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Abstract 
Thymus atrophy is highly inducible by stress and prolonged thymus atrophy can 

contribute to T cell deficiency or inhibit immune recovery after acute peripheral T cell 

depletion. Little is known regarding the mechanisms driving thymic involution or 

thymic reconstitution after acute stress.  Leptin deficiency in mice results in chronic 

thymic atrophy, suppressed cell-mediated immunity, and decreased numbers of total 

lymphocytes, suggesting a role for leptin in regulating thymopoiesis and overall 

immune homeostasis.  Exogenous leptin administration during stress has been shown to 

protect against thymic damage, yet the mechanisms governing these thymostimulatory 

effects are currently undefined. Studies herein define the impact of endotoxin-induced 

thymic damage in the stromal and lymphoid compartment of the thymus and systemic 

glucocorticoid and cytokine responses in the animal. We report here the novel finding 

that leptin receptor expression is restricted to medullary thymic epithelial cells in the 

normal thymus.  Using a model of endotoxin-induced acute thymic involution and 

recovery, we have demonstrated a role for the metabolic hormone leptin in protection of 

medullary thymic epithelial cells from acute endotoxin-induced damage.  We also 

demonstrated that systemic leptin treatment decreased endotoxin-induced apoptosis of 

double positive thymocytes and promoted proliferation of double negative thymocytes 

in vivo through a leptin receptor isoform b-specific mechanism.  Leptin treatment 
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increased thymic expression of IL-7, an important soluble thymocyte growth factor 

produced by medullary thymic epithelial cells.  We also found leptin to inhibit systemic 

glucocorticoid and pro-inflammatory cytokine responses. Using leptin-deficient and 

leptin receptor-deficient mice in our stress model, we found that endotoxin-induced 

thymic atrophy was exacerbated in the absence of leptin, despite an inability to mount a 

proper pro-inflammatory cytokine response. Together, these data support a model in 

which leptin can function to protect the thymus gland from stress-induced acute 

damage in part by reduction of systemic corticosteroid and pro-inflammatory cytokine 

responses, and intrathymically through a mechanism orchestrated by medullary thymic 

epithelial cells and their soluble mediators (e.g. IL-7). Taken together, these studies 

suggest a physiological role for leptin signaling in the thymus for maintaining healthy 

thymic epithelium and promoting thymopoiesis, which is revealed when thymus 

homeostasis is perturbed by stress. 
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1.1 Thymus Organogenesis and Thymopoiesis 

The thymus is a specialized central lymphoid organ responsible for the 

generation and education of T lymphocytes. The thymus is a capsulated, bi-lobed organ 

located in the thorax in both human and mouse. Thymus organogenesis is completed 

prenatally, and the thymus is most robust in newborns. The postnatal thymus consists of 

three main compartments; the subcapsular region, the cortex, and the medulla (Fig. 1).  

 

Figure 1: Mouse thymus morphology. Hematoxylin and Eosin (H&E) staining of 
thymus tissue from a young mouse  (A).  Depiction of murine thymus cellular 
subsets (B). 
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These regions make up the true thymic epithelial space (TES), consisting of developing 

thymocytes and supporting stromal and thymic epithelial cell networks (1, 2). 

Adipocytes, peripheral lymphocytes, and fibroblasts are located in the surrounding 

perivascular space (PVS) (1, 2). Histology of the thymus is marked by an outer capsule, a 

densely populated cortex filled with less mature thymocytes, and an inner medullary 

region where thymocytes will complete their self/non-self education and selection before 

being exported to the periphery.  This process of T cell development, known as 

thymopoiesis, ensures the establishment of central T cell tolerance in the host (3-5).  

Until recently, morphological studies from the early 1900’s (6) as well as the 

work of Cordier and colleagues in nude mice (7, 8) suggested that cortical and 

medullary regions originated embryologically from both ectoderm (cortex) and 

endoderm (subcapsular/medulla) in a “duel origin” model of thymus organogenesis (9). 

New studies however provide direct evidence for a single endodermal origin for the 

thymus. Blackburn and colleagues determined that the ectoderm did not play a role in 

thymus organogenesis by using pharyngeal ectoderm labeled with a cell-tracker dye 

(10). These studies also demonstrated that endoderm tissue grafted subcapsularly to the 

kidney was able to generate normal thymus tissue, providing strong evidence for a sole 

endodermal origin of the thymus.  

Both cortical and medullary regions of the thymus consist of a network of thymic 

stromal cells as well as developing thymocytes (See Fig. 1). Thymus stroma is a 
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heterogeneous population of vasculature (endothelial cells and supportive cells), 

fibroblasts, dendritic cells, macrophages, and thymus epithelial cells (TEC) (9). TECs 

exhibit different phenotypes and functions according to their location within the thymic 

cortex or medulla. Thymocyte interaction with TECs ensures proper positive and 

negative selection. Cortical TECs (cTECs) are responsible for positive selection and can 

be identified by their unique cytokeratin profile. The majority of cTECs express low 

molecular weight cytokeratins 8 (K8) and 18 (K18) while lacking cytokeratin 5 (K5) and 

cytokeratin 14 (K14) (11). A minor subset of cTEC at the cortico-medullary junction are 

K8+K18+K5+K14+ (11). Medullary TECs (mTECs) are responsible for negative selection, 

and can also be identified by a unique cytokeratin pattern. The majority of mTEC are 

K8-K18-K5+K14+ (12). A minor subset that is K8+K18+K5-K14- can specifically be 

identified in the medulla by their expression of the lectin Ulex europaeus agglutinin-1 

(UEA1) (12). Interestingly, mTEC and epithelial cells located in the subcapsular region 

share some distinct expression patterns as well. Extensive work done by Haynes and 

colleagues has identified  monoclonal antibodies to several neuronal gangliosides and 

cytokeratin 1 (K1) that stain epithelial cells in both the subcapsular region and in the 

medullary region (13-17).  

Murine T cell development begins with the migration of bone marrow-derived 

early thymic progenitor (ETP) cells (Lin-CD44+c-kithiIL-7Rneg/lo) to the thymus (18) (See 

Fig. 1). As these progenitors mature into thymocytes, they provide necessary cross-talk 
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for the further development and maintenance of thymus stroma. Thymocyte interaction 

with thymic epithelial cells during fetal development establishes a robust and organized 

environment in which distinct cortical and medullary thymic compartments are formed, 

which provide the architectural framework necessary for thymopoiesis and subsequent 

export of naïve T cells to the peripheral circulation (19).  

Murine thymocyte developmental stages can readily be defined by the 

expression of the cell surface receptors CD4 and CD8 (See Fig. 1). Maturing thymocytes 

(CD3+) begin as double-negative (DN) CD4-/CD8- populations. The progress through 

this DN stage can further be defined by CD44 and CD25 expression. Thymocytes 

progress from DN I (CD44+CD25-) to DN II (CD44+CD25+) to DN III (CD44-CD25+), 

where α/β-fated thymocytes will complete their TCRβ gene rearrangement. Thymocytes 

will then progress to DN IV (CD44-CD25-) before up-regulating both CD4 and CD8 to 

become double-positive (DP) thymocytes. Over 90% of developing thymocytes will be of 

the DP phenotype. During the DP stage, thymocytes will rearrange their TCRα genes. 

DP thymocytes must be able to generate a functional TCR capable of binding to major 

histocompatibility complex (MHC) molecules to pass positive selection. DP thymocytes 

undergo a rigorous selection process and eventually become CD4 single positive (SP) or 

CD8 SP thymocytes, that exhibit either major histocompatibility complex (MHC) Class II 

or MHC Class I restriction, respectively (20). Self-reactive cells failing negative selection 

are removed via apoptotic pathways, and mature non-self reactive SP thymocytes are 
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exported to the periphery as antigen-specific naïve helper T cells (CD4) or cytotoxic T 

cells (CD8). These newly exported T cells are referred to as recent thymic emigrants 

(RTEs) (20).  

Recently, immunofluorescence work done by Petrie and colleagues have 

elucidated the cellular migration of a developing thymocyte within the thymus (21-23) 

(See Fig. 1).  Petrie and Zuniga-Pflucker have recently proposed a migration model 

involving an ordered migration through specific zones of the thymus (24). Stromal 

signals in zone 1, the perimedullary cortex, or cortico-medullary junction (CMJ), recruit 

bone marrow-derived precursors and promote the proliferation of DN I thymocytes (24). 

After an average of ten days, thymocytes migrate into zone 2, the inner cortex, and begin 

lineage divergence at the DN II stage (24). After an average of two days, the now 

developing DN III thymocyte migrates to zone 3, the outer cortex, and rearranges TCRβ 

genes (24). After two days, migration to the fourth zone, the subcapsular zone, occurs 

and thymocytes progress through the DN IV stage and begin to develop as DP 

thymocytes (24). After less than a day, DP thymocytes begin moving back through the 

cortex, designated zone 5, and begin positive selection and CD4/CD8 lineage divergence, 

a process that lasts roughly two days (24). As thymocytes move into zone 6, the outer 

medulla, negative selection begins. After residing in the outer medulla for 5-7 days, 

thymocytes migrate to zone 7, the central medulla, and complete negative selection 

before being exported to the periphery (24).  
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1.2 Regulation of Thymopoiesis 

Proper thymic function can be contributed to a variety of different protein-

protein interactions (Fig. 2).  Homing factors, such as P-selectin and integrin α4 have 

been implicated to be important for the recruitment of thymic progenitor cells from the 

bone marrow to the thymus (24). Other adhesion molecules, like VCAM-1 expression on 

TEC’s mediate early thymocyte migration through α4β1 integrin expression on DN 

thymocytes (25). Several developmental pathways are important for proper thymus 

development and thymopoiesis, including Wnt and hedgehog signaling (26, 27). Sonic 

hedgehog (SHH) is produced by thymus stromal cells scattered in the subcapsular 

region, medulla, and at the CMJ (28).  



 

 8

 

Figure 2: Factors involved in thymic epithelial cell-thymocyte crosstalk. 

 

1.2.1 Notch Signaling 

Notch signaling has been shown to be essential for T cell lineage commitment 

and it functions to suppress genes controlling other non-T-lineage fates (29). Recent 

microarray data from DN thymocyte subsets further supports the idea that T cell 

commitment is mainly regulated by a massive down-regulation of genes necessary for 

other lineage commitments (30). In the adult thymus, the notch ligands Delta-like 1 (Dl1) 

and Delta-like 4 (Dl4) are expressed on cTECs (31, 32) (See Fig. 2). Notch 1 expression is 
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highly expressed on DN thymocytes, down-regulated as thymocyte proceed to the DP 

stage, and intermediately expressed on SP thymocytes (32). It has recently been shown 

that constitutive Notch 1 signaling can bypass the pre-TCR checkpoint and push 

developing thymocytes into the DP developmental stage (33). Notch signaling can also 

promote sustained glucose metabolism and Glut1 expression on DN3 thymocytes 

through an Akt-dependent mechanism (34).  

 

1.2.2 Interleukin 7 

In addition to developmental signals, a variety of growth factors and cytokines 

are essential for thymopoiesis (See Fig. 2). The most well-known factor is interleukin-7 

(IL-7). IL-7 is an essential growth factor for thymocyte development. IL-7-/- mice have 

severely atrophied thymus glands with a 20-fold reduction in thymocyte number (35). In 

the DN compartment, IL-7 promotes the survival of thymocytes by maintaining the anti-

apoptotic protein Bcl-2 (36, 37) and also inducing V-DJ recombination (38). IL-7 receptor 

(IL-7R) is expressed on DN thymocytes, especially at DN II and DN III stages, with low 

or negative expression at DN I and DN IV stages (39). Although IL-7R expression is low 

on DN IV thymocytes, IL-7 is necessary for efficient progression  to the DP stage, and 

therefore it has been suggested that IL-7 perhaps mediates a reduction in threshold 

levels via pre-TCR signaling (40).  Murine DP thymocytes do not express IL-7R, but CD4 

SP and CD8 SP thymocytes do express IL-7R (39). IL-7 signaling in SP thymocytes can 
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up-regulate IL-7R and promote the Bcl-2-dependent survival and proliferation (41, 42). 

While low levels of IL-7 drive the DN III to DN IV transition, over-expression of IL-7 can 

inhibit the progression to DP thymocytes (43).  

IL-7 also plays an important role in CD4/CD8 lineage divergence. It has been 

shown that all CD4+CD8+ DP thymocytes lose CD8 expression, at least transiently (44, 

45).  IL-7 signaling can re-induce CD8 expression in thymocytes that have down-

regulated their CD8 expression in a “corecepter reversal” mechanism (46). Weak TCR 

signals allow for an increase in IL-7 signaling, resulting in up-regulated expression of 

CD8, while a strong TCR signal interferes with IL-7 signaling and results in decreased 

expression of CD8 in a mechanism termed “corecepter tuning” (47).  

The current paradigm of thymus homeostasis regulated by IL-7 involves the 

constitutive production of IL-7, which only supports a finite number of thymocytes (39, 

48) (See Fig. 1). In the postnatal thymus, TEC’s producing IL-7 is restricted to the 

medulla and CMJ (49), where they are associated with the large blood vessels through 

which thymic progenitor cells enter the thymus (50). In the event of thymocyte 

depletion, more IL-7 is available on a per cell basis, and this relative increase can induce 

proliferation and differentiation until homeostasis is returned (39, 48). In support of this 

paradigm, we have recently reported that administration of human IL-7  to young mice 

(6-8 week old) only minimally increased thymopoiesis and peripheral T cell expansion 

(51).   
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1.2.3 Chemokines and Chemokine Receptors 

Many chemokines are important to thymus development (See Fig. 2). Chemokine 

signaling influences entry into the thymus, directs thymocyte movement within the 

cortex and medulla, and finally directs the final maturation and exodus to the periphery 

(52). The chemokine (C-X-C motif) ligand 12 (CXCL12), also known as stromal cell-

derived factor 1 (SDF-1), signals through CXC receptor 4 (CXCR4) and is essential for the 

correct homing of early progenitors to the thymic cortex (22). CXCL12 is produced by 

cortical stromal cells, and acts upon CXCR4+ DN thymocytes (22). While some reports 

do not show major defects in thymopoiesis in the absence of CXCR4 or CXCL12 (52),  

one study showed that targeted deletion of CXCR4 in thymocytes from mice using (lck)-

Cre-transgenic mice crossed with CXCR4loxP mice resulted in reduced thymocyte 

numbers (22). 

