. Inset (b) highlights osteocyte viability post-RTx, and 

decreased marrow cellularity. Inset (c) illustrates increased marrow adiposity and 

diminished cellularity post-RTx. Blue arrows indicate osteoclasts. 
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Figure 2.5. Bone Marrow Megakaryocyte Loss Post-Radiotherapy. Representative 

images of H&E-stained sections from 0, 2, and 4 weeks post-RTx in Sham and 

RTx+VEH groups. Blue arrows indicate megakaryocytes. Irradiated femurs had fewer 

megakaryocytes compared to Sham femurs. 
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2.3.4 Marrow Cell Populations 

Cell yield from RTx hindlimbs—regardless of PTH treatment—was significantly 

lower compared to Shams at all time points (Table 2.5). PTH treatment did not 

significantly affect any cell population at any time point (vs. RTx+VEH); consequently, 

we analyzed all irradiated donors (RTx+VEH & RTx+PTH) as one cohort (with RTx and 

Contra subgroups) to overcome the low cell yield of irradiated marrow samples. Cell 

yield was significantly decreased in RTx hindlimbs at all time points (p < 0.0003 vs. 

Sham & Contra), with the lowest marrow cellularity in the RTx group, and Contra group 

(p ≤ 0.0289 for all time points vs. Sham) producing an intermediate yield (Figure 2.6A). 

There was no significant temporal variation in cell yield (by ANCOVA).  

 The number of HSCs in marrow was significantly decreased in the RTx and 

Contra hindlimbs at week 0 (p ≤ 0.0133 vs. Sham, Tukey’s test, Figure 2.6B). At weeks 

2 and 4, total number of HSCs in the marrow was unaffected by treatment, although at 

week 8 Contra hindlimbs produced significantly fewer HSCs than the RTx hindlimbs (p 

= 0.0022). This effect is due largely to the repopulation of RTx marrow over this time 

post-irradiation. While neither the time nor group variables were significant for HSC 

number, their interaction term (p = 0.0087 by ANCOVA) describes the rapid rate of 

repopulation in the RTx group. In addition to repopulating RTx marrow over time, the 

relative abundance of HSCs also increased rapidly over time in the RTx group (p < 

0.0001 for time, RTx, and RTx*time by ANCOVA).   

 MSC number and relative abundance were both immediately reduced in RTx and 

Contra marrow at week 0 (both p < 0.001 by Tukey’s HSD, Figure 2.6C). MSC number 

did not recover in RTx marrow (p ≤ 0.0024 by Tukey’s test for weeks 2-8 vs. Sham), 
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although relative abundance did not differ from Sham controls at week 8. Using an 

ANCOVA model, the RTx group did have a significantly greater rate of increase in 

relative MSC abundance (p = 0.0005) compared to both Sham and Contra groups, both of 

which maintained a fairly constant number and relative abundance of MSCs. In the 

Contra marrow, total marrow MSC numbers remained depleted (p = 0.0575 at week 2 

and p ≤ 0.010 at weeks 4 & 8 vs. Sham), but the relative abundance of MSCs recovered 

at weeks 2-8. Interestingly, while the number of MSCs in RTx bone marrow was 

significantly diminished at week 0, the composition of MSCs shifted towards LepR+ cells 

(12% LepR+ in RTx vs. 5% in Sham, p = 0.0216, Table 2.6). This effect was transient, 

and from weeks 2-8 the MSCs in all groups were composed of ~4-6% LepR+ cells. This 

suggests that irradiation persistently depletes marrow MSCs, LepR+ MSCs may be more 

radioresistant than their LepR– counterparts, and localized RTx may have a systemic 

effect on bone marrow.  

 Osteoclast precursor (OCP) populations were significantly decreased in RTx (p ≤ 

0.0008) and Contra (p ≤ 0.0216) marrow at all time points (vs. Sham, Tukey’s test). 

Relative abundance of OCPs was similarly decreased in the RTx (p ≤ 0.0327) and Contra 

(p ≤ 0.0062) from 0-4 weeks post-RTx (vs. Sham, Tukey’s test), recovering at 8 weeks. 

While OCP relative abundance remained constant for the Contra group, the slight 

decrease over time in the Sham group and increase over time in the RTx group led to a 

significant RTx*time interaction term by ANCOVA (p = 0.0012). The distribution of 

“early” (RANK–) or “late” (RANK+) osteoclast precursors shifted locally and 

systemically in response to radiation. At 0 weeks post-RTx, the OCPs from Contra 

marrow had relatively fewer RANK+ cells (~7% vs. 11% for Sham & RTx, Table 2.6, p 
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≤ 0.0122 for both via Tukey’s test). By 3 weeks post-RTx, both RTx and Contra marrow 

had a diminished percentage of RANK+ cells among the OCP population (p ≤ 0.0214 vs. 

Sham for both, Tukey’s test), although neither group differed from Sham at 8 weeks. 

Temporally, this would correlate with the post-RTx trabecular bone resorption, which 

occurs during the first four weeks post-irradiation in this model.7,15,17 

 Monocyte populations were significantly diminished at all time points for both the 

RTx and Contra marrow (p ≤ 0.0001 vs. Sham, both groups, all time points by Tukey’s 

test). Relative abundance of monocytes was also significantly decreased in the RTx group 

at all time points (p ≤ 0.0001 vs. Sham by Tukey’s test). However, in the Contra marrow 

relative abundance recovered to Sham levels by weeks 4-8. While Sham marrow 

maintained a constant monocyte relative abundance over time, both the RTx and Contra 

marrow demonstrated a significant temporal increase in monocyte relative abundance (p 

≤ 0.0001 for treatment*time by ANCOVA). The monocyte population demographics 

were also affected by irradiation. While monocyte numbers were decreased overall by 

irradiation, the proportion of surviving monocytes that were Ly6Chi was significantly 

increased in RTx femurs at all time points (p ≤ 0.0135 vs. Sham & Contra at all time 

points, Tukey’s test, Table 2.6). The percentage of monocytes that were Ly6Clo 

significantly increased in RTx marrow at week 0 (p ≤ 0.0027 vs. Sham, Tukey’s test). 

These data suggest an early, localized (e.g., not systemic), and sustained shift in bone 

marrow monocytes towards a pro-inflammatory (Ly6Chi) phenotype post-RTx.  

 Neutrophils, the most abundant lymphocytes in the blood/marrow, play a large 

role in the inflammatory response.35 Our data indicate that while neutrophil populations 

do not immediately decline post-RTx, the relative abundance of neutrophils is 
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significantly decreased in RTx vs. Sham marrow at 2 and 4 weeks post-RTx (p ≤ 0.0003 

by Tukey’s HSD, Figure 2.6F). Neutrophils have a short lifespan (~12-14 days),35 and 

this transient decrease in neutrophil may be due to delayed hematopoietic progenitor 

repopulation or mobilization. 
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Figure 2.6. Flow cytometry analysis of bone marrow cells from Sham, Contra and RTx 

marrow. (A) Mononuclear cell yield for bone marrow. Relative abundance (RA) as 

determined by flow cytometry of (B) hematopoietic stem cells (defined by the KLS 

criteria), (C) marrow stromal cells, (D) osteoclast precursors, (E) monocytes, and (F) 

neutrophils. Data is presented as mean ± standard deviation. *denotes p < 0.05 vs. Sham 

controls. 
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Table 2.5. Longitudinal Changes in Marrow Cell Populations Post-Irradiation. Data are 

presented as number of cells per hindlimb (mean ± standard deviation), relative 

abundance (% singlet, viable cells in the population of interest), and the percent change in 

cell population (number/hindlimb, italicized values) from the Sham control group within 

a time point. *denotes p ≤ 0.05 vs. Sham using Tukey’s HSD. 

Weeks 
Post-RTx Group Cell Yield HSCs MSCs OCPs Monocytes NPs 

0 

Sham 
 16,149,112  

±5,075,745  
1,907  

±1,876  
7,887,824  

±2,161,979  
328,152  

±124,637  
 3,424,369  

±886,242  
748 

±776 
— 0.01% 49.72% 2.00% 21.66% 0.31% 

Contra 

*7,417,672  
±2,706,148  

1,123  
±713  

*2,398,244  
±908,312  

*128,071  
±48,006  

*638,058  
±367,629  

794 
±677 

— 0.01% 34.68% 1.70% 7.98% 0.30% 
–53.7%  +41.1% –17.0% –30.1% –53.8% –23.6% 

RTx 

*1,150,444  
±467,049  

*84  
±47  

*11,491  
     ±8,480  

* 2,364  
         ±2,012  

*2,042  
           ±860  

97 
±73 

— 0.01% 0.090% 0.17% 0.18% 0.03% 
-92.9% –95.6% –99.6% –98.3% –99.9% –89.6% 

2 

Sham 
9,958,845  

  ±3,965,768  
697  

±203  
3,980,436  

±3,136,721  
197,207  

±62,077  
2,360,399  

±841,053  
975 

±544 
— 0.01% 34.47% 2.35% 24.23% 0.29% 

Contra 

*5,981,880  
±4,049,920  

2,968  
±4,353  

2,379,841  
±2,277,228  

127,826  
±113,992  

*853,732  
±598,516  

622 
±612 

— 0.03% 34.12% 1.99% 14.25% 0.18% 
–39.9% +326.0% +80.2% +77.9% –7.4% –38.5% 

RTx 

 *3,503,828  
±1,734,681  

1,057  
±1,140  

*711,237  
±551,723  

*44,476  
±38,639  

*131,739  
±60,923  

234 
±211 

0.03% 4.36%  19.55% 1.14% 0.08% 
+64.8% +51.7% –58.2% –42.6% –89.1% –73.6% 

4 

Sham 
17,994,906  

±4,446,924  
1,461  

±590  
7,500,134  

±3,546,620  
250,039  

±135,582  
3,387,927  

±840,213  
956 

±555 
— 0.01% 41.12% 1.39% 19.00% 0.58% 

Contra 

*10,564,845  
±3,452,081  

1,182  
±681  

*3,994,941  
±1,995,853  

*155,236  
±95,844  

 *1,990,250  
±992,911  

751 
±350 

— 0.01% 38.36% 1.41% 18.71% 0.39% 
–41.3% –19.1% +8.2% +36.3% +27.2% –33.5% 

RTx 

*4,237,793  
±1,523,042  

1,358  
±739  

*771,741  
±521,078  

*36,798  
±15,880  

*300,444  
±145,630  

264 
±165 

— 0.03% 17.65% 0.86% 7.01% 0.12% 
–76.5% –7.1% –71.0% +69.8% –77.9% –80.0% 

8 

Sham 
10,810,625  
   ± 2,271,774  

1,257  
       ±287  

 3,094,827  
    ±637,918  

185,870  
       ±57,796  

2,343,452  
     ±387,942  

1,894 
±1,024 

— 0.01% 31.87% 1.72% 22.31% 0.66% 

Contra 

 *3,843,820  
±2,271,774  

558  
±287  

*1,102,943  
±637,918  

*80,878  
±57,796  

*787,297  
±387,942  

2,396 
±1,427 

— 0.02% 34.23% 1.99% 21.44% 0.57% 
–64.4% –55.6% –23.0% +0.2% –41.5% –14.4% 

RTx 

 *1,837,929  
±1,628,822  

1,559  
±997  

 *355,590  
±538,278  

*28,974  
±30,592  

*213,670  
±264,252  

943 
±564 

— 0.12% 19.85% 1.28% 9.78% 0.51% 
–83.0% +24.0% –30.4% –44.5% –57.6% –23.6% 
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Table 2.6. Distribution of Cell Sub-Populations in Sham, Contra, and RTx Bone Marrow 

at 0-8 Weeks. Data shown as mean % of parent population ± standard deviation.  

Weeks 
Post-RTx Group 

% of MSC % of OCP % of Mono 
LepR– LepR+ RANK– RANK+ Ly6Clo Ly6Cmid Ly6Chi 

0 

Sham 94.9 
±2.4 

5.1 
±2.4 

88.8 
±5.7 

11.2 
±5.7 

5.6 
±1.7 

87.0 
±3.2 

7.4 
±2.2 

Contra 96.0 
±1.7 

4.0 
±1.7 

92.9 
±1.7 

7.1 
±1.7 

4.2 
±1.0 

90.6 
±2.3 

5.2 
±1.4 

RTx 87.8 
±8.7 

12.2 
±8.7 

88.5 
±2.4 

11.5 
±2.4 

9.6 
±3.6 

70.1 
±1.1 

20.3 
±3.9 

2 

Sham 95.6 
±2.0 

4.4 
±2.0 

85.3 
±12.4 

14.7 
±12.4 

7.7 
±0.9 

88.4 
±1.3 

4.0 
±0.6 

Contra 95.2 
±2.0 

4.8 
±2.0 

86.5 
±9.3 

13.5 
±9.3 

11.9 
±5.6 

83.7 
±5.9 

4.5 
±1.0 

RTx 96.0 
±1.2 

4.0 
±1.2 

84.7 
±10.6 

15.3 
±10.6 

11.6 
±2.9 

81.7 
±3.8 

6.7 
±1.6 

4 

Sham 93.6 
±1.5 

6.4 
±1.5 

89.7 
±4.6 

10.3 
±4.6 

7.5 
±1.6 

87.9 
±1.3 

4.6 
±0.9 

Contra 95.7 
±1.7 

4.3 
±1.7 

93.6 
±3.1 

6.4 
±3.1 

6.6 
±1.4 

88.6 
±1.5 

4.8 
±1.1 

RTx 96.2 
±1.3 

3.8 
±1.3 

94.5 
±2.5 

5.5 
±2.5 

6.0 
±0.8 

86.5 
±1.0 

7.5 
±1.0 

8 

Sham 95.3 
±3.6 

4.7 
±3.6 

93.5 
±5.0 

6.5 
±5.0 

7.3 
±1.8 

87.8 
±2.5 

4.9 
±1.4 

Contra 95.9 
±2.5 

4.1 
±2.5 

94.3 
±3.4 

5.7 
±3.4 

6.6 
±1.8 

88.4 
±2.7 

5.0 
±1.5 

RTx 94.9 
±4.4 

5.1 
±4.4 

91.1 
±4.4 

8.9 
±4.4 

7.3 
±2.5 

85.9 
±4.7 

6.8 
±1.4 
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2.4 Discussion 

A major goal of this study was to determine if it was possible to extend the post-

RTx benefits of PTH beyond the treatment window by administering a single dose of ZA 

to attenuate post-PTH osteoclastic resorption. Through micro-CT analysis, we 

determined that orchestrated delivery of ZA to PTH-treated mice maintained the 

increased metaphyseal trabecular bone quantity (BV/TV, Tb.Th) at least 10 weeks post-

PTH. ZA treatment did not, however, affect cortical BV, TMD, or bending strength in 

RTx+PTH-treated mice. This was an unexpected finding,36 although it is possible that ZA 

treatment caused increased mineralization of the osteoid induced by PTH treatment, 

therefore adding a small amount of bone mass without altering the density or strength 

measurably. The resulting bone appears mildly sclerotic (Figure 2.3), meaning there is an 

increase in osseous tissue, which is most likely due to the loss of catabolic activity from 

ZA.37  Findings from our study do, however, align with the literature. In a mouse focal 

RTx, ZA administration pre- and post-RTx improved cortical and trabecular morphology, 

but did not improve biomechanics.25 Long-term bisphosphonate use has been associated 

with embrittled bone and propagation of micro-cracks leading to atypical fracture in 

humans,38 and the drug delivery strategy in our current study could potentially 

circumvent this problem.  

First and foremost, this study is limited by the mouse model, which is not directly 

translatable to humans or clinical care. There is some discontinuity within the study 

design, as our flow cytometry studies utilized a unilateral RTx model while our 

morphology/strength studies used bilateral irradiation. Unilateral irradiation was chosen 
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to investigate potential systemic effects in bone marrow, abscopal RTx effects have been 

demonstrated.15,39   

RTx-induced vascular damage is well-documented in human xenograft and rodent 

tumor models.40,41 Our histology shows increased erythrocytes in irradiated marrow, 

suggesting elevated marrow vasculature permeability. Additional study is needed to 

characterize the extent and course of vascular damage in limited-field RTx. Post-RTx 

osteocyte survival has long been questioned, and it is often hypothesized that RTx 

induces osteocyte apoptosis,42 similar to glucocorticoid osteonecrosis.43 Our histology, 

however, indicated no loss of osteocyte viability post-RTx, suggesting that any post-RTx 

osteocyte damage may perhaps occur through senescence instead.44 Overall, RTx induced 

persistent depletion of marrow cellularity and increased adiposity. 

 When given concurrent to x-irradiation, PTH is thought to act as a hematopoietic 

radioprotectant by initiating the cell cycle.45 We hypothesized that delivering PTH prior 

to RTx would help maintain bone progenitor cell populations over time. However, our 

data showed no significant effect of PTH on irradiated marrow cell populations. 

Additional mechanistic studies are needed to fully evaluate and optimize the 

radioprotectant efficacy of PTH—perhaps using longer term or higher doses. However, 

PTH consistently induced anabolic bone formation post-RTx, and PTH cessation can 

increase osteoclastic activity, perhaps through altered osteocyte signaling. Alcarez et al 

(2013) reported that ZA administration immediately following RTx halted cell 

proliferation of tumor cell lines, indicating its potential use as a radiosensitizing agent.46 

In humans, this could mean that lower RTx doses are required for maximal tumor 
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cytotoxicity, and therefore minimizing damage to healthy tissue, though preclinical 

limited-field models could be used to test this. 

 There is a lack of data regarding how localized radiotherapy can alter bone 

marrow both locally and systemically. As a reservoir of osteoclastic and osteoblastic 

precursor cells, bone marrow plays a key role in skeletal homeostasis. Yet most of the 

data about RTx effects on marrow are derived from total body irradiation (TBI) models. 

Here, we show that HSCs repopulate earlier following localized RTx (~4 weeks) than in 

TBI models (~8 weeks).47 The relative abundance of HSCs is greater in RTx marrow vs. 

Contra or Sham controls at 4 and 8 weeks post-RTx, which may be skewed due to normal 

baseline HSC quiescence that would be typical of non-irradiated marrow.48 Osteoblast 

progenitors (LepR+ MSCs) were persistently reduced in RTx marrow, although 

osteoblastogenesis does not appear to be impacted by RTx.15 Loss of MSCs in Contra 

marrow suggests that RTx may have a systemic effect on progenitor cell populations. At 

all time points, monocytes were decreased in RTx marrow vs. Sham or Contra, indicating 

radiosensitivity of the cells, however, the surviving monocytes skewed towards the pro-

inflammatory Ly6Chi phenotype. This indicates that RTx may push monocyte 

differentiation towards the M1 pro-inflammatory phenotype, or locally recruit M1-

polarized macrophages. Future studies aimed at determining how inflammation-

associated changes in the bone marrow impact bone cells need to be conducted. 

Neutrophils did have a significant decline compared to Sham at 2 and 4 weeks post-RTx, 

though they recovered to Sham levels at 8 weeks post-RTx. Owusu et al (2021) 

discovered that in response to gamma irradiation, neutrophils generated an irradiation 

dose-dependent increase in reactive oxygen species (ROS).49 This suggests that 
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neutrophils may play an early role in ROS production post-RTx, which should be 

investigated in a limited-field RTx model. Of note, diminished cellularity in irradiated 

samples at all time points limited the sample size for flow cytometry analysis, and 

therefore must be accounted for in future studies.  

 Though the addition of ZA prior to PTH cessation did not increase cortical bone 

strength post-RTx, it did demonstrate that ZA is able to maintain the PTH-induced 

increased bone mass long after PTH cessation in irradiated femurs. To our knowledge, 

this is the first time that a single dose of ZA has been used following intermittent PTH 

treatment in a radiotherapy model. Clinically, this could be an easily translatable strategy, 

as both ZA and PTH are already FDA-approved. As we already know that 

bisphosphonate treatment halts osteoclastic bone resorption, additional studies to examine 

if treatment with PTH and a single dose of ZA alters non-osteoclastic marrow cell 

populations would help determine on a cellular level how this treatment works. Other 

potential drugs to investigate in combination with ZA, including BMP-2 preclinical 

treatment for osteoporosis.50 Finally, our data collectively indicate that osteoblast and 

osteoclast progenitor cells partially repopulate the irradiated marrow, but the extent to 

which those progenitors are able to generate functional bone remodeling cells remains 

unknown. 
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Chapter 3  
In Vitro Radiosensitivity of Murine Marrow Stromal Cells1 

 
 

3.1 Introduction 

Radiation therapy (RTx) is a widely-used cancer treatment modality, typically in 

combination with other chemotherapeutic agents. Though efficacious, it is known that 

RTx-related bystander effects occur, causing damage to healthy tissues along with 

tumors. Consequently, RTx has been associated with several complications, including 

increased insufficiency fracture rate in patients.1,2 While the literature has shown that 

RTx damages bone precursor cells, the pathogenesis of post-RTx bone fractures remains 

to be elucidated. One hypothesis suggests that systemic and local post-RTx changes to 

bone are complex and multifaceted, resulting in disruption of the bone remodeling 

process and an imbalance of osteoclast and osteoblast progenitor cells.3 

The bone marrow microenvironment is a heterogenous milieu of cells responsible 

for intercellular communication in a paracrine fashion, especially in the hematopoietic 

stem cell (HSC) niche4. Bone marrow stromal cells (MSCs), osteoblast and adipocyte 

precursors, and endothelial cells have long been associated with HSC niche maintenance 

within the bone marrow, allowing for activation, proliferation, and differentiation of 

HSCs through various signaling mechanisms.5  Additionally, monocyte/macrophage and 

MSC signaling are critical for HSC niche preservation, cell differentiation, and 

 
1 This chapter is adapted (in part) from Sweeney-Ambros AR, Nappi AN, Oest ME. In Vitro 
Radiosensitivity of Murine Marrow Stromal Cells Varies Across Donor Strains. Radiat Res. 2021 Jun 
1;195(6):590-595. 
Author Contributions: 
Ashley R.  Sweeney-Ambros: study design, data collection, data analysis, manuscript preparation 
Alexander N. Nappi: data collection 
Megan E. Oest: study design, data collection, data analysis, manuscript preparation 
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immunomodulation.6,7 Loss of bone marrow and HSC niche regulation has been 

associated with hematological and hematopoietic malignancies in humans and murine 

models,4,8 demonstrating the importance of functional maintenance of the bone marrow 

milieu. Clinically, it is possible to utilize these properties and harness the 

immunomodulatory effects of MSCs for therapeutic potential from enhancing allograft 

repair9 to therapy for radiation-induced lung injury.10 

The literature primarily describes radiation effects on MSCs purified by cell 

sorting or selective passaging in vitro, but not MSCs at early passages. Overall findings 

suggest that MSCs are relatively radioresistant11 and remain viable even when rendered 

non-proliferative by RTx.12 Milligray doses of irradiation can induce proliferation of 

rodent MSCs13, with loss of viability occurring at doses of 2–10 Gy RTx in vitro.14 In 

vivo, MSCs play a critical role in regulating engraftment and survival of HSCs.15 Marrow 

MSCs may be depleted or mobilized post-RTx, and can later repopulate marrow. Using 

focal RTx of the distal femur in mice (5x4 Gy), Cao et al demonstrated MSC ablation 

throughout the femur at 1 week, with partial recovery of MSCs in the adjacent marrow by 

four weeks.16 The authors noted an increase in circulating Sca-1+ cells at 1 and 4 weeks 

post-RTx, suggesting mobilization of MSCs in response to irradiation. 

