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The thymus is a primary lymphoid organ responsible for the production of a 

diverse repertoire of immunocompetent and self-tolerant T lymphocytes (T cells), vital 

for proper immune function. T lymphocyte differentiation, maturation, and proliferation 

occur as developing cells traffic through the thymic cortex and medulla in response to a 

multitude of cytokines and secreted factors. The thymus undergoes physiologic 

involution due to aging, but also undergoes pathologic atrophy due to a variety of causes, 

including infectious diseases, endocrine disturbances, nutritional disorders, 

chemotherapeutics, or radiation injury. In particular, feline immunodeficiency virus (FIV) 

infection causes significant alteration and destruction of the thymus, leading to
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compromise and dysfunction of the host immune system and rendering individuals 

susceptible to opportunistic infections, primarily through a reduction in CD4+ T 

lymphocytes and an impairment of cell-mediated immunity. As the cat is smallest known 

natural model for lentiviral infection, and FIV is a significant, worldwide disease in 

domestic and wild cats, research involving the pathogenesis, consequences, treatment and 

prevention of FIV infection are of great importance. However, thymic changes often vary 

due to a multitude of host, pathogen, and environmental factors. A method to produce a 

controlled, reproducible, and highly consistent in vivo model of thymic atrophy was 

developed in this study, through the application of a single, directed dose of x-irradiation 

to four, 8 to12-week-old kittens. Identification, quantification, and analysis of thymic 

changes in irradiated and normal, age-matched subjects, were conducted using a 

magnetic resonance imaging protocol specifically developed to provide maximum 

visualization of the juvenile feline thymus. Following irradiation, marked thymic atrophy 

was confirmed morphometrically and histologically, and was similar to changes reported 

during acute FIV infection. By 7 to 14 days post-irradiation, there was a gradual rebound 

in thymic size, which in some instances approached pre-irradiation values.  These 

findings demonstrate the feasibility and advantages of using a non-invasive, in vivo 

imaging technique in order to measure and evaluate changes in thymic volume, as a 

model for pathologic changes noted in acute FIV infection. 
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I. LITERATURE REVIEW 

The Thymus 
 
The thymus, located in the cranial mediastinum and caudal cervical region, is 

derived embryologically from ectoderm of the third branchial cleft and endoderm of the 

third pharyngeal pouch, and is composed predominantly of lymphoid, epithelial and 

mesenchymal components.171 It is a primary lymphoid organ, populated by lymphoid 

precursors emigrating from sites of hematopoiesis, such as the bone marrow in the adult, 

or the fetal liver and spleen.9 The thymus is responsible for the development of 

immunocompetent T lymphocytes (T cells) from precursor cells arriving from the bone 

marrow, the proliferation of clones of mature naïve T cells, and the development of 

immunological self-tolerance. In fact, T cells derive their name from the fact that they 

arise in the thymus. Arranged in lobes and lobules, with minor species variation in lobar 

architecture, and surrounded by a connective tissue capsule, the thymus histologically 

appears to be composed of densely cellular outer cortex and a relatively sparsely cellular 

inner region or medulla (Figure 1). In addition to a large circulating and continually 

migrating lymphoid cell population, this lobulated organ also consists of a significant 

epithelial and mesenchymal stromal framework.10, 85 The mesenchymal stroma consists 

primarily of macrophages, Langerhans-like dendritic cells, and perivascular reticular 

connective tissues. Development and maturation of T-cells is under the influence of the 

thymic epithelial and mesenchymal stroma, as this framework provides support through 
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physical and direct cellular interactions, and also has immunomodulatory and 

neuroendocrine functions, producing cytokines and other soluble factors, which act in 

autocrine, paracrine, or hormonal capacities.24, 210 Many factors, such as thymic stromal 

lymphopoietin (TSLP),110, 120, 261 keratinocyte growth factor (KGF),64, 70, 196 and IL-7,79, 

198, 209 are necessary for normal homeostasis and thymopoiesis, as well as the orderly 

maturation of functional T lymphocytes. The thymus is thus responsible for the 

production of a diverse repertoire of immunocompetent and self tolerant T lymphocytes, 

vital for proper, sufficient, and regulated immune function.61, 111 The thymus is 

physiologically most active during the fetal and early postnatal period. At the time of 

sexual maturity, it begins to undergo significant atrophy, with reduction in size and 

infiltration or replacement by adipose tissue, as part of normal physiologic involution. It 

does not become completely dormant at this stage, however, but continues to provide 

immune support through production of naïve T cells, playing a vital role in modulating 

both cell-mediated and humoral immunity.91 Thymic size and function is also affected by 

a multitude of factors, including stress, malnutrition, endocrine disorders, neoplastic 

processes, radiation, chemotherapeutics, and a multitude of infectious diseases. Atrophy, 

both physiologic and pathologic, is characterized predominantly by structural and 

morphological alterations, increased levels of thymocyte apoptosis, and overall 

hypocellularity. Strategies aimed at repopulation of the atrophic thymus, with 

augmentation or support to enhance function, is currently a field in which there is 

abundant active research.  

Thymocytes, the lymphocyte precursor cells within the thymus, are uniquely and 

highly susceptible to productive immunodeficiency virus infection, which is particularly 
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devastating in neonatal or juvenile patients, who rely on thymic output to maintain T 

lymphocyte homeostasis.95, 253 Decreased thymic size and impaired function are major 

contributors to the rapid and severe course of disease noted in pediatric and neonatal 

disease, as those infected at an early age experience much shorter incubation times, 

accelerated disease progression, and a higher frequency of clinical symptoms, as 

compared to those infected as adults.83, 176 Upkeep of the normal thymic 

microenvironment is therefore crucial to maintaining adequate T lymphocyte production 

and functional output. Disturbances of this network, as occurs in various diseases such as 

infection with FIV,113, 169 classical swine fever (CSF) virus,206 Trypanosoma cruzi,133, 145 

or some bacteria,218 can have dire consequences on T lymphocyte numbers. However, the 

thymus is capable of partial regeneration and restoration of functional capacity following 

supportive and anti-retroviral therapy.6, 96, 190, 242 Innovative new treatment modalities, 

including stem cell therapy and gene therapy, may soon augment more traditional forms 

of antiviral therapy. In order to better understand the changes that occur in the thymic 

microenvironment, an animal model that mimics the physical, immunological, and 

biochemical parameters occuring during times of atrophy and regeneration, would be 

exceedingly useful. 

Thymic Involution and Atrophy 

The thymus undergoes a normal process of physiologic involution with age, in 

which there is a uniform reduction in thymic size and decreased overall cellularity. 

Thymic involution is defined as a normal, gradual, age-associated change in thymic 

cellularity, while the term atrophy is usually applied to pathologic changes induced by 

causes other than aging.186 In older animals, there is usually a small thymic remnant, and 
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involution with complete loss of the thymus typically does not occur in any species.186 

The most visible gross physical and histologic changes within the involuted thymus 

include a marked reduction in size and an infiltration or replacement by adipose tissue. 

Histologic changes include alteration of normal architecture, enlarged perivascular 

spaces, leading to decreased thymic epithelial space, reduced cortical thickness, and loss 

of corticomedullary demarcation.98, 225 There is diffuse hypocellularity, with overall 

reduction in lymphocytic cell numbers, particularly within the cortex, with relative 

sparing of the medulla. There may be increased numbers of perivascular B cells and 

plasma cells, particularly at the corticomedullary junction, and formation of lymphoid 

follicles with germinal centers.186 

Thymic involution is closely associated with the onset of puberty and sexual 

maturity, suggesting that involution is partially dependent of increased levels of 

circulating adrenal and sex hormones.90 Sex hormones continually play significant roles 

in the maintenance and regulation of the thymus. Gonadectomy of both young male and 

female rodents will delay involution, while castration of older animals will result in 

thymic enlargement and hyperplasia, with increased numbers of thymic and splenic T and 

B cells.122, 236 Testosterone, estrogen and hydrocortisone treatments have resulted in 

marked thymic involution, while only mild to moderate changes occurred with 

progesterone administration.25 Transient involution of the maternal thymus also occurs 

during pregnancy, in which increased levels of estrogens inhibit thymocyte development 

and T cell production.200, 201  

The roles of various other hormones on thymic involution have also been 

extensively studied, including those of thyroid and growth hormones. Loss of thymic 
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tissue with aging is associated with reduced levels of circulating growth hormone 

(GH).130 Histologic evaluation of aged rats treated with GH had morphologic evidence of 

thymic regeneration, as well as reconstitution of hematopoietic cells in the bone 

marrow.78 Growth hormone can enhance thymic function, with increased numbers 

circulating naïve and total CD4+ T cells.159 GH, mediated by insulin-like growth factor-1 