Chemokine (C-C motif) receptor 7 (CCR7) is an essential chemokine receptor for 

proper thymopoiesis. Both chemokine (C-C motif) ligand 19 (CCL19) and chemokine (C-

C motif) ligand 21 (CCL21) signal through CCR7, which is expressed on thymocytes 

transitioning from DN I to DN II, CD4 SP thymocytes, and a subset of CD8 SP 

thymocytes (53). Without CCR7 signaling, such as in CCR7-/-   mice, DN thymocytes fail 

to develop properly, resulting in decreased total thymocyte numbers (53). Absent CCR7 

signaling also results in altered thymus architecture, with smaller, more numerous areas 

of medulla (53). 
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Chemokine (C-C motif) ligand 25 (CCL25) is produced constitutively in the 

thymus by both medullary and cortical TECs (54). CCL25 signals through chemokine (C-

C motif) receptor 9 (CCR9) and is expressed on DN II, DN III, and DN IV as well as all 

DP, CD8 SP, and a subset of CD4 SP thymocytes (53). CCL25 signaling through CCR9 is 

thought to be important for DN II to DN III transition (24). While CCR9-/-  mice exhibit 

normal thymic cellularity and frequency distribution, absence of CCR9 signaling has 

been shown to be important by utilizing bone marrow transplant models (54). CCR9-/- 

bone marrow-derived cells have a severe competitive disadvantage, indicating an 

important role for CCR9 in seeding early thymic progenitors, facilitating DN to DP 

transition, and generation of CD4 SP thymocyte populations (54). 

 

1.2.4 Glucocorticoids 

Glucocorticoids are small lipophilic hormones derived from cholesterol that 

diffuse across cell membranes to bind intracellular glucocorticoid receptor (GR), 

inducing its translocation to the nucleus and modifying gene transcription. The main 

circulating gluocorticoid is cortisol in humans and corticosterone in mouse. Generally, 

the enzymatic machinery used in the production of corticosteroids (CS) is restricted to 

the adrenal gland, which manufactures the majority of circulating corticosterone and is 

under the control of the Hypothalamus-Pituitary-Adrenal-Axis (HPA-Axis).  Stress 

signals to the hypothalamus in the brain release corticotrophin-releasing hormone 



 

 13

(CRH) which regulates the pituitary to release adrenocorticotrophic hormone (ACTH). 

ACTH acts upon the adrenal glands to release corticosteroids.    

In addition to the adrenal glands, corticosteroids are also produced locally in the 

thymus by TECs (55-57). In the mouse, corticosteroid production by TECs is most active 

in the fetus and within the first few weeks of life, and decreases with age (55). 

Interestingly, recent studies have shown that thymocytes themselves are capable of 

producing corticosteroids at low levels in four week old mice, and at higher levels after 

14 weeks of age (58). RNA expression of rate-limiting enzymes important for 

steroidogenesis was decreased with age in thymic stromal cells while increasing with 

age in thymocytes. Evidence for RNA expression of enzymes important for 

steroidogenesis in thymocytes was supported by increased biologically active 

corticosteroid production in cultured thymocytes (58). Further studies have been done to 

elucidate the biological significance of thymocyte-derived corticosterone, and it has been 

suggested that thymocyte-derived corticosterone is important for thymocyte 

homeostasis (59).  

Glucocorticoids are important to thymocyte development (See Fig. 2). Small 

amounts of corticosteroids produced locally in the thymus function antagonistically to 

increase the TCR signaling thresholds to promote positive selection of thymocytes with 

intermediate avidity TCRs to self-antigen/MHC (60). Corticosteroids are thought to 

function in a “mutual antagonistic” model to modulate TCR diversity, where CS 
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regulate the perceived intensity of TCR signaling, with higher CS levels rescuing cells 

otherwise doomed to be deleted by neglect, and lower CS levels depleting cells normally 

fated for survival through positive selection (61). Large doses of corticosteroids 

however, can have a negative impact on thymocyte survival. Corticosteroids directly 

induce thymocyte apoptosis (62). Dexamethasone, a potent synthetic corticosteroid, has 

been shown to induce sphingomyelin hydrolysis, increase ceramide production (63), 

increase IκBα and IκBβ, down-regulate NF-κB DNA activity, and decrease c-Myc in 

thymocytes (64). Several studies indicate active caspase 3 is induced by dexamethasone 

and is an integral part of corticosteroid- induced apoptosis (63, 65, 66).  

Several factors can modulate corticosteroid-induced apoptosis. The cytokines IL-

2 and IL-4 have been reported to inhibit the corticosteroid induction of NF-κB inhibitor 

Iκ-Bα (67), while other cytokines such as interferon alpha, IL-4, IL-6, and IL-9, have been 

reported to protect against corticosteroid-induced apoptosis (63). Akt1 has been 

implicated in protection against dexamethasone-induced apoptosis, as Akt1-/- mice have 

increased spontaneous and dexamethasone-induced thymocyte apoptosis (68).  

 

1.3 Monitoring Thymopoiesis 

In humans, monitoring of thymus function is typically limited to non-invasive 

technology, including imaging of thymus size with chest computed tomography (69) or 

glucose-analog uptake with positron emission tomography (PET) (reviewed in Hudson 
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et al.) (70). Peripheral monitoring of thymus output in humans is restricted to surrogate 

marker analysis of naïve T cell populations in the blood. Naïve T cells can be identified 

by flow-cytometry based immunophenotyping of CD45RA, the high molecular weight 

isoform of the tyrosine phosphatase CD45, and co-expression of CD62L (L-selectin) (71). 

However, the identification of naïve T cells with this method can be complicated by 

memory T cells (typically CD45RO positive) that revert to expressing CD45RA, or 

shedding of CD62L by naïve cells after sample cyropreservation (72).  

Given these complications, Douek et al. developed a molecular assay that 

specifically identifies RTEs by targeting a DNA by-product of thymopoiesis (73). The 

majority of developing thymocytes rearrange their TCR alpha genes, which creates an 

episomal circle of the excised intervening TCR delta locus. The TCR delta DNA forms 

what is called a signal joint TCR excision circle, or sjTREC (74). Douek et al. adapted a 

specialized real-time PCR reaction to quantify this non-replicating circle of DNA in 

naïve T cells (74). Thus, the frequency of molecular sjTREC in a given population of 

peripheral blood leukocytes is proportional to the degree of thymic output of naïve T 

cells.  

The continuous output of naïve T cells from the thymus maintains the diversity 

of the peripheral T cell repertoire and allows for the increased ability of the host to 

respond to neo-antigens. Unfortunately, the thymus is sensitive to acute stress-induced 

atrophy and is often referred to as a “barometer of stress” for the body.  Acute thymic 
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atrophy can therefore contribute to the development of a less diverse, oligoclonal 

peripheral T cell repertoire and constricted host immunity.  There are many factors 

known to contribute to stress-induced thymic atrophy, including environmental 

stressors, infections, as well as thymosuppressive cytokines that negatively regulate 

thymopoiesis and thymostimulatory agents that enhance thymopoiesis (Fig 3). Studies 

done in small animal models have begun to shed light on the mechanisms involved 

during acute stress events and subsequent recovery in the thymus. 

 

Figure 3: Mechanisms of stress-induced thymic atrophy. 

 

1.4 Stress-Induced Thymic Involution 

Stress from infection, the environment, clinical cancer treatments, or preparative 

regimens for bone marrow transplant all acutely involute the thymus (See Fig. 3). Stress-
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induced thymic involution is characterized by reduction in thymus size caused by acute 

loss of DP cortical thymocytes, and reduced output of naïve T cells to the periphery (75). 

Stress-induced thymic involution differs from chronic involution. Chronic age-induced 

involution is characterized by a gradual expansion of  PVS and reduction of TES capable 

of supporting thymopoiesis, whereas acute thymic involution (i.e. stress) is often 

followed by a spontaneous recovery period after the stressor is removed (1). 

Mechanisms that drive acute thymic involution are poorly understood. Moreover, there 

are no treatments available to either protect against acute thymic atrophy or accelerate 

recovery, thereby leaving the immune system compromised during acute stress events. 

Acute thymic atrophy is a common problem associated with viral, bacterial, and 

fungal infections (76).  Of current concern in today’s society are viral infections, such as 

HIV/AIDS, in which robust thymus function would be greatly beneficial. Unfortunately, 

HIV-1 infection severely compromises thymus function by the substantial loss of both 

developing thymocytes and thymic stromal cells needed to support thymopoiesis (77). 

Complications from bacterial infections, often acquired after surgery, result in acute 

sepsis, which according to the US Center for Disease Control and Prevention is the 10th 

leading cause of death in the United States (78). Sepsis causes massive lymphocyte 

apoptosis that impairs host T and B cell responses (79, 80), and causes severe thymic 

atrophy (75). Critical players in sepsis are glucocorticoids (corticosterone in rodents, 
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cortisol in humans) induced by activation of the hypothalamus-pituitary-adrenal (HPA) 

axis and acute pro-inflammatory cytokine cascades (81). 

Acute stress-induced thymic atrophy is a complication from many 

environmental stressors as well. Malnutrition, starvation, and alcoholism all have a 

negative impact on human thymopoiesis (82-84). Morphological studies done on 

autopsied patients suffering from alcoholism showed decreased size and cellularity of 

thymus compared to tissue from age-matched non-alcoholics (84). Environmental 

stressors such as prolonged physical or emotional stress can activate the HPA axis to 

induce production of the stress hormone cortisol, causing abrupt thymus involution and 

result in a drop in thymopoiesis (85). 

Additionally, many clinical situations arise in which stress-induced thymic 

atrophy is a complication of necessary treatment. Chemotherapy for cancer treatments, 

cyclosporine treatment for autoimmune conditions, as well as irradiation therapy and 

preparative regimens for bone marrow transplant all decrease thymus function and 

contribute to delayed immune reconstitution (86-88). Studies done with adult patients 

after cancer treatments or bone marrow transplant have shown minimal thymus 

function contributing to the peripheral T cell compartment, with reconstitution resulting 

mainly from expansion of mature peripheral T cells (e.g. memory T cells) (86-88). 

Evidence for thymic contribution in young patients after cancer treatment is slightly 

more promising, as documented by pediatric cases showing increased thymus size, 
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increased CD45RA+ naïve T cells, and extensive peripheral T cell reconstitution after 

intensive chemotherapy (86). Yet even in these promising cases, there remains a 

significant delay in thymic function that leaves the patient vulnerable to opportunistic 

infections, underscoring the need to identify the mechanisms of stress-induced acute 

thymic atrophy and to develop therapeutics to block atrophy and/or enhance recovery. 

 

1.4.1 Murine Models of Acute Thymic Involution 

Because study of thymus function in humans is restricted to non-invasive 

approaches which offer limited analysis of complex intrathymic processes, murine 

models have proven particularly useful in the analysis of stress-induced thymic atrophy. 

Direct quantification of thymus function in mice can be performed upon necropsy.  Total 

thymus cellularity, phenotypic analysis of developing thymocytes 

(CD3/CD4/CD8/CD44/CD25), and histological analysis of the thymus can be used to 

gain intricate knowledge of thymopoiesis. Moreover, Sempowski and colleagues have 

adapted the molecular sjTREC real-time PCR assay for the mouse TCR sequences, 

allowing for quantification of murine TRECs (mTREC) in splenocytes, thymocytes, and 

whole thymus (89). Using this assay of thymopoiesis, coupled with peripheral mouse 

markers of naïve T cells (CD45RB+, CD62L+, CD44-), investigators can now 

comprehensively monitor thymic function in models of stress-induced involution.  
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Several small animal models exist utilizing various stressors capable of inducing 

acute thymic involution. For example, stress from starvation (90) and physical restraint 

(91) increase glucocorticoid (corticosterone) levels, which mediate thymocyte apoptosis.  

Similarly, injection of synthetic corticosteroids, such as dexamethasone, can also cause 

acute thymus involution and have been used as a model system (62). Other murine 

stress-induced thymic atrophy models incorporate sex steroids such as progesterone and 

estrogen (92) and testosterone (93). Viral infection models, such as rabies, measles, and 

hepatitis, also induce thymic atrophy (76), reminiscent of HIV-1 infection in humans 

(94).  

As a model for bacterial sepsis, either cecal ligation and puncture (CLP) or 

purified lipopolysaccharide (LPS) injection can be used. CLP involves perforation of the 

intestines, a minor surgery performed under anesthesia, which releases intestinal 

bacteria to induce sepsis and subsequent acute thymic atrophy (95). A non-infectious 

and reproducible model routinely used to study acute thymus involution is endotoxin or 

LPS-induced acute thymic atrophy model. LPS is the endotoxin produced by gram 

negative bacteria, such as Escherichia coli (E. coli). Purified LPS can be injected 

intraperitoneally (96) to induce sepsis and subsequent acute thymic atrophy without 

complications from surgery or active bacterial infection (75, 97, 98).  

Mice treated with LPS (100 µg, i.p.), develop severe acute thymic atrophy that 

peaks within 3-5 days (Fig. 4) (97). Thymic atrophy in the mouse can be characterized by 
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loss of thymus weight, loss of DP thymocytes, and loss of mTREC/mg thymus. Using 

these measurements, Sempowski and colleagues have reported that thymus weight (Fig. 

4A), DP cellularity (Fig. 4B), and mTREC/mg thymus (Fig. 4C) continues to decrease for 

up to 7 days after a single LPS challenge which is then followed by a rebound in thymus 

function (97).  

