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Abstract 
The thymus is the primary lymphoid organ responsible for generation of 

functional T lymphocytes. The loss of thymic function, either as a consequence of 

physiological senescence or the result of disease- and/or treatment-related pathology, 

affects individual’s capacity to maintain a broad T cell antigen receptor repertoire. In 

consequence, the ability to mount an efficient adaptive immune response may become 

restricted. Currently, there are no available treatments to protect against acute thymic 

involution, and little is known about the mechanisms that drive thymic involution and 

recovery. The induction of thymic involution and the delay in thymus recovery 

emphasize the need to identify the mechanisms that drive stress-induced acute thymic 

involution, and the need to develop therapeutics to block involution and/or enhance 

thymus recovery during acute stress events. While many studies have characterized 

poor immune recovery due to high/lethal doses of radiation, the overall response of the 

immune system after exposure to a sublethal dose of radiation is unclear. The goal of 

this research was to develop a murine model of acute thymic involution induced by 

sublethal irradiation where damage and recovery effects induced by radiation could be 

examined.   

       We present here our two-phase irradiation-induced (≤ 125 cGy,  250 cGy and 550 

cGy) thymic involution model in young BALB/c mice. We observed a dramatic dose-
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dependent impact of irradiation on thymopoiesis on day 7. By day 35 there was 

spontaneous recovery of thymus, and restoration of the peripheral lymphoid 

compartments. Thymus function was monitored by thymus weight, cellularity, and TCR 

gene re-arrangement (mTREC). During the damage phase our studies demonstrated 

decreased expression of thymostimulatory cytokine, KGF, and loss of active TCR gene 

rearrangement following radiation exposure in young mice.  An increase of KGF levels 

correlated with the overall spontaneous recovery observed.  Thus, suggesting a critical 

role of thymic-stromal derived KGF in promoting stroma/thymocyte crosstalk to 

mediate thymus recovery.       

             Overall, our characterization of our model provided a useful estimate of thymic 

response to stress induced by irradiation and our findings may provide a model to a 

better future understanding of mechanisms involved in thymus recovery from damage 

and inform development of strategies to restore thymic function in the stressed-induced 

acute thymic involution.   
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1. Introduction  

1.1 The thymus 

            Thymus is the primary lymphoid organ responsible for lifelong generation of T 

lymphocytes (Figure 1). The main function of thymus is to sequester progenitor T cells 

produced in the bone marrow and induce their proliferation and selection based on cell 

receptor (TCR) specificity. The unique epithelial architecture of the thymus creates an 

optimal environment to support growth, maturation and selection of thymocytes (i.e., 

developing T cells) that continually supply the periphery with T cells throughout life.  

Thymic stroma is broadly and functionally defined as all hematopoietic and non-

hematopoietic cells that comprise the structure of the thymus and provide the 

supportive matrix on which thymocytes develop (1). Thymic epithelial cells (TECs; a 

progeny of the third pharyngeal pouch endoderm) constitute an indispensable part of 

thymic stroma as they supply soluble and cell-bound stimuli required for thymocyte 

proliferation, differentiation, and selection (1). In this regard, thymic stroma is directly 

responsible for the establishment and maintenance of the peripheral T cell compartment 

(2). Early studies utilized immunohistochemical techniques to classify thymic stroma 

based upon keratin expression: cytokeratin+ cells represent thymic epithelial cells (TEC) 

and keratin+ cells are made up of a mixture of mesenchymal cells, macrophages and 

dendritic cells (3). More recently, flow cytometric analysis of enzymatically digested 
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cellular preparations have allowed for a more detailed phenotypic and quantitative 

characterization of thymic stromal components (4).  

 

 

                Figure 1: Schematic of thymus structure. 

 

                TECs directly support thymopoiesis and mediate central tolerance. TECs 

provide critical cytokines (e.g., IL-7, c-kitL, NotchL) (5, 6) to enhance thymocyte 

proliferation and survival, growth factors (e.g., IGF-1, KGF, CXCL12) (7-10) to support 

thymocyte and TEC function, and chemokines (e.g., CCL25, CCL21, CCL19) (11-13) to 

direct thymocyte ingress, migration and development. Extracellular matrices produced 

by TECs provide the physical supportive matrix on which thymocytes migrate and 

develop (2). Compelling data suggest that TECs may control the entry of early thymic 

progenitors and the size of the thymic niche (13, 14). TECs found in the cortex (cortical 
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TECs; cTECs) and medulla (medullary TECs; mTECs) are both critically important for 

maintaining proper thymic function. cTECs support the differentiation and migration of 

the earliest thymocytes (DN-DP) and are the primary mediators of positive selection 

(15). mTECs provide chemotactic/survival signals to mature single positive (SP) 

thymocytes, and, along with medullary dendritic cells, mediate negative selection (15). 

Injury to the microarchitectural organization of thymic stroma can result in immune 

deficiency (due to lack of T cell production) and autoimmunity (due to defective central 

and peripheral tolerance).   

1.2 Thymopoiesis: T Cell Development   

             T cells are generated in the thymus. The thymus does not contain self-replicating 

T cell progenitors and therefore depends upon steady migration of hematopoietic stem 

cells (HSC) from the bone marrow. The specific migratory thymic seeding progenitor 

has been difficult to characterize because of its scarcity and short residence in the 

bloodstream. Thus its exact phenotype remains a matter of debate. However, it is well 

accepted that T cell progenitors migrate to the thymus where they encounter Notch 

ligands primarily on TECs and commit to the T cell lineage and mature through 

sequential stages characterized by CD4, CD8, CD25 and CD44 expression. Early thymic 

progenitors (ETP; CD4-CD8-CCR9+ ckithiCD44hiCD25-Sca-1+IL7Rα-) enter the thymus 

at the corticomedullary junction (16) . From there, they migrate outward through the 

cortex then back toward the medulla as they sequentially differentiate through the 
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DN1(CD44+CD25-), DN2 (CD44+CD25+), DN3 (CD44-CD25+) and DN4 (CD44-CD25-) 

stages (17, 18). Illustrated in Figure 2 is a schematic illustration of T cell development.  

 

         

      

Figure 2: Schematic illustration of T cell development in the thymus. 