To overcome the inability to study the effects of RTx on bone progenitor cells in 

vivo in humans, we thus rely on the use of murine models to gain a better understanding 

of the bone marrow microenvironment following RTx exposure. Most published 

literature on the use of murine models in stem cell radiobiology utilizes only one murine 

strain for their studies. Inherent bias in data interpretation can become an issue, especially 

given that murine MSCs are identified using different surface markers than humans (e.g. 
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Sca-1 in mice,17 which is not present in humans), so they may not necessarily be 

translationally equivalent. Mouse models of RTx effects on skeletal tissues have mostly 

used BALB/c18-22 and C57BL/6 strains.23,24 While strain-dependent variations in bone 

microarchitecture, density,25,26 and MSC function27 are known, skeletal radiobiology 

models have not addressed strain variability. For instance, published work from our 

group shows a consistent longitudinal decrease in bone volume fraction (BV/TV) in 

irradiated BALB/c mice over time by micro-computed tomography analysis.4 On the 

contrary, some of our preliminary work suggests that C57BL/6 mice initially lose 

mineralized bone at two weeks post-RTx but the RTx response in C57BL/6 mice is not 

equivalent to our previously published data in BALB/c mice.  BALB/cJ mice have been 

consistently utilized in our group to study post-RTx changes in bone morphology, 

composition, and biomechanics.18-22 The C57BL/6J strain is, however, attractive as a 

research model for cell-based outcomes due to the large number of transgenic 

modifications available on this background. Strain-dependent variability in MSC 

differentiation has been previously documented. Peister et al characterized MSC function 

across five mouse strains.27 At passage 8, (P8) colony-forming efficiency was noted to be 

slightly lower in BALB/c-derived MSCs compared to C67BL/6-derived MSCs. At P7, 

osteogenic differentiation was greater in C57BL/6 cultures than in BALB/c cultures. Cell 

surface marker presentation also varied by strain, particularly with respect to Sca-1, 

CD106, and CD34.  

In this study, we sought to characterize how MSCs from three mouse strains 

responded to radiation in vitro at P0 and P2. This information is important to establish the 

translation of mechanistic information identified in vitro to functional outcomes 
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identified in vivo. Furthermore, we wanted to compare response of marrow cell cultures 

at P0 (when the cultures contain a heterogeneous population of hematopoietic and 

stromal lineage cells) to more purified MSC cultures at P2. We hypothesized that there 

would be intrinsic strain-dependent variation in MSC response to x-irradiation, analogous 

to variation seen in humans, and that MSCs would be radioresistant to lower x-irradiation 

doses. 

 

3.2 Methods 

3.2.1 Animal Model 

All methods were approved in advance by the SUNY Upstate Institutional Animal 

Care and Use Committee. Twelve female mice from each of three strains were used (total 

n = 36): BALB/cJ (BALB), C57BL6/J (C57), and CB6F1/J (F1) (The Jackson 

Laboratory, Bar Harbor, ME, USA). Mice were euthanized by CO2 asphyxiation at 12 

weeks of age. Disarticulated hindlimbs were stripped of soft tissue and transferred into 

Hank’s buffered salt solution (HBSS) on ice. Marrow for the dose response study was 

obtained as dross from another experiment (BALB & C57 mice, 10–16 weeks old, n = 2–

4 mice/strain/ group, 5 experimental replicates).  

 

3.2.2 Marrow Stromal Cell Culture 

Femurs and tibias were cracked with a sterile mortar and pestle, transferred to a 

conical tube with HBSS, and pulse vortexed (3x3 seconds) to recover the bone marrow. 

The cell suspension was passed over a 70 μm nylon mesh. Mononuclear cells were 

manually counted using a Neubauer chamber with methylene blue dye (#1.15943, Sigma-
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Aldrich, St. Louis, MO) in 3% acetic acid. The cell suspension was centrifuged (5 

minutes at 300 xg) and resuspended in growth medium containing MEM-α (#12571-063, 

Thermo Fisher, Waltham, MA), 20% fetal bovine serum (FBS, #100-106, Lot# 

A88B00A, Gemini Bio, West Sacramento, CA, 1% antibiotic/antimycotic (ab/am, 

#15240-062, Invitrogen), 1% GlutaMax (#35050-061, Thermo Fisher, 100 μM 2-

mercaptoethanol (#21985-023, Thermo Fisher), 10 nM dexamethasone (dex, #D2915, 

Sigma-Aldrich), and 100 μM ascorbic acid 2-phosphate (AA2P, #A8960, Sigma-

Aldrich).  

For expansion, P0 cells were seeded at 0.15–0.25x106 cells/cm2 in tissue culture-

treated flasks in growth medium and placed at 37°C, 5% CO2. Media was changed every 

3–4 days until ~70% confluent. MSCs were selectively passaged with 0.25% Trypsin 

with 1 mM EDTA (#25200056, Thermo Fisher) applied for three minutes at 37ºC. 

Detached cells were collected, pelleted, and counted. Passaging from P1 to P2, cells were 

seeded at 4.5–7.5x103 cells/cm2 in flasks.  

 

3.2.3 Colony-Forming Unit Assays  

For colony-forming unit (CFU) assays, marrow from each animal donor (n = 

9/strain) was plated at 50.5x103 cells/cm2 (P0) or 50.5 cells/cm2 (P2) in 6-well plates with 

5 ml/well growth medium. After 24 hours, well plates were exposed to either 0 or 2 Gy 

RTx (1.05 Gy/minute x-rays, 225 kV, 17 mA, turntable on, 55 cm source-to-shelf 

distance, 0.5 mm Cu beam filter, MultiRad 225, Faxitron Bioptics, Tucson, AZ). MSCs 

were incubated 12-14 days to permit colony formation. Radiation dose response of 

primary MSCs was determined by plating P0 cells at 75.0x103 cells/cm2 in T-25 flasks. 
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After 24 hours, cells were exposed to 0, 0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, or 8 Gy as described 

above, then incubated 12-14 days to permit colony formation. 

Colonies were visualized by staining plates with 0.2% crystal violet in methanol. 

Colonies ≥ 50 cells were counted manually using a dissecting microscope to aid in 

morphologically discriminating between MSC colonies and monocyte populations. 

Colony forming efficiency (CFE) was defined as [# colonies / # cells plated]. Surviving 

fraction at 2 Gy (SF2Gy) was defined as [CFE at 2 Gy] / [CFE at 0 Gy].  

 

3.2.4 Osteogenic and Adipogenic Differentiation  

P2 MSCs were plated at a density of 10.0x103 cells/cm2 into 6-well plates 

containing growth medium and cultured to confluence (one week). Growth medium was 

then exchanged for osteogenic media (MEM-α, 10% FBS, 1% ab/am, 1% GlutaMax, 100 

μM 2-mercaptoethanol, 10 nM dex, 100 μM AA2P, and 5 mM β-glycerophosphate 

(#G9891, Sigma-Aldrich), and the cells were irradiated at 0 Gy (control) or 2 Gy. Cells 

were maintained in pro-osteogenic media for 21 days before staining with 40 mM 

Alizarin Red S (pH 4.1) (#A5533, Sigma-Aldrich), with calcium deposition quantified 

using the methods of Gregory et al.28 Medium was renewed three times per week for 21 

days until ready for staining. 

P2 MSCs were plated into 6-well plates at a density of 10.0x103 analogous to the 

osteogenic differentiation experimental design and cell monolayers were allowed to grow 

to confluence (approximately one week). Adipogenic differentiation media (DMEM with 

4.5 g/L glucose [#11965, Thermo Fisher], 10% FBS, 1% ab/am, 1% GlutaMax, 100 μM 

2-mercaptoethanol, 1 μM dexamethasone, 5 μg/ml insulin [#I6634, Sigma-Aldrich], and 
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500 nM isobutylmethylxanthine [#I7019, Sigma-Aldrich]) replaced growth medium and 

cells were irradiated at 0 Gy (control) or 2 Gy. Cells were closely monitored for the 

formation of lipid droplets in culture for 10-14 days. Adipogenesis was quantified by Oil 

Red O (#O0625, Sigma-Aldrich) staining, in which Oil Red O (solubilized in 33% 

isopropanol) binds accumulated lipids within adipocytes, followed by dye extraction with 

DMSO. Absorbance of extracted dye was measured on Tecan Infinite M200 microplate 

reader (Tecan Life Sciences, Männedorf, Switzerland) and concentration calculated 

through curves generated from standards of known concentration.  

 

3.2.5 Secreted Cytokine Assessment 

 Cells at P0 and P2 from each donor mouse (n = 3 mice/strain) were plated at 

31.6x103 cells/cm2 in 6-well plates containing 3 ml/well growth media and incubated for 

24 hours. Media was exchanged for growth medium containing only 5% FBS 

immediately prior to exposing the well plates to 0 or 2 Gy RTx. Conditioned media were 

collected at 24 hours post-RTx, supplemented with protease inhibitor (10 μg/ml each 

aprotinin [#A6279, Sigma-Aldrich], leupeptin [#L8511, Sigma-Aldrich], and pepstatin 

[P4265, Sigma-Aldrich]), centrifuged to remove any cellular debris, and frozen at –80ºC. 

 Cytokine expression was evaluated using a membrane array (Proteome Profiler 

Mouse Cytokine Array Panel A, #ARY028, R&D Systems, Minneapolis, MN) modified 

for imaging with a LI-COR Odyssey system using the manufacturer’s protocol for IR-

conjugated dyes (#926-32230, LI-COR, Lincoln, NE). Conditioned media from 3 

mice/strain (total n= 9 mice/strain for three separate experimental replicates) was pooled 

and processed according to manufacturer protocol. Semi-quantitative analysis of the 
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membrane images was done using ImageJ. For each antibody spot, median density was 

determined and corrected by subtracting the surrounding median background value. 

Duplicate spot values were averaged. Fold change (FC) was calculated two ways to 

highlight changes in cytokine expression related to 1) radiation FC=([RTx–Sham]/Sham), 

and 2) passaging FC=([P2–P0]/P0). The array probed for 40 cytokines; data are presented 

for cytokines with FC ≥ 1.5 consistent across at least two samples. Reactome 

(reactome.org, v68) 29,30 was used to conduct pathway overrepresentation analyses for 

these cytokines.  

 

3.2.6 RANK-L and OPG Production 

ELISA assays for RANK-L (# DY462, Lot 160985, R&D Systems) and 

osteoprotegerin (# DY459, Lot P167102, R&D Systems) were performed according to 

manufacturer’s instructions with CM samples obtained for the inflammatory cytokine 

array.  The sensitivity for both the RANK-L and OPG ELISA assays is 62.5-4000 pg/ml. 

Absorbance for each sample was analyzed on Tecan Infinite M200 microplate reader 

(Tecan Life Sciences) and concentration values were extrapolated via a four-point 

logistic curve in GraphPad Prism9 (GraphPad Software, San Diego, CA) and Excel 

(Microsoft, Redmond, WA).  

 

3.2.7 Statistical Analyses 

All statistical analyses were performed using JMP13 (SAS Institute, Cary, NC) 

and GraphPad Prism9 software. Data were analyzed using analysis of variance (ANOVA) 

and Tukey’s Honest Significant Difference (THSD) tests. Data normality was assessed 
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using the Shapiro-Wilk test. All CFE data were normally distributed. Osteogenesis data 

for C57 MSCs treated with 2 Gy RTx was non-normal (p = 0.0453). 

 

3.3 Results 

3.3.1 MSC Colony Forming Efficiency and RTx Dose Response Varies by Strain 

Colony forming efficiency at P0 varied by strain (p = 0.0098 by ANOVA). C57 

MSCs had a lower CFE than BALB cells (Figure 3.1A, p = 0.0077 by THSD for P0, 0 

Gy group). RTx significantly decreased CFE only in C57 MSCs (p = 0.0320 for 0 Gy vs. 

2 Gy by THSD). At P2, strain was not a significant variable as determined by ANOVA 

(Figure 3.1B). RTx decreased CFE at P2 only in BALB MSCs (p = 0.0430 for 0 Gy vs. 2 

Gy by THSD). 

The effect of increasing RTx dose (0–8 Gy) on CFE was determined for BALB 

and C57 MSCs at P0. BALB MSCs had an overall higher CFE than C57 cells (Figure 

3.2A). General linear regression models using both strain and RTx dose as variables 

showed significance for strain, RTx dose, and their interaction term (p<0.0001 for all by 

ANOVA). Dose-dependent decreases in CFE were equivalent between the strains for low 

dose (0-2 Gy) RTx (p = 0.0782 by ANOVA). At higher RTx doses (3-7 Gy), however, 

the CFE of BALB MSCs decreased more rapidly than in C57 cells (p = 0.0011 by 

ANOVA). The D0 value (RTx dose that reduces survival to 37%) was calculated to be 3.3 

Gy for the BALB MSCs and 2.9 Gy for the C57 MSCs (Figure 2B). Only C57-derived 

MSCs demonstrated a difference in SF2Gy between passages, with P2 cultures having 

significantly higher survivorship than P0 cultures (Figure 3.3, p = 0.0019 by THSD).  
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Figure 3.1. Colony-Forming Efficiency (CFE) of Primary Mouse Marrow Stromal Cells. 

(A) At P0, 2 Gy radiation numerically decreased mean CFE for MSCs from all strains, 

although the difference was statistically significant only for C57BL/6J-derived MSCs. 

(B) Irradiation diminished mean CFE for all donor strains, although the difference was 

statistically significant only for BALB/cJ-derived MSCs. Data shown as quartile box 

plots with the central horizontal bar representing the median sample value. Outlier values 

are represented as dots. 
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Figure 3.2. Colony-Forming Efficiency at P0 as a Function of Radiation Dose. (A) 

BALB/cJ-derived MSCs had a higher initial CFE than C57BL/6J-derived cells, but 

sensitivity to low dose irradiation (≤ 2 Gy) was similar between the strains. At higher 

radiation doses (3–7 Gy), MSCs derived from BALB/cJ mice demonstrated increased 

radiosensitivity compared to C57BL/6J-derived cells. Exposure to 8 Gy x-irradiation was 

uniformly lethal. (B) The log of the surviving fraction of P0 MSCs isolated from BALB 

and C57 mice. The D0 value represents the RTx dose that reduces cell survival to 37%. 

The D0 value for C57 MSCs was 3.3 Gy and 2.9 Gy for BALB MSCs. 
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Figure 3.3. Surviving Fraction of Colonies After Exposure to 2 Gy X-Irradiation 

(SF2Gy) for MSCs at P0 and P2. Both BALB/cJ and CB6F1/J-derived MSCs had similar 

SF2Gy results for cultures at P0 and P2. However, MSCs from C57BL/6J mice had 

significantly increased SF2Gy at P2 compared to P0. Data shown as quartile box plots 

with the central horizontal bar representing the median sample value.  
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3.3.2 Osteogenic, but not Adipogenic, Differentiation Varies by Strain 

Osteogenic differentiation at P2 varied significantly by donor strain in both the 

control (Figure 4A, 0 Gy, p = 0.0125 by ANOVA) and RTx groups (p = 0.0362 by 

ANOVA). At both 0 and 2 Gy, BALB MSCs deposited significantly less mineral than 

C57 MSCs (p = 0.0093 for 0 Gy and p = 0.0290 for 2 Gy, THSD). Neither radiation nor 

strain were significant factors in mineral deposition for F1 MSCs (Figure 3.4A). There 

were outliers in each group for adipogenic differentiation, with a large spread seen in the 

F1 group. Neither strain nor RTx were significant factors in adipogenesis (Figure 3.4B). 
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Figure 3.4. MSC Differentiation Following In Vitro X-Irradiation. (A) Osteogenesis was 

quantified by Alizarin Red S staining. Mineral deposition differed between BALB and 

C57 strains and was unaffected by in vitro irradiation in all three strains. (B) 

Adipogenesis was quantified using Oil Red O dye. Neither in vitro RTx nor strain 

affected adipogenesis. Data shown as quartile box plots with the central horizontal bar 

representing the median sample value. Outlier values are represented as dots.  
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3.3.3 Passaging Impacts the Inflammatory Cytokine Profile 

Cytokine expression in MSC conditioned media (CM) was evaluated 24 hours 

post-RTx. In P2 vs. P0 cultures, BLC, KC, IL-1ra, JE, M-CSF, Timp-1, MIP-1a, and 

MIP-1b were consistently increased across both RTx and Sham treatment groups (Table 

3.1). The only exception was with IL-1ra, which was increased in P2 vs. P0 CM, except 

in C57 MSCs in the 0 Gy treatment group. RTx-induced changes in cytokine content of 

CM were more variable, with most changes occurring in passaged cells. Both BALB and 

F1 donors at P2 had a decrease in M-CSF, while only F1 donors had a decrease in BLC 

and an increase in JE. Irradiated C57 MSCs at P2 had an increase in KC with decreases in 

TIMP-1, JE, and MIP-1a (Table 3.1).  

Pathway overrepresentation analysis was then conducted for the cytokines listed 

in Table 3.1 using Reactome, an open-source web-based pathway database. Analyses 

were run only for passaging-associated cytokines (BLC, KC, IL-1ra, JE, M-CSF, TIMP-

1, MIP-1a, MIP-1b), as RTx-associated cytokines were not consistent (Figure 3.5). 

Approximately 50% of the pathways fell under the Immune System cluster, including IL-

10 signaling, and 35.7% fell under the Signal Transduction cluster, of which all five 

entities were associated with GPCR signaling (Figure 3.5). The Extracellular Matrix 

Organization and Hemostasis clusters each contained 7.1% of the passaging-associated 

overrepresented pathways (Figure 3.5). 
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Table 3.1. Cytokine Changes in MSC Conditioned Media Associated with RTx and 

Passaging. Data are represented as a heat map, with data expressed as relative difference. 

Data for cytokines with a relative difference ≥1.5 are highlighted in red. 
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Figure 3.5. Overrepresentation Analysis of Passaging-Associated Inflammatory 

Cytokines in P2 Cells. Inflammatory cytokines that were increased at P2 only (BLC, KC, 

IL-1ra, JE, M-CSF, TIMP-1, MIP-1a, MIP-1b) were input into Reactome Database to 

better understand which pathways were involved in the response. The immune system, 

and more specifically cytokines involved in IL-10 signaling, were represented in 

approximately 50% of the pathways. G-protein coupled receptor signal transduction 

pathways accounted for ~35.7% of overrepresented pathways, while extracellular matrix 

organization and hemostasis accounted for ~7.1% of overrepresented pathways at P2. 

  

������ ���	��
�
�� ���������
������� ��	����� ���������
�����
��� �����	�� ��������

������ ��������	���
�����	��� ������� �����	�� ���������
�����	�� �������� ������ ���������

��	���������� ��	���  �����!�	���
�������� "����	���
#������	��� �$ ���

%����	����
&��	���	 ��	�'�	���( ���������( ��� �������	���



 98 

3.3.4 RANK-L & OPG Expression Following RTx and Passaging 

Conditioned media samples obtained for the inflammatory cytokine array were 

probed for the detection of RANK-L and osteoprotegerin (OPG) to determine if any of 

the following factors were important for RANK-L/OPG production: strain (BALB, C57, 

F1), RTx (0 Gy, 2 Gy), time (24 hours, 48 hours), and passaging (P0, P2). Concentration 

values were extrapolated based on the standard curve equations for RANK-L (Figure 

3.6) or OPG (Figure 3.7). Several samples had undetectable levels of cytokine and were 

therefore excluded from the analysis (Table 3.2), and statistics were not calculated for 

any samples due to small sample size.  

RANK-L concentration did not appear to differ at P0 with radiation or strain at 24 

hours post-RTx, but increased sample size could reduce variation. All extrapolated values 

were out of the lower range for the sensitivity of the ELISA assay, topping out at 

approximately 30 pg/ml (Figure 3.6). OPG concentration was only calculated on P2 

samples at 24 and 48 hours post-RTx. Though no statistical analysis was conducted, the 

data suggests decreased OPG concentration following 2 Gy RTx (Figure 3.7). The data 

also may show decreased OPG concentration to start at 0 Gy in BALB vs. C57 and F1 

mice, though this may change with a larger sample size (Figure 3.7). It is possible that 

even with more sensitive methodology, there may not be any RANK-L or OPG in the 

samples. 
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Table 3.2. Sample Inclusion and Exclusion Status for ELISA Data Analysis 

 
Analyte Passage Number Time Point Data Included/Excluded 
RANK-L P0 24 hours Included 
RANK-L P0 48 hours Excluded (too low) 
RANK-L P2 24 hours Excluded (too low) 
RANK-L P2 48 hours Excluded (too low) 
OPG P0 24 hours Excluded (too low) 
OPG P0 48 hours Excluded (too low) 
OPG P2 24 hours Included 
OPG P2 48 hours Included 
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Figure 3.6. Estimated RANK-L Concentration in Conditioned Media Samples. (A) Four-

point logistical standard curve generated from known RANK-L concentrations. (B) 

Extrapolated concentration values for P0 samples at 24h post-RTx. There did not appear 

to be any differences between strains or following RTx. Data represented as mean. 

Statistics were not calculated due to low sample size and use of extrapolation to estimate 

values. 
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Figure 3.7. Estimated OPG Concentration in Conditioned Media Samples. (A) Four-

point logistical standard curve generated from known OPG concentrations. (B) 

Calculated concentration values for P2 samples at 24h and 48h post-RTx (values were 

too low for all P0 samples). The data trends indicate that RTx decreases OPG 

concentration in P2 CM at 24 and 48 hours. It also demonstrates potentially low basal 

OPG levels in BALB vs. C57 and F1 strains. Data represented as mean. Statistics were 

not calculated due to low sample size.  
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3.4 Discussion  

MSCs in vivo reside within a heterogeneous milieu of cell types and play a key 

role in regulating bone homeostasis and HSC function post-RTx. Data presented here 

highlight the strain-dependent differences in MSC radiosensitivity at early passages. 

Relatively little is known about the response of murine MSCs to radiation at early 

passages in vitro.  

Sugrue et al found MSCs from C57 mice demonstrated dose-dependent 

radiosensitivity at 0–10 Gy, analogous to the results presented here.14 Sensitivity of 

BALB MSCs to 12 Gy RTx was demonstrated by Clavin et al,31 where increased dose 

fractionation was found to better maintain early passage MSC function. Our data indicate 

that response to RTx, particularly in the 3–7 Gy range, may vary by mouse strain, as 

BALB MSCs were more radiosensitive to doses of 3–7 Gy and had a lower D0 value (by 

0.4 Gy) than C57 MSCs. Osteogenesis at P2 was unaffected by 2 Gy RTx for either 

strain, although that result may be an artifact of growing MSCs to confluence prior to 

differentiation. This observation aligns with literature suggesting that irradiated MSCs 

may remain viable but non-proliferative.  

The effect of RTx on MSCs has implications not only for maintenance of marrow 

progenitor cells, but also systemic inflammation, bone remodeling, and regulation of 

tumor growth and metastasis. It is well established that MSCs can enhance HSC 

engraftment,32,33 and it is thought that intramedullary adiposity tissue may abrogate HSC 

marrow repopulation post-RTx.34 Previously we have shown that unilateral hindlimb RTx 

in mice results in loss of bone strength at the ipsilateral non-irradiated site, suggesting a 

systemic skeletal response to RTx.18 Data presented here suggest that MSCs may 
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contribute to systemic bone responses via activation of immune signaling pathways, 

notably IL-10 signaling which is directly involved in mediating TNFα signaling. 

The profound effect of passaging is clear in the changes seen in the semi-

quantitative inflammatory cytokine array, in which irradiation did not have a major 

impact. The heterogeneity of cell types in the bone marrow (P0) contributes to the 

signaling environment by allowing paracrine interactions to regulate cellular responses. It 

has been well documented that passaging significantly changes the expression of surface 

markers and differentiation potential of MSCs in culture. Moravcikova et al (2018) found 

that expanded human MSCs significantly lost critical surface receptors such as ICAM-1 

with increased passage number and therefore suggests the use of low-passage MSCs for 

therapeutic options.35 A single-cell RNA sequencing study by Liu et al (2019) suggests 

that later passages of MSCs form distinct clusters based on their transcriptome when 

compared with early passage MSCs.36 Though P0 MSCs recapitulate the in vivo marrow 

environment more accurately than P2 MSCs, a major drawback is that the presence of 

other cells in the marrow creates greater variability. Our data suggests a more pronounced 

impact of cell passaging on inflammatory cytokine expression than radiation-associated 

cytokine expression. Passaging-associated cytokine differences seen only at P2 may also 

have an impact on osteogenesis following RTx (conducted on P2 MSCs) in which no 

differences were observed (Figure 3.4A).  Taken altogether, MSC passage number, along 

with mouse strain, is a potentially confounding variable that needs to be controlled for in 

the design of future studies. 