(IGF-1), increases thymic epithelial cell (TEC) proliferation in vitro and influences in 

vivo thymocyte traffic within the lymphoepithelial complexes, the thymic nurse cells, and 

modulates the homing of recent thymic emigrants.213 

Administration of thyroxin in low doses resulted in thymic hypertrophy, while 

high doses caused thymic atrophy, indicating a dose-dependent response.25 Interestingly, 

thymic hyperplasia is also noted in Grave’s disease, a type of autoimmune 

hyperthyroidism, in which there may be massive and radiologically detectable 

enlargement of the thymus.32, 86 It is thought that the thymic hyperplasia is a result of, not 

a cause of, the autoimmune and hyperplastic changes within the thyroid, as thyroid 

changes persist even after thymectomy.238  Alternatively, thymic hyperplasia has been 

noted to disappear following resolution of hyperthyroidism and return to a euthyroid 

state.259 The exact underlying mechanism by which this occurs has not been determined, 

but may deal with increased levels of thymulin65 and other thymic hormones, as 

modulated by secretion of thyroid hormones, especially triiodothyronine (T3).66  

Seasonal changes to the thymus are noted in animals that hibernate during winter 

months, in which the thymus undergoes annual atrophy and involution, with substitution 

by abundant, energy-rich multilocular adipose tissue, also known as brown fat.125 At the 

end of hibernation, there is reduction of thymic brown fat, with repopulation by epithelial 
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and stromal tissues, as well as increased infiltration by lymphocytes. It is proposed that 

changes in cellular TNF release, along with the changes in the levels of multiple 

hormones, such as melatonin and corticosteroids, play a significant role in the rise and 

fall of thymic activity due to hibernation.170 

Loss of thymic function and size in aging is thought to result from loss of support 

from the microenvironment stroma and associated cytokines, as well as intrathymic and 

extrathymic hormonal influences. Thymic involution and decreased proliferation of T 

lymphocytes can be partially restored by thymic tissue transplantation or administration 

of intrathymic hormones.27 Thymic function is at its most active during the fetal and 

perinatal periods, a time when there is exposure to a multitude of novel environmental 

and foreign antigens. Although the thymus is necessary for the production of new naïve T 

cells in the neonate and juvenile, it has been demonstrated that the adult thymus is also 

capable of T cell reconstitution, albeit at a reduced capacity.11, 98, 108 Aging is associated 

with a reduction in the contribution of the thymus to the naïve T-cell pool, but with no 

significant decline in the total number of T cells in the peripheral T-cell pool.11, 103, 235 

Many non-infectious and infectious disease states are accompanied by thymic 

changes (Figure 2). Stress and excess endogenous corticosteroid release can cause thymic 

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

functional compartment size, secondary to apoptosis.61 The thymus is the most sensitive 

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

reversible.186 This differs from age-related involution, in which there is a gradual loss of 

supportive structures, so that acute reductions in thymic size due to stress are more easily 

corrected with removal of the stressor.92 Although exact mechanisms are unknown, 
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apoptosis due to oxidative stress may play a large role in glucocorticoid-induced 

apoptosis.140 It has also been hypothesized that intracellular alterations in ATP and Ca2+ 

levels may be responsible for death of thymocytes.77 In particular, the CD4+CD8+ double 

positive thymocytes seem to be particularly sensitive to increases in extracellular ATP, 

which results in Ca2+-dependent membrane hyperpolarization, cytosolic acidification, and 

DNA fragmentation.157Additionally, stress may be incited by or accompanied by changes 

in nutritional status, behavior, or concurrent disease, etc., causing a multifaceted 

disruption of thymic and immune system homeostasis. 

 During numerous bacterial, viral, protozoal, and parasitic infections, there may 

be variable thymic atrophy. 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. 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.145, 237 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.145 Changes within the thymus of diseased animals, such as those infected with 

Trypanosoma cruzi in Chagas’ disease, do not appear to be associated with stress or 

glucocorticoid release, since adrenalectomized mice have similar patterns of thymus 

atrophy.133 Other diseases, particularly lentiviral infections such as HIV and FIV 

(discussed in detail later), have significant alterations in thymic size, appearance, and 

function.  
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Lymphoid Population of the Thymus 

In order to better evaluate and augment the ability of the thymus to regenerate 

following times of physiologic or disease-induced atrophy, normal patterns of thymic 

lymphoid emigration and population must be understood. It is known that lymphoid 

precursors cells arrive from sites of hematopoiesis, ultimately originating from a 

continually renewing population of hematopoietic stem cells (HSCs).216 These 

pluripotential stem cells have the capacity to differentiate into multiple different lineages, 

including myeloid, monocyte/macrophage, dendritic, erythroid, and lymphoid precursor 

cells. Secreted cytokines aid in the differentiation and commitment of these precursor 

cells. For example, granulocyte colony-stimulating factor (G-SCF) induces initiation and 

production of granulocytes.234 Even in adult life, in which there is physiologic involution, 

there is evidence that the mature thymus is maintained by hematogenous precursors.74 

The thymus does not have a population of self-renewing hematopoietic 

precursors, and these must therefore be imported and replenished from sites of 

hematopoiesis, such as the bone marrow.97, 203 There is question as to whether this 

process is continuous or intermittent. Studies using chimeric mice have shown that the 

thymus is dependent upon blood-borne prothymocytes, and intrathymic precursors are 

replaced at a rate of 2 to 3% per day in the adult.57 However, it was not clear if the 

replacement occurred as a continuous action or in discrete waves.74 In more recent 

kinetics studies, these precursor cells were shown to periodically infiltrate niches within 

the thymus through a gated phenomenon, in which a receptive period of approximately 

one week was followed by a refractory period of approximately three weeks duration.74, 75 

These waves are discrete, but may be overlapping.56 This provides support the theory that 
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there might be a type of feedback loop regulating homing to and population of the 

thymus. This would involve multiple chemotactic and adhesion factors, acting with 

microenvironmental niches, to stimulate and enhance thymic population and thymocyte 

differentiation.75 It is also thought that this occurs in concert with signals to the bone 

marrow, coordinating release of precursor cells.56  

As occurs in most organs, the progenitor cells which leave the bone marrow and 

emigrate to the thymus are recruited through multistep adhesion cascades and through the 

action of homing molecules and associated receptors.216 It is thought that these precursor 

cells enter the thymus at the corticomedullary junction,138 then migrate outward through 

the cortex, and return inward again during development and maturation into self-tolerant, 

major histocompatibility complex (MHC) -restricted, and immunocompetent T cells.112 

To date, it has been difficult to determine the earliest population of precursor cells which 

enter the thymus from the hematopoietic sites, but there are several candidates. These 

include the HSCs, early thymic progenitors (ETPs), and more differentiated common 

lymphoid progenitors (CLPs).109, 216 There is some debate as to whether the cells entering 

the thymus are lineage-committed at the time of entry. The Notch signaling pathways, 

broadly involved in cell-fate decisions and differentiation processes, are known to play a 

significant role in the commitment of progenitor cells to that of T cells, but the exact 

mechanism is unclear.109 Notch1 is essential in determining B vs. T cell development, as 

loss of Notch1 function in mice had a marked deficiency in thymocyte development.194 

The earliest population of cells arriving in the thymus are considered to be triple 

negative, in that they are functionally negative for CD3, CD4 and CD8 markers.254  
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Entry of thymic precursors from the bloodstream requires migration from the 

vascular lumen and entry into the thymic parenchyma at an appropriate location, and a 

key feature of HSCs is their ability to migrate in a site-specific fashion.121  This is a 

highly regulated process, involving molecules and receptors on both the endothelial cells 

lining the vessel wall, underlying stromal cells, and the circulating progenitor cells. These 

recruitment and selection processes are similar to that which occurs in inflammation, 

which requires mobilization of leukocytes. Selectins are transmembrane adhesion 

molecules on endothelial cells (E-selectin and P-selectin), platelets (P-selectin), and 

leukocytes (L-selectin) that bind to carbohydrate ligands on target cells, causing slowing 

and rolling, so that migration can occur.229 The next step involves more avid binding of 

the migrating cell to the endothelial surface via integrins. Integrins are heterodimers 

primarily found on leukocytes, that function in cell attachment to the extracellular matrix 

and signal transduction.222 Homing of progenitor cells to the thymus depends on P-

selectin and P-selectin glycoprotein ligand-1 (PSGL-1) interactions,127 as it participates in 

the first step of adhesion and entry into the thymic postcapillary venules.216 Supportive of 

this notion is that PSGL-1-deficient mice had decreased numbers of some ETPs. 

Following selectin binding, a Gαi-protein coupled signal results in the activation of 

integrins, mediating firm adhesion to the vascular wall, through interactions such as α4β1 

with vascular cell adhesion molecule-1 (VCAM-1).216 Although early progenitor 

hematopoietic stem cells enter the thymus using a homing receptor, this process also 

requires thymotaxin, a peptide secreted by the reticulo-epithelial (RE) cell network.26 
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T Cell Production 

Lymphocyte precursor cells arise in hematopoietic organs from pluripotential 

stem cells. This predominantly occurs in the yolk sac during embryonic development, and 

later the fetal liver and spleen. In most species, the bone marrow becomes the primary 

hematopoietic organ around the time of birth.9 As in the thymus, the bone marrow has an 

essential network of stromal cells, which influences cellular development along either 

lymphoid or myeloid pathways. Cytokines and secreted factors, which can act in 

hormonal, autocrine, or paracrine fashions, are necessary for the development and 

maturation of T cells in the thymus.  