 

5 

For conventional αβ-TCR expressing T cells, rearrangement of the T cell receptor (TCR) 

β chain begins at the DN3 stage (17) . DN3/4 thymocytes expressing a functionally 

rearranged TCRβ chain that productively pairs with a pre-TCRα chain on the cell 

surface continue their maturation to the CD4+CD8+ “double positive” (DP) stage and 

begin TCRα chain rearrangement (17). DP thymocytes are subjected to positive selection 

on self-peptides presented by MHC on the surface of cTECs (17).  Only a small fraction 

of DP thymocytes (<5%) are positively selected while the vast majority of DP do not 

receive a positively selecting TCR-mediated signal and undergo apoptosis due to neglect 

(17).  Positively selected DP thymocytes downregulate either CD4 or CD8 to become 

“single positive” (SP) thymocytes and migrate into the medulla. CD4+ or CD8+ SP 

thymocytes expressing a TCR that reacts strongly with self-peptide:MHC complexes on 

the surface of mTECs and/or medullary dendritic cells  are deleted from the repertoire 

via negative selection (17). Because mTEC have the unique ability to express tissue-

restricted antigens (19)—self- peptides that normally would only be expressed in specific 

peripheral tissues—and the fact that DCs can cross-present these same antigens, 

negative selection is remarkably successful at eliminating potential autoreactive T cell 

clones and thus maintaining central tolerance. Recent evidence from McCaughtry et al., 

also suggests that negative selection can occur in the cortex, which may act as an 

additional barrier to maintain central tolerance, especially following depletive regimens 

that significantly reduce mTEC numbers (20). Thymocytes complete their maturation in 
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the medulla (approximately 4-5 days) prior to their export into the peripheral blood as 

naïve CD4+ and CD8+ T cells (21).  

  For developing thymocytes to experience key events at the right places and in 

the right order, the developing thymocytes and thymic stromal cells have to 

communicate with each other both in close proximity and remotely. Thymocyte 

development involves a stringent repertoire selection in which only 1–3% of thymocytes 

succeed in survival and export from the thymus (14, 18, 21) . In addition, thymic stromal 

cells need to be closely coached by developing thymocytes to provide the appropriate 

microenvironments for promoting and regulating further thymocyte development (14). 

Illustrated in Figure 3 is a schematic of crosstalk between thymocytes and thymic 

stromal cells. 

 

 
Figure 3: Schematic illustration of crosstalk between thymocytes and thymic 
stromal cells. Red arrows indicate crosstalk signals. 
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Therefore, the lympho–stromal communication is a bilateral coordination, or crosstalk, 

between architectural stromal cells and travelling thymocytes (14) . The travelling 

thymocytes have to create their own path by letting their presence be known to the 

stromal cells and by changing the stromal environment for further development.  

1.3 Periphery 

In addition to significant thymic damage, peripheral T cells are massively 

depleted by irradiation and reconstitution of the T cell compartment following exposure 

occurs via thymic-dependent and –independent pathways. T cell reconstitution through 

peripheral expansion of host T cells is relatively rapid and results in a population of T 

cells expressing a skewed oligoclonal TCR repertoire with a high degree of self-Ag-

specificity and an activated/memory phenotype (CD62LlowCD45RA-CD45RO+ in 

humans; CD62LlowCD45RBlowCD44hi in mice) (22-25). This expansion is driven by the 

high availability of cytokines and antigenic stimulation in the lymphopenic environment 

following irradiation (26). Rapid peripheral expansion post-irradiation can be followed 

by a sharp decline in overall T cell numbers as many activated T cells undergo apoptosis 

(23).  

On the other hand, a population of naïve T cells expressing a fully diverse TCR 

repertoire tolerant to host antigens can only be restored via renewed thymopoiesis (27, 

28). In mice, a naïve phenotype is characterized as CD44lowCD62LhiCD45RBhi and in man, 

quantification of naïve T cells defined as CD44lowCD62LhiCD45RA+CD45RO- , is a useful 
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indicator of renewed thymic function (28). Thymic activity can be further measured by 

PCR-based detection of T cell receptor excision circles (TREC), which are episomal DNA 

circles generated by excision of signal sequences during VDJ recombination of TCR α 

and β chains (29). Because episomal TREC are diluted with subsequent cell divisions, 

they are only detected in recent thymic emigrants (RTE). Accordingly, increased levels 

of TREC in bulk peripheral T cells indicates restored thymopoiesis and export of RTE 

into the peripheral blood (24, 27, 30).    

1.4 Thymic Involution 

Besides chronic involution of the thymus throughout normal aging (31, 32), the 

thymus is highly susceptible to acute involution as a result of physiologic “stressors” 

(Figure 4), such as bacterial lipopolysaccharide (33, 34), corticosteroids (35), fasting (36), 

restrained stress (37), progesterone and estrogen (38), testosterone (39),viral infection 

(40), and preparative chemotherapy or irradiation therapy (41) .  

 
            Figure 4: Influences of stress on the thymus, adapted from (41). 
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Acute thymic involution differs from chronic age-associated involution in that acute 

involution is characterized by rapid loss of thymocytes balanced by the ability to 

spontaneously recover after the insult has been removed (41).  

 Stress and excess endogenous corticosteroid release can cause thymic involution, 

characterized by decreased cellularity, decreased cell density, and decreased functional 

compartment size, secondary to thymic apoptosis (41). The thymus is the most sensitive 

lymphoid tissue to changes in adrenocortical hormone levels, but these changes may be 

reversible (41). Although exact mechanisms are unknown, apoptosis due to oxidative 

stress may play a large role in glucocorticoid-induced apoptosis (41). Additionally, 

during numerous bacterial, viral, protozoal, and parasitic infections, there may be 

variable thymic involution. This may be due to direct cellular infection with lysis or 

apoptosis of the affected cells, or an indirect response to a multitude of interrelated 

hormonal, nutritional, and microenvironmental factors (41). Disruption of the tissue and 

organ homeostasis leads to changes deleterious to lymphocyte production.  The degree 

of thymic involution is often correlated with the duration or severity of illness (41). 

CD4+CD8+ double positive cells are the most sensitive cell population and more often 

affected than other subpopulations, leading to decreased numbers of CD4+ CD8+ cells 

within the thymus (41) . Therefore, a functionally competent thymus is required for 

proper functioning of the immune system as thymopoiesis maintains the homeostatic 

balance.  
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1.5 Radiation-Induced Damage  

Ionizing radiation can result in immunosuppression, as lymphocytes and 

lymphoid progenitor cells throughout the body, including within the bone marrow, 

lymph nodes, spleen, and thymus, are damaged or killed (Figure 5).  

 

 

 

Figure 5: Radiation-induced damage. The main effect of ionizing radiation is induction 
of proliferating cell death.  