Our ELISA data, though underpowered, suggests interesting trends that may merit 

exploration with larger sample sizes, more sensitive technology, or different sample type 
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(e.g., whole bone marrow). There does not appear to be any change in RANK-L 

concentration with RTx or strain, which may not be surprising as it has been documented 

that matrix-embedded osteocytes are the primary source for RANK-L in the bone marrow 

environment,37,38 and could be an artifact of our methods. To circumvent this issue and 

accurately measure RANK-L in the marrow in the future, an ELISA could be conducted 

on marrow cell lysate directly from irradiated mice. As it has been shown that other cell 

types in the marrow (e.g., osteoblasts,39 T cells,40 and B cells41) also secrete RANK-L, 

examining the relative contributions of those cells to the post-RTx marrow environment 

would provide insight into the marrow environment.  Interestingly, there does appear to 

be a trend of decreased OPG in response to 2 Gy x-irradiation only in P2 MSCs. Though 

this needs additional donors to verify the data, this suggests MSCs may be a major 

contributor of OPG in the bone marrow, and that RTx may shift the RANK-L:OPG ratio 

such that there is less OPG to bind and block RANK-L signaling. This could be a 

potential contributing factor to the loss of osteoclasts over time seen our murine RTx 

model.20 Overall, our ELISA data, though lacking in statistical power, demonstrates the 

need to more carefully examine RANK-L/OPG signaling in the bone marrow 

microenvironment by determining signaling changes in osteocytes and osteoblasts, the 

major RANK-L contributors in the marrow. 

This study, though informative, does have its limitations. First, in vitro RTx is not 

a preferred method of studying the impact of RTx on whole bone marrow as it does not 

take allow for other factors aside from bone marrow cells to determine outcomes. An 

important observation of note is that MSCs isolated from irradiated WBM are unable to 

expand on tissue-culture plates, hence why we opted for in vitro RTx to allow us to study 
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how RTx directly impacts passaged MSCs. Another important study limitation lies in the 

use of selective passaging as a means of obtaining a purer MSC population. We chose 

this method to preserve the integrity of the cells, but there are more effective means of 

MSC purification including flow cytometry and magnetic separation. Finally, as our data 

suggests that there are passaging-associated changes in MSC inflammation and survival,  

The goals of this work were to evaluate MSC responses to RTx in vitro across 

three mouse strains and identify ways in which radiosensitivity varied between MSC 

monoculture at P2 compared to heterogeneous P0 cultures. Data presented here suggest 

that BALB and C57 MSCs differ in CFE, radiosensitivity, and osteogenesis at P2. MSCs 

derived from F1 mice generally represented a median outcome between the other strains. 

C57 MSCs had significantly increased survivorship at P2 vs. P0, while there were no 

passage-associated changes in SF2Gy for the BALB or F1 strains. Collectively these data 

suggest strain-dependent differences in MSC responses to RTx may factor into in vivo 

outcomes.  
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Chapter 4  
Post-Radiotherapy Hematopoietic Stem Cell Repopulation and 

Inflammation-Associated Osteoclastogenesis1 
 

4.1. Introduction 

 Fractionated radiotherapy (RTx) is utilized clinically, in addition to or in lieu of 

chemotherapeutic drugs, to treat a wide array of cancers. While dose targeting techniques 

minimize adjacent tissue damage, patients still endure adverse effects of radiation on 

normal tissues surrounding and overlying the tumor. These late-term effects are often 

poorly understood, in part due to the heterogeneity of the patient population (age, sex, 

cancer type, anatomical location. While late-onset bone fragility fractures are a frequent 

complication in patients who had bone tissue exposed to irradiation, little is known about 

the changes to bone and bone marrow cell populations following irradiation. One 

hypothesis suggests that disruption of the bone remodeling process—through loss of 

osteoblast and osteoclast activity—contributes to post-irradiation bone fragility fractures.  

The homeostatic process of bone remodeling is known to become uncoupled soon 

after irradiation treatment is initiated. Previously published work from our group and 

others demonstrated a large spike in osteoclast activity at two weeks post-RTx followed 

by long-term osteoclast depletion in a murine model.1,2 Osteoclasts are derived from the 

myeloid hematopoietic lineage and closely related to macrophages and dendritic cells in 

structure and function. Activated osteoclasts have a relatively short lifespan of 

 
1
 This chapter is adapted (in part) from Sweeney-Ambros AR et al “Hematopoietic Stem Cell Repopulation and 

Inflammation-Associated Osteoclastogenesis Following Limited-Field Radiotherapy” in preparation for PLoS One. 
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approximately two to three weeks in humans,3 though in mice osteoclasts may have a 

longer lifespan of six weeks.4 Circulating monocytes have a shorter lifespan of 

approximately two days,5 though one group suggests that RANK-expressing lineage-

committed osteoclast precursors have a half-life of around 11 days.6 It is well-known in 

the preclinical literature that total body irradiation (TBI) depletes hematopoietic stem cell 

(HSC) populations in vivo,7 though a caveat to TBI is that it is not analogous to clinical 

treatment. However, there is little known about the impact that limited field RTx, which 

better models clinical RTx, has on the ability for HSCs to self-renew and differentiate 

into osteoclasts following treatment.  

There has been a long-standing hypothesis that irradiation-associated bone loss 

can be partially attributed to post-RTx inflammation.8 To our knowledge, however, this 

hypothesis has never been directly examined. Under chronic inflammatory conditions, 

such as osteoarthritis, increased osteoclast activation in the presence of pro-inflammatory 

cytokines has been demonstrated.9 There is evidence to suggest that osteoclasts can be 

activated through a RANK-L-independent pathway, though less efficiently than with 

RANK-L.10-12 Irradiation is known to generate an early pro-inflammatory response, and 

may also be responsible for the early increase in osteoclastogenesis we see in a murine 

model.1 

The primary goal of this study was to gain insight into potential mechanisms 

behind the post-RTx phenomenon of early osteoclast number increase followed by long-

term osteoclast depletion in vivo. We postulated that persistent post-RTx osteoclast 

depletion occurs due to the one or more of the following reasons: 1) HSCs in irradiated 

marrow can no longer self-renew, decreasing the production of new osteoclast 
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progenitors, 2) HSCs can self-renew post-RTx, but are functionally unable to 

differentiate into osteoclasts, or 3) the post-RTx bone marrow environment does not 

generate pro-osteoclastic signals, resulting in long-term osteoclast loss. We also 

hypothesized that post-RTx inflammation contributes to the early increase in osteoclast 

number and subsequent bone resorption. Using a murine unilateral hindlimb irradiation 

model and cell culture we investigated the capacity of HSCs from irradiated marrow to 

form osteoclasts, respond to pro- and anti-inflammatory cytokine stimuli, and assessed 

changes in marrow hematopoietic and bone remodeling gene expression. The overall goal 

of this work was to better understand mechanisms of post-RTx osteoclasia and 

subsequent osteoclastopenia. 

 

4.2 Methods 

4.2.1 Animal Model 

All procedures involving animals were approved prior to study commencement by 

SUNY Upstate Institutional Animal Care and Use Committee (protocol #429). All studies 

utilized 8-week-old female BALB/cJ (#000651, Jackson Labs, Bar Harbor, ME) in 

communal housing with a 12h light and dark cycle and ambient temperature of 22ºC.  

Mice were randomly assigned to either a Sham or irradiated group. All mice were 

anesthetized with ketamine/xylazine (100/10 mg/kg intraperitoneal, #501090/51004; 

MWI Veterinary Supply, Boise, ID) prior to treatment. Mice in the irradiated group 

received four fractionated doses of 5 Gy unilateral hindlimb x-irradiation (MultiRad 225, 

Precision X-ray) with the right hindlimb exposed and the rest of the body shielded in a 4 

mm thick custom-made lead shield. Irradiation parameters were as follows: 55 cm SSD, 
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0.5 mm copper beam filter, and 225 kV/17 mA. Sham mice received anesthesia without 

irradiation. Euthanasia time points were 0, 2, 4, and 8 weeks post-RTx, and mice were 

euthanized by CO2 inhalation followed by cervical dislocation, unless otherwise stated. A 

total of 142 animals were used for these studies.  

 

4.2.2 Bone Marrow Isolation 

 Bone marrow isolation was conducted utilizing a protocol as previously 

described.13 Briefly, both hindlimbs were disarticulated from the mice and stripped of all 

soft tissues. Bones from Sham, contralateral (Contra) and irradiated (RTx) hindlimbs 

were crushed in a sterile mortar and pestle, rinsed with 1x HBSS (Ca2+, Mg2+ free, #02-

0121-0500, VWR International, Radnor, PA), and filtered through a 70 μm filter. The 

cells were then centrifuged for 5 minutes at 300 !g, resuspended in appropriate medium, 

and counted using methylene blue (#1.15943, Sigma-Aldrich, St. Louis, MO) in 3% 

acetic acid. All cells were then utilized for long-term HSC culture, osteoclast 

differentiation, RANK-L dose response, and osteoclast function experiments.  

 

4.2.3 HSC Long Term Cell Culture Model 

 The stromal cell line AFT024 (#SCRC-1007, ATCC, Manassas, VA) was utilized 

as a feeder layer for isolated HSCs in the bone marrow. The cells were cultivated at 33°C 

in DMEM (Dulbecco’s Modified Eagle’s Medium) with 4 mM L-glutamine, 4.5 g/L 

glucose, 1 mM sodium pyruvate, and 1.5 g/L sodium bicarbonate (#D6429, Sigma-

Aldrich) supplemented with 0.05 mM 2-Mercaptoethanol (#21985-023, Thermo Fisher, 

Waltham, MA) and 10% fetal bovine serum (#100-106, Lot# A88B00A, Gemini Bio, 
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West Sacramento, CA). Cells were passaged out to passage 5 and plated at a density of 

1x104 cells/cm2 into a 35 mm tissue culture treated petri dish. Two days post-plating, 

feeder cells were mitotically inactivated with irradiation at 15 Gy (SSD 55 cm, 0.5 mm 

Al beam filter, 225 kV/17 mA).  

Two days after feeder cell irradiation, marrow cells were harvested and 

resuspended in MyeloCultTM M5300 media (#05350, Stem Cell Technologies, 

Vancouver, BC, Canada) supplemented with 10 μM hydrocortisone (#H0888, Sigma-

Aldrich, St. Louis, MO). Once counted, 7.5x105 cells were seeded with irradiated feeders 

in duplicate for each donor in 35 mm petri dishes. Duplicates were housed in 100 mm 

petri dishes with a third uncovered humidity dish containing sterile water. Cultures were 

then incubated at 37°C for 4 weeks with a weekly half-volume medium change.  

After 4 weeks, all non-adherent cells and media were removed from each dish 

(duplicates were combined into one sample) and placed into a conical tube. Each dish 

was then rinsed with warm sterile 1x HBSS and added to the conical tube. Cells were 

lifted from the feeder layer by adding 1 ml of 0.25% Trypsin/1 mM EDTA (#25200056, 

Thermo Fisher) to the culture dish and incubating for 1-2 minutes at 37°C. Iscove’s 

Modified Dulbecco’s Medium (IMDM; #I6529, Sigma-Aldrich) supplemented with 2% 

FBS was then added to neutralize the trypsin and HSCs were transferred to a conical 

tube, taking care not to remove the adherent feeders. Cells were centrifuged for 7-10 

minutes at 300 !g and resuspended in IMDM. Following counting in 3% methylene blue, 

9x104 cells in 300 μl were added to tubes containing 3 ml) of MethoCultTM GF M3534 

(without erythropoietin, #03534, Stem Cell Technologies). The mixture was vortexed and 

allowed to settle for 5 minutes to remove any bubbles. Once settled, 1.1 ml of the cell 
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suspension was syringe-pipetted evenly across a 35 mm non-adherent dishes in duplicate 

for each donor. The plates were incubated with a humidity dish for 12-14 days at 37°C 

and 5% CO2, at which point HSC-Granulocyte/Macrophage (HSC-GM) colonies were 

imaged at 20x magnification via light microscopy and colonies were counted using a 

dissecting stereoscope.  

 

4.2.4 Osteoclast Differentiation 

 Osteoclast differentiation was conducted on two different cell types: whole bone 

marrow and GM colonies from the HSC long term culture plates. Whole bone marrow 

cells were plated at 4.21x105 nucleated cells/cm2 and incubated for 3 days at 37ºC with 

5% CO2 in Alpha Minimum Essential Medium (aMEM, ascorbate-free, A1049001, 

ThermoFisher) supplemented with 10% FBS, 1% antibiotic/antimycotic (#15240-062, 

ThermoFisher), and 40 ng/ml M-CSF (#216-MC, R&D Systems, Minneapolis, MN). 

After 3 days, medium containing 100 ng/ml of RANK-L (#462-TR, R&D Systems) was 

renewed, followed subsequently by a half-medium change 2 days later, and staining for 

TRAP (#387A, Sigma-Aldrich) according to manufacturer protocols. For timeline of 

differentiation, please see Figure 4.1. Colonies picked from HSC plates were similarly 

incubated in media containing 40 ng/ml of M-CSF, but for 7 days rather than 3 days to 

allow for cell proliferation. Once RANK-L was added on the 8th day and cells received a 

half-medium change 2 days later, cells were TRAP stained 12 days after plating. All 

images were acquired at 4x magnification on the Nikon Eclipse Ti inverted microscope 

(Nikon Instruments, Melville, NY with a Photometrics CoolSnap HQ2 12 Mp camera; 
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SPOT Imaging, Sterling Heights, MI). TRAP+ cells with 3 or more nuclei were counted 

using ImageJ and the mean of 4 random fields was taken. 
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Figure 4.1. Timeline for Osteoclast Differentiation. Day 0 begins with whole bone 

marrow isolation. Cultures were seeded in 24-well plates and cultured in M-CSF. On day 

3, media was exchanged for media containing M-CSF and RANK-L. A half-medium 

exchange occurs on day 5, followed by staining for TRAP on day 7. 
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4.2.5 RANK-L Dose Response and Inflammatory Co-Culture Assays 

 Irradiated (n = 12/time point) and Sham (n = 12/time point) mice were euthanized 

at 2 and 8 weeks post-RTx and bone marrow/osteoclast differentiation were similarly 

modeled as above. To set up the dose response assay, WBM was plated at 4.21x105 

cells/cm2 and medium was renewed with either 0, 25, 50, or 100 ng/ml RANK-L. 

Additional wells received TNFa (#410-MT, R&D Systems) alone (40 ng/ml) or TNFa 

(40 ng/ml) with RANK-L (25 ng/ml). Cells received a half-medium change two days 

later and were stained for TRAP activity two days following as above. Images were 

obtained by light microscopy at 4x magnification and TRAP+ cells with 3 or more nuclei 

were averaged from 4 different fields using ImageJ Cell Counter plugin. 

 Inflammation co-culture assays were performed as described above with some 

modifications. Whole bone marrow was isolated from RTx and Contra hindlimbs and 

plated as above in medium with 40 ng/ml M-CSF for 4 days before the addition of 

RANK-L. WBM was isolated and pooled from four Sham mice and incubated at 37ºC 

with 5% humidity overnight to allow macrophage/monocyte adherence. Nonadherent 

cells were then transferred into a new flask and expanded to grow for 3 days, before 

selective harvest of MSCs using trypsin/EDTA. Cells were then seeded into 0.4 µm 

transwell inserts (#08-770, Thermo Fisher) at a density of 50.5x103 cells/cm2.  On day 4, 

medium was changed in all wells in the following groups: TNFa (40 ng/ml) + RANK-L 

(25 ng/ml); TNFa + RANK-L + Marrow Stromal Cells (MSCs); RANK-L alone; RANK-

L+MSCs; TNFa+RANK-L+TGF-β1 (10 ng/ml); TNFa+RANK-L+IL-10 (50 ng/ml). 

The timeline for osteoclast differentiation followed that presented in Figure 4.1. Cells 
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were stained for TRAP, and four field images were collected at 4x magnification looking 

for TRAP+ cells with ³3 nuclei.  

 

4.2.6 mRNA Isolation and qRT-PCR 

 Sham (n = 12) and irradiated (n = 14) mice were euthanized at 2 and 8 weeks 

post-RTx. Marrow was isolated by centrifugation at full speed for 30 seconds after both 

ends of the epiphyses of the femur and tibia. Following isolation, marrow was 

homogenized using QIAshredder columns (#79654, Qiagen, Germantown, MD). RNA 

isolation was conducted using the RNeasy Plus Mini Kit (#74134, Qiagen) according to 

manufacturer’s instructions. Following isolation, RNA concentration was determined 

using Tecan and frozen at -80°C before cDNA synthesis. For cDNA synthesis, 225 ng of 

RNA from each of two donors were pooled for a total of 550 ng using the Qiagen RT2 

First Strand Kit, following manufacturer’s protocols for synthesis. The resulting cDNA 

was diluted with nuclease-free water and frozen at -80°C until plates were ready to run. 

 Qiagen RT2 profiler PCR arrays plates for murine hematopoiesis (#330231, Plate 

ID #PAMM-054Z, Qiagen) and murine osteoporosis (#330231, Plate ID #PAMM-170Z, 

Qiagen) were run by mixing cDNA, nuclease-free water (non-DEPC treated), and RT2 

SYBR Green qPCR Mastermix (#330509, Qiagen) according to Qiagen protocols. Plates 

were run on an Eppendorf Realplex with background calibration specific to the RT2 

plates, ramp percentage at 26, and the following cycling conditions: 95°C for 10 minutes 

for HotStart activation; 40 cycles of 15 seconds at 95°C and 1 minute at 60°C for 

fluorescence data collection; melt curve generation by 20 minute continuous ramp of 15 
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seconds at 95°C followed by 15 seconds at 60°C; hold at 4°C until plate was removed 

from thermocycler.  

 Data analysis was conducted using Qiagen GeneGlobe Analysis software. Data 

for both array panels was normalized to the geometric mean of three housekeeping genes: 

actb, gapdh, and gusb (hematopoiesis panel) and actb, gapdh, hsp90ab1 (osteoporosis 

panel). Fold Change was calculated by the program using the DDCT method and a cutoff 

CT threshold of 35, with RTx and Contra as the test groups and Sham as the Control 

group. Genes that had ³ 2-fold change in either direction and p < 0.05 vs. Sham were 

considered for analysis. The lists of upregulated and downregulated genes were input into 

Reactome database (reactome.org) to better understand in detail all the cellular pathways 

impacted by RTx. 

 

4.2.7 Luminex Assay for Serum Cytokines 

 Whole blood was collected from anesthetized mice by terminal cardiac puncture 

procedure (exsanguination) with secondary cervical dislocation. Blood was allowed to 

clot at room temperature for approximately 10 minutes, then centrifuged for 8 min at 

10600 !g to isolate serum. A customized Luminex Assay (R&D Systems) was run on 

analytes listed in Table 4.1 according to manufacturer protocol. 

 

4.2.8 Statistical Analyses 

All statistical analyses were performed in JMP16 software (SAS, Cary, NC) and 

GraphPad Prism 9 (GraphPad Software, San Diego, CA) software. Data is represented as 

mean ± standard deviation. A Shapiro-Wilk test was performed to determine normality of 
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data. For HSC-CFE experiments, change over time was determined using an ANCOVA 

with Tukey’s HSD. For all other cell culture experiments, one-way ANOVA and Tukey’s 

multiple comparisons test were used to determine significant changes between groups 

(p<0.05). 

 

4.3 Results 

4.3.1 HSCs Repopulate Marrow Post-RTx 

 Using a long-term culture model with cytokines specific to growth of granulocyte 

and macrophage colonies, we were able to determine colony-forming efficiency (CFE) of 

HSCs in whole bone marrow from sham, contralateral, and irradiated hindlimbs at 0, 2, 4, 

and 8 weeks post-RTx. Data were generally normally distributed, with exceptions being 

Sham at week 2 post-RTx (p = 0.012), Contra at week 2 (p = 0.0008), and RTx at weeks 

0 (p < 0.0001) and 2 (p = 0.0045).  

Treatment (RTx vs. Sham; p < 0.0001 by ANOVA) and Time (weeks post-RTx, p 

= 0.0007 by ANOVA) were significant factors, but not their interaction term (p = 0.3090 

by ANCOVA). Expectedly, HSC CFE was lower overall in RTx vs. Sham (p ≤ 0.0036) 

and vs. Contra at weeks 0, 2, and 4 post-RTx (p≤0.029). However, at weeks 4 and 8 post-

RTx, HSC-GM CFE was significantly higher for RTx hindlimbs when compared to 0 and 

2 weeks post-RTx (p ≤ 0.0072). There was no significant difference between Sham or 

Contra groups at any time point, nor was group a significant factor when RTx is excluded 

from the analysis (Figure 4.2). Overall, colony size at 4 and 8 weeks post-RTx in RTx 

marrow appeared grossly smaller than both Sham and Contra (Figure 4.3). These data 
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demonstrate that HSCs can repopulate irradiated marrow, and that the long-term loss of 

osteoclast activity is most likely not attributed to loss of progenitor cells. 
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Figure 4.2. Repopulation of HSC-GM Colonies in WBM Post-Irradiation. Quantification 

of HSC-GM colonies in Sham, Contra, and RTx marrow at 0, 2, 4, and 8 weeks post-

RTx. Experimental groups are normalized to Sham group data and presented as box plots 

(central bar = median; whiskers = min and max values). Statistical analyses were run on 

raw (non-normalized) data. *denotes p < 0.05 vs. 0 weeks post-RTx and ºdenotes p < 

0.05 vs. 2 weeks post-RTx.   
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Figure 4.3. Representative HSC-GM Colonies From Whole Bone Marrow. 

Representative images of HSC-GM colonies at 20x magnification in Sham, Contra, and 

RTx groups at 4 and 8 weeks post-RTx. HSC-GM colonies from RTx marrow were 

smaller in size compared to Sham and Contra controls. Scale bar is equal to 100 µm. 
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 HSC-GM colonies were also counted from cells isolated from the spleens of 

Sham and RTx animals to examine potential HSC mobility post-RTx. At all time points, 

the RTx group had significantly lower HSC-GM CFE compared to the Sham group (p ≤ 

0.0077). Group (p = 0.0009), Time (p ≤ 0.0116), and their interaction term (Group*Time) 

(p < 0.0001 by ANCOVA) were all significant variables in HSC-GM CFE in the spleen 

(Figure 4.4). The pattern of repopulation in RTx spleens is similar to that of HSC-GM 

repopulation in the bone marrow with significant repopulation at 8 weeks post-RTx. 

Interestingly, CFE for Sham spleens also increased over time. HSC-GM colonies from 

the spleen appeared to be of similar size in Sham and RTx mice (Figure 4.5). Overall, 

HSC-GM populations within the spleen are diminished in the RTx group, but there does 

not appear to be a significant migration of HSCs to the spleen. This may be due to a 

systemic decrease in hematopoiesis post-RTx, though there is no significant decrease in 

Contra vs. Sham marrow HSC-GM CFE, which would also indicate systemic attenuation 

of hematopoiesis. The data for Contra marrow HSC-GM CFE is variable and would 

benefit from additional donors. As HSC-GM colony number in the spleen also increases 

over time (with age) in Sham animals, this suggests that there may be a basal increase in 

extramedullary hematopoiesis with age,14,15 and RTx HSC-GM colonies appear to follow 

this trend.  
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Figure 4.4. Splenic HSC-GM Colonies Increase with Aging. Quantification of HSC-GM 

colonies from spleens at 2, 4, and 8 weeks post-RTx. Data are presented as box plots 

(central bar = median; whiskers = min and max values). *denotes p < 0.05 vs. 2 & 4 

weeks post-RTx and ºdenotes p < 0.05 vs. Sham.  
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Figure 4.5. Representative HSC-GM Colonies from Spleens. Representative images of 

HSC-GM colonies at 20x magnification from the spleens of Sham and RTx groups at 2, 

4, and 8 weeks post-RTx. Colonies were of comparable size distributions in all donors. 