 

 

Figure 4: Lipopolysaccharide-induced acute thymic involution. A single 
injection of LPS (100 µg, IP) induced acute thymic atrophy as measured by 
thymus weight (A), absolute number of DP thymocytes (B) and mTREC/mg 
thymus (C). Data are mean ± SEM. *, p < 0.05 compared with saline-treated 
controls. Figure generated by Ryan Hick, MD. in the Semposki lab.  
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Using this model, Sempowski and colleagues defined the role of leukemia inhibitory 

factor (LIF) as a thymosuppressive agent in stress-induced acute thymic atrophy (99). 

This model is a useful tool to begin to understand the inhibitory effects of 

thymosuppressive agents as well as the protective effects of thymostimulatory agents 

during stress events. 

 

1.4.2 Thymosuppressive Agents 

There have been several agents implicated in thymosuppressive function in the 

thymus. The study of thymopoiesis across the lifespan and chronic age-induced thymic 

involution led to the discovery of several cytokines with thymosuppressive effects on 

thymocyte development. The IL-6 cytokine gene family has been reported to increase 

with age in human thymus tissue (100). These studies led to the novel hypothesis that 

the key IL-6 cytokine gene family members, LIF, IL-6, and oncostatin M (OSM), are 

thymosuppressive and play a key role in actively mediating thymus involution (See Fig. 

3).  

The IL-6 cytokine gene family cytokines are present in the thymic 

microenvironment and are produced by thymic epithelial cells, which are also capable of 

producing other immunoregulatory cytokines such as IL-1, IL-3, IL-7, and transforming 

growth factor (TGF)β. (100-103). LIF, IL-6, and OSM signal through the common gp130 

subunit to the IL-6 receptor family, which is expressed ubiquitously on thymocytes (104) 
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and on thymic epithelium (105, 106). Previous studies have demonstrated that injection 

of pure, endotoxin-free, recombinant LIF, IL-6, or OSM into young, healthy mice, 

induces acute thymic atrophy via loss of DP thymocytes within 3 days, similar to thymic 

atrophy induced by LPS (100).  LIF and IL-6 are potent pro-inflammatory cytokines that 

play an integral role in inflammatory responses, such as is observed in LPS-induced 

acute thymus atrophy. Studies using the LPS mouse model have further defined the role 

of the IL-6 family members as intermediaries in LPS-induced acute thymic atrophy.  

Follow up studies assessed whether blockade of the common signaling subunit gp130 

would protect against thymic atrophy in the LPS model. Injection of mice with LPS 

alone or LPS with anti-gp130 neutralizing polyclonal antibodies demonstrated anti-

gp130 neutralization provided protection against the loss of mTREC/mg thymus, further 

indicating that the IL-6 cytokine family members are acutely thymosuppressive and 

playing a negative role in thymus atrophy induced by LPS.  Additionally, pre-treatment 

of mice with anti-LIF neutralizing antibodies was shown to inhibit LPS-induced acute 

thymic involution by 52%, specifically identifying LIF as a mediator of LPS-induced 

thymic involution (98). Taken together, these data suggest that LIF, IL-6, and OSM are 

mediators of stress-induced thymic atrophy.   

LIF is a known activator of the HPA axis (107).  LIF is unable to induce thymic 

atrophy when corticosterone production is blocked by the synthesis inhibitor 

metyrapone or by adrenalectomy, indicating that the mechanism of action of LIF is 
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corticosteroid-dependent (98). Thymic epithelial cells possess all the enzymes necessary 

for steroidogenesis and murine thymic epithelial cells produce small amounts of 

corticosterone, which at normal physiological levels modulate thymocyte activation 

thresholds for proper positive and negative selection (60). Studies done in fetal thymic 

organ culture (FTOC) to delineate between intrathymic and systemic effects of LIF 

showed that LIF treatment was able to induce thymic involution in FTOC without 

influence from systemic adrenal-derived corticosterone (HPA axis). These studies 

indicated that LIF can modulate thymopoiesis via an intrathymic mechanism. FTOCs 

treated with metyrapone, which shut down the intrathymic production of 

corticosterone, blocked LIF-induced thymic involution, indicating that this intrathymic 

mechanism was also corticosterone-dependent (98). These results demonstrated that LIF 

acts as a thymosuppressive cytokine via both intrathymic and systemic mechanisms and 

may be an effector pathway of both acute and chronic thymic involution (98).  

The mechanism of action of IL-6 and OSM induction of acute thymic atrophy has 

yet to be elucidated. Reports, however, of IL-6 cytokine gene family deficiency can 

provide insight into the function of these cytokines in the thymus and perhaps hint at 

the mechanism causing stress-induced thymic atrophy. IL-6 appears to play an 

endogenous role in thymocyte proliferation, as IL-6 can stimulate thymocyte 

proliferation in vitro (108, 109) and thymus cellularity of IL-6-deficient mice is reduced 

by 20-40% (110). These impacts on thymocyte proliferation are reminiscent of the 
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impacts seen with LIF-deficient mice, which have decreased thymocyte proliferation in 

response to mitogens, although LIF-deficient mice have normal thymic cellularity (111).  

These observations are in conflict with the proposed role of IL-6 cytokine gene family 

members as thymosuppressors, suggesting that these cytokines may have a positive role 

at physiological levels, yet be thymosuppressive at higher concentrations, similar to 

what is seen with endogenous corticosteroid levels in the thymus (61, 62).  Details of 

thymic function have not been reported for OSM-deficient nor OSM receptor-deficient 

mice, although defects in bone marrow hematopoiesis have been shown to occur in OSM 

receptor-deficient mice (112). 

Alternatively, overexpression studies using transgenic animals or transplant of 

cells producing these cytokines suggest an active role in thymic atrophy.  Metcalf et al. 

injected mice with a myeloid progenitor cell line that overproduced LIF, causing excess 

serum LIF and acute atrophy of the thymus, as well as other tissues like pancreas and 

adipose tissue (113, 114).  Studies done in transgenic mice that over-express LIF 

specifically in T cells showed a preferential loss of cortical thymus epithelium along with 

cortical (DP thymocytes), with infiltration of B cells (115). Instead of normal T cell 

development occurring in the thymus, thymocytes developed extra-thymically in lymph 

nodes (115). Similar to excess LIF, excess OSM (e.g. OSM transgenic mice) caused a 

similar phenotype with acute thymic atrophy and extra-thymic T cell development in 

lymph nodes (116-118). The thymi of these OSM transgenic mice showed a dramatic 
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decrease in DP thymocytes that were almost completely gone by 10 weeks of age (116). 

The epithelial network of the thymus was severely disrupted, with a preferential loss of 

cortical epithelium, with an expansion of the capsule layer infiltrated with mature, 

activated T cells (CD25+CD69+CD44 hi) and B cells, leaving the thymus reminiscent of a 

secondary lymphoid-like tissue (116). While little attention has been paid in the 

literature to the thymus of IL-6 transgenic mice, it has been reported that plasma cells 

proliferate and infiltrate the thymus in IL-6 transgenic mice (119, 120), making B cell 

hyperplasia of the thymus a common theme for overexpression of IL-6 cytokine family 

members. Further characterization of thymus function in understudied mouse models 

(i.e. IL-6 transgenic mice, OSM-deficient mice, and OSM receptor-deficient mice) could 

provide valuable insight into the mechanisms of IL-6 and OSM in induction of stress-

induced thymus involution. 

 

1.4.3 Thymostimulatory Agents 

Many thymostimulatory agents show promise as therapeutics to boost T cell 

reconstitution in clinical settings of stress-induced thymic involution (e.g. irradiation 

and chemotherapy) (See Fig. 3). Stromal tissue growth factors such as keratinocyte 

growth factor (KGF) and thymic stromal lymphopoietin (TSLP) have been noted for 

their ability to enhance thymopoiesis and immune reconstitution in chemotherapy-

induced thymic atrophy (121-123). Other factors, such as human growth hormone (hGH) 
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(124) and IL-7 can enhance thymus reconstitution in bone marrow transplant models 

(125, 126) that are known to be complicated by acute thymic atrophy. However, there is 

little evidence for the ability of these growth factors/cytokines to protect against viral or 

bacterial acute stress-induced thymic atrophy models (i.e. LPS-induced acute thymic 

atrophy). One study has reported that adenoviral delivery of the anti-inflammatory 

cytokine IL-10 can lessen the degree of sepsis-induced thymus atrophy (127, 128). The 

effects were only significant however, when the viral vector was delivered 

intrathymically. These observations are great for understanding mechanism, but not 

useful therapeutically. Recently, we and others have shown leptin, the peptide hormone 

best known for its role in modulating metabolism, confers protection in the setting of 

LPS-induced thymic atrophy and in the setting of starvation (90, 97).  

 

1.5 Leptin 

Leptin is the 16 kDa product of the obese (ob) gene, which was named for the 

obese phenotype of leptin-deficient ob/ob mutant mice (129). Leptin is primarily 

produced by adipocytes, and has many roles in the neuroendocrine and reproductive 

systems (130). Leptin is best known for its role in satiety and feeding behavior. Leptin 

signals through the leptin receptor (OBR), the product of the diabetes (db) gene, named 

for the diabetic phenotype of leptin receptor-deficient db/db mutant mice (131). Leptin 

has structural similarities to class I cytokines (i.e. IL-6 cytokine gene family) and its 
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receptor has structural similarities to the class I cytokine receptor gp130 subunit (132). 

For this reason, leptin has been cross-classified as a cytokine. 

A role for leptin in modulating immunity was first speculated by the observance 

of suppressed cell-mediated immunity, chronic thymic atrophy, and decreased numbers 

of lymphocytes in both leptin-deficient ob/ob and leptin receptor-deficient db/db mice (90, 

133, 134). The impact of leptin on cells of the immune system continues to be an 

emerging area of investigation, with several functions of leptin in both innate and 

adaptive immunity already identified (reviewed in Lam et al. 2007) (135). Leptin 

influences many cells important to innate immunity, such as dendritic cells, 

macrophages, neutrophils, and natural killer cells (135). Leptin also modulates CD4 T 

helper cell cytokine production, favoring a T helper Type 1 (Th1) response versus a T 

helper Type 2 (Th2) response (135), and preferentially promotes naïve T cell 

proliferation while inhibiting memory T cell proliferation (136). Leptin also plays a role 

in autoimmune disorders (reviewed in Matarese et al. 2007) (137). Autoimmune 

dysregulation is enhanced by Th1 type immune responses, and the elevated serum 

leptin levels in patients with autoimmune diseases are thought to increase autoimmune 

severity (137).  Leptin-deficient ob/ob mice are protected in experimental autoimmune 

encephalitis (EAE), a model for multiple sclerosis (138). More recently, leptin has been 

found to constrain the proliferation of T regulatory cells, thymic-derived cells charged 

with maintaining peripheral tolerance (139). (139). Leptin has also been implicated in 
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myelopoiesis and B cell lymphopoiesis, as leptin-deficient ob/ob mice lack bone marrow-

derived monocytes, granulocytes, and B cells (140).  These studies show that leptin is a 

pleiotropic mediator in a wide-range of biological systems (i.e. neuro-endocrine, 

immune).  

Alternative splicing occurs during translation of the leptin receptor gene and 

results in multiple isoforms of leptin receptor with differing signaling capabilities (Fig. 

5). All isoforms have identical extracellular domains, but murine OBR short forms (a, c, 

d) contain a truncated cytoplasmic domain with variable length (32-40 amino acids) 

(141).  OBRe does not contain a membrane-spanning region, and circulates in the serum 

as a soluble receptor (141). The long isoform, OBRb, is the only isoform fully capable of 

activating the Jak/STAT pathway, and thus the only reported receptor isoform capable 

of biologically functional signaling (141). Leptin receptor-deficient db/db mice have a 

mutation truncating OBRb into a non-signaling short isoform variant, thus rendering 

db/db mice incapable of responding to leptin (142).  
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Figure 5: Leptin receptor isoform structure. Alternative splicing of the murine 
leptin receptor results in five isoforms (A). Mutation in long signaling leptin 
receptor isoform (OBRb) in leptin receptor-deficient db/db mice results in a 
truncated receptor. 

Leptin receptors have been identified on human NK cells (143), monocytes (144), 

mature T lymphocytes (145), bone marrow cells (146), as well as on murine peripheral 

CD4 and CD8 T cells, B cells, and monocytes/macrophages (147). In the thymus 

however, leptin receptor mRNA transcripts however have been only detected in whole 

thymus extract (148), suggesting at least one cell type in the complex thymus milieu 

expresses the leptin receptor. Full characterization of leptin receptor expression on 

human or mouse thymocytes or thymic epithelial cells has yet to be well-defined. 
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1.5.1 Role of Leptin in Normal Thymopoiesis 

Thymus atrophy associated with leptin deficiency or leptin receptor deficiency 

has long been an indicator that leptin may play a role in normal thymopoiesis. Leptin 

deficient ob/ob mice and leptin receptor-deficient db/db mice however, have many other 

complications, such as severe obesity, metabolic abnormalities, and 

hypercorticosteronemia (149). These abnormalities suggest the possibility that thymic 

atrophy from leptin deficiency could be a result of the stress seen from metabolic and 

hormonal dysregulation, as opposed to direct effects in the thymus.  An elegant study 

by Palmer et al. has shed light on this issue by addressing the following questions (148): 

1) Does leptin receptor deficiency result in either a cellular defect of lymphocytes or 

thymic stromal cells? and 2) Is thymic atrophy simply mediated by the metabolic defects 

of leptin receptor-deficient mice, such as elevated corticosterone levels?  

Palmer et al. conducted a series of experiments using bone marrow chimeras 

(BMC) between db/db mice and their lean heterozygous littermates (db/+) (148). Db/db 

mice lack the long leptin receptor isoforms capable of full intracellular signaling (141). 