 

The greater the radiation dose, the worse the damage is. Radiomimetic drugs and 

chemotherapeutic agents can cause similar changes, as lymphocytes are sensitive to 

these as well. Ionizing radiation causes the generation of highly reactive free radicals, 

such as hydroxyl and hydrogen free radicals from water. Oxidative stress and 

generation of free radicals is an important cause of cell injury and death. These free 
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radicals are unstable and are damaging to cells, causing lipid peroxidation of 

membranes, membrane destabilization, oxidative modification or fragmentation of 

proteins, and DNA damage (42). The apoptotic mechanism of cell death usually occurs 

within a few hours of radiation, and is followed by a second mechanism of radiation-

induced injury, in which there is a failure of mitosis and the inhibition of cellular 

proliferation (43). However, the type, source, dose, intensity, and duration of exposure 

all play a role in determining the types of effects seen.  

 The x-rays and γ-rays of electromagnetic, ionizing radiation are the most 

damaging to proliferating cells, which includes lymphoid and hematopoietic cells (44) . 

Other highly sensitive cells include any population that normally has a high rate of 

cellular turnover, such as mucosal epithelial cells throughout the body, including those 

within the gastrointestinal system or mucous membranes. Some cells become necrotic 

rather quickly, while others undergo apoptotic pathways secondary to DNA damage 

(43). Lesions which result may be acute or chronic in nature. Even single, moderate to 

severe radiation-exposure events may have long-term effects, due to cell or tissue loss, 

scarring, DNA repair dysfunction, or loss of proliferation control and the development 

of neoplasia (45). There is a well-known link between ultraviolet radiation and the 

development of neoplastic skin diseases (46).  

In cases of high dose or penetrating, whole- to partial-body radiation, 

particularly that received in a short amount of time, acute radiation sickness can develop 
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(47). Signs vary according to dose, degree, and location of exposure, but consist of 

gastrointestinal disturbances, cerebrovascular dysfunction, and hematopoietic changes, 

including lymphopenia, granulocytopenia, or thrombocytopenia. At very high doses, 

radiation causes death relatively quickly, primarily due to neurological and 

cardiovascular breakdown. Intermediate doses cause gastrointestinal failure within 

several days. Lower doses may cause death within one to few weeks, primarily due to 

hematopoietic failure and immunosupression (48). To combat these problems in 

therapeutic uses or sub-lethal experimental studies, small and/or targeted doses of 

radiation effectively avoid acute to subacute radiation sickness and result in reduced to 

subclinical and desired effects. 

After irradiation, the thymus primarily regenerates from a population of 

radioresistant intrathymic precursor cells (49). Thymocytes are highly radiosensitive and 

can result in death as soon as few hours after low doses of irradiation (50). However, 

most of our knowledge on the outcome of thymus post-irradiation comes from lethal 

models and mechanisms responsible for this type of damage/death and following 

irradiation are not well-defined. Sublethal irradiation allows a better and less-invasive 

understanding of the irradiation effects on the thymus. In addition, it serves as a useful 

for depleting the thymus of dividing immature thymocyte subsets, and to sequence 

thymocyte differentiation events occurring from radiation-resistant precursors.  
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1.6 Cytokines Important for Thymic Function and Thymic      

      Recovery 

Several agents that have stimulatory effects on the thymus are known (Figure 6). 

IL-7, originally referred to as pre-B cell growth factor or lymphopoietin 1 (51) is a 

25kDa protein constitutively produced by thymic stromal epithelial and mesenchymal 

cells, bone marrow stromal cells, dendritic follicular cells, dendritic cells, keratinocytes, 

hepatocytes, and intestinal epithelial cells, and acts prominently in T and B cell 

development (52). There is considerable homology between IL-7 genes of various 

species, with 80% homology between mouse and human sequences (52).       

                  

Figure 6: Thymostimulatory agents known to contribute to the health of the thymus. 

  

 The IL-7 receptor is composed of an IL-7Rα chain and a common -chain cytokine 

receptor, which is also seen in the IL-2, IL-4, IL-9, and IL-15 receptors (53). Signal 

transduction involves the Jak/Stat pathway, which can lead to proliferative, anti-
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apoptotic, and activation signals (53).  IL-7 is known to be essential for the survival and 

differentiation of thymocytes, possibly as a cofactor for VDJ rearrangement (54). In IL-7 

knockout mice, there is significant reduction in pro-T cell numbers and decreased γδ-

TCR thymocytes (54).                               

IL-7 expression is up-regulated in a number of lymphopenic conditions 

including those that cause depletion or suppression of the marrow, as occurs following 

chemotherapy or HIV infection (55). Plasma IL-7 levels inversely correlate with CD4+ T 

cell counts in many of these conditions, as IL-7 levels are increased in HIV infection 

along with lymphopenia (56).  IL-7 levels are also increased 2.5-4 fold in mice following 

dexamethasone-induced thymic atrophy (57) , but these changes were transient and 

levels returned to normal levels by 14 days post-treatment. Additionally, estradiol- and 

gamma radiation- induced atrophy have produced prolonged increases in IL-7 levels. 

IL-7 mRNA production is radiosensitive and is inversely proportional to the radiation 

dose (58). This has important implications in treatment of patients via bone marrow 

transplantation. Other factors, including c-kit ligand and some integrins are also 

deficient following radiation. 

There has been much interest in therapy with IL-7, either through gene therapy 

or direct IL-7 delivery. Exogenous IL-7 increased thymocyte proliferation and TREC 

levels in thymic organ culture and in thymic grafts to NOD-SCID-hu mice (59). Direct 

injection of IL-7 –secreting thymic stromal cells, transfected with a constitutive IL-7 

expressing plasmid, resulted in sustained improvement in early thymopoiesis, with 

augmentation of bcl-2 expression (60). However, as with any therapy, care should be 
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exercised, as overexpression of IL-7 in transgenic animals results in excessive lymphoid 

proliferation and lymphoma (61).  

KGF (fibroblast growth factor-7) is a 28-kDa member of the fibroblast 

growth factor family that controls cell migration, proliferation and differentiation in 

several cell types (62). KGF is heparin-binding growth factor that is primarily produced 

by mesenchymal cells (e.g., fibroblasts), but also by certain thymocyte subsets and γδ-

TCRexpressing dendritic epidermal T-cells in the skin and intestine (63). KGF binds 

exclusively to the epithelial cell-specific splice variant of the fibroblast growth factor 

receptor-2 family, FGFR2-IIIb. FGFR2-IIIb is a tyrosine kinase receptor that is 

expressed in epidermis and oral, GI, lung and thymic epithelium (9). KGF is strong 

epithelial mitogen that is critical to maintenance of mucosal barrier function (62). 