Scale bar is equal to 100 µm. 
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4.3.2 HSCs from Irradiated Marrow and Cultured HSC-CM Colonies Retain 

Osteoclastic Differentiation Potential  

 Osteoclast differentiation was conducted on two different sources of osteoclast 

precursors: whole bone marrow (WBM) and HSC-GM colonies. WBM cells from 

irradiated mice demonstrated osteoclastogenic competence, forming TRAP+ 

multinucleated cells at 2, 4, and 8 weeks post-RTx (Figure 4.6). To determine if HSCs 

could directly differentiate into osteoclasts when provided with RANK-L, HSC-GM 

colonies were isolated and grown in RANK-L and M-CSF. TRAP+ cells were present at 

4 and 8 weeks post-RTx in the irradiated sample (no colonies were present to isolate at 2 

weeks post-RTx for differentiation). There did not appear to be a difference in the 

number of osteoclasts at 4 and 8 weeks post-RTx in RTx samples (Figure 4.7). Of note, 

osteoclast differentiation from HSC-GM colonies isolated from Sham groups did not 

result in robust osteoclast formation as we had anticipated. This may be due to poor 

cellular expansion in M-CSF prior to RANK-L addition or selection of a colony that had 

committed to the granulocyte rather than macrophage pathway.16  HSC-GM colonies 

isolated from the spleen were also expanded and cultured with RANK-L. Robust 

osteoclastogenesis occurred in HSC-GM colonies isolated from spleens of Sham and 

RTx mice. These results together suggest that not only are HSCs able to repopulate as 

early as 4 weeks post-RTx, but their osteoclast differentiation capability is also retained. 

Additionally, there are circulating HSC-GM colonies capable of osteoclast 

differentiation, as evidenced by osteoclast differentiation from colonies in the spleen 

(Figure 4.8). 
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Figure 4.6. Representative Images of Osteoclasts from Whole Bone Marrow after 

Hindlimb Irradiation. Representative images of HSC-GM colonies at 4x magnification 

from WBM of Sham, Contra, and RTx groups at 2, 4, and 8 weeks post-RTx. While yield 

varied, primary osteoclasts were successfully generated from all treatment groups at all 

time points. Osteoclasts are large, multinucleated, TRAP+ cells (in red). Scale bar is 

equal to 200 µm. 
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Figure 4.7. Representative Images of Osteoclasts Derived from WBM HSC-GM 

Colonies. Representative images of HSC-GM colonies at 4x magnification from whole 

bone marrow of Sham and RTx groups at 2, 4, and 8 weeks post-RTx. These data 

demonstrate that multipotent progenitors (HSC-GM) isolated from RTx marrow form 

osteoclasts when provided with exogenous RANK-L. Scale bar is equal to 200 µm. 
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Figure 4.8. Representative Images of Osteoclasts Generated from Spleen-Derived HSC-

GM Colonies. Representative images of osteoclasts at 4x magnification generated from 

splenic HSC-GM colonies from Sham and RTx groups at 2, 4, and 8 weeks post-RTx. 

Spleen-derived HSC-GM colonies form osteoclasts in both Sham and RTx animals when 

cultured with RANK-L. Scale bar is equal to 200 µm. 
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As we were able to determine that osteoclasts were able to differentiate post-RTx, 

we next examined the dose-responsiveness of WBM at 2 and 8 weeks post-RTx to 

RANK-L. To do so, WBM was isolated and cultured in M-CSF with varying doses of 

RANK-L (0, 25, 50, and 100 ng/ml). At 2 weeks post-RTx, RTx marrow formed 

osteoclasts with the lowest dose of RANK-L, 25 ng/ml (Figure 4.9A). The average total 

number of osteoclasts was significantly lower in RTx groups than in Sham marrow 

Figure (p ≤ 0.0047, Figure, all RANK-L doses) and in Contra marrow at 25 and 100 

ng/ml of RANK-L (p≤0.035). At 8 weeks post-RTx, there was a significant decrease in 

Contra total osteoclastogenesis vs. Sham only at 25 ng/ml (Figure 4.9B, p=0.0031). 

There was a significant inverse relationship between RANK-L dose and 

osteoclastogenesis in Contra (Figure 4.9A, p = 0.002) and RTx (Figure 4.9A, p = 

0.0005) marrow at 2 weeks post-RTx, but all groups had a positive correlation between 

increasing RANK-L dose and osteoclast number at 8 weeks post-RTx (Figure 4.9B, all p 

< 0.0001). These data demonstrate that irradiated bone marrow cells are capable of 

osteoclastogenesis, at least in the presence of ex vivo cues. 

 In addition to osteoclast number, we examined the size distribution of osteoclasts. 

This analysis was included to confirm whether decreases in osteoclast number were 

absolute, or rather due to a preferential shift in multinucleation events leading to less 

numerous but larger osteoclasts. Cells were binned into arbitrary groups of 3-5, 6-9, or 

10+ nuclei. At 2 weeks post-RTx, the relative frequency of larger nuclei in RTx marrow 

was significantly greater in the Sham group at 25 and 50 ng/ml RANK-L only (Figure 

4.9A, p ≤ 0.0037). At 8 weeks post-RTx, Sham osteoclasts had small but significant 

relative frequency of compared to Contra and RTx marrow at 25 ng/ml RANK-L (Figure 
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4.9B, p ≤ 0.0005). This data suggests that x-irradiation may impede the ability to form 

large robust osteoclasts at lower doses of RANK-L. 
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Figure 4.9. Dose Response of Whole Bone Marrow to Pro-Osteoclastic Signals. Average 

osteoclast number from WBM isolated at (A) 2 and (B) 8 weeks post-RTx and exposed to 

pro-osteoclastic cytokines. Average osteoclast number was calculated from four separate 

fields/donor. At each dose, the average number of cells with 3-5 nuclei (black), 6-9 nuclei 

(magenta), or 10+ nuclei (teal) were calculated to account for size difference in osteoclast 

number. Data presented as mean ± standard deviation for total osteoclast number. 

ºdenotes p < 0.05 vs. 100 ng/ml RANK-L and *denotes p < 0.05 vs. 25 ng/ml RANK-L.  
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4.3.3 Inflammation-Associated Osteoclastogenesis 

 As has been previously demonstrated, x-irradiation generates an inflammatory 

microenvironment that has been hypothesized to correlate with bone loss.8,17 To examine 

the effects of pro-inflammatory cytokine TNFa on osteoclast activation, we cultured cells 

with RANK-L (25 ng/ml), TNFa, or RANK-L + TNFa. At 2 weeks post-RTx, the 

addition of RANK-L + TNFa to culture media resulted in a significant decrease in the 

average number of osteoclasts in both Sham and Contra cultures (Figure 4.10A, 

p<0.0001 vs. RANK-L alone). However, when RTx marrow was cultured with RANK-L 

+ TNFa, osteoclastogenesis significantly increased (p < 0.0001). TNFa alone did not 

induce robust osteoclastogenesis, though the average number of osteoclasts in RTx 

marrow treated with TNFa alone was higher compared to the Sham and Contra groups at 

2 weeks post-RTx (Figure 4.10A, p < 0.0001). The decrease in osteoclast number with 

the addition of RANK-L + TNFa persisted in Sham and Contra cultures at 8 weeks, 

while osteoclast number at 8 weeks post-RTx also decreased significantly vs. RANK-L 

alone (Figure 4.10B, p < 0.0001). This suggests that though TNFa alone is not enough to 

induce robust osteoclastogenesis in RTx marrow at 2 weeks post-RTx, in combination 

with RANK-L it has a significant impact on osteoclast number ex vivo. 
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Figure 4.10. Inflammation-Associated Osteoclastogenesis in WBM Cultures. Average 

number of TRAP+ multinucleated osteoclasts in 4 separate microscopy fields at (A) 2 

weeks and (B) 8 weeks post- RTx in response to pro-inflammatory TNFa. Data shown as 

mean ± standard deviation. *denotes p < 0.05 vs. RANK-L alone and ºdenotes p < 0.05 

vs. RANK-L+TNFa. 
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As MSCs are known to modulate immune function in vivo,18 we utilized a co-

culture model with MSCs isolated and cultured from non-irradiated mice to determine if 

healthy cells could abrogate inflammation-associated osteoclastogenesis. At 2 (Figure 

4.11A) and 8 (Figure 4.11B) weeks post-RTx, osteoclastogenesis was significantly 

greater overall in RTx marrow cultures supplemented with TNFa (p≤0.0114 for all 

cultures with TNFa vs. Contra). The addition of MSCs to cultures containing RANK-L 

and TNFa resulted in significantly increased osteoclast number in both Contra and RTx 

marrow (Figure 4.11, p ≤ 0.0001). Only RTx marrow had an increase in osteoclast 

number with the addition of MSCs at 8 weeks post-RTx in cultures supplemented with 

RANK-L and TNFa (Figure 4.11B, p < 0.0001).  

We also utilized two common anti-inflammatory cytokines, TGF-b1 and IL-10, to 

determine if the addition of anti-inflammatory cytokines could decrease osteoclast 

number in RTx marrow. As expected, TGF-b1 and IL-10 both resulted in decreased 

osteoclast number in Contra marrow at 2 weeks post-RTx (Figure 4.11A). Interestingly, 

the addition of IL-10 attenuated osteoclastogenesis induced by RANK-L + TNFa in RTx 

marrow at 2 weeks (Figure 4.11A, p < 0.0001). These data suggest that early 

inflammation-associated osteoclastogenesis may be abrogated by IL-10, while MSCs do 

not mediate TNF⍺-associated osteoclast differentiation, and in fact exacerbate it. This 

may be due to MSCs responding to pro-inflammatory signals, leading them to become 

beacons attracting inflammatory cells such as monocytes and neutrophils.19 
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Figure 4.11. Modulation of Inflammation-Associated Osteoclastogenesis. Average 

number of TRAP+ multinucleated osteoclasts in 4 separate microscopy fields at (A) 2 

weeks and (B) 8 weeks post- RTx in the presence of known inflammatory modulators. 

WBM cells were cultured ± non-irradiated MSCs, TGF-b1, or IL-10 to see if 

inflammation-induced osteoclastogenesis could be ameliorated. Data shown as mean ± 

standard deviation. *denotes p < 0.05 vs. RANK-L alone, ºdenotes p < 0.05 vs. RANK-

L+TNFa. 
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4.3.4 Systemic Expression of Inflammatory Factors 

As we have shown that RTx marrow has increased osteoclastogenesis in the 

presence of TNFa + RANK-L, we next attempted to detect any changes in systemic 

inflammation in RTx vs. Sham mice through Luminex analysis. For the full antibody 

panel data, see Table 4.1. There were no significant changes in any of the Luminex 

analytes probed from RTx mice vs. Sham mice at 2 weeks post-RTx. Systemic RANK-L 

did not appear to change in response to RTx at either time point. At 8 weeks post-RTx, 

there was a small but significant decrease in IL-10 in RTx mice compared with Sham 

mice (Table 4.1, p < 0.05). There was also a notable significant decrease in TNFRII, a 

receptor for TNFa (Table 4.1, p < 0.05). Altogether, this demonstrates that irradiation 

does not impact systemic inflammation and instead may act locally or through a more 

diffuse response of several small increases in cytokines. 
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Table 4.1. Luminex Assay for Systemically Expressed Inflammatory Cytokines. Analytes 

and blood serum concentrations (pg/ml) at 2 and 8 weeks post-RTx. Data are shown as 

mean ± standard deviation. Bolded values p<0.08 and *denotes p<0.05 (vs.  

Sham). ND = not detected. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 2 Weeks Post-RTx 8 Weeks Post-RTx 
Analyte Sham RTx Sham RTx 
TNFR1 3792  ±605 3928 ±798 5334 ±2045 4522 ±2369 
IL-1B 65.8   ±11.2 51.8 ±11.5 65.5 ±39.5 49.7 ±13.2 
IL-2 2.7   ±1. 8 2.0 ±2.5 2.5 ±1.2 ND  
IL-6 2.5   ±1.2 1.9 ±1.2 5.7 ±1.1 ND  
IL-13 ND  ND  8.5 ±4.8 20.2 ±28 
IL-3 2.8   ±0.7 2.1 ±0.2 2.5 ±1.1 2.1 ±0.6 
M-CSF 2.7   ±1.2 3.3 ±1.9 3.2 ±2.2 2.2 ±0.8 
TNF-a ND  ND  0.8 ±0.2 0.9 ±0.9 
MCP-1 267 ±58 210 ±33 304 ±184 191 ±38 
S100A9 618   ±65 568 ±133 1412 ±1204 768 ±231 
RANK-L 50.8   ±9.7 48.8 ±20.5 60.7 ±23.1 64.1 ±10.9 
IL-10 2.2   ±0.5 1.9 ±0.3 4.0 ±1.6 2.9 ±0.6* 
Endoglin 2526   ±404 2218 ±339 2461 ±1397 2204 ±287 
I-CAM1 28331   ±4888 23917 ±4937 28702 ±26711 17390 ±9863 
IL-1a ND  ND  ND  ND  
MIP-1b ND  ND  427 ±210 308 ±58 
IL17E/IL-25 25.6   ±11.9 20.2 ±7.5 95.1 ±52.7 60.4 ±21.7 
LIX 2944   ±1140 2639 ±336 3278 ±2024 2783 ±338 
RAGE/AGER ND  ND  ND  ND  
MIP-1a 0.5   ±0.3 0.6 ±0.1 ND  ND  
IL-5 6.5   ±3.1 9.0 ±3.8 5.4 ±1.9 4.2 ±4.2 
IL-17/IL-17a ND  ND  5.1 ±3.0 2.8 ±1.1 
IL-27 ND  ND  ND  ND  
S100A8 ND  ND  ND  ND  
TNFRII 6853   ±1400 5819 ±3445 8916 ±3010 5286 ±3196* 
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4.3.5 Radiation-Associated Marrow Gene Expression Changes 

 Signaling changes in the marrow microenvironment post-RTx have not been well-

studied in a limited field model. We sought to characterize how RTx impacted expression 

of genes associated with hematopoiesis and bone remodeling. To do this, we used qRT-

PCR arrays available through Qiagen and analyzed all data vs. non-irradiated Sham 

controls. Any values with a p < 0.05 and fold change ≥ 2 were considered significant.  

Several genes associated with hematopoiesis were significantly different from 

Sham in both Contra and RTx samples. At 2 weeks post-RTx, CD86 was significantly 

downregulated while nos2 was significantly upregulated in Contra marrow (Figure 

4.12A). By 8 weeks post-RTx, gene expression levels in Contra marrow were not 

significantly different from the Sham control in any genes examined (Figure 4.12B). 

Conversely, several genes were significantly different from Sham controls at 2 weeks 

post-RTx. Of note, mmp9, angpt1, pf4, kit, wnt3a, and il10 were all significantly 

downregulated compared to Sham controls (Figure 4.12C). Genes that were significantly 

upregulated at 2 weeks post-RTx in RTx marrow included cd14, spp1, and trim10 

(Figure 4.12C). At 8 weeks post-RTx, only pf4 and angpt1 were downregulated, while 

genes such as tnfsf11, cd34, spp1, wnt3a, and csf2 were all upregulated (Figure 4.12D). 

A full list of changes in gene expression can be found in Appendix A. Pathways 

significantly overrepresented through changes in gene expression include the immune 

system (e.g., IL-10 signaling, IL-6 signaling, TLR signaling), signal transduction (e.g., 

NOTCH signaling, AKT signaling), and programmed cell death (Table 4.2). 

Collectively, this indicates that the anti-inflammatory immune response and factors 

positively associated with hematopoiesis are downregulated at early time points post-
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RTx. At 8 weeks post-RTx, the upregulation of cd34 correlates with active hematopoiesis 

and an increase in CD34+ lineage cells. Interestingly, genes associated with vascular 

stabilization are downregulated throughout 8 weeks post-RTx, indicative of impaired 

angiogenesis and increased vascular permeability. 
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Figure 4.12. Changes in Markers of Hematopoiesis Over Time by qRT-PCR. Temporal 

changes in marrow from Contra femurs at (A) 2 weeks and (B) 8 weeks post-RTx, as 

well as RTx marrow at (C) 2 weeks and (D) 8 weeks post-RTx. Volcano plots highlight 

fold change (horizonal axes) in gene expression and log-transformed p-value (vertical 

axes) and fold change (calculated with Qiagen GeneGlobe software using the ΔΔCt 

method). Data points in red signify fold change ≥2 and data points in blue signify fold 

change ≤ -2, both with p ≤ 0.05.  
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Table 4.2. Overrepresented Pathways from Hematopoiesis Gene Expression Analysis. 

Overrepresented pathways (p<0.05) based on upregulated and downregulated genes from 

Hematopoiesis qRT-PCR Array analysis conducted on RTx Marrow at 2 and 8 weeks 

post-RTx. Data are presented as the number of reactions in a pathway containing at least 

one upregulated (represented by ↑ arrow) or downregulated (represented by ↓ arrow) 

gene. 

 

Pathway 2 Weeks Post-RTx 8 Weeks Post-RTx 
Contra RTx Contra RTx 

Immune System 2↑ ; 14↓ 85↑ ; 131↓ — 162 ↑ 
Interleukin Signaling 1 ↑ 61 ↓ — 61 ↑ 

IL-10 Signaling 1 ↓ 12 ↓ — 1 ↑ 
Il-4 and IL-13 Signaling 1 ↑ 1 ↓ — 1 ↑ 
IL-6 Signaling — 35 ↓ — — 

Cytokine Signaling 1↑ ; 10↓ 64 ↓ — 71 ↑ 
Toll-Like Receptor Signaling — 16 ↑ — 57 ↑ 

Disease — — — — 
KIT Mutations — 16 ↑ — — 

Hemostasis — 23 ↓ — 14 ↓ 
Fibrin Clot Formation — 2 ↓ — 1 ↓ 
Cell Surface Interactions at Vascular Wall — 14 ↓ — 13 ↓ 
Platelet Homeostasis 1 ↑ — — — 

Signal Transduction — 28 ↓ — 2 ↑ 
NOTCH Signaling — 7 ↓ — 8 ↑ 
AKT Signaling 7 ↓ 1 ↓ — — 

Reactive Oxygen Species Production 4 ↑ — — — 
Programmed Cell Death — 5 ↑ — — 
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We also examined gene expression changes post-RTx in markers associated with 

bone remodeling and inflammation. There were no significant changes in Contra marrow 

in any genes analyzed at 2 weeks post-RTx (Figure 4.13A). However, at 8 weeks post-

RTx, there was significant upregulation in important remodeling genes including tnfsf11, 

col1a2, pth, tnfrsf11a, and sost (Figure 4.13B). In RTx marrow, genes such as il6, calcr, 

and wnt3a were downregulated at 2 weeks post-RTx, while acp5, igf1, pth1r, col1a2, 

bglap, and spp1 were upregulated (Figure 4.13C). At 8 weeks post-RTx, many of the 

same genes including col1a2, Igf1, bglap, and spp1 were still upregulated, as well as the 

addition of ctsk and col1a1 (Figure 4.13D). Overrepresented pathways included signal 

transduction (e.g., signaling by receptor tyrosine kinases, NOTCH signaling, GPCR 

signaling), immune system (e.g., IL-10 signaling, IL-6 signaling, TNFRII non-canonical 

NFkB signaling pathway), and extracellular matrix organization (e.g., collagen 

formation, crosslinking of collagen fibrils, degradation of collagen/ECM). (Table 4.3) 

These data support prior observations of increased osteoclast activation (upregulation of 

acp5), while the upregulation of ctsk and tnfsf11 may indicate attempted bone remodeling 

or active perilacunar remodeling by osteocytes. 
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Figure 4.13. Changes in Markers of Bone Remodeling Over Time by qRT-PCR. Changes 

in gene expression (vs. Sham) in marrow from Contralateral hindlimbs at (A) 2 weeks 

and (B) 8 weeks post-RTx, and in RTx marrow at (C) 2 weeks and (D) 8 weeks post-

RTx. Volcano plots highlight fold change (horizonal axes) in gene expression and log-

transformed p-value (vertical axes) and fold change (calculated with Qiagen GeneGlobe 

software using the ΔΔCt method). Data points in red signify fold change ≥ 2 and data 

points in blue signify fold change ≤ -2, both with p ≤ 0.05.   

  

�

�

�

�

� ����� ����	
��

 ����� ����	
��

	� 	� � � �
�

�

�

�

�

�

�

���������������

	��
��
��
�	
��
� 
��

	� 	� � � �
�

�

�

�

�

�

�

���������������

	��
��
��
�	
��
� 
��

����
�	
�

�
��
���
���

����

	� 	� � � �
�

�

�

�

�

�

�

�����
������

	��
�
��
��
	�
��
 
��

����
��	��

�����
�����	
����

�����

	� 	� � � �
�

�

�

�

�

�

�

�����
������

	�
�
�
��
��
	�
��
 
��

���
����

���

������
����������
�
�
��


��


��

������

������



 147 

Table 4.3. Overrepresented Pathways in Bone Remodeling Gene Expression Analysis. 

Overrepresented pathways (p<0.05) based on upregulated and downregulated genes from 

Bone Remodeling qRT-PCR Array analysis conducted on RTx Marrow at 2 and 8 weeks 

post-RTx. Data are presented as the number of reactions in a pathway containing at least 

one upregulated (represented by ↑ arrow) or downregulated (represented by ↓ arrow) 

gene. 

 

Pathway 
2 Weeks Post-RTx 8 Weeks Post-

RTx 
Contra RTx Contra RTx 

Immune System — 60 ↓ 78 ↑ 18  ↑ 
Interleukin Signaling — 2 ↑; 38 ↓ 20 ↑ 2  ↑ 

IL-10 Signaling — 1 ↓ 1 ↑ — 
IL-4 and IL-13 Signaling — 2 ↑; 5 ↓ 3 ↑ 2  ↑ 
IL-6 Signaling — 34 ↓ 16 ↑ — 

Cytokine Signaling — 58 ↓ 30 ↑ 10  ↑ 
Interferon Gamma Signaling — — 2 ↑ — 
TNF Receptor Non-Canonical NF-κB pathway — 3 ↓ 11 ↑ 3 ↑ 

Extracellular Matrix Organization — 86 ↑ 53 ↑ 91 ↑ 
Collagen Formation — 36 ↑ 36 ↑ 36 ↑ 
Collagen Biosynthesis and Modifying Enzymes — 21 ↑ 21 ↑ 21 ↑ 
Crosslinking of Collagen Fibrils — 11 ↑ 11 ↑ 11  ↑ 
Collagen/ECM Degradation — 46 ↑ — 53  ↑ 
Collagen Chain Trimerization — — —  ↑ 

Hemostasis — — — 16  ↑ 
Platelet Adhesion to Exposed Collagen — 4 ↑ 4 ↑ 4 ↑ 
Platelet Degranulation — 1 ↑ 1 ↑ 1 ↑ 
Platelet Activation, Signaling, and Aggregation — 12 ↑ 12 ↑ 12 ↑ 

Signal Transduction — 31↑; 90↓ 27 ↑ 14 ↑ 
GPCR Signaling — 24 ↓ 2 ↑ 8 ↓ 
NOTCH Signaling — 4 ↓ — — 
Receptor Tyrosine Kinases — 12  ↑ 11 ↑ 12  ↑ 

Cellular Senescence — — 3 ↑ — 
Senescence-Associated Secretory Phenotype — 3 ↓ 3 ↑ — 
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4.4 Discussion 

 The primary goals of this study were to better understand factors contributing to 

early transient post-RTx short-term osteoclasia followed by long-term osteoclastopenia 

using our well-characterized mouse model of limited-field irradiation. We hypothesized 

that inflammatory cytokine signaling contributed to early osteoclast activation and that 

long-term osteoclast depletion occurred due to either the loss of HSC progenitors or the 

loss of differentiation potential of osteoclast precursors. We further explored how RTx 

impacted changes in gene expression in the marrow signaling environment. To our 

knowledge, this is the first study to examine this phenomenon in a limited-field model of 

RTx, as nearly all prior work has used TBI models to study RTx effects on marrow.  