The most immature thymocytes express neither the T cell receptor (TCR) 

complex in association with CD3 nor the accessory molecules CD4 or CD8 and are 

referred to as being CD4-CD8- double negative (DN) or CD4-CD8-CD3- triple negative 

(TN). These DN cells make up approximately 5% of the thymic lymphocyte 

population.212 Many additional cell surface markers are used to characterize early and 

developing thymocytes, including CD25 and CD44.87 Utilizing these markers, DN cells 

with CD25-CD44high are referred to as DN1 cells. After entering the thymus from the 

bloodstream near the corticomedullary junction, these DN progenitor cells migrate 

outward towards the capsule.138 This involves cell-to-cell interactions with VCAM-1 

positive stromal cells,188 as well as interactions with extracellular matrix compounds, 

including laminin, fibronectin, vitronectin and collagen.211 As they migrate, they proceed 

through additional stages of maturation, namely DN2, characterized as CD25+CD44high 

and DN3, which are CD25+CD44low.151  These CD25+ subsets are the most numerous of 

the DN subsets.87 Differentiation to the DN4 CD25-CD44- subset occurs in the cortical 
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subcapsular zone.188 It is also here that the cells become CD4+CD8+ double positive (DP), 

coinciding with a reverse in polarity and migration back towards the inner cortex. DP 

cells make up approximately 80-90% of the thymic lymphocyte population.212  

Immature DN thymocytes express a  pre-TCR complex, consisting of CD3 and a 

heterodimer of the TCR β-chain and a pre-Tα chain.205 Once a signal is transmitted 

through the pre-TCR, this induces the DP CD4+CD8+ expression and halts β–chain gene 

rearrangement. The DP thymocytes then proliferate. Thymocytes that do not achieve a 

productive TCR gene rearrangement die by apoptosis.212  

Double positive thymocytes, as they move into the deep cortex, undergo positive 

selection, which involves interaction of the thymocytes with MHC molecules, which are 

complexed with endogenous antigens on cortical stromal epithelial cells. This allows for 

the selection of only the thymocytes whose receptors exhibit self-MHC restriction. Only 

those thymocytes which bind the MHC complex receive a positive signal for survival.150 

If the interaction is with MHC class II or class I, cells differentiate to become either 

CD4+ or CD8+ single positive (SP), respectively. Studies utilizing MHC class I- or II-

deficient mice resulted in failure of production of CD8+ thymocytes and CD4+ 

thymocytes, respectively, supporting the importance of MHC molecule binding in 

positive selection.45, 239 

Following positive selection, only single positive cells enter the medulla, where 

maturation continues and cells become functional. It is thought that chemokine 

responsiveness is upregulated after positive selection, which prevents less mature double 

positive cells from entering the medulla.188 It is here in the medulla that negative 

selection occurs, which is the process of eliminating cells whose antigen receptors avidly 
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bind endogenous antigens are selected against and undergo apoptosis. These endogenous 

antigens are complexed with MHC on antigen presenting cells such as dendritic cells and 

macrophages. This prevents reactivity to self-antigens and results in central tolerance. 

The overwhelming majority of thymocytes produced undergo apoptosis, in part due to the 

effects of positive and negative selection. Those that survive may be released to the 

circulation as mature, naïve, single positive T cells.  

Thymic Cytokines 

Cytokines are small secreted proteins, produced de novo in response to an 

immune stimulus, which mediate and regulate immunity, inflammation, and 

hematopoiesis.88 They generally act over short distances and short time spans and at very 

low concentration. Cytokines are redundant in their activity, meaning similar functions 

can be stimulated by different cytokines. Cytokines are often produced in a cascade, as 

one cytokine stimulates its target cells to make additional cytokines, and they can also act 

synergistically.160 

There are functionally distinct types of CD4+ T helper cells, including Th1, Th2, 

and Th17 subsets, distinguished by the cytokines that they produce and the manner by 

which they respond to immune stimulation.248 These subsets of T cells secrete cytokines 

which promote different types of immunologic responses, including stimulation of cell-

mediated immunity and inflammation, and stimulation of B cells to produce antibody. In 

any type of immune response, there exists a mixture of these activities, but this may be 

skewed or imbalanced, so that one cytokine response pathway predominates. T cells are 

initially naïve Th0 cells, but become polarized to responses such as Th1 or Th2 based on 

the nature of the offending antigen or pathogen and the resultant cellular and cytokine 
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environment present.123  Th1 cells produce IL-2, IFN-γ, and TNF-β, which activate 

cytotoxic T cells and macrophages, stimulating cellular immunity and inflammation. 

Th1-type cytokines tend to produce the pro-inflammatory responses needed for the 

destruction of intracellular parasites, and they also assist in antitumoral immunity, 

hypersensitivity reactions, and perpetuate autoimmune responses.21, 123 Th2 cells secrete 

IL-4, IL-5, IL-6, IL-9, IL-10, and IL-13 for the mediation of antibody responses.148 Type 

2 polarized T cells are effective at controlling extracellular pathogens, such as helminths, 

or assisting in the promotion of humoral immunity.71, 89 Th17 cells are a relatively newly 

recognized subset of T helper cells, characterized by the production of IL-17, important 

in the regulation of autoimmunity and aiding Th1 and Th2 responses in intracellular and 

helminthic infections, respectively.93, 246 IL-4 stimulates Th2 activity and suppresses Th1 

activity, while IL-12 promotes Th1 activity. IFN-γ inhibits the development of Th2 cells, 

but IL-10 inhibits Th1 secretion of IFN.172, 173  Th17 cells differentiate in response to IL-

23, in the absence of IL-4 and IFN-γ. Thus there is much antagonism and a complex 

relationship between the activities of these major classes of cytokines.  

Thymic epithelial cells (TECs) and thymocytes are the main source of cytokines 

within the thymus, although all cells participate in their production to some degree.248, 260 

As thymocytes mature from DN1 to DP stages, the ability to produce cytokines and 

express cytokine receptors is gradually reduced, reflecting decreases in the cytokine 

dependence of the respective processes as they proceed through maturation. After the 

completion of the selection process, however, the capacity of thymocytes to produce 

cytokines and respond to them is restored.260 The cytokine environment of the thymus 

varies according to location, predominant cell types, and responses generated by outside 
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influences.189 With atrophy, hyperplasia, or disease, these microenvironments can alter 

dramatically. However, in contrast to peripheral T cell populations, thymic T cells and 

their cytokines are not often involved in inflammation, but more so in the roles of guiding 

thymocyte proliferation, differentiation, and maturation.202 

HIV infection induces changes in cytokine production, which may be significant 

in the progression of clinical disease, impacting viral replication and immune function. 

What factors or mechanisms that allow the development of symptomatic disease, 

however, are not explicitly known, but a general trend from Th1 to Th2 T-helper cell 

responses has been implicated.156 A strong cellular immune response (Th1) appears to be 

of importance in maintaining nonclinical disease. During FIV infection, thymic levels of 

IFN-γ, IL-12, and IL-10 increased, likely in association with inflammation, while control 

animals increased thymic IL-4 and IL-12.53 Altered cytokine levels in control animals 

may have been the result of physiologic changes due to growth and/or involution. In 

multiple examined lymphoid organs, there was a trend towards elevation of Th2 cytokine 

levels, but this was not strictly adhered to, as IL-10 levels were also often increased. In a 

separate study, IFN-γ levels were increased 10-fold in thymocytes of FIV infected cats 

versus sham-inoculated controls.181 

Selected Cytokines 

Several strategies have been proposed in an effort to combat the decline of T cell 

numbers. Certain cytokines have shown promise in the ability to stimulate and restore the 

thymic lymphopoietic potential. The most studied and investigated to date is IL-7, but 

other cytokines and cellular factors have therapeutic and regenerative potential, including 

keratinocyte growth factor (KGF), insulin-like growth factor 1 (IGF-1), and IL-15. It is 
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not straightforward, however, as the interconnectivity and interrelated nature of short-

lived cytokines and paracrine functions.  

IL-7, originally referred to as pre-B cell growth factor or lymphopoietin 1,39 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.13, 20, 209 There is considerable homology between IL-7 genes of various 

species, with 80% homology between mouse and human sequences.20 The IL-7 receptor 

is composed of an IL-7Ra chain and a common -chain cytokine receptor, which is also 

seen in the IL-2, IL-4, IL-9, and IL-15 receptors.7, 214 Signal transduction involves the 

Jak/Stat pathway,76 which can lead to proliferative, anti-apoptotic, and activation 

signals.20 IL-7 is known to be essential for the survival and differentiation of thymocytes, 

possibly as a cofactor for VDJ rearrangement.101 In IL-7 knockout mice, there is 

significant reduction in pro-T cell numbers and decreased γδ-TCR thymocytes.241  

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.209 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.6 IL-7 levels are also increased 2.5-4 fold in mice following 

dexamethasone induced thymic atrophy,262 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.40 This has 
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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.180 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.190 Even more convincingly, therapy of SIV-infected nonhuman 

primates with recombinant human IL-7 resulted in significant increases in peripheral 

blood CD4+ and CD8+ T cell numbers.80 However, as with any therapy, care should be 

exercised, as overexpression of IL-7 in transgenic animals results in excessive lymphoid 

proliferation and lymphoma.72, 73, 197 

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-7.20 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.102 

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.68, 69 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 
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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-2,50 and involves activation of the JAK/Stat pathway, induction of 

Bcl-2, and stimulation of the Ras/Raf/MAPK pathway.31  It has been proposed as an 

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

pathogens.129 Recombinant feline IL-15 has been shown to react with a commercially 

available human IL-15 ELISA kit.50 IL-15 stimulates proliferation of memory CD4+ and 

CD8+ cells and naïve CD8+ cells,119 and is considered to be a pro-inflammatory cytokine, 

inducing chemotaxis of T cells.250 

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

factor (FGF) family of molecules and a potent epithelial cell mitogen.5 It is produced by 

thymic mesenchymal cells and by T cells at various developmental stages.204 KGF 

production is upregulated following epithelial cell injury, and its actions in damaged 

intestinal epithelium included the stimulation of cell proliferation, migration, 

differentiation, survival, DNA repair, and detoxification of reactive oxygen species.70 A 

receptor isoform of KGF (FgfR2IIIb), is expressed exclusively in the thymus on cortical 

and medullary epithelial cells.204 Mice deficient in FgfR2-IIIb show a block in thymic 

growth.196 A recent study of mice injected with KGF resulted in increased numbers of 

thymocytes, initially due to proliferation of immature triple negative cells, but continued 

with increases in more mature phenotypes as well.204  Enhanced T cell export correlated 

with an increase in thymic size and increased absolute thymic cell numbers.  