Normal mice potentially have leptin receptors on stromal cells and/or on hematopoietic 

cells. Db/db mice lack the potential expression of the long signaling leptin receptor 

isoform on either stromal cells or lymphocytes. Db/db mice also exhibit complicated 

metabolic defects, such as elevated corticosterone, and have chronic thymic atrophy. 

They constructed db/db  db/+ BMC, which potentially have leptin receptors on thymus 
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stroma, but not thymocytes (148). These chimeras also do not have the endocrine 

abnormalities of db/db mice. Db/db  db/+ BMC did not exhibit thymic atrophy, 

suggesting that there were no cell-autonomous defects in thymocytes. Db/+  db/db 

BMC’s were also made, which could have leptin receptors on thymocytes but not 

thymus stroma, and have the metabolic abnormalities (i.e. elevated corticosterone levels) 

of db/db mice. Thymus atrophy was seen in these mice, thus suggesting either a cellular 

defect of the thymus stroma, or an environmental effect mediated by corticosterone 

and/or other metabolic factors, was the cause of the observed thymus atrophy. To 

distinguish between these later two scenarios, fetal thymic organ cultures (FTOC) from 

db/db, db/+, and C57BL/6 wild-type mice were transplanted into wild-type recipient mice. 

Db/db FTOC were equally capable of undergoing thymopoiesis, thereby indicating that 

there are no inherent cellular defects in thymic stromal cells.  

Contrary to current dogma, Palmer’s study suggested that environmental factors 

play a large role in the chronic thymic atrophy in db/db mice, in which corticosterone is a 

likely mediator. These data also rule out a cellular defect of thymocytes or thymic 

stromal cells to develop in a normal environment, further suggesting that leptin does not 

play a significant role in normal thymopoiesis. In agreement with these observations, we 

have found that exogenous leptin treatment is unable to boost thymus cellularity of 

healthy wild-type mice (97).   
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1.5.2 Leptin Protection Against Stress-Induced Acute Thymic Atrophy 

In contrast to having no effect in a normal unstressed mouse, leptin has been 

reported to be thymostimulatory in settings of thymus stress.  Sempowski and 

colleagues have recently shown leptin to have therapeutic potential in the LPS stress 

model of acute thymic atrophy (97). In this model, thymic atrophy was induced and 

peaked within 3-5 days (See Fig. 4). Leptin was found to significantly blunt the LPS-

induced thymus weight loss at both 1 and 7 days after LPS challenge, with a trend 

toward increased cellularity (97). Furthermore, leptin completely protected against the 

LPS-induced loss of mTREC/mg thymus (97). These data demonstrated the 

thymostimulatory effects of leptin by protecting against loss of thymopoiesis in the 

setting of LPS-induced involution. This protective effect was consistent with other 

models of stress-induced acute thymic atrophy, such as starvation. 

Starvation-induced acute thymus atrophy is characterized by elevated 

corticosterone levels and fluctuations in glucose availability which contribute to 

thymocyte apoptosis (90). Bloom and colleagues have shown that acute starvation in this 

model causes severe and preferential loss of DP thymocytes, and that leptin was able to 

completely protect against the loss of thymus weight and cellularity (90). Taken 

together, these two studies identified leptin as a potential therapeutic for protection 

from stress-induced acute thymic atrophy. 
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1.6 Significance 

Ongoing thymopoiesis is essential for the development and maintenance of a 

robust and healthy immune system. Acute thymic atrophy is a complication of many 

infections, environmental stressors, clinical preparative regimens, and cancer treatments 

used today. When thymus involution occurs, output of naïve T cells is substantially 

reduced, leaving the host potentially vulnerable to new infections. Without continuous 

output of naïve T cells, preferential expansion of the memory T cell pool occurs and 

contributes to oligoclonality of the peripheral T cell repertoire. Acute thymus atrophy 

exacerbates these effects, particularly in settings of reconstitution after peripheral T cell 

pool damage following infection, radiation, or chemotherapy (86-88). Currently there are 

no available treatments to protect against acute thymus involution, and little is known 

about the mechanisms that drive thymic involution and recovery.  

 Thymic involution associated with stress is a balance between suppressive and 

stimulatory agents (See Fig. 3). Additionally, damage in either the stromal or lymphoid 

compartment of the thymus can impact the other compartment, as thymic epithelial cell-

thymocyte crosstalk is necessary for robust thymopoiesis (See Fig. 2) The induction of 

thymic atrophy and the delay in thymus recovery underscore the need to identify the 

mechanisms that drive stress-induced acute thymic involution, and the need to develop 

therapeutics to block atrophy and/or enhance thymus recovery during acute stress 

events.  We and others have developed useful models in which to study the mediators of 
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thymic atrophy. Using isolated cell culture systems and whole animal models, research 

can be conducted to identify the relative contribution of cytokine signaling through 

thymocytes or thymic epithelial cells in the role of stress-induced thymic atrophy. The 

satiety hormone leptin has been shown to function as a novel thymostimulatory agent 

that can protect against LPS-induced acute thymic atrophy.  

Studies presented herein explore the mechanism of action of leptin on 

thymopoiesis during endotoxin-induced thymic damage. In these studies, we 

investigated both the systemic and intrathymic effects of leptin in our stress-induced 

acute thymic atrophy model. Within the intrathymic mechanism of action, we focused 

on the role of leptin in two compartments, the stromal compartment and the lymphoid 

compartment, and assessed whether the protective effect of leptin was direct or indirect 

on thymic stromal cells and/or thymocytes. We also characterized leptin receptor 

expression in the thymus, and used leptin-deficient and leptin receptor-deficient mice to 

understand endotoxin-induced thymic involution in the absence of leptin. We 

hypothesized that leptin was functioning through a combination of both systemic 

mechanisms, and intrathymic mechanisms mediated through leptin receptor signaling 

in the thymus. Together, these studies explored the mechanism of action of the novel 

thymostimulatory agent leptin and also expanded our current understanding of the 

underlying mechanisms that drive acute thymic involution associated with stress events.  

These studies also suggest a physiological role for leptin in maintaining healthy thymic 
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epithelium in settings of stress. Further exploration of these mechanisms may be 

beneficial to understanding age-induced chronic thymic atrophy and subsequent 

immunosenescence.   
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    Chapter 2: Materials & Methods 
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2.1 Experimental Animals, Reagents, and Treatments 

Female BALB/c mice (6-12 weeks old) were purchased from Charles River. 

Female C57BL/6, leptin-deficient ob/ob, and leptin receptor-deficient db/db mice (6-12 

weeks old) were purchased from Jackson Laboratory.  All mice were housed in a specific 

pathogen-free environment with 12-hour light/dark cycles at 20 – 25°C in accordance 

with all Duke University IACUC-approved animal protocols. Recombinant mouse leptin 

was purchased from R & D Systems (OB-497, Minneapolis, MN).  The lyophilized 

protein was reconstituted at 1 mg/mL with 15 mM sterile HCl, 7.5 mM sterile NaOH, 

and sterile phosphate buffered saline (PBS), pH 7.4.  The stock solution was diluted with 

PBS to 20 μg/100 μL.  Escherichia coli-derived lipopolysaccharide (LPS) was purchased 

from Sigma-Aldrich (L-2880; St. Louis, MO) and reconstituted at 1 mg/mL in PBS.   

Escherichia coli-derived LPS (100 ug) and/or mouse recombinant leptin (1 µg/g 

body weight) were simultaneously administered by intraperitoneal injection (IP) in 

indicated studies. Where indicated, animals were pulsed with 1 mg bromodeoxyuridine 

(BrdU) (given IP) (BD Biosciences) one hour prior to harvest. Replicate groups of 

animals were bled at various time points to determine serum hormone and cytokine 

levels prior to euthanasia for tissue harvest (30 minutes to 7 days post treatment). Serum 

was isolated by centrifugation for 10 min at 3,000 x g and transferred to a 96-well round-

bottom culture plate and stored at –20°C until thawed for analysis. Mice were 

euthanized by CO2 administration for 10 minutes followed by cervical dislocation.  
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Thymus and/or spleen were removed and weighed.  Organs were divided into two 

halves; one half was placed in a 60-mm tissue culture dish containing 3 mL RPMI 1640 

(Invitrogen; Grand Island, NY) with 5% fetal calf serum (tissue medium) and one half 

was placed into a 1.8 mL cryotube and snap frozen in an ethanol/dry ice bath. Enriched 

thymus stromal fractions were obtained by cutting slits into thymus lobes and 

rigorously pipetting the thymus in 10 mL RPMI 1640 three times to remove the majority 

of thymocytes using a protocol modified from Gray et al. (150).  

 

2.2 Bead-based Cytokine Assay 

Serum leptin levels were analyzed using the LincoPlex mouse endocrine 

immunoassay panel according to the manufacturer’s protocol (LINCO Research, Inc.; St. 

Charles, MO).  Serum was incubated with a mixture of anti-leptin antibodies 

immobilized on Luminex beads followed by a cocktail of biotinylated detection 

antibodies and then streptavidin-phycoerythrin.  Serum cytokine levels were 

determined by multiplex bead-based assays using BioPlex mouse cytokine/chemokine 

kits according to the manufacturer’s protocol (BioRad; Hercules, CA). All bead assay 

samples were quantified on the BioPlex protein array reader (BioRad) in the Duke 

University Human Vaccine Institute Immune Reconstitution Core Facility (Durham, 

NC). 
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2.3 Corticosterone Immunoassay 

Serum corticosterone levels were determined using a corticosterone ELISA kit 

purchased from R & D Systems (Minneapolis, MN). 

 

2.4 Surface Plasmon Resonance 

Recombinant mouse leptin receptor-human IgG1 Fc fusion protein (497-LR-100-

CF, R&D Systems) was immobilized onto a BIAcore CM5 sensor chip via amine 

coupling. Experiments were conducted on a BIAcore 3000 instrument and data analysis 

was performed using the BIAevaluation 4.1 software (BIAcore/GE Healthcare). 

Recombinant mouse leptin (498-OB, R&D Systems) was injected until saturation of 

response units (RU) of binding occurred.  Dissociation rate constants were measured 

using the Langmuir equation and global curve fitting to the binding curve. Experiments 

were completed at the Duke University Human Vaccine Institute Protein Interaction 

Analysis Core Facility (Durham, NC). 

 

2.5 Cell Isolation, Immunophenotyping, and Flow Cytometry 

Thymus and spleen were teased to a single-cell suspension through a 70 μm cell 

strainer (BD Labware; Franklin Lakes, NJ) in tissue medium.  Thymocytes and 

splenocytes were centrifuged at 485 x g (1500 rpm) for 5 minutes and resuspended in 2-5 

mL tissue medium for cell counts and immunofluorescent staining.  Cell counts were 
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performed in triplicate on a Coulter Z1 Dual threshold cell counter (Coulter; Hialeah, 

FL) and the mean recorded.  Total thymus cell counts were extrapolated based on the 

percentage weight of the teased portion of thymus relative to the whole thymus weight.  

Direct immunofluorescence staining was performed with anti-mouse directly-

conjugated monoclonal antibodies: anti-CD3 FITC, anti-CD4 PE, anti-CD8 PerCPCy5.5, 

anti-CD25 APC, anti-CD62L-APC (BD Biosciences), anti-CD44 PE-Cy7 (ebioscience),  

and anti-CD4 PE-TXRD (Caltag). Indirect immunofluorescence staining was performed 

for leptin receptor expression with a polyclonal biotinylated goat anti-leptin receptor 

antibody (BAF497, R&D Systems) followed by Streptavidin-APC (BD Biosciences). 

Polyclonal goat-IgG-biotin (R&D Systems was used as a control. For 

apoptosis/proliferation assessment, cells were either permeabolized after surface 

staining and stained with anti-active caspase 3 PE and anti-BrdU APC or stained for 

Annexin V/7AAD per manufacturer’s protocol (BD Biosciences) and immediately 

acquired on BD FACS CANTO and analyzed with FlowJo software. For intracellular 

staining of the anti-apoptotic protein Bcl-2, cells were permeabolized after surface 

staining and stained with anti-Bcl-2-PE. Cell suspensions were added to PBS Wash (1X 

PBS + 1% bovine serum albumin + 0.1% sodium azide) and diluted antibody, incubated 

for 45 minutes at 4°C, washed and resuspended in PBS Wash containing 0.4% (w/v) 

paraformaldehyde.  Immunophenotype data were acquired on a BD LSRII or BD Canto 

and analyzed with FlowJo software (TreeStar, Inc., DHVI Research Flow Cytometry 
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Facility, Durham, NC). For thymocyte sorting, cells were sorted on a BD FACS Aria to 

>95% purity based on CD4/CD8 expression off a CD3 gate. 

 

2.6 Quantitative Real-Time PCR for Mouse Signal Joint TCR 
Delta Excision Circles (mTREC) 

Total genomic DNA from thymus tissue was extracted using Trizol Reagent 

(Invitrogen) per manufacturer’s protocol.  DNA was quantified by spectrophotometry 

(260 nm).  Molecules of mouse TCRD TREC were quantified by real-time PCR using a 

standard curve of known number of molecules of mouse (m) TREC, specific primers and 

fluorescent probe as previously described (89). Briefly, an excess of forward and reverse 

DNA primers for the mTREC sequence and DNA probe conjugated to a fluorescent dye 

was added to genomic thymus DNA.  Real-time PCR using BioRad iCycler IQ allowed 

detection and quantification of mTREC numbers per 1 μg DNA in each sample.  

Numbers of mTREC were normalized to reflect levels per mg thymus tissue. 

 

2.7 Quantitative Real-Time PCR for Leptin Receptor Isoforms 

Total RNA from snap frozen thymus tissue was extracted using Trizol Reagent 

(Invitrogen) per manufacturer’s protocol and quantified by spectrophotometry (260 nm). 

RNA was cleaned using an RNeasy Mini Kit per manufacturer’s protocol (Qiagen). 