At two weeks post-RTx, a massive transient increase in osteoclast number has 

been demonstrated in a murine models of RTx.1,2 It is well-documented that RTx leads to 

oxidative stress and DNA damage, resulting in broad-scale inflammatory signaling.20-22 

Due to the early post-RTx presence of inflammation, it has been suggested that the 

inflammatory signaling environment contributes to osteoclasia, but this has never been 

directly examined in an animal model of RTx. We discovered that WBM from RTx mice 

cultured with TNFa had significantly more osteoclasts at 2 weeks post-RTx compared to 

Sham and Contra animals, but osteoclastogenesis was comparable among all groups 

cultured with TNFa at 8 weeks post-RTx. Marahleh et al (2019) suggested that TNFa 

promotes osteoclastogenesis by enhancing RANK-L signaling through osteocytes.23 

Interestingly, at 2 weeks post-RTx, addition of TNFa decreased osteoclast number in 

Sham and Contra marrow (vs. RANK-L alone), but increased osteoclast number in RTx 

marrow. By 8 weeks post-RTx, osteoclastogenesis in RTx marrow cultured with TNFa 
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and RANK-L was decreased, similar to osteoclast number in Sham and Contra groups at 

both early and late timepoints. This suggests that the non-irradiated marrow environment 

has cellular or signaling mechanisms in place to inhibit or abrogate inflammatory-

associated osteoclastogenesis that are dysfunctional or defunct in irradiated marrow.  

Alternatively, irradiated marrow may also be sensitized to pro-inflammatory signaling, 

and when acute inflammation resolves, osteoclast number drops as seen in RTx marrow 

at 8 weeks post-RTx. We were not able to detect significant systemic changes in serum 

inflammatory cytokines at 2 weeks post-RTx, leading us to hypothesize that post-RTx 

systemic inflammation may be minimal at that timepoint. It is possible that the Luminex 

assay was not sensitive enough to detect major changes at 2 weeks post-RTx in 

inflammatory signaling, or that inflammation was mediated through cytokines we did not 

probe for. However, at 8 weeks post-RTx, there was a small but significant decrease in 

IL-10 protein expression and a notable TNFRII protein expression in serum from 

irradiated animals, which may be related to sensitization of RTx marrow to pro-

inflammatory signals. The increase in RTx marrow osteoclast number in the presence of 

TNFa and RANK-L occurred concurrent with downregulation of il10 gene expression at 

2 weeks post-RTx, suggesting a decrease in anti-inflammatory signaling. Gene 

expression of il10 returned to control levels at 8 weeks post-RTx, indicating that pro-

inflammatory signals had been tempered. Attenuation of RANK-L+TNFa-induced 

osteoclastogenesis in RTx marrow by addition of IL-10 at 2 weeks post-RTx supports the 

idea that early post-RTx increases in osteoclast number are driven by RTx-induced local 

inflammation. As pro-inflammatory cytokine levels are typically highest immediately 

post-RTx,24 future work needs to include timepoints immediately following RTx.  
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We hypothesized that the late-term persistent loss of osteoclasts in vivo was due 

to loss of hematopoietic progenitors post-RTx.25 Using an ex vivo long-term HSC-GM 

cell culture model, we demonstrated that post-RTx late osteoclast depletion is not due to 

loss of HSC-GM self-renewal potential. Our data demonstrate that GM-competent HSCs 

begin to repopulate irradiated bone marrow as early as 4 weeks post-RTx, and that gene 

expression of HSC marker CD34 is significantly increased vs. Sham at 8 weeks post-

RTx. This study is, to our knowledge, the first to demonstrate HSC repopulation at 4 

weeks post-RTx in a limited-field RTx model. Green et al (2012) reported that HSCs in 

the marrow had significant repopulation as early as 8 weeks following TBI7 and based on 

our data, limited-field RTx expectedly results in earlier HSC repopulation than TBI. 

Spleens from RTx animals demonstrated decreased HSC-GM CFE at all time points (vs. 

Sham), suggesting that RTx may systemically decrease HSC numbers. Overall, HSC-GM 

colony formation was lower in the RTx group compared to Sham and Contra controls, 

which is not unexpected. It has been proposed that HSCs may migrate from distant bone 

marrow niches to repopulate irradiated marrow. Dong et al (2020) tracked transplanted 

HSCs in irradiated mice and discovered that most HSCs homed to both the bone marrow 

and the spleen.26 The methodology utilized by Dong et al would not be ideal for 

understanding HSC migration post-RTx, as the technical approach utilizes x-irradiation, 

which is what we are attempting to model. Migration of HSCs are also technically 

difficult to study when using a syngeneic donor due to the rarity of the population of 

interest and the invasiveness of tissue retrieval necessary for a measurable outcome. 

Repopulation kinetics of multipotent hematopoietic progenitors in the marrow over a 
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longer time period in a limited-field RTx model needs to be evaluated to determine if 

HSCs ever recover to levels similar to those seen in non-irradiated marrow. 

 As we were able to demonstrate that HSCs were able to repopulate irradiated 

marrow in a limited-field RTx model and is not a likely cause of persistent osteoclast 

depletion, we next wanted to investigate the possibility that these HSCs may not be 

functionally capable of forming osteoclasts. We discovered that when marrow from 

irradiated hindlimbs was cultured with exogenous RANK-L, TRAP+ multinucleated 

osteoclasts were generated in vitro at 2, 4, and 8 weeks post-RTx. This indicates that even 

at later time points (i.e., 4 and 8 weeks), when osteoclasts are not present in vivo, 

osteoclasts are able to form when exogenous pro-osteoclastic cues are present. To address 

the possibility that these osteoclasts were derived from committed osteoclast precursors 

that had migrated into the irradiated marrow, we also evaluated osteoclast formation from 

individual marrow HSC-GM colonies. Our data showed that HSC-GM cells from 

irradiated marrow were also capable of osteoclastogenesis when provided with 

exogenous RANK-L. These data indicate that HSCs repopulating the irradiated marrow 

retain functional self-renewal and osteoclastic differentiation capabilities. In the future, 

studies examining irradiated osteoclastic resorptive capacity need to be performed to 

ensure that osteoclasts retain their functional properties. 

Broad-scale changes to the marrow signaling environment as a result of x-

irradiation have not been robustly examined in a limited-field model. Contra samples at 2 

weeks post-RTx had an increase in nos2, responsible for the production of nitric oxide 

synthase, while RTx samples did not at any timepoint, which may be evidence of 

systemic inflammation. nos2 gene expression returned to control levels by 8 weeks post-
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RTx, suggesting resolution of reactive oxygen species. The contralateral hindlimb 

following limited-field RTx has been shown to have decreased bone volume fraction at 2 

weeks post-RTx,27 so the idea that RTx causes changes at distant sites is not unfounded. 

The lack of nos2 in RTx cells may not be biologically meaningful at 2 weeks post-RTx, 

as Li et al (2018) demonstrated that nos2 deficiency in mice was not effective as an HSC 

radioprotectant.28 Interestingly, angpt1, a vascular stability factor,29 was consistently 

downregulated and spp1, which aids in vascular permeability30 and is also highly 

expressed in MSCs, was consistently upregulated at both 2 and 8 weeks post-RTx. 

Ionizing radiation causes vascular damage and leaky blood vessels,31 supported by the 

loss of vascular stability and increase in vascular permeability provided by angpt1 and 

spp1. As bones are highly vascularized, more work needs to be done to better understand 

how damaged vasculature correlates with long-term alterations in bone strength, quality, 

and marrow health. Gene expression of pf4, or platelet-factor 4, was also significantly 

downregulated at 2 and 8 weeks post-RTx. Thrombocytopenia is a side effect of RTx,32 

and in our samples we have noticed that megakaryocyte numbers are decreased in 

irradiated marrow. It has been previously reported that megakaryocytes play a role in 

promoting osteoblast activity, thereby contributing to bone homeostasis.33 Chen et al 

(2017) demonstrated that endothelial cell injury causes slow platelet recovery post-RTx,34 

and this information taken together may merit further investigation in a limited-field 

model. The upregulation of genes such as ctsk, tnfsf11, bglap, col1a1, and col1a2 at 8 

weeks post-RTx are all indicators of attempted bone remodeling. However, since it has 

been consistently demonstrated that persistent osteoclast depletion occurs late post-RTx, 

upregulation of ctsk and tnfsf11 could be upregulated due to osteocyte perilacunar 
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remodeling. Recently published work has suggested that a subset of osteocytes secrete a 

senescence associated secretory phenotype following x-irradiation35, however, if these 

factors are in fact osteocyte-derived, these data indicate that at least some osteocytes 

remain viable. Future work should be dedicated to better understanding how osteocyte 

function at early and late timepoints is modulated post-RTx, if even at all, and how this 

contributes to bone remodeling by osteoblasts and osteoclasts.  

Though this study provided new insight into an area where there was a dearth of 

information in the literature, it does have several limitations. First and foremost, this 

study was conducted in mice and therefore does not perfectly recapitulate what occurs in 

humans. Our CFE dataset is very noisy for Sham and Contra samples, as evidenced by 

the large variance. This may be due in part to the inclusion of two cohorts completed at 

two separate times (interrupted by a pandemic). Diminished cellularity due to RTx poses 

a technical limitation for both the dose-response and co-culture experiments, which could 

have benefited from augmented replicates and additional controls. Cellular loss and shifts 

in marrow cell demographics also may bias the results of gene expression data in RTx vs. 

Sham mice. Changes in gene expression due to irradiation could potentially be due 

selective ablation rather than changes in cell function, and although mechanistically this 

is an interesting prospect, the functional outcome is still apparent in our data.  

 Based on our data, we conclude that the spike in osteoclast number at two weeks 

post-RTx may be a consequence of early local inflammation coupled with loss of anti-

inflammatory signaling, which appears to resolve by 8 weeks post-RTx. Following early 

osteoclasia, the root cause of persistent osteoclastopenia is most likely not the loss of 

HSC self-renewal or loss of osteoclastic differentiation competence. Rather, 
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dysfunctional RANK-L signaling from osteocytes and osteoblastic lineage cells could 

potentially drive long-term osteoclast depletion in the marrow, which needs to be 

examined further. Clinically, these data provide new insight into the bone marrow 

microenvironment at early and late timepoints and illustrate potential therapeutic targets 

for future study or intervention and prevention of post-RTx bone fragility. 
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Chapter 5:  
Discussion 

 
5.1 Major Findings 

 The primary objective of this dissertation was to determine the etiology of 

persistent osteoclastopenia following limited field irradiation in a mouse model. We 

investigated the efficacy of FDA-approved drugs to improve radiotherapy (RTx)-

associated bone loss and alterations in bone marrow cell populations (Chapter 2). Using 

an in vitro model of RTx, we sought to understand how marrow stromal cells (MSCs) 

respond to in vitro irradiation in terms of self-renewal and differentiation potential 

(Chapter 3). We also explored potential mechanisms of the post-RTx biphasic osteoclast 

response leading to early osteoclasia and subsequent osteoclast depletion (Chapter 4). 

The main conclusions from our findings are summarized in Figure 5.1 and in the 

following sub-sections. 
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Figure 5.1. Summary of Post-Radiotherapy Associated Changes in Bone. Data are 

presented as change in irradiated (RTx) bone/marrow relative to Sham controls at 2 and 8 

weeks post-RTx, expressed as a decrease (gold), no change (light blue), or increase (dark 

blue). Parameters examined include trabecular bone volume fraction (Tb. BV/TV); 

trabecular thickness (Tb.Th); diaphyseal bone volume (BV); diaphyseal tissue mineral 

density (TMD); bending strength; osteocyte viability; marrow cellularity; marrow stromal 

cells (MSCs); hematopoietic stem cells (HSCs); monocytes; osteoclast precursors (OC); 

neutrophils; osteogenic differentiation; adipogenic differentiation; and osteoclastic 

differentiation. The asterisk represents a note that osteogenic and adipogenic 

differentiation were only measured at one time point with only one variable (RTx). 
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5.1.1. Zoledronic Acid Preserves PTH-accrued Bone Mass but Not Bone Strength 

Zoledronic Acid (ZA) is a bisphosphonate typically administered as one intravenous 

dose yearly in humans for the treatment of pathological bone diseases, such as 

osteoporosis and hypercalcemia. Its mechanism of action involves preferentially binding 

to bone and inhibiting osteoclastic bone resorption.1 Studies have demonstrated that the 

intermittent use of recombinant parathyroid hormone fragment (PTH[1-34]) following 

RTx in mice results in transient increase in bone mass during the treatment window but 

mice quickly lose bone mass following treatment cessation.2 We hypothesized that ZA 

given during the last week of PTH treatment would attenuate loss in bone mass seen after 

PTH treatment ended at 6 weeks post-RTx. Our data demonstrated that as has been 

shown previously, intermittent PTH prevented RTx-associated bone loss during the 

treatment window. Mice treated with a single dose of ZA at the time of PTH cessation 

maintained bone mass over the course of 10 weeks post-treatment with ZA. Bone 

appeared mildly sclerotic, which is not a surprise as ZA inhibits osteoclastic bone 

resorption leading to less bone turnover. Though ZA treatment preserved bone mass, 

there was no significant change in bending strength, suggesting that the bone mass 

accrued does not alter the mechanical properties of irradiated bone. Through histology, 

we were also able to show that x-irradiation leads to erythrocyte accumulation in the 

marrow and depletion of megakaryocytes, but osteocyte viability is preserved. These 

findings may be translatable to the clinic, as both PTH and ZA are already FDA-

approved. It should be noted that there was a black box warning for the long-term use of 

PTH in humans due to increased risk of osteosarcoma in rat studies,3,4 though it has since 

been removed by the FDA (in 2020) as clinical data indicated no increased risk for 
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development of sarcoma in humans treated with PTH.5,6 Although PTH+ZA did not 

increase bone strength in this study, the accrual of new bone mass demonstrates that bone 

formation can be induced in irradiated bone with these drugs. In addition, bone strength is 

only one aspect of the material property of bone as there are other properties, such as 

fracture toughness, may have been improved by the treatment.7 Future work needs to be 

dedicated to better understanding how PTH+ZA treatment influences fracture toughness 

and other material properties of the bone. 

 

5.1.2. PTH as a Radioprotectant and Alterations in Bone Marrow Cell Populations 

 In the literature, some groups have demonstrated that PTH acts as a hematopoietic 

radioprotectant in rodents when administered prior to x-irradiation, especially preserving 

marrow stromal cells (MSCs).8 We hypothesized that when mice received PTH 

immediately prior to x-irradiation, hematopoietic stem cell (HSCs) populations would be 

more radioresistant compared to mice receiving vehicle injections. Our data demonstrated 

that PTH did not have a significant effect on any cell population at any time point. This 

may be due to the short time course and/or dose utilized in this study. In the future, 

determining the proper dose and time course of treatment may allow PTH to act as a 

proper hematopoietic radioprotectant. 

 Data regarding changes in bone marrow cell populations in a murine model of 

limited-field RTx is lacking, however, there is an abundance of the literature about 

marrow cell populations following total body irradiation (TBI).9 We looked for changes 

in HSC, MSC, monocyte, osteoclast precursor, and neutrophil populations at 0, 2, 4, and 

8 weeks post-RTx. Cellularity of irradiated marrow was diminished at all time points. 
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Our data showed that HSCs begin to recover and repopulate in the marrow as early as 4 

weeks post-RTx, earlier than has been previously described for TBI.10 The relative 

abundance of total monocytes was decreased at every time point. However, of the 

surviving monocytes, the number of Ly6Chi monocytes increased over time, indicative of 

a pro-inflammatory phenotype. Osteoclast precursor and MSC numbers were decreased 

at every time point up to 8 weeks post-RTx, when repopulation of these cell types in the 

marrow was observed. Lastly, neutrophils, the most abundant cell type in the marrow, 

transiently decreased in number, which is likely due to neutrophil mobilization, but may 

also be due to loss of hematopoietic progenitors to replenish the population. These data 

collectively offer new insight to the modulation of marrow cell populations that 

contribute to maintenance and function of the hematopoietic niche in a limited-field RTx 

model. 

 

5.1.3. MSC Radiosensitivity Varies by Donor Strain 

 The majority of murine models utilized to study stem cell radiobiology study the 

effects of irradiation in only one murine strain. Peister et al (2004) described inherent 

differences in MSC function among five different murine strains and found strain-

dependent differences in self-renewal and osteogenic differentiation.11 Most of our 

historical data has been obtained in BALB/c mice, but transgenic mice typically utilize 

C57BL/6 backgrounds. We sought to better understand how MSC function changes with 

x-irradiation in three murine strains- BALB/cJ (BALB), C57BL/6J (C57), and their 

progeny, CB6F1/J (F1). In terms of self-renewal, we determined that MSCs from naïve 

C57 mice had a significantly lower colony-forming efficiency (CFE) than BALB MSCs. 
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When examining the effects of low vs. high doses on MSC CFE, we discovered that 

while at low doses CFE was comparable between strains, MSC CFE from BALB mice 

decreased more rapidly than C57 CFE. Additionally, there were strain-dependent 

variations in osteogenic differentiation, with C57 MSCs having greater osteogenic 

differentiation capacity than both BALB and F1 MSCs. We concluded that care should be 

taken when selecting the donor strain for radiobiology studies as the impact on MSC 

biology differs between strains. 

 

5.1.4.  Post-RTx and Passaging Effects on MSC Self-Renewal and Differentiation 

 The bone marrow microenvironment is comprised of a heterogenous milieu of 

various cell types. MSCs are important for maintenance and support of the hematopoietic 

niche, and play an important role in immunomodulation through various pro- and anti-

inflammatory mechanisms.12,13 The literature suggests that MSCS are relatively 

radioresistant compared to other marrow cell types,14 though it has been shown to halt 

proliferation of human MSCs.15 We investigated MSC self-renewal and 

osteogenic/adipogenic differentiation in response to 2 Gy in vitro x-irradiation in whole 

bone marrow and homogenous MSC cultures through cell passaging. At passage 0 (P0; 

whole bone marrow [WBM]), CFE of C57 MSCs was decreased in irradiated cultures vs. 

non-irradiated cultures, but in passaged cultures at P2, irradiation was not a significant 

variable. Conversely, there was no significant difference in irradiated BALB MSCs at P0, 

but a significant decrease in CFE at P2. This suggests that in C57 mice, MSCs may be 

responding to signals from other cell types in WBM post-RTx, while MSCs in BALB 

mice may drive the RTx response, or strain-dependent differences in bone marrow 
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demographics may regulate cellular crosstalk post-RTx. There appeared to be no 

significant RTx-induced impact on osteogenic or adipogenic differentiation, suggesting 

that though RTx may temporarily blunt MSC self-renewal, the differentiation potential is 

retained. Finally, we utilized a semi-quantitative approach to determine if there were any 

changes in inflammatory cytokine levels post-RTx. We determined that RTx did not 

induce any significant changes in inflammatory cytokine levels, and rather passaging to 

obtain homogeneous MSC populations was more significant. This indicates that MSCs 

are powerful dictators of inflammatory signaling and may play a role in vivo in the post-

RTx inflammatory response. 

 

5.1.5. Early Inflammation-Associated Increase in Osteoclastogenesis  

 Ionizing radiation generates a pro-inflammatory environment due to the 

generation of reactive oxygen species in response to DNA damage.16,17 Studies have 

demonstrated that pro-inflammatory cytokines such as TNF⍺ are capable of inducing 

osteoclastogenesis in a RANK-L dependent and independent fashion.18 A long-standing 

hypothesis suggests that inflammation in response to x-irradiation leads to an increase in 

osteoclastogenesis, but this has never been tested.19 As our group has demonstrated that 

early osteoclasia occurs around 2 weeks post-RTx20 under inflammatory conditions, we 

suspected that this could be a contributing factor to increased osteoclast activity. When 

RTx marrow was cultured with RANK-L and TNF⍺ at 2 weeks post-RTx, we discovered 

that the presence of TNF⍺ enhances osteoclastogenesis significantly compared to RANK-

L alone. This was abrogated by 8 weeks post-RTx. Moreover, marrow from Sham and 

Contra controls cultured with RANK-L and TNF⍺ had decreased osteoclast number vs. 
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cultures with RANK-L alone. This suggests that non-irradiated marrow has mechanisms 

to attenuate osteoclastogenesis under pro-inflammatory conditions that are absent in 

irradiated marrow. In order to elucidate what those mechanisms could be, we postulated 

that MSCs, known for immunomodulatory functions,21 would decrease 

osteoclastogenesis in RTx cultures with RANK-L and TNF⍺. In fact, MSCs did the 

opposite of what we had anticipated, and instead enhanced osteoclastogenesis in Contra 

and RTx cultures. This finding signifies that under inflammatory conditions, MSCs may 

influence the cells around them to become pro-inflammatory. Lastly, we opted to test the 

efficacy of exogenous anti-inflammatory cytokines IL-10 and TGF-β1 to abolish 

osteoclastogenesis in RTx marrow. We found that, like with MSCs, TGF-β1 promoted 

osteoclastogenesis, while IL-10 decreased osteoclast number following the trend seen in 

Sham and Contra marrow. Collectively, these data suggest that acute local inflammation 

leads to increased osteoclast number post-RTX, which may be modulated by the addition 

of IL-10. 

	

5.1.6. Late Osteoclastopenia Not Due to Loss of HSC Repopulation or Differentiation 

Following early osteoclasia at 2 weeks post-RTx, our group also demonstrated by 

histology that osteoclasts were depleted long-term.20 We hypothesized that long-term 

depletion stems from either loss of hematopoietic stem cell progenitors, of which 

osteoclasts are derived, or loss of differentiation capability. Using a long-term cell culture 

model, we validated that multipotent progenitors HSC-Granulocyte/Macrophage (HSC-

GM) colonies began to repopulate in whole bone marrow of RTx mice as early as 4 

weeks post-RTx. The number of HSC-GM colonies in the RTx group did not fully 
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recover to the level of the control groups, though longer-term studies are necessary to 

gain a better understanding of temporal HSC repopulation kinetics. Demonstrating that 

HSCs did in fact recover, we also established that osteoclast precursors in whole bone 

marrow and HSC-GM colonies were capable of osteoclast differentiation when provided 

with the proper ex vivo pro-osteoclastogenic cues. Collectively, these data suggest that 

the etiology of post-RTx osteoclastopenia is not due to loss of osteoclast progenitor cells, 

nor is it due to the loss of HSC differentiation potential. 

 

5.2. Hypothesized Model of Early and Late Post-RTx Changes 

Collectively, we have demonstrated that RTx induces changes in marrow cellular 

viability, repopulation, and signaling. Data from Chapter 2, Chapter 3, and Chapter 4 

together have provided insight into a hypothetical model of early and late post-RTx 

changes to the bone marrow microenvironment that are responsible for the biphasic 

response of early osteoclasia and persistent osteoclastopenia (Figure 5.2). 