IL-12, a heterodimeric cytokine composed of 40 kDa and 35 kDa subunits, 

stimulates CTL activity, enhances NK activity, and induces IFN-γ production,104 and is 

thus essential for Th1 responses. IL-12 knockout mice have increased rates of thymic 
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involution in aged but not young mice, and is associated with histologic degeneration of 

the thymic extracellular matrix and vascular network, and extensive changes in 

architecture and organization.136 Additionally, there was increased apoptosis of cortical 

and medullary thymocytes, as determined via terminal dUTP nick-end labeling 

(TUNEL). This suggests IL-12 plays a major role in T cell survival. IL-12 enhances the 

proliferative response induced by IL-7 or IL-2,136 while stimulating T cell production of 

IL- 2 and IFN-γ.156 Increases in IFN-γ production have been noted in FIV infections to 

coincide with a decrease in FIV RT activity, following the addition of IL-12 to cell 

cultures.156  

IL-10, produced by a variety of cell types, including B cells, macrophages, and 

keratinocytes, can induce Th2 humoral responses, along with IL-4 and IL-6 production, 

and may be associated with clinical disease.156 IFN-γ and IL-10 were upregulated in the 

thymus, as well as in the peripheral lymph nodes of acutely and chronically FIV-infected 

cats.137 IFN-γ was produced by both CD4 and CD8 thymocytes, while IL-10 was 

produced primarily by CD4 thymocytes. Expression of IL-2, IL-4, IL-12, and TNF-α was 

decreased during acute infection. Acutely FIV infected cats have been reported to 

constitutively express high levels of IFN-γ, TNF-α, and IL-10 in the peripheral lymphoid 

tissue.51 

TNF-α levels in HIV patients have yielded conflicting results, but it has been 

demonstrated that increased TNF-α levels correlated with the progression of clinical 

disease.141 Serum levels of IL-6 have also been reported to increase with HIV infection. 

Alveolar macrophages from symptomatic and asymptomatic HIV patients produce more 
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TNF-α, IL-1β and IL-6β. However, in a study of FIV-infected cats, there was a decrease 

in TNF-α production and no change in IL-6 production in stimulated macrophages.141 

Insulin-like growth factor I (IGF-I), along with growth hormone (GH), plays a 

critical role in the growth and development of the thymus, as it does in multiple other 

organ systems, particularly in early postnatal and prepubertal stages. IGF-I may act by 

increasing the migration and colonization of bone marrow-derived precursors to the 

thymus.155 Cats affected with GM1 gangliosidosis, which have neurological dysfunction, 

stunted growth, and abrupt, premature thymic involution have been shown to have 

significantly decreased levels of serum IGF-1.44 

Magnetic Resonance Imaging of the Thymus 

Different modalities of thymic imaging vary in their capacity to differentiate the 

thymic parenchyma from surrounding soft tissues.29 Magnetic resonance imaging (MRI) 

of the hilum, pericardium, mediastinum, and its contents provide substantial 

improvement in terms of tissue contrast, differentiation and resolution, as compared to 

conventional imaging modalities, particularly when viewing soft tissue densities. MRI is 

a sensitive method for identifying closely associated fat and water in microscopic 

mixtures.227 Additionally, MRI provides superior detail of thymic margins,223 which is 

particularly useful for measurement studies as conducted in this project.  

Other methods, such as fluorodeoxyglucose (FDG)-positron emission tomography 

(PET) scanning, which provides information regarding tissue glucose metabolism, have 

been utilized in various thymic imaging studies. PET scans have been used extensively in 

mouse thymic studies, but often in conjunction with anatomic images from a MR or CT 

unit.99 PET scanning alone is less reliable in discriminating normal thymus from that of 
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areas of thymic hyperplasia or neoplasia.252 Increased FDG uptake is seen not only in 

cases of neoplasia but also in normal organs, referred to as physiological FDG uptake, 

and may cause misinterpretation of results.158 However, there are obvious merits to many 

various imaging modalities, and these are not to be discounted. For example, CT is the 

modality of choice for thymomas,29 and PET scans are particularly useful in detecting 

tumor spread and metastasis.29, 226 

Magnetic resonance imaging provides superior detail and contrast of soft tissues 

throughout the body. These nuclear magnetic resonance signals are created by 

radiofrequency (RF) energy excitation in the presence of a magnetic field.207 MRI differs 

from other imaging modalities in that the types of physical and chemical bonds and 

amounts of chemical elements present, their thermal motions, and the chemical 

interactions strongly affect the signal that is given off.22 MRI is also a relatively rapid 

mode of imaging, is capable of relatively high resolution, variable orientation of scan 

planes, and generation of three-dimensional images. In MRI studies, another clear 

advantage is the ability to provide longitudinal data from the same subject over time.  

MRI uses manipulation of magnetic fields, an additional advantage over CT, 

which uses ionizing radiation. The alignments of nuclear magnetized fields in MRI can 

be altered to produce a rotating magnetic field detectable by a scanner. In clinical usage, 

imaging primarily involves hydrogen atoms in free water, which are inherently 

susceptible to a magnetic field.207 In the absence of an external magnetic field, protons 

spin in random directions, but become aligned when the magnetic field is present. While 

in the presence of the strong primary magnetic field, the organ or tissue to be scanned is 

simultaneously subjected to a second magnetic field, which oscillates at different 
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radiofrequencies and in planes perpendicular to that of the main field, pushing some 

protons within the main field out of alignment and causing excitation.28 The resulting MR 

images represent the contrast between different kinds of tissue and the pathologic 

alterations within them, based on the differences in relaxation times of the tissue, in 

which protons realign.28 The timing between the RF pulses is the repetition time (TR), 

while the timing from the pulse until the signal is acquired in the receiving coil is the 

echo time (TE).185 The recovery process along the longitudinal plane of the RF pulse is 

the spin-lattice relaxation (T1), while along the transverse plane it is known as the spin-

spin relaxation (T2).185 Thus different tissues, with different decay and recovery times, 

result in contrasting images. The signal intensity is dependent on the proton density in the 

tissues, the intermolecular interactions for a given proton defined by the T1 and T2 

relaxation times, and the bulk flow of the protons. MRI has an enormous variety of pulse 

sequences that may be utilized to give information on such topics as morphology, motion, 

flow, diffusion, function, etc., leading to abundant versatility in its uses.28 

Within the thymus, because of the common mixture of soft tissue elements, MRI 

is particularly useful. Water has both a long T1 and T2, while fat has a relatively short T1 

and T2.207 This enables visualization and differentiation of the different tissue types, 

which vary with respect to water and fat content. Additionally, the thymus is often 

apposed with lung tissue, which is inherently proton poor, due to filling with air, and 

provides marked image contrast. Fast spin echo has the advantage of speed of the 

sequences, as well as their low sensitivity to magnetic susceptibility artifacts and 

magnetic field heterogeneities.100 Fast spin echo can also be combined with other 

techniques, such as the short tau (t, or inversion time, TI) inversion recovery (STIR) 
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technique, to enhance visualization. STIR is considered a fat suppression technique, as it 

utilizes an inversion recovery pulse sequence with specific timing so as to suppress the 

signal from fat. An inversion recovery pulse sequence is a spin echo pulse sequence 

preceded by a 180° RF pulse.28 In the standard STIR sequence, the spin echo sequence is 

thus completed by a previous 180° inversion pulse. This takes advantage of the naturally 

short T1 of fat, when imaging protocols use a short TI, such as 135 ms, as used in the 

feline studies presented here. The combination of STIR and fast spin echo sequences 

reduces acquisition time, while offering fat signal suppression techniques with low 

sensitivity to magnetic field heterogeneities. 

Not only is there variation among species in the appearance of the thymus grossly 

and in imaging studies, but there is often marked variability of the thymus between 

individuals of the same species.149 Further variability is induced by age, nutritional status, 

stress, and concurrent disease. There may be alterations in thymic size, shape, density, 

and composition. Motion within the chest cavity, due to respiration and the beating of the 

heart, may induce artifactual changes or momentarily alter outlines. Hyperplastic or 

neoplastic changes may result in minimal to mild thymic enlargement and may be 

difficult to assess. Changes in pliability and size can be evaluated by taking advantage of 

the sometimes significant differences in inspiratory vs. expiratory images, which may be 

useful in differentiating thymic hyperplasia from thymic masses.29 Atrophic changes 

within the thymus, with replacement by fat, may be similarly subtle. When evaluating 

atrophic changes, stress-related atrophy and apoptosis may influence findings via 

imaging and microscopic evaluation. In experimental situations, the use of age-matched 
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controls held in similar situations and subjected to similar procedures, may reduce or 

eliminate this variable. 

Hyperplastic lesions within the thymus may be the result of lymphoid follicular 

hyperplasia or true hyperplasia.29 Lymphoid follicular hyperplasia involves irregular 

formation and proliferation of lymphoid follicles, with germinal center formation, and 

increased numbers of lymphocytes. In these cases, there may be other changes including 

areas of atrophy and reactive hyperplasia of the epithelium. True hyperplasia, or diffuse 

hyperplasia, is much less common, and grossly manifests as symmetrical, diffuse 

enlargement. In some cases, the enlargement can be severe, and may be associated with 

thyrotoxicosis, Graves’ disease, and acromegaly.195 Similar, marked increases in thymic 

size have been noted in calves repeatedly immunized with endotoxin.215 Thymic rebound 

or regeneration following disease or injury, represents a thymic hyperplasia and must be 

considered in healing or recovering patients as a cause of increased thymic size or 

density.29 Thymic rebound following treatment is useful as a prognostic indicator and 

indicative of good immune response.149 In contrast, some cases of thymic lymphoid 

hyperplasia may be characterized by normal size and weight of the gland, and retention 

of normal shape.191, 195  

Neoplastic processes also occur within the thymus. These are broadly classified as 

arising from either the lymphoid or epithelial cell components. Thymic lymphomas are 

particularly common in cats and young cattle. In cats, this may be in association with 

retroviral infection by feline leukemia virus (FeLV). Thymomas are defined as tumors 

arising from the epithelial cells of the thymus, and may be associated with non-neoplastic 

proliferation of lymphoid cells. Thymomas can be classified as predominantly 
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lymphocytic, predominantly epithelial, or mixed (lymphoepithelial), based on the 

proportion of the respective cell populations.106 Thymomas are often benign, but can be 

invasive and malignant. Although CT scans are considered useful for detecting 

thymomas, invasion and metastasis are best detected via MRI or PET scans. In particular, 

superior contrast resolution and production of images in multiple planes, makes MRI 

especially useful for detecting local invasion.38 Interestingly, one-third to one-half of 

human patients with thymoma develop myasthenia gravis,29 an autoimmune disorder, in 

which antibodies block or alter acetycholine receptors at the neuromuscular junction.116 

Myasthenia gravis is also associated with thymic hyperplasia.38 While the exact 

mechanisms and underlying pathogenesis which links these lesions is uncertain, it 

highlights the interrelatedness and importance of immune functions and autoimmunity in 

relation to thymic disease.  