Primer and probe sequences for leptin receptor isoforms a, b, c, were obtained from 
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Cohen et al. (151). A common forward primer (5’-TGT TTT GGG ACG ATG TTC CA-3’) 

and common probe (5’-FAM- AAA TTC AGT CCT TGT GCC CAG GAA CAA TT-BHQ-

1-3’) were used for each isoform. Specific reverse primers were used for OBRa (5’-ATT 

GGG TTC ATC TGT AGT GGT CAT G-3’) OBRb (5’-GCT TGG TAA AAA GAT GCT 

CAA TG-3’) and OBRc (5’TGG CAT CTA AAC TGC AAC CTT AGA-3’). Primer and 

probe sequences for GAPDH were: Forward primer (5’-AAT GTG TCC GTC GTG GAT 

CTG-3’); reverse primer (5’-CAA CCT GGT CCT CAG TGT AGC’3’); probe (5’-TXRD-

GGT GCC GCC TGG AGA AAC CTG-BHQ-1-3’). Reverse-transcriptase and PCR 

amplification reactions were done per manufacturer’s protocol using the One Step 

iScript kit for probes (BioRad). Briefly, forward primers, reverse primers, and probes to a 

final concentration of 100 nM, and 250 ng/well total RNA were added to the reaction mix 

containing reverse transcriptase enzyme and iTaq. Cycle conditions were set as follows:  

10 minute cDNA synthesis at 50°C, 5 minutes at 95°C, 45 PCR cycles of 95°C for 15 

seconds and 55°C for 1 minute, and a final hold at 4°C.  BioRad iCycler IQ (BioRad) 

detected and quantified the levels of amplified product present based on FAM or TXRD 

fluorescence. Cycle threshold values (69) of the leptin receptor steady-state transcript 

levels were normalized to GAPDH by subtracting GAPDH Ct values as described by 

Lambert et al. (152). Ct values over 40 cycles (normalized Ct > 20.0) were considered non-

significant as per assay controls. Fold-change was calculated with sample and 

housekeeping gene Ct values using the GeneX excel macro (BioRad). 
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2.8 Immunofluorescent Staining and Microscopy 

Thymus tissue was removed from BALB/c mice as previously described and 

embedded in O.C.T. Tissue Tek medium (Sakura). Tissue was frozen in a Histo Bath 

(Shandon/Lipshaw) and stored at -80°C. Tissue sections (5 µm) were cut on the Cryocut 

1800 (Leica Biosystems) and placed on Superfrost Plus microslides (VWR International) 

and stored at -80°C until staining. Sections were fixed for 2 minutes in ice cold acetone (-

20°C) and then air dried. Sections were blocked in PBS/1% bovine serum albumin 

following incubation with a polyclonal biotinylated goat anti-leptin receptor antibody 

(BAF497, R&D Systems) and rabbit anti-cytokeratin 5 (Covance, Berkeley, CA). 

Streptavidin-APC or Streptavidin-PE (BD Biosciences) and anti-rabbit-FITC (Southern 

Biotech) were used to detect the primary antibodies. Polyclonal goat-IgG-biotin (R&D 

Systems) and secondary antibody alone were used as controls. 4',6-diamidino-2-

phenylindole (DAPI) (Anaspec) was used at a final concentration of 1 ug/mL to stain 

nuclei. Analysis was performed with the Nikon Eclipse TE2000-E and NIS Elements 2.0 

software (Nikon Instruments Inc) in the DHVI Light Microscopy Shared Resource.  

Freshly isolated thymocytes or 3T3-L1 cells were resuspended in 8% bovine 

serum albumin in PBS to a final concentration of 0.6 x 106 cells/mL and centrifuged at 

600 rpm for 5 minutes onto a microscope slide using the Cytospin3 (Shandon/Lipshaw). 

Immunofluorescent staining for the leptin receptor was carried out as described above.  
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2.9 Thymic Epithelial Cell Isolation, Immunophenotyping, and 
Flow Cytometry 

Thymic epithelial cells were isolated using a protocol modified from Gray et al. 

(150). Briefly, thymus lobes were cut in half and small cuts were made in the capsule. 

Thymocytes were removed by pipetting thymus fragments from an individual mouse in 

RPMI 1640 medium with a 2  mL pipette with a broken tip. Fragments were allowed to 

settle and medium was replaced twice followed by further pipetting. Thymus fragments 

were digested in 0.15% Collagenase D with 0.1% DNase (Roche) with regular pipetting. 

Medium was changed three times after agitations and fragment settling. Final digestion 

was done with 0.125% Trypsin with 0.1% DNase. All fractions were combined and 

washed (PBS/1% BSA, 5 mM EDTA, 0.02% sodium azide) and counted. Ten million cells 

were stained with anti-CD45.2-FITC, anti-IA/IE-PE (BD Biosciences), and anti-Ly-51-

AF647 (Biolegend). Data were acquired on a BD FACS CANTO, and data analyzed with 

FlowJo software. 

 

2.10 Quantitative Real-Time PCR for Cytokines and Growth 
Factors 

Total RNA was extracted and quantified as described above. Primers used for 

murine interleukin-7 (mIL-7) were: forward primer (5’-TGT ACT GAT GAT CAG CAT 

CGA TGA-3’); reverse primer (5’-GTA AGT GGA CAT TGA ATT CTT CAC TGA TAT-

3’).  Primers used for murine keratinocyte growth factor (KGF) were: forward primer (5’-
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AAG GGA CCC AGG AGA TGA AGA A-3’); reverse primer (5’-GAA GTT GCA ATC 

CTC ATT GCA TT-3’). GAPDH primers were the same as above. Reverse-transcriptase 

and PCR amplification reactions were done per manufacturer’s protocol using the One 

Step iScript kit SYBR Green system (BioRad). Briefly, forward primers, reverse primers, 

and probes to a final concentration of 100 nM, and 500 ng/well total RNA were added to 

the reaction mix containing reverse transcriptase enzyme, iTaq, and SYBR Green 

reporter dye. The cycle conditions were set as follows: 50°C for 10 min, 95°C for 5 min, 

followed by 40 cycles of denaturation at 95°C for 10 sec, and primer 

annealing/elongation at 55°C for 30 sec.  Final dissociation was done at 95°C for 1 min, 

55°C for 1 min and 95°C for 15 sec.  To assess the specificity of the PCR products, a melt 

curve analysis was done starting at 55°C with the temperature increasing by 0.5°C every 

10 sec. A single fluorescence peak, distinct from primer dimers, was analyzed and Ct 

values obtained. Analysis was performed as stated above to determine fold-change in 

experimental treatments. 

 

2.11 TCR V(β) Family Utilization by Flow Cytometry 

For quantification of splenocyte TCR V(β) utilization, multi-color flow cytometric 

analysis was performed on a BD FACS Canto (BD Biosciences). As described above, 

directly conjugated anti-mouse monoclonal antibodies were used to stain against CD4, 

CD8, and one each of the following TCR β variable region: 2, 3, 4, 5.1/5.2, 6, 7, 8.1/8.2, 8.3, 
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9, 10b, 11, 12, 13, 14 or 17a according to manufacturer’s instructions (153).  Data were 

analyzed with FlowJo software (TreeStar, Inc). 

 

2.12 Ex Vivo Proliferation Assays 

Thymocyte cultures of 1 X 105 cells/well were performed in 96-well, flat bottom 

plates (Falcon 3072, Becton Dickinson) in complete mouse medium (RPMI 1640, 10% 

FBS, 1X BME, and 1X gentamicin) for up to five days.  The concentrations reagents used 

in culture were as follows: recombinant human IL-7 (50 ng/mL, 207-IL, R&D systems), 

water-soluble dexamethasone (10-7 M, D2915, Sigma), recombinant mouse IL-15 (200 

ng/mL, 447-ML, R&D Systems), and recombinant mouse leptin (200 µg/mL, 497-OB, 

R&D Systems). Cultures were incubated at 37°C of 5% CO2, and pulsed with 1 µCi/well 

3H-thymidine (Perkin Elmer) four hours before harvest. Cells were harvested with a 

Microbeta Harvester 96 per manufacturer’s protocol (Perkin Elmer) and radioactivity 

was measured using a MicroBeta TriLux 1450 LSC & Luminescence Counter (Perkin 

Elmer). All cultures were performed in replicates of three. 

 

2.13 Ex Vivo Apoptosis Assays 

Thymocyte cultures of 5 X 106 cells/well were performed in 12-well, flat bottom 

plates (Falcon 3043, Becton Dickinson) in complete mouse medium (RPMI 1640, 10% 

FBS, 1X BME, and 1X gentamicin) for up to 24 hours.  The concentrations of reagents 
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used in culture were as follows: recombinant human IL-7 (50 ng/mL, 207-IL, R&D 

systems), water-soluble dexamethasone (10-7 M, D2915, Sigma), and recombinant mouse 

leptin (200 ug/mL, 497-OB, R&D Systems). Cultures were incubated at 37°C of 5% CO 

for 6, 12, 18, and 24 hours. Cells were surface stained with anti-CD3-FITC, anti-CD4-PE-

TXRD, anti-CD8-PE-Cy7, Annexin-V-APC, the viability dye 7AAD, and immediately 

acquired on a BD FACS CANTO. Data was analyzed with FlowJo software. All cultures 

were performed in replicates of three.   

 

2.14 Statistics 

For animal studies and ex vivo experiments, two-tailed Student’s t test was 

employed to compare the means between data sets. For qRT-PCR experiments, a non-

parametric Kruskal-Wallis test was used to determine significance of differences 

between normalized Ct values.  Differences were considered significant with p ≤ 0.05.  
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Chapter 3: Systemic Mechanism of Action of 
Leptin in Protection Against LPS-induced 
Acute Thymic Atrophy 
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3.1 Systemic Effects of Exogenous Leptin Administration 

We have previously shown leptin (20 µg, IP) to have a thymo-protective effect 

during LPS-induced acute thymic atrophy (97). We next verified that systemic leptin 

levels were elevated after exogenous leptin treatment. Serum leptin levels were 

monitored over 24 hours post saline and leptin treatment in wild type animals. 

Following a single exogenous injection of leptin, we observed a 5-fold increase over 

endogenous levels (saline control) in serum leptin concentration within 30 minutes. 

Serum leptin rapidly returned to baseline endogenous levels by 4 hours post-leptin 

injection. 

 

Figure 6: Effect of exogenous leptin on endogenous serum leptin 
concentrations in BALB/c mice over time. Mice were given a single injection of 
leptin (1 µg/g body weight, IP) or saline. Serum leptin levels were determined 
0.5, 1, 2, 4, 6, 12, 18, and 24 hours after injection. Data presented are mean 
picamoles ± SEM from five mice per group.  
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3.2 Binding Affinity of Leptin for the Leptin Receptor 

 Recombinant mouse leptin has been reported in the literature to bind a cloned 

and transfected mouse leptin receptor at KD = 0.7 nM (131). To verify that our 

recombinant leptin was binding the leptin receptor with appropriate affinity, we used 

surface plasmon resonance to determine the KD of recombinant mouse leptin binding to 

a recombinant mouse leptin receptor-human IgG1 Fc fusion protein.  We found that 

recombinant mouse leptin used for our experiments bound a recombinant mouse leptin 

receptor fusion protein at 4.5 nM (Fig. 7), thus confirming that our recombinant mouse 

leptin reagent is capable of high affinity binding at least to recombinant mouse leptin 

receptor fusion protein.  

 

Figure 7: Steady-state binding affinity of recombinant mouse leptin to 
recombinant mouse leptin receptor – human IgG1 Fc fusion protein. 
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3.3 Endogenous Serum Leptin Levels after Lipopolysaccharide 
Administration 

After confirming that our recombinant mouse leptin peptide was elevating 

serum leptin to supraphysiological levels and also had the capability to bind leptin 

receptor with high affinity, we next investigated the endogenous leptin response to 

endotoxin challenge. We hypothesized that if exogenous treatment of leptin had a 

protective effect in the thymus during LPS-induced shock, there would be an 

endogenous rise in leptin levels in response to endotoxin challenge. Serum leptin levels 

were monitored over 24 hours post LPS challenge in wild type animals. Following a 

single exogenous injection of 100 ug LPS, we observed a significant increase in serum 

leptin levels at 12 hours post challenge (Fig. 8) Serum leptin returned to baseline 

endogenous levels by 24 hours post leptin challenge. 

 

Figure 8: Effect of LPS treatment on endogenous serum leptin concentrations 
in BALB/c mice over time. Mice were given a single injection of E. coli LPS (100 
µg, IP). Serum leptin levels were determined 0.5, 1, 2, 4, 6, 12, 18, and 24 hours 
after challenge. Data presented are mean pg/mL ± SD for five mice per group.  
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3.4 Systemic Effects of Exogenous Leptin Treatment in the 
LPS-Induced Acute Thymic Atrophy Model  

We next investigated the effects of leptin on the systemic response to endotoxin 

challenge. LPS challenge is known to activate the hypothalamus-pituitary-adrenal 

(HPA) axis to release glucocorticoids from the adrenal glands as well as to invoke a 

systemic inflammatory cytokine cascade (e.g. TNF, IL-1) (81). Systemic and intrathymic 

glucocorticoids are critical mediators of stress-induced thymic atrophy, as 

corticosteroids can directly induce thymocyte apoptosis (13, 62). Inflammatory cytokines 

contribute to many aspects of LPS-induced shock and subsequent thymic atrophy (62). 