 

5.2.1.  Post-RTx Vascularity Damage  

Bone is a highly vascularized tissue, which is necessary for proper cellular and 

biomechanical function. However, tumors are also highly vascularized, and irradiation 

can be used to disrupt the vascular supply to the tumor.22 There are case reports of RTx 

patients who had adverse effects in healthy tissues due to damaged vasculature in the 

irradiation field.23 In the literature, there is an abundance of data observing vascular 

damage within xenograft tumors in murine models, but not on vascular damage to healthy 

tissue in a murine limited-field RTx model. Our data has shown that erythrocyte pooling 
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occurs immediately post-RTx, which is indicative of highly permeable blood vessels 

(Chapter 2). Vascular stabilization factor angpt1 acts on the endothelial cell barrier, 

preventing constitutive permeability.24 In addition to its ability to inhibit vascular 

permeability, Yao et al (2014) discovered that the protein Angiopoietin 1 (Ang-1, coded 

for by angpt1) exhibits anti-inflammatory properties by inhibiting mast cell degranulation 

and a broad pro-inflammatory response.25 In our qRT-PCR data, we discovered that 

angpt1 was downregulated in RTx vs. Sham marrow at both 2 and 8 weeks post-RTx 

(Chapter 4). At 2 weeks post-RTx, the downregulation of angpt1 aligns with gross 

erythrocyte leakage into the marrow cavity we see in histology. Angpt1 downregulation 

persists at 8 weeks post-RTx, demonstrating long-term effects of RTx on vascular 

permeability. Along with angpt1, the gene pf4 (platelet factor 4) is also downregulated at 

both early and late timepoints of our study in RTx vs. Sham marrow. Concurrent with 

this downregulation is the loss of hematopoietic lineage megakaryocytes over time in our 

histology data in RTx vs. Sham marrow. Even though HSCs begin to recover around 4 

weeks post-RTx, megakaryocytes do not seem to recover. This may be due to the 

findings discussed in a review by Noetzli et al (2019) that suggest that loss of 

megakaryocytes results in loss of pf4, but simultaneously an increase in HSCs.26 The 

literature has also suggested that megakaryocytes play a role in supporting osteoblast 

function in healthy tissue,27 but support osteoclastogenesis under age-related 

inflammatory conditions.28 The role that vascular damage and changes in megakaryocyte 

populations play in the post-RTx marrow environment need to be investigated in future 

studies. 
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5.2.2. Early Osteoclast Activation Associated with Pro-inflammatory Response  

 Early osteoclastic activation may be responsible for the gross bone loss associated 

with RTx. As it is known that RTx results in inflammatory events, we hypothesized that 

it may be involved in early osteoclasia at 2 weeks post-RTx. In the presence of RANK-L 

and TNF⍺, osteoclast number at 2 weeks post-RTx increased significantly compared to 

RANK-L alone but was abrogated at 8 weeks post-RTx (Chapter 4). Based on our flow 

cytometry data (Chapter 2), we know that there was an increase in the relative 

abundance of pro-inflammatory Ly6Chi monocytes and a loss of MSCs through 4 weeks 

post-RTx. Immunomodulation of MSCs is a critical functional component of the MSC 

role in the bone marrow microenvironment. It is possible that with the significant loss of 

MSCs at 0 and 2 weeks post-RTx, this could also trigger the loss of anti-inflammatory 

signaling necessary to push surviving monocytes to an anti-inflammatory phenotype. 

Moreover, when purified MSCs were cultured in trans-well inserts, we discovered that 

MSCs cultured with RANK-L and TNF⍺ elicited a significant increase in 

osteoclastogenesis, regardless of marrow irradiation status. This suggests that MSCs 

themselves become pro-inflammatory in response to inflammatory cytokines, and 

therefore surviving MSCs post-RTx could be attracting M1 monocytes and promoting 

osteoclastogenesis. We also demonstrated that in irradiated marrow, there was a 

significant >2-fold downregulation at 2 weeks post-RTx in il10 gene expression 

(Chapter 4). MSCs and macrophages are some of the sources of IL-10,29 so it is possible 

that skewing cells towards a pro-inflammatory phenotype results in loss of anti-

inflammatory signaling. In our cultures, irradiated marrow cultured with RANK-L, 

TNF⍺, and IL-10 resulted in a significant decrease in osteoclastogenesis at 2 weeks post-
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RTx. This indicates that IL-10 signaling may modulate inflammation-associated 

osteoclastogenesis. Collectively, these data suggest that an increase in pro-inflammatory 

monocytes at 2 weeks post-RTx coupled with the loss of IL-10 results in increased 

osteoclastogenesis in irradiated marrow (Figure 5.2). 

 

5.2.3. Late Persistent Osteoclast Depletion 

 Without osteoclasts to remodel damaged bone, bone quality decreases over time, 

even when osteoblast activity is unchanged. Interestingly, our data demonstrates that all 

the necessary cellular components for osteoclast activation are present at 8 weeks post-

RTx. Using flow cytometry, we highlighted an increase in KLS cells at 4 and 8 weeks 

post-RTx (Chapter 2), which was corroborated by the presence of HSC-GM colonies in 

culture from irradiated marrow at 4 and 8 weeks post-RTx (Chapter 4). At 8 weeks post-

RTx, we also noted a significant >2-fold upregulation in cd34 gene expression vs. Sham 

controls, also indicative of HSC repopulation in the marrow (Chapter 4). Not only were 

HSC populations significantly increased at later time points, but osteoclast precursors 

(expressing RANK and M-CSFR) returned to non-irradiated control levels by 8 weeks 

post-RTx. These data collectively suggest that loss of osteoclasts at later time points is 

not due to loss of the progenitor cells. We verified that osteoclasts could form at all 

timepoints when provided with the proper pro-osteoclastic signals. This suggested to us 

that not only do osteoclast progenitor and precursor populations repopulate in irradiated 

marrow, but they can differentiate when ex vivo cues are given. However, our data also 

demonstrates that tnfsf11 (RANK-L) and ctsk (involved in remodeling) are upregulated at 

8 weeks post-RTx, indicative of attempted bone remodeling. It is possible that even 
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though gene expression is upregulated, the proteins themselves are not being produced, or 

not enough proteins are being synthesized to elicit osteoclast activation. 

We also noted an increase in marrow adipogenesis (Chapter 2), which may 

contribute to low-grade inflammation.30 Though our in vitro data suggests that in vitro 

RTx has no effect on adipogenesis (Chapter 3), the assay did examine a time component 

and therefore could not tell us enough about post-RTx adipogenesis over time. Sun et al 

demonstrated that Toll-like Receptor 4 (TLR4) protects against irradiation-associated 

marrow adipogenesis31, though our qRT-PCR data does not show any significant changes 

from controls in tlr4 gene expression. The contribution of marrow adipogenesis to 

modulations in other marrow cell populations is not currently known, and merits further 

investigation. 
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Figure 5.2. Hypothetical Model of Early and Late Post-Radiotherapy Changes in the 

Bone Marrow Microenvironment. At two weeks post-RTx, HSCs and osteoclast 

precursors are decreased vs. Sham controls, while osteoclasts and “M1” pro-

inflammatory monocytes are increased. M1 monocytes perpetuate the inflammatory 

microenvironment by secreting pro-inflammatory cytokines, while MSCs are decreased 

and therefore cannot secrete IL-10. At eight weeks post-RTx, HSCs and osteoclast 

precursors have recovered to control levels, but osteoclasts are depleted in vivo. 

Megakaryocytes are also decreased compared to Sham controls. Meanwhile, the relative 

abundance of MSCs is increased, adipogenesis is increased, and osteogenesis remains 

unchanged. Osteocytes remain viable at both two and eight weeks post-RTx, though it is 

still unclear what role osteocytes play in pro-osteoclastic signaling following x-

irradiation. 
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5.3 Limitations of this Work 

 Though the data presented in this dissertation answered several unknown 

questions, this work does have some limitations. One limitation is that this work was 

conducted in mice and not in humans, and the tissue microstructure of cortical bone 

differs between mice and humans (who have Haversian systems, while rodents do not).32-

34 The mice utilized in this study were all also female, and it has been previously 

demonstrated that reproductive hormones, such as estrogen, have an impact on bone 

health.35,36 Data regarding bone mass changes due to murine sex differences in response 

to x-irradiation is limited, and thus may impact the outcomes. All experimental analyses, 

especially those in our flow cytometry study (Chapter 2), could benefit from the use of 

additional donors, though per ethics in laboratory animal use, reducing the number of 

animals utilized is ideal. Our inflammatory co-culture assay (Chapter 4) and micro-CT 

data analysis (Chapter 2) had imperfect comparisons, as there was not data for all 

possible permutations. The data sets were difficult to work with, and we felt that though 

we could calculate statistics for all possible comparisons, some comparisons were not 

biologically or functionally meaningful. Additionally, for cell culture studies utilizing 

irradiated marrow, diminished cellularity posed a technical problem in limiting the 

amount of material we were able to work with.  

 

5.4 Future Research Directions 

 The research presented in this dissertation lays the foundation for several new 

questions relating to our findings. As we already have a well-characterized mouse model 
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of limited-field RTx in BALB/c mice, utilizing this mouse background would be ideal to 

build upon data we have already collected. 

 

5.4.1. Transcriptome Profiling of Marrow and Whole Bone 

 Our data suggests that long-term osteoclast depletion could be due to the loss of 

pro-osteoclastic signaling in the marrow from osteocytes to osteoclasts. As osteocytes are 

entombed within the bone matrix, the most ideal way to obtain a transcriptome profile is 

to run bulk RNA-seq on bone marrow separate from whole bone. This allows us to view 

changes in transcriptome profiles due to irradiation from cells in the whole bone marrow 

and those from the bone to provide insight as to how signaling patterns change. 

Additionally, to understand how PTH maintains bone mass in vivo post-RTx, we could 

have three separate groups of mice: Sham (no irradiation), RTx+Vehicle (0.1% BSA), 

and RTx+PTH. Our analyses will include generating transcriptome profiles of Sham vs. 

RTx and RTx+Vehicle vs. RTx+PTH in whole bone and bone marrow separately at 

several timepoints, including 6 weeks post-RTx when PTH treatment is concluded. We 

can also run analyses to determine if time is a significant variable within groups in whole 

bone and bone marrow separately. Obtaining this data will answer the question of how 

signaling is modified post-RTx leading to persistent osteoclastopenia, as well as guide or 

change treatment strategies. 

 

5.4.2. Characterize the Post-RTx Immune Cell Profile 

 In addition to obtaining information on how the signaling environment between 

whole bone marrow and whole bone differs, an important component missing from these 
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analyses includes characterizing changes to various innate and adaptive immune cell 

populations. Under pathologic inflammatory conditions, T-cells and B-cells were found 

to release RANK-L37-40, indicating that cells other than osteocytes and osteoblasts could 

be contributing to RANK-L signaling in the marrow. Innate and adaptive immune cells 

also play a large role in maintenance of the hematopoietic niche and are the main drivers 

of and responders to inflammatory signaling cascades. In order to characterize immune 

profiles, marrow would be isolated at 0, 2, 4, 6, and 8 weeks post-RTx from Sham and 

RTx animals. The cells would be sorted into single cells and single-cell RNA-seq could 

be used to group cells based on their transcriptomes. Cells of interest include the 

identification of different M1/M2 hybrid macrophage populations, as suggested by 

Mosser and Edwards (2008).41 Though it is possible to obtain some information about 

this from the bulk RNA-seq experimentation proposed in the previous subsection, single-

cell RNA-seq would provide a more robust and specific picture of the post-RTx immune 

environment. We seek to gain from these experiments knowledge of how the immune 

system manages inflammation and can help develop treatment protocols tailored 

specifically to immune cell deficits. 

 

5.4.3. Examine Post-RTx Changes in Vascularity and Impact on Cell Mobility 

 As described in 5.2.1, our work describes consequences of damaged vasculature 

such as a sustained decrease in angpt1 and increased erythrocyte accumulation in 

irradiated mice. Healthy vascular structures are required for healing processes, and 

impaired vessels could pose a long-term problem for healing. To examine vascular 

structure in RTx-treated mice, we could use immunohistochemistry to look at some 
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factors associated with blood vessel formation, including CD31 and von Willebrand 

Factor (VWF) in histology sections. We can obtain a basal level of vascular permeability 

in live mice using the methods of Radu and Chernoff (2013).42 In their protocol, they 

injected Evans Blue dye, which preferentially binds albumin and stays in the blood 

vessels (unless vessels are permeable) into the tail vein of the mice. Dye can be extracted 

from tissues using formamide, and we could determine the contribution of RTx to local 

vs. systemic changes in vascular permeability. At the cellular level, we could probe 

vascular endothelial cells using flow cytometry for Annexin V/Propidium Iodide staining 

to determine if there are any dead or dying cells. This would aid in determining if cell 

death occurs and if so, the method by which cell death occurs in irradiated marrow. At 

the molecular level, using one or more RT2 PCR Profiler Arrays (for mice) from Qiagen 

focusing on VEGF signaling, endothelial cell biology, or angiogenic growth factors 

would examine a wide array of genes involved in maintenance of the vascular system. 

One major caveat in the translatability of this data is that in bone, mice do not have 

Haversian systems and therefore may not accurately reflect what occurs in humans. 

 

5.4.4. Non-Osseous Tumor Model 

 The historical data from our group has utilized normal wild-type BALB/c mice to 

determine post-RTx changes in bone. Though this models what happens to healthy 

tissues within the irradiation field, it does not accurately recapitulate what we would see 

in humans undergoing RTx for cancer treatment due the lack of a tumor. To complement 

to our current model of post-RTx insufficiency fracture, the next step would be to 

develop a model in which mice have a non-osseous tumor in the irradiation field. As 
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tumors are a major source of hypoxia, inflammation, and vasculature,43 all these factors 

could have an impact on bone structure and function and influence the behavior of 

osteoblastic and osteoclastic populations. In order to do so, BALB/c Nude nice (Charles 

River Laboratories) would be utilized as the model animal for a melanoma tumor 

xenograft using a human cell line. The groups would be as follows: Sham, Sham + 

Tumor, RTx, and RTx + Tumor. Data would need to be collected for Nude mice with no 

and normal BALB/c (no tumor) mice to account for potential differences in our historical 

data vs. in the Nude model. The limitation of this approach is that the BALB/c Nude mice 

are athymic and therefore lack T-cell immunity, which excludes a large population of 

cells that may be involved in the marrow response to RTx. Generating an osseous tumor 

model, though logically would make sense based on our area of research, would be 

counterproductive to our body of work. This is because tumors within the bone tend to 

regulate the microenvironment more so than RTx.43 The development of a non-osseous 

tumor model would provide information into how the tumor microenvironment could 

impact the healthy bone marrow within the irradiation field. 

 

5.4.5. Explore the Role of IL-10 in Post-RTx Osteoclastogenesis 

 Our data indicates that there may be a role for IL-10 in preventing early 

osteoclasia (Chapter 4), which may in turn prevent early bone destruction. In order to 

study IL-10 signaling in mice, we could utilize an IL-10 knockout (IL-10 KO) mouse 

strain bred on a BALB/c background. Our proposed control and test groups can be found 

in Table 5.1. Outcome measures would include histology (H&E and TRAP staining to 

probe for osteoclasts) and primary in vitro osteoclast differentiation assays with and 
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without TNF⍺. If IL-10 modulates post-RTx osteoclastogenesis, we would expect that 

Sham-treated IL-10 KO mice would have an increase in osteoclast number in the 

presence of RANK-L and TNF⍺	at 2 weeks post-RTx.	In order to be more thorough, we 

would be giving irradiated mice IL-10, which may inhibit early post-RTx osteoclasia. 

This work could provide clinicians with another possible treatment option in RTx 

patients.	
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Table 5.1. Proposed Groups for Examining the Role of IL-10 in Inflammation-Associated 

Osteoclastogenesis Following Irradiation. 

 

Group Wild-Type IL-10 KO Sham RTx Vehicle IL-10 
I + - + - + - 
II + - + - - + 
III + - - + + - 
IV + - - + - + 
V - + + - + - 
VI - + + - - + 
VII - + - + + - 
VIII - + - + - + 
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5.5. Clinical Significance 

Insufficiency fractures are a late-term adverse effect of RTx, and these fractures 

often result in delayed union or non-union. Many groups have attempted to elucidate the 

origins of post-RTx bone fragility, but the heterogeneity of the bone marrow milieu 

provides an extra challenge. Functionally, the loss of osteoclasts in vivo impairs bone 

remodeling homeostasis, and this may be a root cause of post-RTx bone fragility. Even if 

osteoblastic bone formation is maintained post-RTx, adding new bone on top of old, 

damaged, non-remodeled bone may interfere with the integrity of the bone. With the 

advent of better treatment modalities, patients tend to live longer, following diagnosis and 

therefore preserving bone integrity is necessary to provide patients with a normal 

lifestyle. Our work fits into this picture by providing context to changes in bone 

remodeling. If we can prevent the over-activation of osteoclasts by modulating the 

inflammatory microenvironment, it is possible that bone mass could be maintained long-

term post-RTx. In this dissertation, we provided potential explanations for post-RTx early 

osteoclasia and discovered that the origins of long-term osteoclastopenia are not related 

to self-renewal or differentiation potential of hematopoietic progenitors. More 

importantly, we have devised and proposed several avenues for treatment opportunities 

using FDA-approved drugs that could be easily translated to the clinic. Though future 

studies to obtain the complete picture of the post-RTx marrow microenvironment are 

necessary, this work has answered several questions. Our hope is to utilize this data to 

guide and tailor treatment protocols to prevent post-RTx bone fragility in patients without 

compromising the efficacy of RTx. 

 



 182 

 
5.6 Works Cited 

1. Dhillon S. Zoledronic Acid (Reclast((R)), Aclasta((R))): A Review in 
Osteoporosis. Drugs. Nov 2016;76(17):1683-1697. doi:10.1007/s40265-016-0662-4 
2. Oest ME, Mann KA, Zimmerman ND, Damron TA. Parathyroid Hormone (1-34) 
Transiently Protects Against Radiation-Induced Bone Fragility. Calcif Tissue Int. Jun 
2016;98(6):619-30. doi:10.1007/s00223-016-0111-0 
3. Vahle JL, Long GG, Sandusky G, Westmore M, Ma YL, Sato M. Bone neoplasms 
in F344 rats given teriparatide [rhPTH(1-34)] are dependent on duration of treatment and 
dose. Toxicol Pathol. Jul-Aug 2004;32(4):426-38. doi:10.1080/01926230490462138 
4. Watanabe A, Yoneyama S, Nakajima M, et al. Osteosarcoma in Sprague-Dawley 
rats after long-term treatment with teriparatide (human parathyroid hormone (1-34)). J 
Toxicol Sci. 2012;37(3):617-29. doi:10.2131/jts.37.617 
5. Subbiah V, Madsen VS, Raymond AK, Benjamin RS, Ludwig JA. Of mice and 
men: divergent risks of teriparatide-induced osteosarcoma. Osteoporos Int. Jun 
2010;21(6):1041-5. doi:10.1007/s00198-009-1004-0 
6. Bang UC, Hyldstrup L, Jensen JE. The impact of recombinant parathyroid 
hormone on malignancies and mortality: 7 years of experience based on nationwide 
Danish registers. Osteoporos Int. Feb 2014;25(2):639-44. doi:10.1007/s00198-013-2470-
y 
7. Hernandez CJ, van der Meulen MC. Understanding Bone Strength Is Not Enough. 
J Bone Miner Res. Jun 2017;32(6):1157-1162. doi:10.1002/jbmr.3078 
8. Chandra A, Lan S, Zhu J, et al. PTH prevents the adverse effects of focal 
radiation on bone architecture in young rats. Bone. Aug 2013;55(2):449-57. 
doi:10.1016/j.bone.2013.02.023 
9. Green DE, Rubin CT. Consequences of irradiation on bone and marrow 
phenotypes, and its relation to disruption of hematopoietic precursors. Bone. Jun 
2014;63:87-94. doi:10.1016/j.bone.2014.02.018 
10. Green DE, Adler BJ, Chan ME, Rubin CT. Devastation of adult stem cell pools 
by irradiation precedes collapse of trabecular bone quality and quantity. J Bone Miner 
Res. Apr 2012;27(4):749-59. doi:10.1002/jbmr.1505 
11. Peister A, Mellad JA, Larson BL, Hall BM, Gibson LF, Prockop DJ. Adult stem 
cells from bone marrow (MSCs) isolated from different strains of inbred mice vary in 
surface epitopes, rates of proliferation, and differentiation potential. Blood. Mar 1 
2004;103(5):1662-8. doi:10.1182/blood-2003-09-3070 
12. Cho DI, Kim MR, Jeong HY, et al. Mesenchymal stem cells reciprocally regulate 
the M1/M2 balance in mouse bone marrow-derived macrophages. Exp Mol Med. Jan 10 
2014;46:e70. doi:10.1038/emm.2013.135 
13. Boulais PE, Frenette PS. Making sense of hematopoietic stem cell niches. Blood. 
Apr 23 2015;125(17):2621-9. doi:10.1182/blood-2014-09-570192 
14. Singh S, Kloss FR, Brunauer R, et al. Mesenchymal stem cells show 
radioresistance in vivo. J Cell Mol Med. Apr 2012;16(4):877-87. doi:10.1111/j.1582-
4934.2011.01383.x 



 183 

15. Cmielova J, Havelek R, Soukup T, et al. Gamma radiation induces senescence in 
human adult mesenchymal stem cells from bone marrow and periodontal ligaments. Int J 
Radiat Biol. May 2012;88(5):393-404. doi:10.3109/09553002.2012.666001 
16. Kuefner MA, Brand M, Engert C, Schwab SA, Uder M. Radiation Induced DNA 
Double-Strand Breaks in Radiology. Rofo. Oct 2015;187(10):872-8. doi:10.1055/s-0035-
1553209 
17. Mancuso M, Pasquali E, Giardullo P, et al. The radiation bystander effect and its 
potential implications for human health. Curr Mol Med. Jun 2012;12(5):613-24. 
doi:10.2174/156652412800620011 
18. Madel MB, Ibanez L, Wakkach A, et al. Immune Function and Diversity of 
Osteoclasts in Normal and Pathological Conditions. Front Immunol. 2019;10:1408. 
doi:10.3389/fimmu.2019.01408 
19. Alwood JS, Shahnazari M, Chicana B, et al. Ionizing Radiation Stimulates 
Expression of Pro-Osteoclastogenic Genes in Marrow and Skeletal Tissue. J Interferon 
Cytokine Res. Jun 2015;35(6):480-7. doi:10.1089/jir.2014.0152 
20. Oest ME, Franken V, Kuchera T, Strauss J, Damron TA. Long-term loss of 
osteoclasts and unopposed cortical mineral apposition following limited field irradiation. 
J Orthop Res. Mar 2015;33(3):334-42. doi:10.1002/jor.22761 
21. Shi Y, Wang Y, Li Q, et al. Immunoregulatory mechanisms of mesenchymal stem 
and stromal cells in inflammatory diseases. Nat Rev Nephrol. Aug 2018;14(8):493-507. 
doi:10.1038/s41581-018-0023-5 
22. Park HJ, Griffin RJ, Hui S, Levitt SH, Song CW. Radiation-induced vascular 
damage in tumors: implications of vascular damage in ablative hypofractionated 
radiotherapy (SBRT and SRS). Radiat Res. Mar 2012;177(3):311-27. 
doi:10.1667/rr2773.1 
23. Chauhan V, Hamada N, Monceau V, et al. Expert Consultation is Vital for 
Adverse Outcome Pathway Development: A Case Example of Cardiovascular Effects of 
Ionizing Radiation. Int J Radiat Biol. Aug 17 2021:1-26. 
doi:10.1080/09553002.2021.1969466 
24. Gaonac'h-Lovejoy V, Boscher C, Delisle C, Gratton JP. Rap1 is Involved in 
Angiopoietin-1-Induced Cell-Cell Junction Stabilization and Endothelial Cell Sprouting. 
Cells. Jan 8 2020;9(1)doi:10.3390/cells9010155 
25. Yao JH, Cui M, Li MT, et al. Angiopoietin1 inhibits mast cell activation and 
protects against anaphylaxis. PLoS One. 2014;9(2):e89148. 
doi:10.1371/journal.pone.0089148 
26. Noetzli LJ, French SL, Machlus KR. New Insights Into the Differentiation of 
Megakaryocytes From Hematopoietic Progenitors. Arterioscler Thromb Vasc Biol. Jul 
2019;39(7):1288-1300. doi:10.1161/ATVBAHA.119.312129 
27. Mohamad SF, Xu L, Ghosh J, et al. Osteomacs interact with megakaryocytes and 
osteoblasts to regulate murine hematopoietic stem cell function. Blood Adv. Dec 12 
2017;1(26):2520-2528. doi:10.1182/bloodadvances.2017011304 
28. Kanagasabapathy D, Blosser RJ, Maupin KA, et al. Megakaryocytes promote 
osteoclastogenesis in aging. Aging (Albany NY). Jul 7 2020;12(14):15121-15133. 
doi:10.18632/aging.103595 
29. Saraiva M, Vieira P, O'Garra A. Biology and therapeutic potential of interleukin-
10. J Exp Med. Jan 6 2020;217(1)doi:10.1084/jem.20190418 



 184 

30. Gkastaris K, Goulis DG, Potoupnis M, Anastasilakis AD, Kapetanos G. Obesity, 
osteoporosis and bone metabolism. J Musculoskelet Neuronal Interact. Sep 1 
2020;20(3):372-381.  
31. Sun Z, Wu K, Lin Q, et al. Toll-like receptor 4 protects against irradiation-
induced hematopoietic injury by promoting granulopoiesis and alleviating marrow 
adipogenesis. Biochem Biophys Res Commun. Dec 3 2019;520(2):420-427. 
doi:10.1016/j.bbrc.2019.10.027 
32. Erben RG. Trabecular and endocortical bone surfaces in the rat: modeling or 
remodeling? Anat Rec. Sep 1996;246(1):39-46. doi:10.1002/(SICI)1097-
0185(199609)246:1<39::AID-AR5>3.0.CO;2-A 
33. Lelovas PP, Xanthos TT, Thoma SE, Lyritis GP, Dontas IA. The laboratory rat as 
an animal model for osteoporosis research. Comp Med. Oct 2008;58(5):424-30.  
34. Reim NS, Breig B, Stahr K, et al. Cortical bone loss in androgen-deficient aged 
male rats is mainly caused by increased endocortical bone remodeling. J Bone Miner Res. 
May 2008;23(5):694-704. doi:10.1359/jbmr.080202 
35. Khosla S, Monroe DG. Regulation of Bone Metabolism by Sex Steroids. Cold 
Spring Harb Perspect Med. Jan 2 2018;8(1)doi:10.1101/cshperspect.a031211 
36. Khosla S, Oursler MJ, Monroe DG. Estrogen and the skeleton. Trends Endocrinol 
Metab. Nov 2012;23(11):576-81. doi:10.1016/j.tem.2012.03.008 
37. Meednu N, Zhang H, Owen T, et al. Production of RANKL by Memory B Cells: 
A Link Between B Cells and Bone Erosion in Rheumatoid Arthritis. Arthritis Rheumatol. 
Apr 2016;68(4):805-16. doi:10.1002/art.39489 
38. Walsh MC, Choi Y. Biology of the RANKL-RANK-OPG System in Immunity, 
Bone, and Beyond. Front Immunol. 2014;5:511. doi:10.3389/fimmu.2014.00511 
39. Zhao B. Intrinsic Restriction of TNF-Mediated Inflammatory Osteoclastogenesis 
and Bone Resorption. Front Endocrinol (Lausanne). 2020;11:583561. 
doi:10.3389/fendo.2020.583561 
40. Zupan J, Komadina R, Marc J. The relationship between osteoclastogenic and 
anti-osteoclastogenic pro-inflammatory cytokines differs in human osteoporotic and 
osteoarthritic bone tissues. J Biomed Sci. Mar 1 2012;19:28. doi:10.1186/1423-0127-19-
28 
41. Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation. 
Nat Rev Immunol. Dec 2008;8(12):958-69. doi:10.1038/nri2448 
42. Radu M, Chernoff J. An in vivo assay to test blood vessel permeability. J Vis Exp. 
Mar 16 2013;(73):e50062. doi:10.3791/50062 
43. Buenrostro D, Mulcrone PL, Owens P, Sterling JA. The Bone Microenvironment: 
a Fertile Soil for Tumor Growth. Curr Osteoporos Rep. Aug 2016;14(4):151-8. 
doi:10.1007/s11914-016-0315-2 
 



 185 

Appendix A 
Complete Dataset for Hematopoiesis and Bone Remodeling qRT-PCR 

Arrays 
 

Table A.1. Gene analysis results for Contra vs. Sham marrow at 2 weeks post-RTx 

probing for genes related to hematopoiesis. Bolded p-values indicate significance 

(p<0.05), while bolded fold change values indicate an upregulation or downregulation 

≥2. 