Imaging of the thymus often occurs in conjunction with histologic examination, 

particularly when an infectious, autoimmune, or neoplastic process is suggested. 

Histologic evaluation is also useful in therapeutic or experimental settings, in which 

findings due to the administration of pharmacological agents often correlate with thymic 

weight and peripheral lymphocyte counts.61 Histology is necessary to differentiate 

hyperplastic vs. neoplastic lesions, to define distinct neoplastic entities (such as 

lymphoma vs thymoma), or determine the etiology of infectious diseases. Some diseases 

have characteristic signs or lesions, such as viral inclusion bodies, or intralesional 

protozoal/parasitic agents, but many times thymic lesions are nonspecific and associated 

with the similar end result of lymphoid apoptosis or lymphocytolysis. However, lesions 

and clinical signs in certain species, in conjunction with ancillary diagnostic tests, such as 
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bacterial culture, virus isolation, PCR, immunohistochemistry, or ELISA, may provide 

additional criteria by which diagnosis is made. Unfortunately, biopsies required for 

histopathologic examination create lesions of their own, complicating their use for 

multiple examinations and sample collections over time. 

Radiation-Induced Injury 

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. 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 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, 

240  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 

failure of mitosis and the inhibition of cellular proliferation.183 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 most damaging to 

proliferating cells, which includes lymphoid and hematopoietic cells.184 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 
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gastrointestinal system or mucous membranes. Some cells become necrotic rather 

quickly, while others undergo apoptotic pathways secondary to DNA damage, so that 

failure of mitosis in dividing cells may lead to cell death and activation of apoptotic 

pathways in interphase cells and differentiated cells.183 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.193 There is a well-known link 

between ultraviolet (UV) radiation and the development of neoplastic skin diseases.168 

 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.105, 244 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. The resulting lymphopenia is 

especially common, and occurs in a predictable manner, often before the onset of other 

types of cytopenias.244 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 immunosuppression.221 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. 
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Radiation-Induced Injury in the Thymus 

Following x-irradiation, the thymus undergoes rapid decrease in size, caused by 

degradation of lymphoid tissues and cell death.81 Cell destruction is due to apoptosis, 

characterized by extensive cell and nuclear fragmentation and nuclear pyknosis, as 

detected by cytofluorometric determination and TUNEL procedures.179 Histologic 

evaluation of the thymus with radiation-induced injury shows selective depletion of 

lymphocytes, as these are the most sensitive cell population, while mostly sparing the 

epithelial and stromal components. There may be preservation and increased prominence 

of Hassell’s corpuscles, due to the relative decrease in lymphoid cells. Additionally, there 

is reduction or loss of the corticomedullary distinction and overall disruption of tissue 

architecture. With more severe or prolonged radiation exposure, there is a wider range 

and increased numbers of cells affected, including stromal components and compromise 

of the vascular system.  

 Interestingly, the detrimental effects of ionizing radiation have been alleviated by 

pretreatment with protective cytokines, while the administration of other cytokines can 

have opposing and sensitizing effects.161, 162 Mice given IL-1, IL-12, stem cell factor 

(SCF), and TNF were protected from the lethal effects of whole-body radiation. 

Conversely, mice treated with antibodies directed against these same cytokines had 

increased mortality.163, 164 These cytokines also have been shown to promote recovery 

when administered after low doses of radiation.163 The protective effects seem to be due 

to stimulation of cell cycling within progenitor or stem cell populations, prevention of 

apoptosis, and reduction of oxidative damage injury through induction of scavenging 

proteins or enzymes such as mitochondrial superoxide dismutase (SOD).162, 221 There are 
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pitfalls to the usage of these cytokines, however, as they exhibit wide-reaching effects, 

and may have deleterious or unwanted side effects throughout multiple tissues or organ 

systems. Some cytokines, such as TNF-α or IL-12, seem to have simultaneous beneficial 

and harmful effects, with sensitization of some tissues. 

Feline Immunodeficiency Virus Infection 

Feline immunodeficiency virus (FIV), a member of the family Retroviridae, is a 

naturally occurring feline lentivirus. FIV belongs to the same genus (Lentivirinae) of 

viruses as the human immunodeficiency virus (HIV) and immunodeficiency viruses in 

multiple other host species, including visna-maedi in sheep and equine infectious anemia 

virus in horses. Lentiviruses are known for being species-specific, producing life-long 

infections, and causing slowly progressive diseases. First isolated in California in 

1987,187 FIV occurs worldwide, representing a significant cause of morbidity and 

mortality within the feline population. Its prevalence varies geographically, but 

approximately 1.5 to 3 percent of domestic cats in the United States are infected with 

FIV,8, 135 and numbers have been noted to rise to up to 25% in feral cat populations.167  

FIV causes severe depletion of T helper lymphocytes and eventually gives rise to 

a state of immunocompromise, immune dysfunction, and an acquired immunodeficiency 

syndrome (AIDS), similar to that noted in people infected with HIV.14, 37, 63 With the 

decline of the immune system, there is a marked increase in susceptibility to 

opportunistic bacterial, viral, protozoal, or parasitic secondary infections. There is also an 

increased incidence of neoplasia, particularly lymphoid malignancies.16, 17, 82, 220 AIDS-

like syndromes in cats are often characterized by signs such as wasting, gingivitis and 

stomatitis, upper respiratory disease, skin infections, or neuropathies. The lifespan of 
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FIV-infected cats is highly variable, and more than 50% of FIV-infected cats remain 

asymptomatic for years.8 However, about 20% of FIV-infected cats die within 2 years of 

diagnosis, or approximately 4 to 6 years after infection. 

Clinical diagnosis of infection is most often via an antibody test, in which an 

enzyme-linked immuno-sorbent assay (ELISA) is used for screening.94, 134 Confirmation 

of infection can be assessed through Western blot analysis or polymerase chain reaction 

(PCR). It must be taken into account, however, that detectable antibody levels are often 

not reached until 8-12 weeks post-infection, and that kittens may acquire passively 

transferred antibodies from the mother, so that retesting is required to rule out false-

negatives and false positives, respectively.107, 134   

Role as Animal Model 

FIV has been proposed as an animal model for HIV, as the pathogenesis of FIV 

infection is similar to that seen in human cases of HIV, despite differences between  the 

two viruses. Further support for FIV infection in cats as an animal model for the human 

disease is the close phylogenetic relationship of the two viruses, similarity of host-virus 

interactions, including mode of infection and viral transmission, disease pathogenesis, 

and resultant immunopathology. In addition, the cat, as the smallest known natural host 

of a lentivirus, with its reduced size, ease of handling, and production of multiple-

offspring litters, makes FIV infection an even more useful and effective model for the 

study of HIV.19, 34, 55, 60 

The genome of FIV, like that of HIV and other retroviruses, consists of single-

stranded RNA, which uses the viral-encoded enzyme, reverse transcriptase, and the host 

cell’s machinery, to produce a double-stranded DNA copy of the viral RNA.60 The 
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double-stranded DNA copy of the viral genome is then inserted, or integrated, into the 

DNA of the host cell, where it is referred to as a provirus. Once integrated, the provirus 

may remain in an inactive, or latent, state for some time before production of new virus 

particles is initiated. 12, 233 

The morphology of the virion is typical of that of a lentivirus. A mature FIV 

particle is 100-125 nm in diameter and consists of an envelope, a nucleocapsid, and a 

nucleoid. It has a central, cone-shaped, electron-dense core and there are multiple short 

knobs or projections on the outer envelope.15, 19, 256 

Disease Pathogenesis 

FIV is transmitted via the transfer of bodily fluids, most often through deep, 

penetrating bite wounds, but may also be transmitted by blood transfusions, mucosal 

exposure, or through prenatal or postnatal vertical exposure.174, 177, 199 Once infection 

occurs, there is an early viremia, detectable via PCR by days 10-14 post-infection.58 The 

disease pattern which follows is commonly described as having three clinical stages and 

is modeled after a progression similar to that noted in HIV infection. Initially there is an 

acute phase, which lasts a few days to a few weeks, that may manifest clinically as a low-

grade fever, lethargy, and lymphadenopathy, accompanied by anemia or leukopenia. This 

phase is subtle and likely often goes unnoticed by the owner.36, 258 In this early stage of 

infection, the virus is carried to nearby lymph nodes, where it replicates in T 

lymphocytes.62 The virus then spreads to other lymph nodes throughout the body, 

resulting in a generalized, but usually temporary, enlargement, in conjunction with a high 

level of circulating virus within the bloodstream.18 Within the first few weeks of acute 

infection, the numbers of both CD4+ and CD8+ T lymphocytes decline.257 There is initial 
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lymphopenia, but this is followed by a robust immune response characterized by the 

production of antibodies directed against the virus, suppression of circulating viral load, 

and a rebound in CD8+ T lymphocytes.134 This results in a reduction in the CD4+:CD8+ T 

lymphocyte ratio. 