Endogenous KGF is upregulated in epithelial tissues following injury and acts in a 

paracrine manner to promote epithelial regeneration and healing (62). The rapidly 

proliferating epithelium in oral and gastrointestinal tissues is particularly susceptible to 

chemoradiotherapy-induced damage (64). Preclinical studies have demonstrated that 

administration of exogenous KGF augments the regenerative capacity of oral and 

intestinal mucosa following chemotherapy and radiation and thus significantly reduces 

mortality related to intestinal mucositis (65). In fact, recombinant human KGF recently 

became the first clinically approved agent (as KepivanceTM, Amgen) for the treatment 

of oral mucositis associated with high intensity conditioning prior to HSCT (66).  

The mechanisms for KGF-mediated preventative/regenerative benefit for 

epithelial tissues are not fully understood and are dependent upon the timing of 
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administration. However, these effects can be generally categorized into broad 

areas. KGF administered prior to chemotherapy and/or radiation regimen has 

profound cytoprotective effects including upregulation of detoxifying enzymes (67) and 

pro/anti-apoptotic factors (68).  KGF administered prior to and/or immediately 

following chemoradiotherapy enhances tissue regeneration via improved epithelial 

regrowth, migration, spreading and formation of tight junctions (67). 

              Thymic stromal-derived lymphopoietin-1 (TSLP-1) is a cytokine produced by 

thymic stromal cells with a structure and function similar to that of IL-7 (69).  This 

homology may partly contribute to the slight production and maturation of B and T cells 

found in IL-7 knockout mice. TGF-β can suppress IL-7 production by bone marrow 

stromal cells, and IL-7 conversely inhibits TGF-β production by fibroblasts and 

macrophages, in a negative feedback mechanism (19).  

IL-15 is produced by monocytes/macrophages, dendritic cells, bone marrow 

stromal cells, thymic epithelial cells and multiple other tissues, including placenta, 

skeletal muscle, kidney, lung, heart, and epithelial cells (70).  IL-15 stimulates T cell 

proliferation and is necessary for the development and activation of γδ T cells and NK 

cells, as well as for induction and maintenance of CD8+ memory cells. It shares the γ 

common chain also found in IL-2, IL-4, IL-7, and IL-9. IL-15 function is similar, yet 

distinct from that of IL-2, and involves activation of the JAK/Stat pathway, induction of 

Bcl-2, and stimulation of the Ras/Raf/MAPK pathway (70). It has been proposed as an 

adjuvant for vaccines, as an immunomodulator to enhance activity against intracellular 

pathogens (70) . IL-15 stimulates proliferation of memory CD4+ and CD8+ cells and 
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naïve CD8+ cells , and is considered to be a pro-inflammatory cytokine, inducing 

chemotaxis of T cells (71). 

1.7 Summary  

To better understand the effects of low dose ionizing radiation on the thymus, a 

model which would serve as a systematic method for quantification of changes in the 

murine thymus needs to be available. Our research here will present our investigation of 

the overall impact of sublethal irradiation on the thymus and our approach to 

developing a murine model in which damage and recovery effects induced by radiation 

can be studied.   
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2. Materials and Methods  

2.1 Animals and Treatments  

Female BALB/c mice (8-10 weeks of age) were purchased from Charles River 

Laboratories (Wilmington, MA). Animals were housed in specific pathogen free 

conditions in the Duke University Vivarium (Durham, NC). Mouse handling and 

experimental procedures were conducted in accordance with AAALAC guidelines for 

animal care and use under approved Duke University IACUC protocols. For all 

irradiation experiments, all mice were irradiated at day 0 of the experiment using XRad  

320 X-Ray irradiator and harvested at days 7, 21, 35, 49 and 56 post-irradiation. All 

animals were exposed to whole-body sublethal irradiation of either 125 cGy, 250 cGy 

and 550 cGy and doses were calibrated by dosimetry team from Dr.Yoshizumi 

laboratory. Un-irradiated control mice were sham-irradiated (0 cGy) so that all the mice 

could undergo the same treatment. Tissues collected were analyzed with various assays 

which are detailed in the following sections within Materials and Methods.   

2.2 Murine Lymphocyte Isolation 

Following euthanasia, mouse thymus and spleen were excised, cut in half and 

each half was weighed. One half of the organ was snap frozen in dry ice/ethanol bath 

and stored at -80°C. The other organ half was teased into a single-cell suspension into 

RPMI 1640 (with L-glutamine) (Invitrogen, Carlsbad, CA) plus 5% FBS with a 1 mL 

syringe plunger (BD Biosciences, Palo Alto, CA) through a 70 µm Falcon nylon screen ( 
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BD Bioscences, Palo Alto, CA). Red blood cells were removed from the cell suspensions 

with 1X ammonium chloride (8.29g NH4Cl, 0.15M + 1g KHCO3 , 1mM + 37.2 mg 

Na2EDTA, 0.1 mM + water to 1 liter pH adjusted to 7.2 – 7.4).  Thymocytes and 

splenocytes were then counted by a particle size counter (Beckman Coulter, Miami, FL). 

Approximately 1 x 106 thymocytes and splenocytes were then used per tube for flow 

cytometric phenotyping and the remaining cells cryo-preserved for additional studies in 

90% FBS plus 10% dimethyl sulfoxide.   

2.3 Immunophenotyping / Flow Cytometry    

Multi-color flow cytometric phenotypic analysis was performed on a BD LSRII 

(BD Biosciences, Palo Alto, CA) using fluorescin isothiocyanate (FITC), phycoerythrin 

(PE), allophycocyanin (APC), PE-Texas Red (PETXRD) and peridinin cholorophyl 

protein conjugated to the cyanine dye 5.5 (PerCP-Cy5.5) as fluorescent dyes. Directly 

conjugated anti-mouse monoclonal antibodies were usee against CD3, CD4, CD8, CD25, 

CD44 and CD62L (BD Biosciences, Palo Alto, CA). Saturating amounts of antibody were 

used to stain approximately 1 x 106 thymocytes or splenocytes. Cells were stained in PBS 

wash (1X PBS, 1% BSA, 0.1% NaN3) (final volume of 100 µL) at 4°C for 30 min. All 

samples were washed with 3 mL of PBS wash and resuspended in 1 mL of PBS wash 

with 0.4% (w/v) paraformaldehyde. For each sample, forward and side angle light 

scatter profiles were used to acquire 100,000 – 300,000 events representing viable 

lymphocytes. Data were saved as FCS 3.0 and analyzed with FlowJo software (Tree Star, 

Inc. Ashland, OR).  
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2.4 Real-time Quantitative PCR for Mouse Signal Joint TCR delta  

      Excision circles (mTREC)  

Signal joint T cell receptor delta (TCRD) excision circles (TRECs) are episomal 

DNA circles generated by the TCRA locus recombination process that generates the 

repertoire of TCRαβ antigen-specific T cells (29). Molecules of mouse TCRD TREC from 

whole thymus DNA were quantified by real-time PCR using a standard curve of known 

number of molecules of mouse TREC according to our previously published work (29). 