Gene Fold 
Change 

P-Value Gene Fold 
Change 

P-Value Gene Fold 
Change 

P-Value 

Flt3l 0.60 0.001341 Inha 1.46 0.075747 Cd3g 1.39 0.385753 

Cd27 0.56 0.002809 Pecam1 0.74 0.086333 Wnt3a 0.78 0.387896 

Runx1 0.71 0.003030 Gata2 0.71 0.088730 Kitl 1.23 0.390322 

Map4k1 0.59 0.003560 Hdac9 0.58 0.093809 Gata1 1.29 0.394107 

Tnfsf11 1.72 0.003778 Ahsp 2.53 0.099143 Apc 0.92 0.431499 

Il6st 0.66 0.004976 Cd4 0.56 0.102828 Il10 0.79 0.438728 

Cd44 0.61 0.006311 Cebpe 0.83 0.103079 Il20 0.79 0.438728 

Pax5 0.69 0.006695 Tek 1.41 0.103216 Il25 0.79 0.438728 

Pf4 0.70 0.009247 Angpt1 0.74 0.103569 Mal 0.79 0.438728 

Ptprc 0.64 0.012026 Ets1 0.66 0.105545 Stim2 1.09 0.474733 

Hdac5 0.67 0.012230 Cd80 0.57 0.107943 Sfxn1 1.17 0.499261 

Vav1 0.69 0.012270 Spp1 2.32 0.120166 Fzd1 0.75 0.536094 

Cd86 0.43 0.013170 Tal1 1.62 0.121649 Il11 0.89 0.545188 

B2m 1.39 0.013493 Ash2l 0.83 0.128861 Vegfa 0.92 0.546935 

Cd3d 0.51 0.013556 Notch4 0.71 0.130055 Csf2 3.13 0.548901 

Inhba 0.76 0.019672 Hsp90ab1 1.49 0.133204 Jag1 1.34 0.612586 

Il2 1.85 0.020512 Notch1 0.76 0.134028 Dll1 0.91 0.652065 

Mmp9 0.64 0.025129 Blnk 0.70 0.141884 Tlr4 1.03 0.693692 

Gusb 0.88 0.025187 Stat3 0.83 0.143876 Socs5 1.11 0.707910 

Ccr1 0.67 0.026431 Lef1 1.42 0.150006 Actb 0.98 0.718261 

Nos2 4.82 0.030146 Ncoa6 1.45 0.150666 Cd34 0.97 0.725674 

Gapdh 1.16 0.033086 Cd164 0.87 0.170495 Il31ra 0.96 0.752346 

Csf1 0.54 0.034898 Lmo2 1.22 0.201248 Notch2 1.09 0.788005 

Cd14 2.31 0.051073 Cd8a 0.55 0.202779 Fut10 0.97 0.841071 

Lrmp 0.80 0.053180 Jag2 1.31 0.229809 Tlr3 0.85 0.852047 

Stat1 0.84 0.056401 Cd2 0.72 0.242027 Cebpg 1.01 0.871994 

Rbpj 4.10 0.059106 Kdr 0.79 0.259532 Hdac7 0.98 0.882766 

Trim10 2.01 0.062494 Cbfb 1.28 0.285916 Etv6 0.95 0.887711 

Kit 0.73 0.066196 Cd1d1 0.86 0.305377 Il12b 1.05 0.990084 

Hdac4 0.76 0.074283 Il1a 0.73 0.314515    
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Table A.2. Gene analysis results for Contra vs. Sham marrow at 8 weeks post-RTx 

probing for genes related to hematopoiesis. Bolded p-values indicate significance 

(p<0.05), while bolded fold change values indicate an upregulation or downregulation 

≥2. 

Gene Fold 
Change 

P-Value Gene Fold 
Change 

P-Value Gene Fold 
Change 

P-Value 

Etv6 1.29 0.009463 Blnk 0.76 0.264729 Pax5 1.27 0.606927 
Trim10 0.76 0.025745 Il25 1.26 0.287364 Spp1 1.06 0.612529 
Lmo2 0.85 0.050191 Jag2 1.60 0.289118 Gata1 0.94 0.626258 
Ash2l 0.76 0.057682 Stat1 0.83 0.296949 Actb 0.95 0.628214 

Notch4 0.71 0.066524 Vav1 1.22 0.301614 Tek 0.88 0.642344 
Notch2 2.33 0.084256 Cd3d 0.82 0.329876 Cd44 1.12 0.654458 
Stim2 1.37 0.085875 Il11 1.66 0.342677 Ahsp 0.87 0.656849 
Il10 1.41 0.086887 Cebpg 1.22 0.349972 Cd8a 0.92 0.659642 
Nos2 2.43 0.087248 Mmp9 1.11 0.353784 Stat3 1.07 0.664755 
Gata2 0.83 0.089950 Inhba 0.84 0.368160 Dll1 1.37 0.666070 
Csf2 2.18 0.093082 Cbfb 1.37 0.377355 Ncoa6 1.36 0.671051 
Ccr1 1.24 0.094508 Jag1 1.53 0.379190 Cd27 0.93 0.692982 

Hdac5 0.80 0.105865 Runx1 1.13 0.381219 Ptprc 1.11 0.753144 
Il20 1.65 0.115551 Csf1 0.80 0.412170 Cd14 1.17 0.775259 
Il1a 1.95 0.125197 Socs5 1.30 0.470912 Hdac7 1.17 0.784555 
Apc 1.59 0.126621 Il31ra 1.15 0.476799 Sfxn1 1.06 0.798679 
Cd3g 2.61 0.130837 Tal1 0.90 0.479476 Cd4 1.13 0.843313 
Wnt3a 1.36 0.131115 Tlr3 1.23 0.487820 Notch1 1.05 0.847357 
Tnfsf11 2.45 0.137756 Cd80 1.24 0.492379 Fut10 1.08 0.857031 

Il12b 1.83 0.138260 Map4k1 0.85 0.499779 Lrmp 1.01 0.879107 
Pf4 0.65 0.138982 Ets1 0.85 0.503878 Flt3l 0.97 0.893188 
Kit 1.24 0.141903 Gapdh 1.13 0.512930 Fzd1 1.09 0.919729 

Vegfa 1.28 0.168778 Pecam1 0.89 0.523438 Cd86 0.85 0.923749 
Angpt1 0.70 0.168984 Cd1d1 0.90 0.526543 Cebpe 0.99 0.938594 

Tlr4 1.37 0.210772 Gusb 0.94 0.530007 Hsp90ab1 1.00 0.946573 
Il2 1.93 0.216880 Cd164 1.08 0.531937 Kdr 0.84 0.955884 

Inha 1.58 0.220859 Cd34 1.16 0.535822 Il6st 1.00 0.965934 
Rbpj 1.34 0.221668 Hdac9 1.22 0.567691 Kitl 0.94 0.990739 
Mal 1.66 0.229076 Hdac4 1.10 0.587632 Cd2 1.04 0.992864 
B2m 1.50 0.234450 Lef1 1.11 0.596238 Pax5 1.27 0.606927 
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Table A.3. Gene analysis results for RTx vs. Sham marrow at 2 weeks post-RTx probing 

for genes related to hematopoiesis. Bolded p-values indicate significance (p<0.05), while 

bolded fold change values indicate an upregulation or downregulation ≥2. 

Gene Fold 
Change 

P-Value Gene Fold 
Change 

P-Value Gene Fold 
Change 

P-
Value 

Mmp9 0.15 0.000002 Il31ra 0.27 0.017679 Notch4 0.78 0.148671 
Ccr1 0.19 0.000006 Runx1 0.63 0.024331 Il11 0.51 0.155911 
Pf4 0.14 0.000022 Stim2 0.65 0.025298 Inha 0.60 0.167936 

Cd44 0.26 0.000027 Hsp90ab1 1.68 0.025480 Cbfb 1.48 0.169135 
Stat3 0.63 0.000144 Cd164 0.69 0.026312 Kdr 1.41 0.175558 
Cd3d 0.18 0.000180 Wnt3a 0.30 0.027719 Cd1d1 0.80 0.213712 
Actb 0.85 0.000294 Il25 0.28 0.030418 Rbpj 3.18 0.219073 

Hdac4 0.34 0.000308 Il20 0.28 0.030550 Cd86 0.85 0.240472 
Ptprc 0.31 0.000385 Ahsp 6.30 0.034044 Fzd1 1.60 0.244257 
Cebpe 0.38 0.000462 Cd3g 2.51 0.034044 Il12b 0.69 0.249714 
Cd27 0.34 0.000491 Kitl 1.79 0.034201 Tek 0.84 0.294273 

Angpt1 0.25 0.000635 Il10 0.33 0.034943 Hdac7 1.43 0.296194 
Gata2 0.38 0.000928 Cd4 1.81 0.047171 Nos2 0.57 0.355824 
Il6st 0.44 0.001009 Mal 0.35 0.048543 Fut10 0.86 0.364418 
Vav1 0.37 0.001043 Cd34 0.62 0.050264 Ash2l 0.88 0.400967 
Kit 0.40 0.001139 Etv6 0.67 0.056207 Sfxn1 1.16 0.452177 

Gapdh 1.48 0.001286 Jag2 1.63 0.056676 Pecam1 0.86 0.453189 
Trim10 2.67 0.001741 Ets1 0.63 0.060464 Lef1 1.08 0.490934 
Inhba 0.37 0.001797 Lmo2 1.42 0.064939 Cd2 1.14 0.656565 
Gusb 0.80 0.002009 Vegfa 0.61 0.068455 Csf2 0.94 0.676073 
Tlr4 0.51 0.002390 Dll1 0.45 0.069091 Blnk 0.94 0.723462 
B2m 1.94 0.003628 Cd80 0.52 0.076349 Apc 0.95 0.752224 

Hdac5 0.72 0.004167 Socs5 1.73 0.096858 Il2 0.93 0.795752 
Flt3l 0.65 0.005111 Tlr3 1.77 0.098948 Pax5 1.02 0.805016 
Cd14 2.89 0.006577 Stat1 0.85 0.119412 Hdac9 1.06 0.817901 
Spp1 2.91 0.007824 Cd8a 0.45 0.123341 Il1a 1.01 0.915725 
Tal1 1.86 0.008119 Gata1 1.48 0.124891 Lrmp 0.98 0.950838 

Notch1 0.52 0.010666 Csf1 0.77 0.125380 Cebpg 0.99 0.974975 
Map4k1 0.59 0.011131 Ncoa6 1.26 0.132385 Jag1 1.12 0.984799 
Tnfsf11 1.70 0.014043 Notch2 0.65 0.148175 Notch4  0.148671 
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Table A.4. Gene analysis data for RTx vs. Sham marrow at 8 weeks post-RTx probing 

for genes related to hematopoiesis. Bolded p-values indicate significance (p<0.05), while 

bolded fold change values indicate an upregulation or downregulation ≥2. 

Gene Fold 
Change 

P-Value Gene Fold 
Change 

P-Value Gene Fold 
Change 

P-
Value 

Pf4 0.29 0.000098 Sfxn1 1.73 0.092771 Cd8a 1.47 0.446543 
Etv6 1.31 0.007983 Cd4 2.23 0.101847 Hdac9 1.36 0.447496 
Cd34 2.92 0.008884 Socs5 2.10 0.102164 Gusb 1.10 0.448648 
Cbfb 2.99 0.018506 Fut10 2.39 0.110113 Cebpe 0.83 0.450987 

Tnfsf11 3.51 0.020172 Jag2 2.43 0.111715 Ccr1 1.16 0.471451 
Il2 3.83 0.021135 Lef1 1.76 0.114414 Ash2l 1.12 0.484739 

B2m 3.83 0.021977 Ncoa6 2.38 0.125402 Ptprc 0.87 0.503303 
Il11 4.25 0.024065 Cd86 1.91 0.131208 Ets1 0.77 0.504933 

Hdac7 2.45 0.024366 Ahsp 2.16 0.139832 Blnk 1.18 0.514132 
Angpt1 0.49 0.026612 Notch4 3.31 0.144098 Stat3 0.93 0.586514 

Hsp90ab1 1.58 0.029120 Dll1 2.54 0.145945 Runx1 1.10 0.600522 
Cebpg 1.58 0.030213 Tek 2.44 0.160999 Gata1 0.73 0.624760 
Vegfa 1.62 0.030665 Kit 1.51 0.166941 Gata2 1.06 0.627914 
Notch1 0.59 0.032218 Il31ra 2.30 0.173591 Stat1 1.09 0.677191 
Wnt3a 4.02 0.033385 Fzd1 2.11 0.199361 Cd1d1 1.02 0.687913 
Csf2 3.18 0.034023 Kitl 1.75 0.215431 Cd3d 0.86 0.706307 
Il12b 3.73 0.038327 Actb 0.83 0.232843 Inhba 0.93 0.713776 
Spp1 10.15 0.039539 Cd80 1.61 0.257676 Tal1 0.89 0.715020 
Apc 1.69 0.041379 Map4k1 0.75 0.300772 Trim10 1.03 0.719387 
Mal 3.64 0.043928 Kdr 1.23 0.309818 Notch2 0.94 0.720600 
Tlr3 3.83 0.049715 Csf1 1.33 0.347052 Cd44 1.09 0.742191 
Cd3g 5.17 0.051523 Inha 4.96 0.365046 Stim2 1.05 0.744217 
Nos2 2.75 0.054112 Gapdh 1.16 0.377612 Vav1 0.94 0.752933 
Cd14 2.42 0.058430 Il6st 1.17 0.392708 Cd164 0.95 0.768360 
Hdac4 0.75 0.071951 Pecam1 1.20 0.396329 Lrmp 0.95 0.807164 
Cd2 3.17 0.074900 Jag1 1.53 0.402474 Hdac5 0.91 0.827467 
Il1a 2.13 0.083802 Lmo2 0.82 0.410577 Mmp9 0.99 0.869039 
Il10 3.40 0.085023 Pax5 1.43 0.420916 Flt3l 0.93 0.960564 
Il20 3.40 0.085023 Rbpj 1.23 0.434100 Tlr4 1.05 0.983539 
Il25 3.40 0.085023 Cd27 0.61 0.436028    
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Table A.5. Gene analysis results for Contra vs. Sham marrow at 2 weeks post-RTx 

probing for genes related to bone remodeling. Bolded p-values indicate significance 

(p<0.05), while bolded fold change values indicate an upregulation or downregulation 

≥2. 

Gene Fold 
Change 

P-Value Gene Fold 
Change 

P-Value Gene Fold 
Change 

P-
Value 

Tnfaip3 0.53 0.001193 Cd40 0.73 0.211282 Tnfrsf11b 0.82 0.485961 
Esrra 0.59 0.002694 Cyp17a1 0.75 0.216241 Tshr 0.59 0.505889 
Plod2 1.50 0.004055 Nfatc1 0.80 0.219019 Twist1 1.15 0.507847 
Il15 0.54 0.009552 Pth 0.66 0.236065 Wnt10b 0.57 0.515827 
Itgb3 0.66 0.033582 Ltbp2 0.63 0.242684 Ar 1.38 0.528876 
Il6 0.57 0.070642 Nog 0.54 0.253638 Actb 1.06 0.532397 

Cnr2 0.53 0.087044 Alox15 0.52 0.268995 Mstn 0.78 0.603940 
Enpp1 0.67 0.096617 Igfbp2 0.74 0.272017 Tnfsf11 0.69 0.638654 
Nos3 0.59 0.106452 Crtap 1.25 0.274764 Clcn7 0.87 0.639496 
Gusb 0.83 0.115394 Nr3c1 0.70 0.282528 P2rx7 1.17 0.647752 

Tnfrsf11a 0.72 0.115734 Prl 0.78 0.289802 Sost 0.82 0.686966 
Itga1 0.77 0.118701 Shbg 0.78 0.289802 Vdr 1.23 0.697895 
Pthlh 0.74 0.129548 Wnt3a 0.78 0.289802 Alox12 0.89 0.711591 
Ghrh 0.55 0.130508 Esr2 0.78 0.298904 Lrp6 0.82 0.788663 
Calcr 0.67 0.143781 Mmp2 1.36 0.302081 Lrp5 1.03 0.822362 
Casr 0.70 0.145526 Acp5 1.47 0.309368 Sfrp4 0.87 0.852598 

Col1a2 2.55 0.145622 Gapdh 1.14 0.328388 Hsd11b1 1.04 0.856722 
Fgfr1 1.60 0.150237 Sparc 1.51 0.335972 Bmp7 0.91 0.863190 
Lta 0.70 0.151644 Igf1 1.35 0.337819 Tnfrsf1b 1.06 0.875125 

Il6ra 0.76 0.153476 Timp2 0.88 0.342555 Fgfr2 1.00 0.882923 
Adcy10 0.68 0.163643 Lep 0.84 0.348196 Mab21l2 0.97 0.889526 

Dbp 0.66 0.172045 Alox5 0.78 0.365203 Alpl 1.03 0.920788 
Car2 2.01 0.174451 Esr1 0.83 0.368485 B2m 0.99 0.936384 
Calca 0.73 0.174599 P3h1 1.28 0.370134 Vegfa 0.96 0.942722 
Comt 1.66 0.176868 Stat1 0.86 0.383698 Sfrp1 0.67 0.951638 
Bglap 2.63 0.178167 Bmp2 1.21 0.394016 Ctsk 0.97 0.961448 

Hsp90ab1 1.38 0.196257 Pth1r 1.32 0.399939 Dkk1 0.93 0.965161 
Cyp19a1 0.74 0.196417 Spp1 0.70 0.427133 Lrp1 0.98 0.982168 

Tgfb1 0.83 0.202121 Mthfr 0.85 0.443676 Npy 1.09 0.992558 
Col1a1 1.89 0.203110 Runx2 0.66 0.453622    
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Table A.6. Gene analysis data for Contra vs. Sham marrow at 8 weeks post-RTx probing 

for genes related to bone remodeling. Bolded p-values indicate significance (p<0.05), 

while bolded fold change values indicate an upregulation or downregulation ≥2. 

Gene Fold 
Change 

P-Value Gene Fold 
Change 

P-Value Gene Fold 
Change 

P-
Value 

B2m 2.24 0.000155 Il6ra 1.59 0.115927 Stat1 1.17 0.350888 
Casr 4.86 0.001203 Ghrh 2.43 0.116524 Itga1 1.20 0.353666 

Nr3c1 1.42 0.003433 Lta 1.95 0.116667 Hsp90ab1 1.17 0.355291 
Igf1 2.14 0.003870 Vegfa 1.55 0.118345 Esrra 0.85 0.364258 
Spp1 1.62 0.004325 Prl 3.64 0.129392 Hsd11b1 1.30 0.384186 
P3h1 3.26 0.008735 Il15 1.93 0.146620 Bmp2 1.23 0.439171 

Adcy10 3.65 0.010876 Cyp19a1 2.47 0.153299 Clcn7 1.26 0.470547 
Tnfsf11 4.61 0.014139 Shbg 2.47 0.153299 Nfatc1 1.09 0.483290 

Tshr 1.73 0.014227 Wnt3a 2.47 0.153299 Alpl 1.69 0.506254 
Col1a2 2.07 0.020069 Bmp7 2.16 0.153785 Alox15 0.86 0.573554 
Pthlh 3.53 0.022513 Sfrp1 2.41 0.170294 Lrp6 1.09 0.614301 

Timp2 1.46 0.024805 Dbp 0.81 0.174527 Tnfrsf1b 1.14 0.619264 
Il6 3.16 0.025263 Vdr 1.80 0.175798 Col1a1 0.96 0.657790 

Bglap 1.71 0.027221 Acp5 1.37 0.182035 Cd40 0.71 0.658205 
Tnfrsf11a 3.23 0.028727 Fgfr1 1.41 0.184618 Mstn 1.21 0.694856 

Igfbp2 3.49 0.030596 Dkk1 1.91 0.187720 Mmp2 1.07 0.713289 
Pth 3.17 0.037026 Pth1r 1.68 0.188047 Tgfb1 1.03 0.727288 

Alox12 1.52 0.037429 Enpp1 1.41 0.199012 Ar 0.97 0.731307 
Sost 2.95 0.041715 Cyp17a1 1.99 0.213844 Gusb 1.02 0.753070 

Sparc 2.52 0.046953 Gapdh 1.12 0.240209 Itgb3 0.93 0.757482 
Lrp1 0.78 0.048333 Calcr 3.69 0.258202 P2rx7 1.10 0.766592 
Lep 2.97 0.051170 Nog 1.51 0.262602 Mthfr 1.09 0.786646 
Esr1 2.14 0.061268 Plod2 1.94 0.271645 Car2 1.03 0.830746 

Wnt10b 2.00 0.063260 Calca 2.58 0.271748 Mab21l2 1.13 0.835313 
Nos3 4.46 0.065892 Lrp5 0.85 0.275165 Npy 1.00 0.923770 
Ltbp2 2.11 0.085940 Alox5 0.88 0.279545 Crtap 1.03 0.953101 
Fgfr2 0.61 0.092364 Twist1 1.79 0.314854 Ctsk 1.03 0.957018 

Tnfrsf11b 2.75 0.095998 Sfrp4 1.29 0.315197 Comt 0.92 0.970609 
Actb 0.91 0.099860 Tnfaip3 1.40 0.316596 Runx2 1.02 0.978285 
Esr2 2.65 0.112480 Cnr2 0.74 0.333449    
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Table A.7. Gene analysis data for RTx vs. Sham marrow at 2 weeks post-RTx probing 

for genes related to bone remodeling. Bolded p-values indicate significance (p<0.05), 

while bolded fold change values indicate an upregulation or downregulation ≥2. 