 The second stage is an asymptomatic phase that may last for several years 

(Figure 3). Cats in this stage are considered carriers and may be infective to other cats, 

but usually have a relatively constant, low, often undetectable, level of viremia.54, 147 

During this phase, the inversion of the CD4:CD8 T lymphocyte ratio persists, and CD8+ 

cell numbers may continue to increase slightly as CD4+ T cells numbers progressively 

decline.2, 115 However, over time, both CD4+ and CD8+ T-lymphocytes gradually begin to 

decline.134 

 The third stage occurs with the development of clinical signs due to the loss of 

CD4+ T helper cells, declined immune function, and resultant immunocompromise.14, 230 

At this time there is increased susceptibility to opportunistic invaders that usually do not 

cause disease in normal, immunocompetent animals, resulting in chronic, recurrent, 

debilitating infections, myelosuppression, and an increased incidence of neoplasia.153, 232 

Death due to secondary infections may occur (Figure 3). This is similar to AIDS in those 

individuals infected with HIV. The development of immunodeficiency is associated with 

a depletion of CD4+ lymphocytes within the blood and lymphoid tissues.153 Several 

theories have been proposed to identify the mechanism of lymphocyte destruction, 

including direct viral cytopathogenicity, immune hyperactivation and exhaustion through 

chronic stimulation, inhibition of thymic output, bone marrow suppression, destruction of 

normal lymph node architecture, immune suppression mediated by viral and regulatory 
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gene products, or inappropriate immune destruction of uninfected cells.224, 230 The exact 

cause is unknown, but it may be likely that a combination of methods act in concert to 

cause immune depletion and dysfunction. However, it is known that not only destruction 

of infected cells occurs, but also uninfected cell populations, as some studies have 

reported that while large numbers of peripheral blood mononuclear cells (PBMCs) 

underwent apoptosis, only a small fraction (<1%) of those were FIV-infected cells.131 

Cytokine Involvement 

Lentiviral infection induces alterations in cytokine production and responsiveness, 

and in turn, these cytokines can regulate viral replication and apoptosis of T 

lymphocytes.139, 156 Alterations may include systemic, organ, or tissue-specific changes,52, 

53 such as may occur in the placenta,41, 245 thymus,137, 181 lymph nodes,137 or brain.30, 192 

IL-2, which was originally named "T cell growth factor,” protects lymphocytes from 

apoptosis, as well as protein oxidation and degradation. Without IL-2, T cells usually 

become anergic, or unresponsive, and undergo apoptosis. Studies show that there are 

increased numbers of T cells arrested in the G0/G1 phase of cell cycle in HIV patients, 

which proceed to apoptosis without the addition of IL-2.33  

Early theories proposed that only activated, proliferating lymphocytes underwent 

FIV-infection driven apoptosis, such that a high percentage of apoptosis of lymphocytes 

in FIV-positive cats was chronologically related to entering the S-phase of the cell 

cycle.208 It was suggested that certain signals associated with cell cycle progression into 

the S phase occurred in tandem with signals that primed the cell for apoptosis, due to 

abnormal cytokine signaling, such as increased levels of TNF-α,152 or reduced 

responsiveness to IL-2.208 There is evidence that as IL-2 and IFN-γ levels decrease, 
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caused by a decrease in Th1 type cells, there are relative increases in IL-4 and IL-10 

levels, which are cytokines produced by Th2 cells. An imbalance of Th1 and Th2 

responsiveness may thus play a role in the increased susceptibility of infected individuals 

to intracellular microbial infections.1, 231 

Within the thymus, increased levels of IL-10, IL-12, and IFN- γ and decreased 

levels of IL-4 are noted with FIV-induced acute inflammatory lesions and lymphoid 

follicle formation.51, 137 In general, there is a greater increase of Type 2 cytokines than 

Type 1 cytokines in the acutely infected thymus.  

Fetal and Neonatal FIV Infection 

Understanding the transfer of FIV from mother to the fetus or neonate, as a small 

animal model for HIV infection, may lead to the development of therapeutic agents and 

research strategies aimed at the prevention and amelioration of lentiviral disease in 

neonates. To better combat vertical transmission, the mechanisms by which it occurs and 

its deleterious effects must be understood. Determination of the time of greatest risk will 

also direct the ease at which vertical transmission may be interrupted. Preventive 

therapies would be most difficult earliest in gestation and relatively more feasible 

intrapartum or postpartum.165  

Transmission of FIV, as in HIV, is known to occur during pregnancy,43, 59, 144, 175 

parturition,59, 128 or postnatally via colostrum or milk.3, 4, 175, 217 In utero transmission may 

occur through cell to cell transfer of virus through the placental tissues or via 

contamination of fetal blood and tissues by infected maternal mononuclear cells. Possible 

mechanisms responsible for vertical transmission during the peripartum period include 

transplacental mixing of maternal blood into the fetal circulation during active labor or 
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absorption of the virus through the infant's immature digestive tract.154 The likelihood of 

intrapartum transmission is supported by recovery of virus, both cell-associated and cell-

free, from vaginal washes of infected mothers, throughout pregnancy and in the 

immediate postpartum period.124, 175, 176 

Neonatal and pediatric infected patients often experience a shorter incubation time 

and more rapid disease progression and death than do infected adults.83, 176 Most HIV-

infected infants will have clinical symptoms of infection during the first year of life and 

up to 16% die before their fourth birthday because of rapid destruction of the immune 

system and development of opportunistic infections.249 Those infected in utero also have 

a two-fold risk of progression to AIDS or death by 12 months of age as compared with 

those infected during childbirth.49 FIV-infected kittens develop immune dysfunction and 

disease similar to that in adult cats, but those infected in utero or at birth tend to also 

exhibit rapid progression of disease and decreased viability postnatally.34, 174 The thymus 

rapidly involutes, CD4+CD8+ and CD4+CD8- cells are depleted,253 and there is decreased 

ability to replenish diminished and dysfunctional peripheral T cells. Advanced maternal 

disease during pregnancy is also associated with faster disease progression in offspring 

infected during pregnancy or immediately following.23  

It is possible that the HIV-induced changes in the fetal thymus contribute to 

immune rejection of the fetus, spontaneous abortion, or reproductive failure, through an 

imbalance of maternal and fetal Th1- and Th2-type cytokines.219 There are trends for 

increased expression of Th1 cytokines, which are usually suppressed during normal 

pregnancy, and decreased expression of Th2 cytokines in the placentas of infected versus 

noninfected cats.  Increased placental expression of IFN-γ and IL-1-β was significantly 
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associated with increased fetal resorption in infected animals.245 Increased production of 

Th1 cytokines and a decrease in IL-10, a Th2 cytokine, has also been linked to 

spontaneous abortion and underweight infants born to HIV-infected women.247 

Hormonally mediated effects on the thymus and B cells during pregnancy may also 

contribute the generation of local and systemic lymphocyte and cytokine profiles.247 In 

acutely FIV infected cats, elevations of IFN-γ, IL-12p40, IL-4, and IL-10, among others, 

have been measured in various tissues, including thymus, lymph nodes, and spleen.53 

Infection may additionally produce placentitis, thereby aiding in the transfer of virus 

from mother to fetus219 via altered local cytokine levels and disruption in membrane and 

vascular integrity.  

Effects on the Thymus 

Kittens inoculated in utero may have acute, but transient, thymic atrophy, which 

can partially regenerate.113 Thymus-to-body weight ratios may be initially decreased, 

with severe thymic cortical depletion, reduction of thymocyte numbers, and decreased 

corticomedullary distinction in those infected fetally, but this can rebound or begin to 

approach normal. In contrast, neonatally infected kittens have been noted to have 

progressive decline in thymus-to-body weight ratio, with moderate, gradual decline in 

cortical thymocyte density, loss of corticomedullary distinction, which may persist, as 

well as the formation of lymphoid follicles.113 This has also been noted in SIV-infected 

rhesus macaque models of HIV, in which infected animals initially had dramatically  

increased levels of thymocyte depletion and apoptosis, with a rebound in thymocyte 

progenitor numbers and increased levels of cell proliferation in the following weeks.255 

Viral loads may vary, as in situ hybridization and immunohistochemistry reveal an 
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increased propensity to support viral mRNA and protein expression in the fetal 

inoculates, while those infected neonatally did not always have detectable viral levels, 

supporting the theory that kittens infected in utero are more likely to harbor productive 

infection.113 Thymocytes as well as stromal cells and dendritic cells also appear capable 

of harboring productive infection.114, 255 Viral effects on the developing fetal thymus, 

which is particularly vulnerable to infection, may result in enhanced pathogenicity and 

progression of disease, acute and profound thymic atrophy, and increased levels of 

viremia. The specific changes noted within the fetal versus neonatal thymus and timing of 

viral infection may reflect variability of cell types and subpopulations actively or 

productively infected strain-dependent viral cell tropism, and the regenerative capability 

of fetal stem cells and stromal support cells. This window of potential opportunity that 

exists for thymic regeneration may be useful in the therapeutic intervention of perinatal 

FIV and HIV infection, particularly in conjunction with imaging studies, as presented 

here. 
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Figure 1. Histologic section (H&E stain) of the normal feline thymus, showing the 
relatively densely populated cortical region and the inner, relatively less densely 
populated medulla.  
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Figure 2. Influencesof stress and disease on the thymus. Modified from: Gruver AL and 
Sempowski GD, J Leukoc Biol, 2008. 
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Figure 3. Progression of FIV disease.  Modified from Fauci AS, Science, 1993. 
 