 

3.4.1 Leptin Blunts Peak Corticosterone Levels in Response to LPS 
Challenge 

 To determine whether leptin could modulate LPS-induced glucocorticoid 

response in mice, serum corticosterone levels were quantified during the first 24 hours 

after LPS challenge either with or without leptin treatment. Mean serum corticosterone 

levels were significantly elevated in all mice challenged with LPS compared to saline- or 

leptin-only controls, with a peak response at 4 hours. In mice given leptin concurrently 

with LPS challenge however, peak corticosterone levels were slightly yet significantly 

blunted compared to saline- or leptin-alone controls (Fig. 9). These data suggested that 

inhibition of the HPA-axis may be a partial mechanism by which leptin protects the 

thymus from LPS-induced acute thymic atrophy.  
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Figure 9: Effect of leptin on serum corticosterone levels induced by LPS 
administration. Female BALB/c mice were simultaneously administered (96) 
either saline or leptin (1 µg/g body weight) and challenged with either saline or 
E. coli LPS (100 µg, IP). Serum was obtained from five animals per group 4 hours 
after treatment. Serum corticosterone concentration was determined by ELISA 
and the data are reported as mean ± SD. * p < 0.05 compared with saline control. 
** p < 0.05 compared with LPS-treated non-leptin controls.  

 

3.4.2 Leptin Modulates Inflammatory Cytokine Response to LPS 
Challenge  

 To further elucidate systemic mechanistic pathways by which leptin is 

thymostimulatory in settings of thymic damage, serum levels of inflammatory and other 

important cytokines (IL-1α, IL-1β, IL-2,  IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p40, IL-

12p70, IL-13, IL-17, G-CSF, GM-CSF, KC, MCP-1, MIP-1α, MIP-1β, TNF-α, RANTES, and 

IFN-γ) were quantified during the first 24 hours after LPS challenge with or without a 

single dose of leptin. Several of these proteins are pro-inflammatory and involved in the 

acute phase response, including IL-1, IL-6, and TNF-α (154). Others have roles as growth 
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factors, including IL-2, IL-3, IL-4, IL-5 and IL-9 (154). Some cytokines, such as IL-4, IL-10, 

IL-13 promote a T helper Type 2 (Th2) response, while others promote a Th1 response, 

such as IL-12 and IFN-γ(154). MIP-1α, MIP-1β, and RANTES are chemokines involved 

in chemo-attraction and inflammation (155, 156), while  KC is a potent neutrophil 

chemo-attractant (157). 

LPS challenge induced significant peak inductions in serum levels within the 

first 6 hours post injection compared to saline- or leptin-alone treatment before returning 

to baseline within 24 hours (Table 1). Leptin alone had no effect on basal cytokine levels 

(Table 1). Leptin given concurrently with LPS challenge however had one of two effects 

on LPS-induced cytokine response profiles: 1) no change in relation to LPS-only treated 

mice (IL-3, IL-9, IL-10, IL-12p40, IL-13, G-CSF, KC, MCP-1, MIP-1α, MIP-1β, TNF-α, and 

RANTES) or 2) a significant blunting of the peak or post-peak cytokine level and/or a 

more rapid resolve to basal levels (Table 1).  
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Table 1: Six hour serum cytokine levels post LPS treatment plus or minus  a 
single dose of leptin (n = 10). 

 

 

Of those cytokines reduced by leptin treatment, either a significant blunting of the peak 

cytokine level or a significant blunting of post-peak levels with a more rapid resolve to 

basal levels was observed.  Figure 10 shows kinetic data of two representative cytokines, 

IL-1β and IL-12p70.  Peak serum cytokine levels of IL-1β are not significantly reduced by 

concurrent leptin treatment, but post-peak cytokines levels are significantly reduced as 

well as an accelerated resolve to baseline is observed (Fig. 10A). In contrast, peak serum 

cytokine levels of IL-12p70 are significantly reduced by concurrent leptin treatment, and 

acceleration to baseline is also observed (Fig. 10B). Together, these data suggest that 

leptin plays an important role in modulating the systemic cytokine response and 

subsequent thymic damage induced by LPS challenge. 
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Figure 10: Effect of leptin on LPS-induced serum cytokine levels. Female 
BALB/c mice were simultaneously administered either saline or leptin (1 µg/g 
body weight, IP) and challenged with either saline or E. coli LPS (100 µg, IP). 
Serum was obtained from 10 animals per group 1–12 h after above treatment. 
Serum cytokine (picograms per milliliter) levels were determined for IL-1 β (A) 
and  IL-12 p70 (B) by Luminex bead- based array and the data are reported as 
mean ±  SD. *p <0.05 compared with LPS-treated non-leptin controls. 
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4.1 Leptin Receptor Expression in the Murine Thymus 

 

4.1.1 Leptin Receptor Isoforms OBRa, OBRb, and OBRc are 
Expressed Within the Murine Thymus 

We hypothesized that at least one cell type in murine thymus expressed either 

short or long isoforms of the leptin receptor. To determine which leptin receptor 

isoforms were present in thymus, total RNA was extracted from whole thymus, and 

quantitative real time PCR (qRT-PCR) performed for three leptin receptor isoforms 

predominately expressed in rodents: the short isoforms OBRa and OBRc and the long 

isoform OBRb. Steady-state mRNA transcripts for all three isoforms were detected 

(Table 2).  It is important to note that the lower the normalized Ct value, the higher the 

level of steady-state mRNA. 

 

Table 2: OBRa, OBRb, and OBRc steady-state mRNA expressiona b (n = 3) 
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We next determined if leptin receptor gene expression was differentially 

expressed in the thymic lymphoid compartment (thymocytes), stromal compartment, or 

both compartments.  To accomplish this, an enriched thymic stromal fraction and a 

purified thymocyte fraction were obtained from whole mouse thymus and analyzed as 

above for leptin receptor isoform gene expression (See Table 2). Short isoforms (OBRa, 

OBRc) were detectable in both thymocytes and enriched stroma (See Table 2). Long 

isoform (OBRb) was confirmed in enriched stroma, but below detection (normalized Ct > 

20.0) in thymocytes (See Table 2), suggesting OBRb expression in freshly isolated total 

thymocytes is exceedingly low or indeed negative.  

Comparative expression of leptin receptor isoform steady-state mRNA among 

thymocytes and enriched thymus stroma was determined using the relative 

quantification method, referred to as the 2-ΔΔCt method (158). The fold-change in leptin 

receptor gene expression in thymocyte and enriched stromal fractions were calculated 

and compared to the expression level of whole thymus (containing both thymocytes and 

stroma), whose expression level was set equal to 1.0 (Fig. 11). OBRa was found to be 

primarily expressed in the thymic stromal compartment, with levels in the enriched 

stromal fraction 50-fold higher than whole thymus (Fig. 11 A). OBRa expression was 80-

fold higher in whole thymus than isolated thymocytes (Fig. 11A). Similar expression 

patterns were seen with OBRb gene expression, where OBRb expression in enriched 

stromal fraction was nearly 30-fold greater than whole thymus (Fig. 11 B).  
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Figure 11: Leptin receptor gene expression is greater in thymus stroma than 
thymus lymphoid compartment. Fold-change of OBRa (A), OBRb (B), and OBRc 
(C) steady-state mRNA isoform gene expression in thymocytes and thymic 
stroma fractions compared to whole thymus (Set to 1). Data presented are mean 
± SD from three normal BALB/c mice per group. *p ≤ 0.05, stromal fraction versus 
thymocyte fraction.  
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OBRb expression was 6-fold lower in thymocytes than whole thymus (Fig. 11 B). 

Expression levels of OBRc were not significantly different between lymphoid and 

stromal compartments (Fig. 11 C). Taken together, these data showed mouse thymus 

expresses both signaling (OBRb) and non-signaling (OBRa/c) isoforms at varying levels. 

Both OBRa and OBRb are differentially expressed among lymphoid and stromal 

compartments, with significantly higher steady-state levels of gene expression in the 

thymus stromal compartment. The long isoform (OBRb) however is of particular interest 

with respect to the intrathymic role of leptin in stress settings because of its biologically 

significant signaling capabilities. 

 

4.1.2 Leptin Receptor Protein Expression is Restricted to Medullary 
Thymus Stroma 

Immunofluorescence was next used to specifically identify leptin receptor 

protein distribution in freshly isolated murine thymus tissue. Snap frozen thymus 

sections were stained for leptin receptor and the thymic stromal marker cytokeratin. 

Figure 12 is a representative thymus section from one of three young mice, stained for 

cytokeratin 5 (K5) (green), leptin receptor (red), and the nuclear dye 4',6-diamidino-2-

phenylindole (DAPI). Individual nuclei of thymocytes are visualized with DAPI (110). 

Areas of cortex, distinguished by bright areas that are densely populated with 

thymocytes, and areas of medulla, distinguished by darker areas with diffuse  
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Figure 12: Leptin receptor protein expression is restricted to thymic medullary 
epithelial cells. Frozen thymus sections from 12 week old BALB/c mice were 
stained with a medullary thymic epithelial cell marker , cytokeratin 5 (K5) 
(green),  and leptin receptor (pan marker, red). Nuclei were stained with DAPI 
(110). Panels depict staining for DAPI (A), cytokeratin 5 (B) leptin receptor (C), 
leptin receptor and cytokeratin 5 overlay (D) and leptin receptor and cytokeratin 
5 overlay with DAPI (E). Final magnification 40X. Areas of medulla are outlined 
by dashed line. Final magnification 400X shows leptin receptor (red) (F) or 
isotype control antibody (G). Representative sections from three mice per group.  
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lymphocyte distribution, are easily visualized (Fig. 2 A). The medullary thymic 

epithelial cell marker K5 visualizes a light lacy pattern consistent with a mesh-like  

network of epithelial cells containing cytokeratin intermediate filaments (green) (Fig. 12 

B). Leptin receptor isoform-specific reagents are not available for histology; therefore all 

isoforms of the leptin receptor are visualized in red with a polyclonal antibody to the 

common extracellular domain of the leptin receptor (Fig. 12 C). Leptin receptor (red) 

staining localizes to K5+ medullary regions (Fig. 12 D and E). Figure 12 F shows leptin 

receptor expression (red) at a higher magnification. No staining is seen when an isotype 

control primary antibody is used (Fig. 12 G). Analysis of these sections suggested no 

detectable leptin receptor protein on thymocytes. These observations showed leptin 

receptor expression to be restricted to medullary TECs (mTECs) and, taken together 

with gene expression profiles, further suggested that leptin receptor expression is low or 

negative on developing thymocytes.  

To further analyze leptin receptor expression on cell types found in thymus 

medulla, we stained fresh sections for MHC Class II, a cell surface receptor expressed on 

thymic epithelial cells and dendritic cells, and for the dendritic cell marker CD11c. 

Figure 4 shows MHC Class II (red) in thymus. The staining pattern of MHC Class II is 

consistent with a cellular surface marker, which is distinct from the more diffuse, lacy 

pattern of staining seen  with K5 staining (green) (Fig. 13 B). The merge of MHC Class II 

(red) and K5 (green) staining in figure 13 C shows areas of co-expression (yellow), but 
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also distinct areas of separate staining (red and green). These distinct areas of separate 

staining are most likely due to the different cellular location of MHC Class II (cell 

surface) and K5 (intracellular).  

We next looked to see if leptin receptor expression colocalized with MHC Class II 

in the thymus medulla. MHC Class II (red) and leptin receptor (green) have similar 

expression patterns (Fig 13. D and E). The merge in figure 13 F shows the colocalization 

of the majority of these two markers (yellow), indicating leptin receptor is expressed on 

TECs. Since MHC Class II is also expressed on dendritic cells in addition to TECs, we 

stained for the pan dendritic cell marker CD11c. Staining patterns for thymic CD11c 

(red) are clearly distinct from leptin receptor staining patterns (green) and do not 

colocalize, thus demonstrating that thymic dendritic cells do not express leptin receptor 

(Fig. 13 G – I). Taken together with the observation that leptin receptor expression is 

restricted to areas of thymic medulla, these findings strongly suggested that leptin 

receptor is expressed specifically on mTECs.     
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Figure 13: Leptin receptor colocalized to MHC Class II+ thymic epithelial cells. 
Frozen thymus sections from 12 week old BALB/c mice were stained with the 
thymic epithelial cell marker K5 (green), MHC Class II (red), dendritic cell 
marker, CD11c (red), and leptin receptor (pan marker, green). Final 
magnification 100X. Representative section from three mice per group. 
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4.2 Leptin Protection of the Thymic Stromal Compartment 

 

4.2.1  Leptin Protects Against Loss of Thymic Architecture in Stress-
Induced Acute Thymic Atrophy 

Having established OBRb gene expression is restricted to the murine thymus 

stroma and leptin receptor protein is restricted to mTECs, we next determined if leptin 

could modulate thymus architecture and TEC content during recovery from stress-

induced acute thymic atrophy (LPS). Mice were injected with saline or leptin with or 

without simultaneous LPS challenge. Histologic analysis of snap-frozen thymus was 

used to define cortical and medullary regions of the thymus seven days post challenge 

(Fig. 14 A). Consistent with our expectations for stress-induced acute thymic atrophy, 

LPS treatment disrupted the distinction between cortex and medulla seen both by 

hematoxylin and eosin (H&E) staining (Fig. 14 A and B) and DAPI staining of thymocyte 

nuclei (Fig. 14 C). Leptin alone had no impact, but was able to fully restore thymus 

architecture in the LPS thymic atrophy stress model within seven days (Fig. 14 B and C). 