Gene Fold 
Change 

P-Value Gene Fold 
Change 

P-Value Gene Fold 
Change 

P-
Value 

Il15 0.37 0.000469 Alox15 0.29 0.029618 Bmp7 0.57 0.215837 
Itgb3 0.24 0.001644 Alox12 0.40 0.029979 Ghrh 0.44 0.219671 
Calca 0.29 0.002254 Nfatc1 0.58 0.030253 Mthfr 0.75 0.239725 
Plod2 2.91 0.002801 Col1a2 4.05 0.031292 Ltbp2 0.69 0.247851 

Prl 0.27 0.003070 Sfrp4 1.73 0.031472 Sost 0.59 0.264879 
Esr2 0.26 0.003272 Spp1 3.28 0.032151 Actb 0.91 0.271489 
Shbg 0.26 0.003272 Lta 0.29 0.036205 Hsd11b1 0.57 0.277303 

Wnt3a 0.26 0.003272 Bglap 3.21 0.036470 Nos3 0.75 0.313969 
Acp5 3.40 0.004286 Runx2 0.55 0.037494 Vdr 1.66 0.320097 

Cyp19a1 0.26 0.004779 Gusb 0.75 0.038456 P3h1 0.83 0.321126 
Sfrp1 3.83 0.005252 Lep 1.61 0.038587 Alpl 1.67 0.329850 
Igf1 3.09 0.005720 Car2 3.21 0.039891 Timp2 0.81 0.354380 
Il6ra 0.34 0.005897 B2m 1.70 0.050417 Tnfsf11 1.37 0.374187 
Il6 0.19 0.006341 Nr3c1 0.74 0.057957 Pthlh 0.55 0.378428 

Tgfb1 0.63 0.006367 Fgfr2 2.10 0.062611 Lrp6 0.77 0.384066 
Tshr 0.44 0.006515 Hsp90ab1 1.73 0.073252 Igfbp2 0.49 0.437158 

Cyp17a1 0.27 0.006746 Npy 0.38 0.077238 Mstn 0.53 0.445697 
Vegfa 0.71 0.012013 Wnt10b 0.58 0.077622 Dkk1 0.63 0.492203 
Pth1r 2.43 0.014771 Itga1 0.65 0.078096 Bmp2 1.13 0.513345 
Calcr 0.35 0.015315 Nog 0.49 0.084430 Tnfrsf11b 0.90 0.527780 
Comt 2.19 0.016835 Crtap 1.55 0.095517 Pth 0.74 0.535332 
Esrra 0.44 0.017435 Cnr2 0.47 0.105869 Lrp1 1.09 0.542758 

Ar 2.27 0.017534 Clcn7 0.40 0.114868 P2rx7 0.82 0.550563 
Gapdh 1.46 0.017837 Twist1 2.65 0.120116 Lrp5 0.88 0.564860 
Mmp2 2.12 0.018754 Fgfr1 1.56 0.120582 Dbp 1.16 0.705091 
Enpp1 0.50 0.025483 Tnfrsf11a 0.64 0.139325 Tnfaip3 1.05 0.705635 
Casr 0.44 0.025585 Tnfrsf1b 0.62 0.175158 Mab21l2 1.07 0.708586 

Adcy10 0.36 0.028164 Ctsk 1.32 0.190154 Esr1 0.96 0.946851 
Alox5 0.28 0.029118 Col1a1 1.81 0.190728 Stat1 1.04 0.985556 
Sparc 4.01 0.029353 Cd40 1.68 0.199967    
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Table A.8. Gene analysis data for RTx vs. Sham marrow at 8 weeks post-RTx probing 

for genes related to bone remodeling. Bolded p-values indicate significance (p<0.05), 

while bolded fold change values indicate an upregulation or downregulation ≥2. 

Gene Fold 
Change 

P-Value Gene Fold 
Change 

P-Value Gene Fold 
Change 

P-
Value 

Vdr 2.56 0.004503 Alox15 0.43 0.140222 Pth 1.57 0.336059 
P3h1 2.76 0.004835 Gusb 1.23 0.140697 Bmp2 1.31 0.341254 
Npy 0.27 0.006155 Vegfa 1.39 0.142692 Casr 1.58 0.364800 
Itgb3 0.52 0.011200 Lrp5 1.36 0.149931 Esr2 1.82 0.374100 

Mmp2 5.46 0.021876 Crtap 1.72 0.154582 Calcr 1.82 0.380819 
Col1a2 9.23 0.024089 Sfrp1 6.15 0.166327 Comt 1.21 0.420190 
Timp2 1.89 0.029009 Stat1 1.29 0.185375 Cyp17a1 1.54 0.433966 
Igf1 3.74 0.029764 Tnfrsf11a 2.07 0.194294 Cd40 1.20 0.442505 
Ctsk 5.20 0.031571 Itga1 1.69 0.199225 Tshr 1.23 0.462540 

Col1a1 4.37 0.037766 Twist1 2.22 0.205629 Tnfrsf1b 0.75 0.477409 
Spp1 7.43 0.042714 Igfbp2 2.21 0.209386 Sfrp4 1.14 0.484418 
Sparc 8.43 0.043483 Ltbp2 1.66 0.219550 Tgfb1 0.92 0.600776 
Bglap 3.25 0.044022 Esrra 0.72 0.223709 Car2 0.81 0.622445 

Alox12 0.55 0.044242 Pthlh 2.27 0.225208 P2rx7 1.18 0.630965 
Tnfsf11 3.74 0.048723 Sost 2.11 0.238389 Calca 1.56 0.632382 

B2m 2.33 0.051207 Ar 1.93 0.243558 Mthfr 1.14 0.654128 
Acp5 2.81 0.051536 Lrp1 1.46 0.248451 Lrp6 0.84 0.663916 
Cnr2 0.71 0.061764 Dkk1 1.73 0.261106 Mstn 0.90 0.686307 
Fgfr1 3.51 0.063453 Adcy10 1.99 0.295090 Nog 1.12 0.755698 
Actb 0.85 0.067938 Wnt10b 1.44 0.303223 Mab21l2 1.08 0.807436 

Alox5 0.52 0.070423 Hsp90ab1 1.23 0.305737 Il15 1.07 0.807520 
Esr1 2.58 0.071523 Il6 1.89 0.309684 Tnfaip3 1.09 0.848394 
Nos3 2.95 0.074387 Cyp19a1 1.93 0.313526 Gapdh 1.01 0.862173 
Plod2 2.86 0.099478 Prl 1.93 0.313526 Nfatc1 1.01 0.915761 

Tnfrsf11b 3.02 0.100654 Shbg 1.93 0.313526 Clcn7 0.79 0.919439 
Lep 3.14 0.100855 Wnt3a 1.93 0.313526 Enpp1 1.01 0.920990 

Pth1r 4.72 0.101725 Dbp 0.54 0.314847 Hsd11b1 1.00 0.949013 
Fgfr2 2.15 0.104127 Nr3c1 1.20 0.324578 Il6ra 1.02 0.960146 
Bmp7 2.35 0.133309 Ghrh 1.78 0.327667 Runx2 0.84 0.981381 
Alpl 3.70 0.135319 Lta 1.70 0.335293    
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Appendix B: 
Hematopoietic Stem Cell Long-Term Culture and Granulocyte/Macrophage 

Colony Formation Following In Vivo Irradiation 
 

B.1. Reagents: 
• AFT024 Stromal Cell Line (#SCRC-1007, ATCC) 

• DMEM supplemented with 4 mM L-glutamine, 4.5 g/L glucose, 1 mM sodium 

pyruvate, and 1.5 g/L sodium bicarbonate (#D6429, Sigma-Aldrich) 

• 2-Mercaptoethanol (#21985-023, Thermo Fisher) 

• Fetal Bovine Serum (#100-106, Lot# A88B00A, Gemini Bio) 

• 0.25% Trypsin/1 mM EDTA (#25200056, Thermo Fisher) 

• MyeloCult™ M5300 (#05350, Stem Cell Technologies) 

• Hydrocortisone (#H0888, Sigma-Aldrich) 

• MEM-α (#12571-063, Thermo Fisher) 

• Iscove’s Modified Dulbecco Medium (IMDM; #I6529, Sigma-Aldrich) 

• MethoCultTM GF M3534 (without erythropoietin, #03534, Stem Cell 

Technologies) 

• 1x HBSS (Ca2+, Mg2+ free, #02-0121-0500, VWR International) 

 
B.2. Materials: 

• 75 mm2 tissue culture flasks 

• Mortar and pestle 

• 70 μm mesh filter 

• Neubauer Chamber Hemocytometer  

• 50 ml conical tubes 

• 2 ml pipettes 

• 100 mm non-tissue culture treated dishes 

• 35 mm tissue culture treated dishes 

• 35 mm non-tissue culture treated dishes 

• 5 ml Eppendorf Tubes 

• 16-gauge blunt end needle 

• 3 ml syringe 

 

 

B.3. Media Preparation 
B.3.1. Long-Term Culture Medium (LTCM) 
1. Thaw Myelocult M5300 in the refrigerator or room temperature and mix by 

swirling. 

2. Prepare stock solution of Hydrocortisone powder in Alpha-MEM with 

nucleosides. The stock concentration should be 1x10-3 M. Filter sterilize using 0.2 

uM low binding syringe filter. 

3. Prepare a 1 in 10 dilution of stock solution of hydrocortisone to yield a 

concentration of 1x10-4 M. Dilute the 1x10-4 M solution 1 in 100 to yield a final 
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hydrocortisone concentration of 1x10-6 M or 10 μM (1 mL 1x10-4 Hydrocortisone 
to 99 ml MyeloCult M5300). 

 
B.3.2. Complete MethoCult Medium Preparation 
1. Thaw bottle of complete MethoCult media (100 ml/bottle). They are designed to 

allow the addition of cells to MethoCult at 1:10 (v/v) ratio. 
2. DO NOT THAW AT 37°C. ONLY THAW IN REFRIGERATOR 

OVERNIGHT OR ROOM TEMPERATURE! 
3. Once thawed, shake vigorously for 1-2 minutes and let stand for at least 5 minutes 

to allow bubbles to surface before aliquoting. 
4. Using a Luer Lock syringe attached to a 16-gauge blunt end needle, dispense 3 ml 

Methocult medium into 5 ml sterile tubes for one time use. Note: Draw up more 
than you will plan to dispense. For example, if you need to dispense 3 ml, draw up 
4 ml of methocult and dispense to 1 ml for a total volume of 3 ml. 

5. Aliquot all the MethoCult into tubes at the time of use to avoid freezing and 
thawing. 

6. Vortex tubes to mix well. Tubes can either be used immediately, stored at 2-8ºC 
for up to 1 month, or at -20ºC.  Do not re-freeze after thawing aliquoted tubes. 

 
B.4. Establishing the Feeder Cell Layer 
 

B.4.1. AFT024 Stromal Cell Information 
• Doubling Time: 40-48 hrs 
• Complete Medium: DMEM with 4 mM L-glutamine, 4.5g/L Glucose, 1 mM 

Sodium Pyruvate, 1.5 g/L sodium bicarbonate supplemented with 0.05 mM 2-
Mercaptoethanol, 10% Fetal Bovine Serum 

• 5% CO2, 33ºC 
• Complete Growth Medium + 5% DMSO 
 

B.4.3. Establishment of Feeder Layers For Long-Term Culture 
1) Thaw a new vial of AFT024 stromal cells. 
2) Resuspend and exchange medium to remove DMSO. 
3) Plate in 75 mm2 flask. This is considered Day 1. Incubate for 2 days at 33ºC at 

5% CO2. 
4) On Day 3, aspirate culture medium from flask, rinse with 1x HBSS and 

aspirate. 
5) Add 2 ml Trypsin/EDTA and place at 33°C for 5 minutes. Avoid beating flask 

to prevent cell clumping.  
6) Rinse with 8 ml of complete DMEM. 
7) Spin down at 300 χg for 7 minutes. 
8) Resuspend cells in 10 ml complete DMEM and subculture at a dilution of 1:8 

for 3 days. 
9) On Day 6, repeat steps 4-7.  
10) Remove a small aliquot of cells and dilute with Trypan Blue. Count using a 

Neubauer Chamber. 
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11) Seed 35 mm tissue culture treated dishes with cells at a concentration of 1.386 

x104/cm2. 

12) Place two 35 mm dishes with AFT024 cells into a larger 100mm dish with a 

third 35mm humidity dish filled with sterile water. 

13) Incubate cultures at 33°C in 5%CO2 with 95% humidity until an adherent 

layer has been established. This usually occurs by Day 8.  

14) Irradiate cells at 15Gy using the following parameters: SSD 55 cm, 0.5 mm Al 

beam filter, 225 kV/17 mA. 

 
B.5. Adding Test Cells to Irradiated Feeder Layers 

B.5.1. Bone Marrow Isolation (Quick protocol) 
1) Remove femurs and tibias and remove all soft tissue.  

2) Place femurs and tibias into labeled containers containing 1xHBSS with an 

antibiotic/antimycotic solution on ice until all bones have been removed. 

3) Using a mortar and pestle, crack the bones to a pulp-like consistency and rinse 

with 10 ml sterile 1X HBSS.  

4) Strain cells over 70 μm mesh filter, rinse with another 10 ml 1x HBSS, and 

spin at 300 χg for 5 minutes. 

5) Resuspend cells in appropriate amount of LTCM based on cell pellet size. 

6) Count with a Neubauer chamber and 3% acetic acid/methylene blue dye. 

 
B.5.2. Add Test Cells to Feeders 

1) Aspirate medium from culture and discard. 

2) Seed plates at 7.5x105 cells in 2 ml per 35mm culture dish on top of the 

AFT024 irradiated feeder layer. 

3) Ensure humidity dish has enough water in it. Incubate cultures at 33°C in 5% 

CO2 with 95% humidity for 4 weeks with weekly one-half medium changes. 

 
B.5.3. Weekly half-medium changes 

1) Gently rock dish/flask/plate to loosen any non-adherent cells. Using a pair of 

forceps, hold dishes at a 45º angle. 
2) Using a sterile 2ml serological pipette, draw up all the LTCM and cells that 

are not adherent, and return 1 ml of medium back to the plate. Discard the 

remainder of the medium. 

3) Add 1 ml of fresh Myelocult + 10-6 Hydrocortisone to cultures. 

4) This should be done weekly. Three media changes should happen between 

harvest and CFU plating. 

 

B.6. CFU Assay 
B.6.1. Harvesting Cells From Long-Term Cultures 

1) Pipette non-adherent cells and medium from dish into sterile 15 ml conical 

tube. 

2) Rinse each dish with 1 ml warm 1X HBSS (Ca2+Mg2+ free) and add to the 

conical tube. Combine duplicate cultures from the same donor. 

3) Add 1ml Trypsin/EDTA and incubate at 37°C in 5% CO2 for about 1-2 
minutes (2 minutes MAX).  
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4) Resuspend all cells in Iscove’s MDM supplemented with 2% FBS and add to 

harvest tube.  

a. Note: Be very careful not to pipette the feeder layer. If you do pipette 

up the feeder layer, using a 70 micron filter, strain the cells into a new 

tube. 

5) Add 5 ml of IMDM + 2% FBS and centrifuge at 300 χg for 7-10 minutes. 

6) Aspirate supernatant and leave small volume at bottom of the tube. 

7) Resuspend cells in 1ml IMDM+2% FBS  

8) Count nucleated cells using 3% Methylene Blue in Acetic Acid. 

 
B.6.2. CFU Assay Setup 
1) Thaw the required number of pre-aliquoted MethoCult tubes at room 

temperature or at 2-8°C overnight the night before assay setup. 
2) Prepare cell culture dishes: 

a. For DUPLICATES: 2 x 35mm NON-TC treated dishes with lids inside 

a 100mm Petri dish with a lid. Add a third 35mm dish without a lid as 

a water humidity dish.  

3) You will need 90,000 cells for each sample. 

4) For a duplicate assay, add 0.3ml of diluted cells to a pre-aliquoted 3ml 

MethoCult. Calculate volume needed to obtain 90,000 cells and supplement 

the rest with IMDM+2%FBS. *See note at the bottom if cell yield is low. 

5) Vortex the tube vigorously to mix the contents thoroughly. Let the tube stand 

for at least 5 minutes to allow bubbles to rise to the top. 

6) Attach sterile 16-gauge blunt end needle to 3 ml luer lock syringe 

7) Draw up Methocult mixture + cells into syringe and dispense a volume of 1.1 

ml into each 35 mm dish.  

a. While holding the syringe containing the MethoCult and cells in one 

hand, remove the lid of a 35 mm dish with the opposite hand. 

b. Position the syringe over the center of the dish without touching the 

syringe to the dish. 

8) Distribute the medium evenly across the surface of each 35 mm dish by gently 

tilting and rotating the dish to allow medium to attach to all well surfaces. 

9) Place the cultures in a 100mm outer dish ~3ml sterile water to an uncovered 

35mm dish. 

10)  Incubate at 37ºC in 5% CO2 with ≥ 95% humidity. 

11)  Allow cultures to grow 12-14 days after plating. 

12)  After 12-14 days, manually count colonies using a dissecting stereoscope. 

 

 

NOTE: If cell yield is low after counting: 

• Calculate how much volume is needed to obtain 90,000 cells. 

• If more than 300 ul is required, add the volume needed to obtain 90,000 cells 

• Adjust the amount of Methocult dispensed accordingly. 
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Appendix C: 
Flow Cytometry Protocol for Studying Bone Progenitor Cells 

 
C.1. Reagents: 

• FACS Buffer: 
o 1X DPBS (#14190144, Thermo-Fisher Scientific) 
o 0.5% Bovine Serum Albumin (#0175-100G; Amresco) 
o 2mM EDTA (E9884, Sigma-Aldrich) 
o 0.09% Sodium Azide (#S2002, Sigma-Aldrich) 

• TrueStain Monocyte Blocker (#426103, BioLegend) 
• TrueStain FcX Antibody (#156604, BioLegend) 
• OneComp eBeads Compensation Beads (#01-1111-41, Thermo-Fisher Scientific) 
• Zombie Green™ Fixable Viability Kit (#423111, BioLegend) 
• Pluronic F68 (#24040032, Thermo-Fisher Scientific) 
• Paraformaldehyde, 4% in PBS (#158127, Sigma-Aldrich) 

*Note: Antibody information (dilutions, catalog #, and company) can be found in Table 
2.2 (pg. 48; experimental) and 2.3 (pg. 49; isotype controls). 

 
C.2. Staining 

1) Add 1 x 106 cells into a flow tube and spin at 300 χg for 5 minutes. At minimum 
there should be: 

a. Unstained cells (no antibody) 
b. Isotype control cells (isotype antibodies) 
c. Experimental cells (containing all antibodies of interest) 
d. –OPTIONAL- Live/Dead exclusion (Zombie Green) Note: If using 

live/dead exclusion, typically need to resuspend in protein-free buffer such 
as Pluronic F68. 

2) Aspirate supernatant and resuspend in 100 μl of PBS+2%FBS+1 mM EDTA 
(FACS buffer). 

3) Add 2 μl of FcX block (human FcX block for human cells and mouse FcR block 
for mouse cells) and 2 μl of TrueStain monocyte blocker. Incubate on ice for 10 
minutes. 

4) Set up compensation beads during incubation by adding 100 μl of FACS buffer to 
a FACS tube and one drop of vortexed OneComp Compensation Beads. 

a. Unstained beads 
b. FL1 beads (single stain) 
c. FL2 beads (single stain) 
d. FL3 beads (single stain) 
e. FL4 beads (single stain) 

5) Add antibodies to Isotype control, experimental, live/dead exclusion, and FL1-
FL4 beads. 

6) Incubate in the dark on ice for 45 minutes to 1 hour.  
7) Add 3 ml of FACS buffer to each tube and spin at 300 χg for 5 minutes. 
8) Aspirate the supernatant (careful of the pellet). *NOTE* It is at this point that if 

you are not running the samples in the same day that you should fix the cells. Add 
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3-4 ml of 4% PFA to the tubes and place them at 4°C overnight. In the morning, 
spin the tubes at 300 χg for 5 minutes and aspirate the supernatant. Proceed 
directly to step 9. 

9) Resuspend tubes in 300-500 μl of FACS buffer and keep on ice in the dark. 
 
C.3. Data Collection on BD Accuri 

1) Turn on the BD Accuri C6, ensuring that the sheath fluid is full and the waste 
container is empty. Let machine warm up for 15-20 minutes before use. 

2) Obtain the QC beads and add one drop of beads to 1 ml of DI water. Make sure 
that the correct lot number (located on the side of the tube) is inputted into the 
computer. Run the beads, fixing any gates that have caused the lasers to fail. 

3) Set up labels for tubes and set up the following plots: 
a. FSC x SSC 
b. FSC-A x FSC-H 
c. FL1xFL2 
d. FL1xFL3 
e. FL1xFL4 
f. FL2xFL3 
g. FL2xFL4 
h. FL3xFL4 

4) For compensation, collect at least 10,000 events and gate the bead population. 
5) For cells, collect at least 100,000 events (the more events, the better). 
6) Continue collecting events until all samples have been collected. 

 
C.4. Data Analysis 
 

C.4.1 Compensation 
1) Set every value in the Color Compensation to 0. 
2) Gate the unstained beads and set up gates on each of the plots, clicking 

through each sample to make sure the gates work for all samples. Setting up 
histograms for each fluorophore may be helpful in determining the gates.  

3) Move under display and click display median statistics. Copy and paste 
Median Statistics according to the compensation matrix guidelines using 
unstained and each individually stained samples. 

4)  Add the values into the box under Set Color Compensation. Check the apply 
to all samples box and click apply. 

 
C.4.2 Sample Analysis 

1) Utilize BD Accuri C6 Analysis Software for data analysis. 
2) If using the Zombie dye, open an FL1 histogram and gate the separate 

populations using a vertical gate. Live cells should be dim, while dead cells 
should be bright. If you are not using Zombie dye, open a histogram where 
you know positive cell populations will be, and use it to back-gate. 

3) Apply your live cell gate to all events in FSC/SSC and gate your live, single 
cells. Try to gate out doublets at the beginning as well. 

4) Apply your new live, single cell gate to all your plots. 
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5) Open your isotype control sample (or unstained if you do not have isotype 
control), and since the isotype control is supposed to be negative, gate such 
that the largest population is in the double negative quadrant. 

6) Adjust all your gates to fit the isotype control sample. 
7) Use the gates you created for your isotype control and apply them to your 

experimental sample. 
 
 
 
Table C.1. Gating Strategy to Identify Cells of Interest. 
 

Cell of Interest Identifying Markers 
Hematopoietic Stem Cells Lin-; c-Kit+; Sca-1+; CD34+ 

Marrow Stromal Cells Sca-1+; CD106+; CD29+; ±LepR 
Monocytes CD11b+; MSCFR+; Ly6C+; RANK- 

Osteoclast Precursors CD11b-; MSCFR+; Ly6C+; RANK+ 
Neutrophils Lin+; CD11b+; CD80/86+; Ly6C+ 

 