 

 

 

 

 

 

 

 

 

 

 

 



 41

II. MAGNETIC RESONANCE IMAGING OF RADIATION-INDUCED THYMIC 

ATROPHY AS A MODEL FOR PATHOLOGIC CHANGES IN ACUTE FELINE 

IMMUNODEFICIENCY VIRUS INFECTION 

(Submitted to Veterinary Radiology and Ultrasound) 

 

Abstract 

Feline immunodeficiency virus (FIV) infection is characterized by progressive T 

lymphocyte depletion and dysfunction in association with severe thymic atrophy. The 

development of a protocol to reproducibly induce thymic atrophy, as occurs in FIV 

infection, and to consistently estimate thymic volume, would provide a valuable tool in 

the search of innovative and novel therapeutic strategies. Magnetic resonance imaging 

(MRI) using the short tau inversion recovery (STIR) technique, with fat suppression 

properties, was determined to provide an optimized means of locating, defining, and 

quantitatively estimating thymus volume. Thymic atrophy was induced in four, 8 to10-

week-old kittens with a single, directed 500 cGy dose of 6 MV x-rays from a clinical 

linear accelerator, and sequential MR images of the cranial mediastinum were collected 

at 2, 7, 14, and 21 days post-irradiation (PI). Irradiation induced a severe reduction in 

thymic volume, which was decreased, on average, to 47% that of normal, by 7 days PI. 

Histopathology confirmed marked, diffuse thymic atrophy, characterized by reduced 

thymic volume, decreased overall cellularity, increased apoptosis, histiocytosis, and 
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reduced distinction of the cortico-medullary junction, comparable to that seen in acute 

FIV infection. Beginning on day 7 PI, thymic volumes rebounded slightly and continued 

to increase over the following 14 days, regaining 3-35% of original volume. These 

findings demonstrate the feasibility and advantages of using this non-invasive, in vivo 

imaging technique to measure and evaluate changes in thymic volume in physiologic and 

experimental situations. 

Introduction 

Feline immunodeficiency virus (FIV), of the family Retroviridae, is a naturally 

occurring lentivirus of cats. First isolated in California in 1987,187 infection causes 

severe, progressive depletion and dysfunction of T helper lymphocytes, accompanied by 

thymic atrophy, and eventually gives rise to a state of immunocompromise and acquired 

immunodeficiency,153 similar to that seen in human immunodeficiency virus (HIV) 

infection. FIV-induced thymic lesions include reduction in thymic volume and weight, 

decreased cellularity, increased apoptosis, and decreased distinction of the cortico-

medullary junction.48, 178 FIV infects approximately 1.5 to 3 % of domestic cats in the 

US8 and up to 25% of certain feral cat populations worldwide.167  

 The thymus is uniquely and highly susceptible to immunodeficiency virus 

infection, particularly in neonatal or juvenile patients, at a time when the organ is 

physiologically most active.95, 126, 253 It is thought that thymic atrophy and dysfunction are 

major contributors to pediatric or neonatal progression of disease, as those infected at an 

early age experience a shorter incubation time and rapid disease progression, as 

compared to those infected as adults.83, 176 Located in the anterior mediastinum and 

caudal cervical region, the thymus is the primary lymphoid organ responsible for the 
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production of a diverse repertoire of immunocompetent and self tolerant T 

lymphocytes.61, 111 In addition to a large circulating and continually migrating lymphoid 

cell population, this lobulated organ also consists of a significant epithelial and reticular 

stromal framework.10, 85 Not only does this framework provide support through physical 

and direct cellular interactions, but it produces cytokines and other soluble factors, such 

as thymic stromal lymphopoietin (TSLP),110, 120, 261 keratinocyte growth factor (KGF),64, 

70, 196 and IL-7,79, 198, 209 that support thymopoiesis and orderly maturation of functional T 

lymphocytes. Upkeep of the normal thymic microenvironment and stromal support 

network is crucial to maintaining adequate T lymphocyte production and functional 

output. Disturbances of this network, as occurs in various infectious diseases, including 

lentiviral infections, can have dire consequences. However, there is often a period of 

partial regeneration and functional capacity following supportive and anti-retroviral 

therapy, which may be augmented by innovative new treatment modalities, including 

stem cell therapy and gene therapy.6, 96, 190, 242 

In this study, we attempted to induce controlled thymic atrophy, mimicking 

changes as seen in acute FIV-infection, via external beam irradiation with x-rays, but in a 

highly consistent and reproducible manner. Thymic changes seen in natural or 

experimentally induced infections are subject to the variability of many intrinsic, host-

specific factors, and the complex interactions of the host immune system with viral 

factors, such as viral strain, level of viremia, influence of mutations, disease status, and 

timing of infection.35, 46, 47, 251 Minimizing these confounding factors allows for the 

greatest opportunity to study thymic atrophy and repair in a controlled manner and within 

a relatively finite time period. Ionizing radiation is known to produce organ- and tissue-
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atrophy through direct cellular necrosis and induction of apoptosis.117, 118, 228 Because of 

the high radiosensitivity of the thymus, rapid involution and regeneration of the thymus 

with sublethal γ -irradiation should occur.67, 243 Because a single, targeted dose is 

delivered, there is expected to be a period of healing and regeneration of the thymus, 

particularly in young animals with significant regenerative capacity.132, 142, 143 

Measurement of thymic changes were monitored and measured using a MRI protocol 

developed specifically as a part of this study, in order to target enhanced visualization of 

the thymus. To the authors’ knowledge, in vivo methods to quantify thymic volume with 

atrophic changes in the cat have not been published. 

Materials and Methods 

Pilot studies to determine optimum thymic imaging methods utilized a GE 9800 

computed tomography unit (GE Medical Systems, Milwaukee, WI) and a Picker Vista 

1.0 Tesla magnetic resonance unit (Picker, Cleveland, OH).  

All experimental protocols were approved by the Institutional Animal Care and 

Use Committee (IACUC) at Auburn University. Six, 8 to10-week old, clinically normal 

cats (8-035, 9-032, 10-784, and 10-787) were anesthetized by an intramuscular injection 

of ketamine (22mg/kg) and maintained with inhaled isoflurane (to effect) during all 

procedures. For magnetic resonance imaging, anesthetized cats were positioned in dorsal 

recumbency in a human extremity receiver coil, the front legs were extended, and images 

of the cranial mediastinum were made. Transverse plane images from the mid cervical 

area to the caudal aspect of the heart were obtained with a double spin echo sequence (TR 

2425, TE 20/80, 192x256 matrix, 2 signal averages, 3 mm thick slices with 0 gap) and 

short tau inversion recovery (STIR) sequence (TR 2815, TE 30, TI 135, 192x256 matrix, 
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2 signal averages, 3 mm thick slice with 0 gap). Thymic atrophy was then induced in four 

of the six subjects with a single, directed 500 cGy dose of 6 MV x-rays from a Siemens 

clinical linear accelerator (Siemens Medical Solutions, Malvern, PA), with the beam 

collimated to the anterior mediastinum. 

Magnetic resonance (MR) images were initially obtained immediately before 

irradiation, and at 2 (cats 8-035 and 9-032 only), 7, 14, and 21 days post-irradiation. Two 

clinically normal cats, H4-1 and H4-2, were used as age-matched controls, and were 

scanned at four, eight, and twelve weeks of age. All six cats in this study were male, with 

the exception of H4-1. Digital images of ten consecutive transverse magnetic resonance 

STIR slices were used to assess thymic size, beginning at the first image in which cranial 

lung tissue was visible and including the following 9 sections. ImageJ software, a public 

domain Java image processing program (National Institutes of Health, Besthesda, MD), 

was used to calculate area and pixel value statistics of an outline of the thymus in each 

successive slice. Cumulative pixilated areas were designated as the sum of the space 

occupied by the thymus in each of the ten serial images per subject.  

For histologic evaluation, a 2-4 mm diameter section of anterior thymus was 

surgically collected 3 weeks post-irradiation (10-784, 10-787, and 8-035 only) and fixed 

in 4% paraformaldehyde. Thymic tissues were collected from non-irradiated subjects, for 

use as normal control tissue. Histologic sections were routinely prepared from fixed, 

paraffin-embedded tissue, sectioned at 4 μm thick, and stained with hematoxylin and 

eosin (H&E). These were compared to histologic sections of archival thymic tissue from 

age-matched, FIV-infected cats. 
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Non-parametric statistical analysis, utilizing the Kruskal-Wallis one-way 

ANOVA method was performed on pixel data, comparing the progression of thymic size 

over a finite period of time, as well as paired comparisons with the Wilcoxon signed-rank 

test. 

Results 

Pilot studies indicated that MR imaging, with STIR fat suppression parameters, 

was superior to CT imaging (data not shown). MR images provided more detail and 

sharper distinction of the thymus from adjacent, non-thymic connective tissue, including 

adipose tissue. 

Analysis of MR images with the computer program ImageJ quantified the number 

of pixels in manually outlined thymus images (Figure 4A, inset). Thymic tissue was 

discernible within the mediastinum, of non-irradiated control subjects (Figure 4A-C) and 

irradiated subjects (Figure 5), particularly when contrasted with adjacent lung tissue. 

Cumulative pixel values were generated via assessment of multiple serial measurements, 

extending from the thoracic inlet to the base of the heart (Figure 5), in all subjects. 