Genomic DNA samples from whole thymus tissues were prepared by homogenization 

in 1 mL TRIZOL Reagent (Life Technologies/Invitrogen, Carlsbad, CA) using a 

homogenizer probe according to manufacturer’s protocol (Omni International, 

Warrenton, VA). Total genomic DNA was extracted as previously described (29) and 

quantified by spectrophotometry. One microgram of DNA was run per PCR reaction in 

duplicate. Real-time PCR reactions consisted of forward (5’-CAT TGC CTT TGA ACC 

AAG CTG-3’) and reverse (5’-TTA TGC ACA GGG TGC AGG TG-3’) DNA primers for 

the mTREC sequence. The cycle conditions were set as follows: Cycle 1: (1x) Step 1, 95°C 

for 10 min, Cycle 2: (45x) Step 1, 95°C for 15 sec; Step 2, 60°C for 1 min and Cycle 3: (1x) 

Step 1, 4°C hold. mTREC numbers per 1 µg of DNA were normalized to reflect levels per 

milligram of whole thymus (29).   
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2.5 Quantitative Reverse-Transcriptase PCR for Cytokine     

      Expression 

To determine steady state mRNA expression of the mIL-7, mKGF and mGAPDH, 

quantitative reverse-transcriptase PCR (qRT-PCR) was performed on thymus and spleen 

total RNA samples with the iScript One-Step RT-PCR SYBR Green system from Bio-Rad 

(Hercules, CA). Total RNA from whole tissues was prepared by homogenization of ~100 

mg of tissue. Total RNA was extracted as previously described (72) and quantified by 

spectrophotometry (OD 260/280). Five hundred ng of total RNA was run per PCR 

reaction. Each qRT-PCR was done in duplicate in an optical thermocycler (iCycler, Bio-

Rad, Hercules, CA).  The reaction volume was 50 µL consisting of: 25 µL of 2X SYBR 

Green Reaction Mix, 18 µL of nuclease-free water, 1 µL of iScript RT enzyme and 0.5 µL 

of each 10 µM primer. Primers used were: KGF F (5’-AAG GGA CCC AGG AGA TGA 

AGA A-3’), KGF R (5’-GAA GTT GCA ATC CTC ATT GCA TT-3’), IL-7 F (5’-TGT ACT 

GAT GAT CAG CAT CGA TGA-3’), IL-7 R (5’-GTA AGT GGA CAT TGA ATT CTT 

CAC TGA TAT-3’), GAPDH F (5’-AAT GTG TCC GTC GTG GAT CTG-3’) and GAPDH 

R (5’-CAA CCT GGT CCT CAG TGT AGC-3’) (IDT, Coralville, IA). The cycle conditions 

were set as follows: 50°C for 10 min, 95°C for 5 min, followed by 40 cycles of 

denaturation at 95°C for 10 sec, and primer annealing/elongation at 55°C for 30 sec. 

Final dissociation curve was done at 95°C for 1 min, 55°C for 1 min and 95°C for 15 sec. 

To assess the specificity of the PCR products, a melt curve analysis was done starting at 

55°C with the temperature increasing by 0.5°C every 10 sec. Baseline and threshold 

values of gene expression were calculated using the comparative Ct method (∆∆Ct) with 
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the Bio-Rad Gene Expression CFX (Hercules, CA). To use the comparative Ct method 

(∆∆Ct) you have to normalize the target RNA to another endogenous control and the 

amplification efficiencies of the target RNA and the endogenous control must be the 

same. The calculations for the ∆∆Ct method are: 1) Normalization to the endogenous 

control (Ct target gene - Ct  endogenous control = ∆Ct ), 2) normalization to reference 

sample (∆Ct sample - ∆Ct reference = ∆∆Ct), and 3) calculate fold changes (2-∆∆Ct).   

2.6 Complete Blood Count Analysis 

At each experimental time point peripheral blood was collected in EDTA 

containing Sarsted microvette tubes and CBC analysis was performed immediately after.  

Following collection of each sample, tubes were inverted a couple of times to prevent 

clotting and then analyzed for complete blood count using Abbott Cell-Dyn 3500 

(Abbott Diagnostics, Irving, TX). 

2.7 Statistics 

T-test for unpaired data was performed using GraphPad Software (San Diego, 

CA) to compare the means between data sets. Differences were considered significantly 

different with p ≤ 0.05.  
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3. Results 

3.1 Radiation-Induced Thymic Involution Model 

To begin characterizing radiation-induced damage and spontaneous recovery of 

thymus, a model of sublethal irradiation allowing post-exposure thymocyte 

reconstitution, was devised. Using sublelthal doses of radiation (≤ 125 cGy, 250 cGy and 

550 cGy), BALB/c mice were irradiated (whole-body). Each group of mice (5 

mice/group/dose of irradiation) was irradiated on day 0 of the experiment. Following 

irradiation, mice were sacrificed at day 7, 21, 35, 49 and 56 post-exposure. Their 

thymuses were removed and analyzed for the degree of radiation-induced 

damage/acute involution by monitoring weight and total cellularity (Figure 7). 

Irradiation exposure (doses 125 cGy and 250 cGy) did not have a dramatic impact on the 

weight of the thymus 7 days post-irradiation (Figure 7A). However, exposure to 550 cGy 

reduced the weight of the thymuses significantly 7 days following irradiation. 50% of 

thymus tissue was lost following exposure to 550 cGy. Even though we predicted to see 

an increase in the weight numbers between days 14-21 post-exposure, we unfortunately 

lost all our mice in the 550 cGy group at day 11 of the experiment, which limited post-

irradiation follow-up for the 550 cGy group after day 7. We think that the attempt to 

bleed the mice following irradiation resulted in lymphopenia and lead to death. 

Nonetheless, doses of 125 cGy and 250 cGy induced acute thymic involution (as 

measured by thymic cellularity, see Figure 7B), and allowed us to successfully monitor 

thymopoiesis in our sublethal irradiation model.  
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Total thymic cell numbers significantly decreased following all doses of sublethal 

irradiation (Figure 7B) from their normal un-irradiated value of (~40 x 106 ) thymocytes  

to (≤10 x 106 ) thymocytes  at day 7. By day 35, however, there was a significant increase 

in total thymocyte cell number to (≤70 x 106) total cells. Thymic cellularity reached 

control levels between days 49 and 56 following irradiation. Thus, indicating that 

recovery of thymus occurred between days 49 and 56 post-exposure.  