Distinct areas of cortex and medulla in leptin-treated stressed mice can be seen by both 

H&E (Fig. 14 B) and DAPI staining (Fig. 14 C). These data demonstrated a novel leptin-

mediated restoration of thymus architecture after acute thymic damage. 
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Figure 14: Leptin-mediated protection thymic architecture during LPS 
challenge. Female C57BL/6 mice were administered either saline or leptin (1 
µg/g body weight, IP) and simultaneously challenged with either saline or E. coli 
LPS (100 µg/mouse, IP). Hematoxylin and Eosin staining of representative 
thymus sections four days (A) and seven days (B) post treatment. Image 
magnification 100 X (A). Whole tissue stitched image, total magnification (40X) 
(B). Calibration 1.61 µm equals 1.0 pixels. DAPI staining of thymocyte nuclei (C) 
depict distinct areas of cortex (C) and medulla (M). Total magnification (100X). 
Representative sections from four mice per group. 
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4.2.2 Leptin Protection Against Loss of Thymic Epithelium in Stress-
Induced Acute Thymic Atrophy 

 

4.2.2.1 Leptin Protection of LPS-Induced Loss of Total Thymic Epithelial Cells  

Having established that leptin accelerated the restoration of thymic architecture; 

we further analyzed the effects of leptin specifically on the critical epithelial 

compartment of the thymus. Mice were injected with saline or leptin with or without 

simultaneous LPS challenge and then sacrificed one, three, and seven days post 

treatment/challenge to observe early and peak changes in thymus damage induced by 

LPS. Total cells from digested thymus tissue (thymocytes and stroma) were stained with 

anti-CD45 to exclude cells of hematopoietic origin from analysis. MHC Class II (MHC 

II), a recently confirmed epithelial cell marker (159), was used to identify thymic 

epithelial cells (TEC). Ly-51 is expressed on immature B-linage cells, bone marrow 

stromal cells, thymic cortical epithelial cells and thymic dendritic cells (160), and was 

used to differentiate between cortical and medullary TECs among CD45-, MHC II+ cell 

TEC populations.  Figure 15 shows the flow cytometric gating strategy used to analyze 

these cell populations.  
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Figure 15: Flow cytometric analysis gating strategy for thymic epithelial cells. 
Representative flow plot showing gating on CD45 negative thymic stromal cells 
(A). Cells were next gated on MHC Class II positive expression (B). Finally, cells 
were analyzed by Ly-51 expression to determine cortical (Ly-51+), and medullary 
(Ly-51-) cell populations (C). Medullary TEC cells were further differentiated by 
either high or low intensity staining of MHC Class II (C). 

 

No significant changes were seen in frequency of total TECs (CD45-, MHC II+) 

with LPS treatment at one day or seven days post challenge (data not shown). LPS 

modestly, yet significantly, decreased the frequency of total TECs three days post 

challenge (Fig. 16 A). Leptin alone had no effect on the frequency of total TECs, but 

simultaneous leptin was found to protect against the LPS-induced decrease in total TEC 

frequency three days post LPS challenge (Fig. 16 A). LPS significantly decreased the 

absolute number of total TEC per thymus three days post challenge (Fig. 16 B). Leptin 

alone had no effect on the number of total TECs, but leptin partially protected against 

the LPS-induced reduction in total TEC number per thymus (Fig. 16 B). 
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Figure 16: Leptin-mediated protection of thymic epithelium three days after 
LPS challenge. Female C57BL/6 mice were administered either saline or leptin (1 
ug/g body weight, IP) and simultaneously challenged with either saline or E. coli 
LPS (100 ug/mouse, IP). Frequency of thymic epithelial cells (MHC Class II+ 
cells) in CD45- stromal cell population (A). Total number of thymic epithelial 
cells (CD45-, MHC Class II+) (B). Data presented are mean ± SD from four mice 
per group. *p < 0.05 compared with saline-treated controls. **p < 0.05 compared 
with LPS-treated controls. 

 

4.2.2.2 Specific Leptin Protection of LPS-Induced Loss of Medullary Thymic 
Epithelial Cells  

While leptin protected against the loss of total thymic epithelial cells, this 

protection was not complete. We hypothesized that mTECs, the only population 

expressing leptin receptor in the thymus, were specifically responsible for this leptin-
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mediated protection against LPS-induced thymic atrophy. To test this, total cortical 

(CD45-, MHC Class II+, Ly-51+) and total medullary (CD45-, MHC Class II+, Ly-51- ) 

TEC numbers were determined. Similar to total TEC numbers per thymus in Figure 16 

A, LPS challenge significantly decreased both total cortical and medullary TEC 

populations. LPS-treated mice had 1.02 ± 0.50 X 104 cortical TECs (cTECs) versus 16.06 ± 

3.01 X 104 cTECs in saline-treated mice (p = 0.0004) and 2.21 ± 0.41 X 104 mTECs versus 

19.28 ± 1.78 X 104 mTECs in saline-treated mice (p = 0.00002). Leptin alone had no effect 

on cTEC or mTEC numbers (data not shown).  Focusing specifically on the effects of 

leptin in the context of LPS damage, Figure 17 shows simultaneous leptin significantly 

boosted mTEC numbers three days post treatment, but did not significantly impact 

cTEC numbers (Fig. 17), indicating that only medullary TECs were protected by leptin 

during LPS-induced stromal damage. These data support our hypothesis that medullary 

TECs play a preferential role in mediating the thymo-protective effects of leptin in LPS-

induced acute thymic atrophy.  
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Figure 17: Leptin-mediated specific protection of medullary thymic epithelial 
cells during LPS challenge. Female C57BL/6 mice were administered either 
saline or leptin (1 µg/g body weight, IP) and simultaneously challenged with 
either saline or E. coli LPS (100 µg/mouse, IP). Total number of cTEC (CD45-, 
MHC Class II+, Ly-51+) and mTEC (CD45-, MHC Class II+, Ly-51-) cells. Data 
presented are mean ± SD from four mice per group. **p < 0.05 compared with 
LPS-treated controls.  

 

To further define the effects of leptin in the medullary TEC compartment, mTEC 

subpopulations were analyzed by determining the staining intensity of MHC Class II, 

which differentiates mTEC populations between highly proliferating mTEChi (CD45-, 

MHC Class IIhi, Ly-51-) and mature mTEClo (CD45-, MHC Class IIlo, Ly-51-) subsets 

(159). In this endotoxin model of acute thymic atrophy, LPS was found to significantly 

decrease both mTEChi numbers (0.71 ± 0.17 X 104 cells) versus saline controls (6.96 ± 0.55 

X 104 cells, p = 0.00001)  and mTEClo numbers (1.47 ± 0.25 X 104 cells) versus saline 

controls (12.10 ± 1.54 X 104 cells, p = 0.00009) three days post challenge. Leptin alone had 

no effect. Focusing on the impact of leptin in the context of LPS-induced thymic damage, 
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Figure 18 shows that simultaneous leptin significantly boosted numbers of both mTEChi 

and mTEClo cells three days post LPS challenge. These data demonstrated that leptin 

had no differential effect among mTEC subsets and protected against LPS-induced loss 

of both proliferating mTEChi and fully mature mTEClo populations. Taken together, 

these data confirmed our hypothesis and showed a distinct protection of OBR+ 

medullary TECs (See Figure 12) during LPS-induced acute thymic atrophy, but not OBR- 

cortical TECs.  

 

Figure 18: Equal leptin-mediated protection of medullary thymic epithelial cell 
subtypes during LPS challenge. Female C57BL/6 mice were administered either 
saline or leptin (1 µg/g body weight, IP) and simultaneously challenged with 
either saline or E. coli LPS (100 µg/mouse, IP). Total number of mTEC MHC Class 
IIhi (CD45-, MHC Class IIhi, Ly-51-) and mTEC MHC Class IIlo (CD45-, MHC 
Class IIlo, Ly-51-) cells Data presented are mean ± SD from four mice per group. 
**p < 0.05 compared with LPS-treated controls. 
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4.2.3 Leptin Receptor Expression in Response to LPS 

Additionally, it was important to investigate the effects of leptin and/or LPS on 

thymic leptin receptor expression. No differences in leptin receptor protein expression 

patterns as determined by immunofluorescence were observed in either saline or leptin-

treated mice seven days post LPS challenge (Fig. 19).  

 

Figure 19: Immunofluorescence staining of leptin receptor protein expression 
is not altered by leptin or LPS treatment after seven days. Female C57BL/6 mice 
were administered either saline or leptin (1 µg/g body weight, IP) and 
simultaneously challenged with either saline or E. coli LPS (100 µg/mouse, IP). 
Frozen thymus sections from 12 week old mice were stained for leptin receptor 
(pan marker, red). Final magnification 40X. Representative sections from four 
mice per group. 

 

Gene expression of the long isoform leptin receptor (OBRb) was determined 8 

hours post challenge. LPS stress resulted in a significant 6-fold decrease in OBRb mRNA 

steady-state levels (Fig. 20). While leptin treatment alone had no effect on leptin receptor 



 

 76

gene expression at 8 hours post treatment, OBRb mRNA steady-state levels in leptin-

treated LPS-challenged mice were not statistically different from saline alone or leptin 

alone controls, suggesting that OBRb expression is maintained in leptin-treated mice 

during LPS challenge (Fig. 20).  

 

Figure 20: Relative expression (log2 scale) of OBRb gene expression from 
thymus tissue harvested 8 hours post treatment.  Female C57BL/6 mice were 
administered either saline or leptin (1 ug/g body weight, IP) and simultaneously 
challenged with either saline or E. coli LPS (100 µg/mouse, IP). Data presented 
are mean ± SD from four mice per group. * p ≤ 0.05 compared with saline-treated 
controls. ** p ≤ 0.05 compared with LPS-treated controls.  

 

 

4.2.4 Leptin Modulation of Intrathymic Cytokine Gene Expression 

Because we observed preferential protection against the loss of mTECs, we 

hypothesized an mTEC-derived soluble factor could be important during leptin-

mediated protection against endotoxin-induced thymic damage. To test this hypothesis, 

we assessed gene expression levels of an essential cytokine for thymopoiesis, IL-7. IL-7 is 
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an essential cytokine for thymocyte development and survival and is produced 

predominantly by mTECs in the adult thymus (49). Steady-state mRNA levels were 

assayed from whole thymus RNA extracts harvested eight hours post leptin/LPS 

treatment/challenge. LPS significantly reduced IL-7 mRNA steady-state levels 12-fold 

compared to saline controls (Fig. 21 A). Leptin alone did not modulate IL-7 gene 

expression (Fig. 21 A). In the setting of LPS damage however, leptin significantly 

increased the expression of thymic-derived IL-7 by 2-fold over saline-treated LPS-

challenged mice (Fig. 21 A).  

 

Figure 21: Leptin modulates thymic IL-7 mRNA steady-state levels. Female 
C57BL/6 mice were administered either saline or leptin (1 ug/g body weight, IP) 
and simultaneously challenged with either saline or E. coli LPS (100 µg/mouse, 
IP). Relative expression (log2 scale) of IL-7 (A) and KGF (B) gene expression from 
thymus tissue harvested 8 hours post treatment. Data presented are mean ± SD 
from four mice per group. * p ≤ 0.05 compared with saline-treated controls. ** p ≤ 
0.05 compared with LPS-treated controls.  
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As a control, gene expression of a non-mTEC derived cytokine important for 

thymopoiesis was also determined. Keratinocyte growth factor (KGF) acts on thymic 

epithelial cells but is produced by fibroblasts and thymocytes, not by mTECs (121, 161). 

There was no change in KGF mRNA transcript levels in LPS-challenged mice compared 

to saline controls (Fig. 21 B). Leptin alone did not modulate KGF gene expression (Fig. 

21 A and B). In contrast to changes in IL-7 gene expression with leptin in the setting of 

LPS damage, leptin treatment failed to impact KGF. Taken together, these data 

suggested that IL-7, but not KGF, may be involved in leptin-mediated protection against 

LPS-induced thymic damage.  
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5.1 Effects of Leptin on Thymocytes in vivo during LPS-
Induced Acute Thymic Atrophy  

Having established that leptin specifically protected against LPS-induced loss of 

medullary thymic epithelium (See Fig. 17 and 18), we next turned our attention to the 

effect of leptin on the hematopoietic compartment, as stress-induced loss of developing 

thymocytes is a major hallmark of acute thymic atrophy. C57BL/6 mice were injected 

simultaneously with saline or leptin with or without LPS challenge and thymocyte 

phenotype was assessed at one day and three days post treatment. Eight out of ten mice 

were fully responsive to LPS as determined by loss of thymus weight, cellularity, and 

TCR alpha gene rearrangement (89, 294 ± 18,530 mTREC/mg thymus in LPS-treated mice 

versus 216,776 ± 87,222 mTREC/mg thymus in saline-treated mice, p = 0.051, and data 

not shown). As expected for this well-described model, we observed a loss of DP 

thymocyte frequency one day post LPS treatment (Fig. 22 A) (162). While leptin 

treatment alone had no effect, leptin given concurrently with LPS challenge significantly 

blocked the loss in frequency of DP thymocytes (Fig. 22 A).  This correlated to a decrease 

in absolute number of DP thymocytes with LPS treatment (9.35 ± 7.63 x10-6 DP 

thymocytes) compared to saline treatment (34.03 ± 6.81 x10-6 DP thymocytes, p = 0.000). 

Leptin alone had no effect (37.13 ± 3.63 x10-6 DP thymocytes). Leptin treatment with LPS 

challenge however had a modest protective effect (13.60 ± 4.01 x10-6 DP thymocytes, p = 

0.023) compared to LPS-treated alone. These observations that leptin protected against 

loss of DP thymocyte frequency were confirmed using a second strain of 
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immunologically distinct wild type BALB/c mice. Similarly, LPS injection in BALB/c 

mice induced a significant loss of DP thymocyte frequency by one day post challenge 

(Fig. 22 B). Leptin alone had no effect, but leptin given concurrently with LPS challenge 

significantly blocked the loss in frequency of DP thymocytes (Fig. 22 B).  In this second 

strain of mice however, the leptin had less protection against the loss of absolute 

number of DP thymocytes at one day post challenge. LPS induced a significant loss in 

DP thymocyte numbers (4.12 ± 2.18 x10-6 DP thymocytes) versus saline treatment (25.28 ± 

8.77 x10-6 DP thymocytes, p = 0.04). Leptin alone had no effect (22.63 ± 6.06 x10-6 DP 

thymocytes). Leptin given concurrently with LPS treatment however only had a slight 

impact that was not statistically significant (6.38 ± 1.66 x10-6 DP thymocytes, p = 0.59). 