MR imaging from the two normal, non-irradiated subjects showed progressive 

and uniform enlargement of the thymus from four to twelve weeks of age, with 

increasing cumulative serial user-defined pixel values (Figure 4A-C, Table 1). Thymic 

measurements of subject H4-1 and H4-2 revealed a 35.05% and 75.08% increase in total 

thymic area at ages eight and twelve weeks, respectively, from that of the original scan at 

four weeks old. Thymic measurements of subject H4-2 yielded similar results, with a 

27.15% and 33.95% increase in total thymic area at ages eight and twelve weeks, 
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respectively. There was a corresponding progressive increase in body weights for both 

animals during this time period.  

Cumulative serial pixel values from all irradiated subjects were calculated at 

multiple points in time (Table 2). Total calculated pixel values for all irradiated subjects 

show a marked initial decline in thymic size at 2 to 7 days PI (Figures 6,7). Thymic size 

was decreased, on average, for all subjects, to 47.13 % that of the original area, at day 7 

PI. This reduction in thymic area persisted through days 14 and 21 PI, however, the 

amount of the decrease, from that of the original area, was less severe by 21 days PI for 

all subjects, and less severe at day 14 PI for subjects 10-787 and 9-032. There was an 

overall, mild to moderate increase in thymic volume for all subjects from day 7 to day 21 

PI.  Thus, maximal size reduction was achieved by day 7 PI, but rebounded and 

continued to increase over the following 7 to 14 days, so that the subjects regained 3.23-

35.16% of original size by day 21 PI. 

Statistical analysis of the cumulative serial pixel values from irradiated subjects 

confirmed that the percentage of initial thymic volume was significantly different from 

subsequent post-irradiation measurements (p = 0.032). However, none of the paired 

comparisons were significantly different (p=0.068 to 0.72). 

Histologic changes within the thymus confirmed that calculated measurement of 

the thymic volume corresponded with morphological changes following radiation 

treatment, as compared to the non-irradiated control subjects (Figure 8A). Within the 

thymus of irradiated subjects, there was marked reduction of thymic size, characterized 

by diffuse atrophy, with loss of cortical and medullary lymphocytes. There was decreased 

overall cellularity, loss of corticomedullary distinction, markedly increased numbers of 
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apoptotic cells, histiocytosis, and mild, multifocal, mixed inflammation (Figure 8B). This 

was in contrast to the normal, non-irradiated thymus of a similarly aged subject, in which 

there was a clear distinction of cortical and medullary zones, with a relatively high 

density of cells within the cortex, no inflammation, and few, scattered apoptotic cells.  

Discussion 

During FIV infection, neonatal and pediatric patients often experience a shorter 

incubation time and more rapid disease progression and death than do infected adults,83, 

176 with clinical signs of infection apparent during the first year of life due to the rapid 

destruction of the immune system and development of opportunistic infections.249 FIV-

infected kittens develop immune dysfunction and disease similar to that in adult cats, but 

those infected in utero or soon after birth have decreased viability in the postnatal and 

juvenile period.34, 175 The thymus rapidly involutes, CD4+CD8+ and CD4+CD8- cells are 

depleted,253 and there is decreased ability to replenish diminished and dysfunctional 

peripheral T cells. These findings reiterate the critical importance of thymic function in 

the young animal, particularly in the face of disease and immune compromise. 

Kittens inoculated in utero have been reported to have acute, but transient, thymic 

atrophy, which partially regenerated.113 This was characterized by initially lowered 

thymus: body weight ratio, severe thymic cortical depletion, reduction of thymocyte 

numbers, and decreased corticomedullary distinction, but this later began to rebound or 

approach normal. This also has been noted in SIV-infected rhesus macaque models of 

HIV, in which infected animals initially had dramatically increased levels of thymocyte 

depletion and apoptosis, with a rebound in thymocyte progenitor numbers and increased 

levels of cell proliferation that occurred in the following weeks.255 This reiterates the 
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potential for thymic rebound or regeneration, which could be augmented by treatment or 

therapeutic strategies. 

In an effort to further characterize thymic morphologic and functional changes in 

health and disease, imaging data has proven to be a useful adjunct to research in multiple 

species.29, 149 Insights gained from various imaging studies and the potential for 

regeneration of the thymus, may lead to new therapeutic protocols, and perhaps 

restoration of thymic function. This study was undertaken as a first step in a developing a 

systematic and non-invasive method by which to quantify changes in the volume of the 

feline thymus. 

Reduction in thymic size was induced in all subjects receiving targeted 

mediastinal irradiation. Evaluation of successive MR images showed obvious visible 

changes in thymic size (Figure 6), which was corroborated by mathematical and 

statistical analysis (Table 2). Maximal atrophy was noted at 7 to14 days PI, although 

there was significant decrease in measured thymic area as rapidly as 2 days PI (Figure 7). 

By day 21 PI, there was a mild to moderate rebound in thymic size in all irradiated 

subjects. Given sufficient time, it is expected that the thymus would likely have returned 

to or approached normal or pre-irradiated size. No signs of immune dysfunction were 

noted in any of the subjects, and all were clinically normal for the duration of the study. 

The size of the thymus in normal, non-irradiated control subjects increased 

steadily over time for the duration of the study (Figure 4, Table 1). Due to the young age 

of these animals, this likely represents physiologic expansion of the thymus prior to 

involution at puberty.  
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Histologic changes noted in the irradiated thymus were consistent with radiation-

induced lymphocytolysis and overall loss of cellularity.117, 118 There was marked decrease 

in thymic size and alteration of the normal thymic pattern of organization, with reduced 

numbers of cortical lymphocytes, numerous apoptotic cells, increased numbers of 

histiocytes, and mild inflammation (Figure 8).  Although cell death and tissue destruction 

is achieved through different mechanisms in acutely FIV-infected cats, similar histologic 

changes can be noted. Fetal or neonatal kittens inoculated with FIV exhibited reduced 

thymocyte density, reduced corticomedullary distinction, architecture deformation and 

lymphoid follicle formation.113, 169, 182  

  Pilot studies conducted as a preliminary portion of this effort revealed an 

advantage of MRI as compared to CT images (data not shown) in the examined subjects, 

with enhanced visualization of the thymus. In particular, the fat suppression properties of 

STIR sequences were useful, even in the young subjects utilized in the study. As aging 

occurs, the thymus involutes as a normal physiologic process, in which the thymus is 

gradually replaced by and surrounded by increased amounts of adipose tissue.84, 166 As 

the thymic volume decreases, the relative amount of adipose tissue increases. 

Interestingly, this change has been demonstrated as the result of chronic, age-related 

changes, as well as the result of more acute, infection-related or age-independent 

factors.146 Therefore, even in these very young subjects with an active thymus, 

visualization and distinction of thymic tissue from adjacent adipose or connective tissues 

is essential and requires optimal image detail. MR imaging is a sensitive method for 

identifying closely associated fat and water in microscopic mixtures.227 Additionally, 
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MRI provides superior detail of thymic margins,223 which is particularly useful for 

measurement studies as conducted here.  

Another advantage of utilizing MR imaging, is that it provides a non-invasive, 

non-terminal, in vivo means of evaluating the thymus in its normal anatomic location. It 

also allows for a longitudinal study, such as performed here, with evaluation of the same 

individual subject over a specified period of time. Such studies would control for the 

normal physiologic variability between individuals or groups due to breed, sex, 

nutritional status, or husbandry. This also minimizes confounding factors which may be 

introduced as the result of terminal, peri-mortem or postmortem changes and the effects 

of fixation and processing. 

The results of this study could be augmented by larger sample sizes. Increased 

numbers of non-irradiated and irradiated subjects would provide more detailed and 

defined ranges of normal thymic volumes and insight as to the variation in image quality 

and definition due to the effects of age and/or irradiation. Due to physiologic changes and 

the dynamic nature of the thymus, studies over an extended period of time would also be 

beneficial. This could be coupled with ancillary information, such as peripheral blood and 

thymic lymphocyte subset counts and other indicators of thymic function.  

In summary, MR imaging of the thymus utilizing short tau inversion recovery 

provided a useful estimate of thymic volume in vivo. Thymic atrophy was readily induced 

by external beam irradiation, which caused significant reduction in thymic size over 2-14 

days following irradiation, but with subsequent histologic rebound and partial restoration 

of thymic size, evident by 21 days after irradiation. This experimental protocol will 
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facilitate longitudinal studies of thymus function and pathology in the cat, including 

comparative studies of immunosuppressive lentivirus infections. 
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Figure 4. MR images of a single non-irradiated subject, with inset of outlined thymus, at 
4 weeks (A), 8 weeks (B), and 12 weeks (C), of age. Outlined regions were used to 
generate cumulative pixel values for subjects, as an in vivo measurement of thymic size. 
All images are from approximately the same level of the cranial thorax. 
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Figure 5. Successive images of the normal thymus, at 12 to 18 mm intervals, extending 
from the thoracic inlet (A), through the cranial mediastinum (B, C), to the heart base (D), 
in an eight-week-old subject prior to irradiation. 
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Figure 6. MR images of an irradiated subject, immediately prior to irradiation (A), and at 
7 days (B), 14 days (C), and 21 days (D) post-irradiation (PI). All images are from 
approximately the same level of the cranial thorax. Note the progressive decrease in 
thymic size over the two weeks following radiation, followed by a mild increase in size, 
interpreted as thymic rebound or regeneration, at three weeks PI. 
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Figure 7. Change in measured thymic area over time, post-irradiation. Values are 
represented as the percentage of the original, pre-irradiation thymic size. Note the 
progressive decline in thymic size, beginning as early as 2 days PI, but with variable 
rebound or return of measured thymic area at 14 to 21 days PI. 
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Figure 8. H&E stained thymic sections from age-matched normal (A) and irradiated (B) 
subjects. Note the marked reduction in thymic size, overall hypocellularity, and loss of 
corticomedullary distinction in the irradiated subject. 
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