 

 

 

Figure 7: Thymus weight and cellularity following sublethal ionizing radiation. 
BALB/c mice were irradiated with sublethal doses of irradiation (125 cGy, 250 cGy and 
550 cGy) on day 0. Thymus weights (A) and cellularity (B) analyzed as a measure of 
thymopoiesis and shown as mean + SEM (n = 5 per group). *p ≤ 0.05, **p ≤ 0.03, ***p ≤ 
0.0016.  
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A healthy thymus mainly contains CD4+/CD8+ double positive (DP) 

thymocytes, and all thymocyte subsets represent intermediary stages of T cell 

differentiation which can be followed by CD4 and CD8 surface expression.  Early thymic 

progenitors (ETPs) are the most immature intrathymic progenitors that have been 

identified.  To determine the effects of sublethal irradiation on thymocyte populations, 

using flow cytometry, we began by looking at the effect of irradiation on early thymic 

progenitors (ETPs) and double negative (DN) thymic subsets (Figure 8). In our model, 

ETPs and DN subsets, thymic populations known to be more radioresistant, were 

significantly depleted by sublethal irradiation at day 7. Cellularity in ETPs (8A) as well 

as DN subsets (8B-8E) was low 7-21 days following irradiation and cellular 

compartments reached numbers similar to un-irradiated controls at 35 days post-

exposure, which is consistent with thymus weight and totally cellularity recovery. 

Irradiation induced a significant dose-dependent reduction in the numbers of all 

other thymocyte subsets 7 days post-exposure (Figure 9 A-D). Double negative (DN) 

CD4-/CD8- and double positive (DP) CD4+/CD8+ subsets  decreased progressively as 

the radiation dose increased (Figure 9A and 9B), which followed with a subsequent 

significant spontaneous recovery at day 35 post-exposure. We observed this same trend 

in the mature single positive (SP) CD4+ and CD8+ cell populations  following 

irradiation as well (Figure 9C and 9D). Together, these data show the time course of 

thymocyte depletion after exposure and demonstrate that sublethal irradiation induced 

acute thymic involution which was followed by spontaneous restoration of the thymic 

cellularity. It is clear that sublethal irradiation acutely interrupts T cell differentiation 
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cascade by inducing a significant decrease in the number of, early thymic progenitors 

(ETPs), thymocyte precursors (radioresistant CD4-/CD8-), cortical thymocytes 

(CD4+/CD8+), and mature medullary cells (single positive CD4+ and CD8+). Thymus 

damage and recovery then take place synchronously and in all thymic compartments, 

cortex and medulla.  

 

 

Figure 8: Early thymic progenitors (ETPs) and double negative thymocyte subsets     
(DN) following irradiation. Absolute numbers of ETPs (A), CD44+/CD25- (B), 
CD44+/CD25+ (C), CD44-/CD25+ (D), and CD44-/CD25- (E). **p ≤ 0.01, ***p ≤ 0.008.  



 

27 

 

 

 

 

 

 

Figure 9: Thymocyte subsets following irradiation. From the experimental 
mice described in Figure 4, thymus was removed and processed for 
immunophenotyping. Flow cytometry was used to quantify CD4-/CD8- (A), 
CD4+/CD8+ (B), CD4+ (C), and CD8+ (D) thymocyte subsets. Data shown as 
mean + SEM (n = 5 per group). **p ≤ 0.023, ***p ≤ 0.0031.  
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T cell receptor rearrangement is a measure of thymopoiesis. mTREC analysis of 

whole thymus genomic DNA is used to quantify thymopoiesis at the T cell receptor gene 

rearrangement level. To further characterize the model, we decided to asses thymic  

 function (i.e. thymopoiesis) after exposure using mTREC, a specialized quantitative 

PCR reaction measuring the levels of TCRα gene rearrangement (Figure 10). At 7 days 

post-exposure thymopoiesis was significantly diminished in irradiated mice. However, 

by day 21, mTREC levels rebounded to levels greater than baseline, suggesting an 

increase in thymic productivity and indicating ongoing thymopoiesis during recovery. 

Such a significant expansion of thymopoiesis undoubtedly predicts an increase in the 

export of naïve T cells. These resutls show that the irradiated thymus is the site of 

complex dynamic events leading to two phases, acute damage and spontaneous 

recovery, separated by a gap between days 7 and 21, and that severe acute involution of 

the thymus observed 7 days post-exposure was fully restored by 21 days following 

irradiation.  
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Figure 10: Thymopoiesis following sublethal ionizing radiation. Whole 
thymus TREC from un-irradiated controls and irradiated experimental mice. 
TREC per mg of thymus is shown as mean + SEM (n = 5 per group). Magnified 
scale for day 7 mTREC depletion (A), mTREC following all days post-exposure 
(B).  *** p ≤ 0.0001.  Note: Scale different in A and B.  
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3.2 Impact of Irradiation on IL-7 and KGF Gene Expression in   

     Thymus 

To more specifically characterize our model and determine the contribution of 

medullary thymic epithelial cell-derived (mTEC) soluble factors, we analyzed 

expression of both IL-7 and KGF gene expression following irradiation (Figure 11). Total 

RNA was isolated from thymus as described in methods. Relative IL-7 mRNA (Figure 

11A) and KGF mRNA (Figure 11B) expression in the thymus were determined by 

quantitative reverse-transcriptase PCR and the ∆∆Ct method as described in the 

methods.  

Sublethal irradiation did not severely impact or alter whole thymus IL-7 mRNA 

levels (Figure 11A), but it did significantly impact expression of KGF mRNA in a dose-

dependent manner 7 - 21 days post exposure (Figure 11B), indicating the high sensitivity 

of thymocytes to irradiation. At day 21 post-irradiation, KGF mRNA levels of irradiated 

mice (250 cGy) were significantly lower than un-irradiated controls. KGF expression of ≤ 

10 fold than control mice was observed until day 49 post-exposure. It was at 56 days 

following irradiation when KGF expression levels boosted significantly higher than 

those of un-irradiated controls. Together, these results indicate a role for KGF in thymus 

recovery following exposure to sublethal irradiation. The insignificant impact of 

irradiation on expression of IL-7 demonstrates the resistance of this medullary thymic 

epithelial cell-derived cytokine to sublethal irradiation, and confirms that medullary 

thymic stromal compartment is more resistant to irradiation than the cortical 

compartment in our model of radiation-induced acute thymic involution.  
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Figure 11: Relative IL-7 and KGF mRNA expression in the thymus 
following sublethal irradiation. Thymus from the non-irradiated controls 
and irradiated experimental. Relative IL-7 mRNA (A) and KGF mRNA (B) 
expression. Non-irradiated control samples were used to calibrate to 1.0. Data 
shown as mean + SEM (n = 5 per group). **p ≤ 0.01, *** = p ≤ 0.003.  
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  3.3 Radiation-induced peripheral damage is followed by full        

     recovery 

To further characterize the impact of sublethal irradiation in our model and 

better understand radiation damage to the overall immune system, we analyzed the 

impact of sublethal irradiation on spleen (Figure 12). Considering the sensitivity of 

immune system to irradiation, we hypothesized that whole-body exposure to sublethal 

irradiation would cause severe damage to the spleen and that a kinetic pattern similar to 

that of thymus would be observed. Following the same timeline of study, spleens were 

removed and analyzed for the degree of radiation-induced damage at 7, 21, 35, 49 and 56 

days following exposure. Spleen weight (Figure 12A) and total cellularity (Figure 12B) 

were analyzed to determine and monitor spleen health after irradiation.  Irradiation 

induced a significant dose-dependent reduction in spleen weight 7 days post-irradiation 

(Figure 12A) from  +100 mg to ≤ 25 mg. By day 21 following exposure, spleen weights 

among all irradiated groups were approaching those of un-irradiated controls and by 

day 35 spleen weights were as those of controls. Spleen weight fluctuations that we 

observed throughout the days following irradiation in our un-irradiated controls, as 

well as in irradiated mice during the later time points are representative of changes 

within the spleen tissues and their components. Stress induced from irradiation as well 

as sham irradiation could explain the changes within all cell populations in spleen, 

including here the red blood cells.  Total number of splenocytes decreased significantly 

following irradiation as well (Figure 12B) from their normal un-irradiated value of (~80 
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x 106) cells  to (≤10 x 106 ) cells at day 7. By day 49, there was a significant splenoocyte 

increase in total cell number to (≤70 x 106) total splenocytes. The kinetics of recovery in 

spleen showed that by 56 days following exposure spleen is also recovered, but the 

cellularity takes longer than 35 days to be restored, which is a longer period of recovery 

than that of thymus.  

                           

Figure 12: Spleen weight and cellularity following sublethal irradiation. BALB/c mice 
were irradiated with sublethal doses of irradiation (125 cGy, 250 cGy and 550 cGy) on 
day 0. Spleen weight (A) and total cellularity (B). Data shown as mean + SEM (n = 5 per 
group).  *p  ≤ 0.05, **p ≤ 0.02, ***p ≤ 0.001.   
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To further determine the impact of sublethal irradiation in the periphery, it was  

of our interest to know whether differential counts on peripheral blood could be used as 

another measurement of peripheral sensitivity following exposure to sublethal ionizing 

radiation. It seemed to us that possibly differences in circulating white blood cell counts, 

determined by a complete blood count (CBC) test, might serve as an index of 

radiosensitivity and more precisely map out the effects of irradiation throughout the 

periphery.  

In one of our very first irradiation studies, where the post-irradiation timeline 

followed for 14 days after exporuse, young BALB/c mice were irradiated using doses of 

125 cGy, 275 cGy, and 550 cGy. Peripheral blood was collected for CBC differential 

analysis at 2, 7 and 14 days post-exposure. White blood cell (WBC) counts and frequency 

of neutrophils, lymphocytes, and monocytes (Figure 13) were measured to monitor the 

state of peripheral blood following exposure. Irradiation induced a significant reduction 

in WBC counts 2 days post-exposure (Figure 13A) and counts remained at the same low 

levels at days 2 and 14 after irradiation. Irradiation induced a significant dose-

dependent frequency of neutrophils and lymphocytes (Figure 13B and 13C) 2, 7 and 14 

days post-exposure. The greatest impact of irradiation was observed at day 2 post-

exposure. At day 7, the percentages of neutrophils as well as lymphocytes were trying to 
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reach those of un-irradiated controls, and by day 14 percentages of both neutrophils and 

lymphocytes were similar. Irradiation had no impact on the frequency of monocytes.   

 

 

 

Figure 13: White blood cell counts and frequency following sublethal irradiation. 
BALB/c mice were irradiated with sublethal doses of irradiation (125 cGy, 275 cGy and 
550 cGy)on day 0. WBC counts (A) and frequency of neutrophils (B), lymphocytes (C), 
and monocytes (D). Data shown as mean + SEM (n = 5 per group). *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.003.  
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In addition to peripheral blood analysis from this earlier study, we also analyzed 

the frequency of splenic dendritic cells (DCs) and B cells following irradiation (Figure 14 

A and 14B). The significant effect of irradiation was observed as early as 2 days 

following exposure and the frequency of both B cells and dendritic cells was 

significantly impacted. At day 14 post-exposure the percentage of DCs was similar to 

un-irradiated controls while the percentage of B cells was still at a dose-dependent 

recovery stage. 

                

Figure 14: Splenic dendritic cells (DCs) and B cells following sublethal irradiation. 
Frequencies of DCs (A) and B cells (B) following sublethal doses of irradiation (125 cGy, 
275 cGy and 550 cGy). Data shown as mean + SEM (n=5/group).  *p ≤ 0.05, ***p ≤ 0.002.  
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Discussion  

The need to understand and accurately assess the health risks of low dose 

ionizing radiation is more important now than ever before. The global applications of 

ioniznig radiation in medicine, mining, manufacturing and the nuclear industry have 

increased exponentially in the recent years. Parallel to this increase are the health 

concerns regarding occupational and medical exposures to radiation. Medical diagnostic 

procedures such as x-rays and computed tomography (CT) scans account for a notable 

portion of the public’s exposure to ionizing radiation. The health risks to humans 

associated with these low dose exposures is unknown. Often times they are correlated 

with risk estimates derived from much higher radiation doses. There is no doubt that 

very high doses ionizing radiation can be harmful; however, the same notion does not 

exist regarding exposures to low dose ionizing radiation such that from medical 

diagnostic CT exposure.  

The research presented here investigated the overall impact of sublethal ionizing 

radiation on the thymus and periphery of young BALB/c mice, to better understand the 

effect of low dose ionizing radiation on thympoiesis and to specifically be able to 

characterize a murine model of radiation-induced acute thymic involution.  Determining 

the timeline of damage and recovery following sublethal irradiation helped map the 

sensitivity to sublethal irradiation and allowed us to utilize a mouse model where 

mechanism of damage and recovery effects induced by radiation can be studied in the 
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future. Insights gained from this study and the potential for recovery of the thymus, 

may lead to new therapeutic strategies, and perhaps restoration of thymic function 

following irradiation. This study was undertaken as a first step in developing a 

systematic method by which to quantify changes in the murine thymus. 

This research focuses on the overall outcome of the state of the immune system 

after exposure to sublethal ionizing radiation, and specifically studied the effect on the 

thymus. We characterized a murine model which determined the health of the thymus 

after whole-body exposure to doses of 125 cGy, 250 cGy and 550 cGy.  Our results from 

this study allowed us to establish a two-phase model of damage and recovery of the 

thymus following exposure to radiation, where the damage phase takes place between  

day 1 and 14  post-exposure and recovery phase follows between days 21 and 56 after 

irradiation. Our overall map of the model is illustrated in Figure 15. 
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            Figure 15: Overall map of damage and recovery following irradiation. 

We found that ionizing radiation induced a severe acute involution of the thymus 7 days 

post-exposure and that spontaneous recovery occurs between days 21 and 35, as 

measured by TREC.  In addition to the anticipated dramatic loss of thymocytes, we also 

found that sublethal ionizing radiation significantly impacts the expression of KGF, and 

has a minor to no effect on IL-7, both of which are known thymopoietic factors to play a 

key role during thymus development as well as in the maintenance of health of thymus 

post-development. IL-7, produced by thymic epithelial cells (TECs) of the medullary 
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compartment of the thymus, is to no surprise resistant to irradiation in our model. 

Thymic medulla is traditionally known to be more radio-resistant to radiation and we 

hypothesize that TECs in this thymic compartment largely contribute to the initiation of 

recovery following ionizing radiation. KGF, the expression of which was significantly 

decreased due to irradiation, is produced by thymocytes in the cortex – a thymic 

compartment known to be susceptible to irradiation. Low levels of KGF expression all 

throughout day 49 post-exposure could be explained by the timeline of recovery that we 

observed among all thymocyte populations ,which occurs 35 days following irradiation, 

and indicate that thymocyte recovery occurs about two weeks prior to the ability of 

thymocytes to produce KGF. Kinetics in early thymocyte development and entry of 

precursors could be an explanation for the timeline of thymocyte recovery.  

In view of our two-phase model of thymus damage and recovery, the main 

purpose of this study was to characterize the response of thymus to sublethal irradiation 

and map out the possible events that could explain this response. Our observations of 

damage and recovery must therefore be discussed in reference to the biphasic properties 

and take into consideration the plausible explanations for the results.  

In our model of stress-induced acute thymic involution, sublethal irradiation 

severely depleted the cellularity of all thymocyte subsets. As expected, CD4-/CD8- 

thymocyte subset, mainly radioresistant thymocytes, was least severely depleted. It is 

our hypothesis that it is this particular radioresistant thymocyte subset that contributes 
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to the wave of recovery, which starts around day 21 following irradiation. There are two 

possibilities: The cells aiding the initiation of the recovery process are either 

radioresistant intrathymic precursor cells that need a significant amount of time before 

being able to proliferate, or, alternatively they might be bone marrow precursor cells. If 

they are bone marrow precursor cells, then these cells, derived from radioresistant 

(resting) stem cells, reside in the bone marrow itself or elsewhere in the body for 2-3 

weeks before going into the thymus, where they again stay resting for 10 -14 days before 

entering in cycle. We have to keep in mind that the differentiation process for both 

intrathymic precursor cells and bone marrow precursor cells differs in the kinetics of 

differentiation stages and proliferation following irradiation. So, an explanation that 

could potentially explain the process of the two-phase damage and recovery pattern of 

thymus following irradiation, is one for which the reason of recovery is rather unknown, 

but may be related not only to intrinsic stages of the cells, but also to a protective role of 

the bone marrow and thymus microenvironments. Irradiation in our model of acute 

thymic involution did not have an impact on early thymic progenitors (ETPs) (see Figure 

8A), which indicates that the progenitor supply to the thymus following irradiation was 

not limited and that the bone marrow compartment was not impacted by sublethal 

irradiation.  

We favor the hypothesis that some of the housekeeping repair mechanisms that 

contribute to the recovery of thymus after damage are essentially a direct response of the 
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stromal cell subsets to specifically reestablish a microenvironment geared to reinitiating 

basal levels of T cell production and differentiation. Indeed, such specific mechanism 

that regulates the process of dramatic thymus damage at exactly 7 days post - 

irradiation, and follows with a spontaneous rebound effect of thymopoiesis at 21 days 

post-exposure may be the key feature of acute involution and spontaneous recovery 

following sublethal irradiation. We hypothesize that it is the thymic microenvironment, 

the close TEC – thymocyte crosstalk that govern the recovery of the thymus post-

irradiation. Future studies closely studying the outcome of this crosstalk following 

irradiation, will be essential in providing a meaningful explanation of post-exposure 

events within the thymus. The impact of irradiation on the expression levels of KGF, but 

not IL-7, supports our hypothesis that the thymic stromal compartment greatly 

contributes to the recovery of thymus post-irradiation. The insignificant impact of 

irradiation on expression of IL-7 demonstrates the resistance of this medullary thymic 

epithelial cell-derived cytokine to sublethal irradiation. While we cannot draw 

conclusions on the mechanisms of action of IL-7 and KGF in our model, it is important 

to note that their mechanisms could be mediated by various lymphostromal interactions 

and that development of treatments that activate these signals in the thymic stroma 

could provide a new strategy in the design of strategies for thymus recovery following 

sublethal irradiation. A phenotypic, histologic and transcriptome/pathway analysis of 

thymic tissue during the early stages of radiation-induced involution would be an ideal 
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method to define intrathymic mechanisms that drive this observed acute thymic 

involution. Recent work published by Gruver and Ballard (73) confirmed thymus 

involution due to acute endotoxin-induced stress performing phenotypic, histologic and 

transcriptome/pathway analysis.  Thymus involution in this endotoxin-induced model 

was confirmed by down-regulation of genes involved in T cell development, cell 

activation cell cycle progression, and included activation of thymus tissue by LPS 

through TLR signaling. In our model of irradiation-induced acute thymic involution we 

would expect multiple key intrathymic pathways to be activated during radiation-

induced acute thymic involution along with expression of inflammatory cytokines and 

up-regulation of wound healing factors. We speculate that early up-regulation of genes 

involved in wound healing and remodeling of thymus may lead the ground work for 

thymus recovery.  

In summary, our characterization of sublethal irradiation-induced acute thymic 

involution provided a useful estimate of thymic response to stress induced by 

irradiation. Acute thymic involution was readily induced by sublethal irradiation, which 

caused a severe reduction in thymus weight and cellularity 7 days following irradiation, 

but with subsequent rebound and restoration of thymus, evident by 21 days after 

irradiation. This experimental model will facilitate longitudinal studies of thymus 

function in mice and provide valuable means to test functional significance of thymus in 

comparative studies irradiation exposures.  
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