These observations are consistent with the increased sensitivity of BALB/c mice to the 

effects of LPS. 
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Figure 22: Leptin protects against the LPS-induced loss of DP thymocyte 
frequency. Female C57BL/6 (A) and BALB/c (B) mice were administered either 
saline or leptin (1 µg/g body weight, IP) and simultaneously challenged with 
either saline or E. coli LPS (100 µg/mouse, IP). Frequency of CD4+CD8+ DP 
thymocytes was determined one day post treatment. Data presented are mean ± 
SD from five mice per group. * p < 0.05 compared with saline-treated controls. ** 
p < 0.05 compared with LPS-treated controls. 

 

We also observed a previously undescribed significant increase in frequency of 

CD4-CD8- DN thymocytes in C57BL/6 mice with leptin treatment in the context of LPS 

damage (p = 0.024 vs. LPS alone controls) (Fig. 23). While leptin alone and LPS alone 
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failed to impact the frequency of CD4-CD8- DN thymocytes, leptin in the context of LPS 

significantly increased frequency of CD4-CD8- DN thymocytes over saline-, leptin-, and 

LPS-alone controls (Fig. 23). 

 

Figure 23: Leptin boosts frequency of DN thymocytes in the context of LPS 
challenge. Female C57BL/6 (A) mice were administered either saline or leptin (1 
µg/g body weight, IP) and simultaneously challenged with either saline or E. coli 
LPS (100 µg/mouse, IP). Frequency of CD4-CD8- DN thymocytes was 
determined three days post treatment. Data presented are mean ± SD from five 
mice per group. ** p < 0.05 compared with LPS-treated controls.  

 

We hypothesized that these effects on developing thymocytes were due in part to 

either stimulation of thymocyte proliferation or protection from apoptosis. We 

speculated that both mechanisms were occurring in the thymus. To test this hypothesis, 

we treated C57BL/6 mice with saline or leptin with or without concurrent LPS challenge. 

Freshly isolated cells were stained for CD3/CD4/CD8 surface phenotype, BrdU 

incorporation into DNA, and intracellular active caspase 3 to assess the mechanism of 

leptin-mediated protection in these developmental thymocyte subsets.   
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5.1.1 Impact of Leptin on Thymocytes Apoptosis 

LPS increased the frequency of active caspase 3 positive DP thymocytes in 

C57BL/6 mice (Fig. 24). This is consistent with DP thymocytes being acutely sensitive to 

LPS- and corticosteroid-induced apoptosis (163). Leptin significantly inhibited the 

increase in DP thymocyte apoptosis induced by LPS, thus demonstrating a positive role 

for leptin in inhibiting DP cell apoptosis (Fig. 24).  

 

Figure 24: Leptin-induced thymic protection is characterized by decreased DP 
thymocyte apoptosis. Female C57BL/6 mice were administered either saline or 
leptin (1 µg/g body weight, IP) and simultaneously challenged with either saline 
or E. coli LPS (100 µg/mouse, IP). Frequency of DP thymocytes positive for active 
caspase 3 was determined one day post treatment. Data presented are mean ± SD 
from five mice per group.* p ≤ 0.05 compared with saline-treated controls. ** p ≤ 
0.05 compared with LPS-treated controls.  

 

 
Anti-apoptotic effects of leptin on thymocytes were further confirmed with an 

alternative approach looking at early signs of apoptosis determined by the binding of 

Annexin V/7AAD (164). Wild-type C57BL/6 mice were treated with saline or leptin with 

or without concurrent LPS challenge. Figure 25 shows representative flow cytometry 
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plots of gated DP thymocytes isolated from mice 24 hours after saline or leptin treatment 

with or without concurrent LPS challenge. LPS was found to induce apoptosis (7AAD-, 

Annexin V+) in DP, CD8+ SP, and DN thymocytes (Fig. 25B - E). Leptin alone had no 

effect on thymocyte apoptosis (Fig. 25B - E). Leptin however was able to protect against 

LPS-induced apoptosis in DP thymocytes (Fig. 25C), CD8 SP thymocytes (Fig. 25D), and 

DN thymocytes (Fig. 25E). These observations confirmed the leptin-mediated anti-

apoptotic effects seen by active caspase 3 staining in DP thymocytes from LPS-

challenged mice at one day post treatment (See Fig. 25), and expanded these 

observations to additional thymocyte developmental subsets at one day post treatment 

by measuring at an earlier time point in apoptosis. 
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Figure 25: Leptin-induced thymic protection is characterized by early 
inhibition of thymocyte apoptosis. Female C57BL/6 were administered either 
saline or leptin (1 µg/g body weight, IP) and simultaneously challenged with 
either saline or E. coli LPS (100 µg/mouse, IP). Representative flow plot for 
CD4+CD8+ DP thymocytes stained for Annexin V and 7AAD (A) was 
determined 24 hours post treatment. Frequency of apoptotic (Annexin V+7AAD-) 
cells in CD4 SP (B) DP (C) CD8 SP (D) and DN (E) thymocytes subsets 24 hours 
post treatment. Data presented are mean ± SD from four mice per group. * p ≤ 
0.05 compared with saline-treated controls. ** p ≤ 0.05 compared with LPS-
treated controls.  
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Furthermore, these observations were replicated in a second immunologically 

distinct strain of wild type mice: BALB/c mice. LPS significantly increased the frequency 

of active caspase 3 positive in all thymocyte developmental subsets (Fig. 26 A-D). Leptin 

significantly inhibited the increase in active caspase 3 in all thymocyte developmental 

subsets, thus reinforcing the hypothesis that leptin plays a positive role in inhibiting DP 

cell apoptosis during LPS-induced acute thymic involution. 

 

Figure 26: Leptin-induced thymic protection is characterized by decreased 
thymocyte apoptosis in a second strain of mice. Female BALB/c mice were 
administered either saline or leptin (1 µg/g body weight, IP) and simultaneously 
challenged with either saline or E. coli LPS (100 µg/mouse, IP). Frequency of 
CD4+CD8+ DP thymocytes (A), CD4 SP thymocytes (B), CD4-CD8- DN 
thymocytes (C) and CD8 SP thymocytes (D) positive for active caspase 3 was 
determined one day post treatment. Data presented are mean ± SD from five 
mice per group.* p ≤ 0.05 compared with saline-treated controls. ** p ≤ 0.05 
compared with LPS-treated controls.  
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5.1.1.1 Role of Bcl-2 in Anti-Apoptotic Effect of Leptin 

To assess potential cellular mechanisms associated with leptin’s protective effects on 

thymocyte apoptosis, we investigated whether the anti-apoptotic gene B-cell 

leukemia/lymphoma 2 (Bcl-2) was playing a role during leptin-mediated protection 

against LPS-induced acute thymic atrophy. Bcl-2 has been linked to leptin signaling in β 

islet cells of leptin receptor-deficient  (fa/fa) rats (similar to db/db mice) (165).  Bcl-2 is 

normally expressed within the DN, CD4 SP, and CD8 SP thymocyte development 

compartments, but is down-regulated in DP thymocytes (166). Female C57BL/6 mice 

were treated with saline or leptin with or without concurrent LPS challenge. Freshly 

isolated thymocytes were surface stained for CD3/CD4/CD8 and intracellularly stained 

with anti-Bcl-2-PE one day post treatment. Bcl-2 was basally expressed in 25-35% of CD4 

SP, CD8 SP, and DN thymocytes in saline-treated mice (Fig. 27A, C, D). Consistent with 

what is reported in the literature (166), Bcl-2 was not highly expressed in DP thymocytes 

from saline-treated animals (Fig 27B).  Leptin alone had no significant impact on 

frequency of Bcl-2 positive thymocytes (Fig. 27). LPS had no significant impact on 

frequency of Bcl-2 positive CD4 SP or CD8 SP thymocytes (Fig 27A, C). Frequency of 

Bcl-2 positive DN thymocytes was decreased with LPS treatment. Interestingly, 

frequency of Bcl-2 positive DP thymocytes was increased in DP thymocytes, indicating 

Bcl-2 may be endogenously up-regulated as a protective response in DP thymocytes 

(Fig. 27B). We hypothesized that if Bcl-2 was involved in leptin-mediated protection 

http://www.infobiogen.fr/services/chromcancer/Genes/BCL2ID49.html
http://www.infobiogen.fr/services/chromcancer/Genes/BCL2ID49.html
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against LPS-induced thymocyte apoptosis, we would see an increase in frequency of Bcl-

2 positive cells. Leptin given concurrently with LPS challenge however did not 

significantly impact the frequency of Bcl-2 positive thymocytes among any 

developmental subset, suggesting that the anti-apoptotic protein Bcl-2 is not involved in 

leptin’s mechanism of action during LPS-induced acute thymic atrophy.  

 

Figure 27: Anti-apoptotic protein Bcl-2 frequency is not increased with leptin 
treatment. Female BALB/c mice were administered either saline or leptin (1 µg/g 
body weight, IP) and simultaneously challenged with either saline or E. coli LPS 
(100 µg/mouse, IP). Frequency of Bcl-2+ cells in CD4 SP (A), DP (B), CD8 SP (C) 
and DN (D) thymocyte subsets was determined one day post treatment. Data 
presented are mean ± SD from five mice per group.* p ≤ 0.05 compared with 
saline-treated controls.  
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Additionally, we analyzed the mean fluorescence intensity (MFI) of Bcl-2 staining on 

the same freshly isolated thymocytes analyzed above from saline- or leptin-treated mice 

concurrently challenged with saline or LPS.  Similarly, Bcl-2 MFI was basally detected in 

CD4 SP, CD8 SP, and DN thymocytes in saline-treated mice, with decreased MFI 

staining of Bcl-2 on DP thymocytes from saline-treated animals (Fig 28).  Leptin alone 

decreased the staining intensity of Bcl-2 in CD4 SP thymocytes (Fig. 28A). LPS had no 

significant impact on staining intensity of Bcl-2 positive CD4 SP or CD8 SP thymocytes 

(Fig 28A, C), but similar to results found in frequency of Bcl-2 cells,  DN thymocytes had 

decreased Bcl-2 staining intensity with LPS treatment. MFI of Bcl-2 staining on DP 

thymocytes was increased with LPS treatment; further indicating Bcl-2 may be 

endogenously up-regulated as a protective response in DP thymocytes (Fig. 28B). Leptin 

given concurrently with LPS challenge however did not significantly impact the MFI of 

Bcl-2 staining on thymocytes among any developmental subset, further indicating that 

the anti-apoptotic protein Bcl-2 is not involved in leptin’s mechanism of action during 

LPS-induced acute thymic atrophy.  
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Figure 28: Mean fluorescence intensity of Bcl-2 staining is not increased with 
leptin treatment. Female BALB/c mice were administered either saline or leptin 
(1 µg/g body weight, IP) and simultaneously challenged with either saline or E. 
coli LPS (100 µg/mouse, IP). Frequency of Bcl-2+ cells in CD4 SP (A), DP (B), CD8 
SP (C) and DN (D) thymocyte subsets was determined one day post treatment. 
Data presented are mean ± SD from five mice per group.* p ≤ 0.05 compared with 
saline-treated controls. 

 

5.1.2 Impact of Leptin on Thymocyte Proliferation 

After determining that leptin increased the frequency of DN thymocytes, we 

investigated the mechanism of action involved. In contrast to the anti-apoptotic 

mechanism of action occurring in DP thymocytes, we found leptin to promote DN 

thymocyte proliferation.  While LPS treatment significantly reduced the frequency of 

Brdu+ proliferating cells in the DN compartment three days post treatment (Fig. 29), this 
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effect was significantly blunted with leptin administration, suggesting a positive role for 

leptin in promoting or maintaining DN cell proliferation (Fig. 29).  

 

Figure 29: Leptin-induced thymic protection is characterized by increased DN 
thymocyte proliferation. Female C57BL/6 mice were administered either saline 
or leptin (1 µg/g body weight, IP) and simultaneously challenged with either 
saline or E. coli LPS (100 µg/mouse, IP). Frequency of CD4-CD8- DN thymocytes 
positive for BrdU was determined three days post treatment. Data presented are 
mean ± SD from five mice per group.* p ≤ 0.05 compared with saline-treated 
controls. ** p ≤ 0.05 compared with LPS-treated controls.  

 



 

 93

5.2 Effects of Leptin on Thymocytes in vivo during LPS-
Induced Acute Thymic Atrophy in Leptin Receptor-
Deficient Mice 

In C57BL/6 wild type mice, we determine that leptin increased the frequency of 

DP thymocytes via an anti-apoptotic mechanism (See Fig. 25) and increased the 

frequency of DN thymocytes via a proliferative mechanism (See Fig. 29) during 

protection from LPS-induced acute thymic atrophy. We hypothesized that these 

protective effects were dependent upon the long signaling isoform of the leptin receptor. 

To determine if OBRb was indeed necessary, leptin receptor-deficient db/db mice were 

treated with saline or leptin and simultaneously challenged with either saline or LPS.  

Frequency of active caspase 3 positive DP thymocytes and frequency of BrdU+ DN 

thymocytes were determined in these leptin receptor-deficient db/db mice similar to 

experiments done in C57BL/6 wild type mice. As expected, LPS increased frequency of 

active caspase 3 positive DP thymocytes in leptin receptor-deficient db/db mice (Fig. 30 

A).  In contrast to effects seen in wild type mice however, leptin did not impact the LPS-

induced rise in frequency of active caspase 3 positive DP thymocytes in leptin receptor-

deficient db/db mice. In wild-type C57BL/6 mice, leptin decreased the LPS-induced active 

caspase 3 response (See Fig. 24) by 87% at day one whereas in leptin receptor-deficient 

db/db mice there was no significant change observed in active caspase 3 levels with 

simultaneous leptin treatment (Fig. 30 B). Together these data support our hypothesis 

that leptin-mediated protection of the thymus during times of stress is OBRb-dependent. 
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Figure 30: Leptin-induced thymic protection against DP thymocyte apoptosis is 
OBRb-dependent. Female leptin receptor-deficient db/db mice were 
administered either saline or leptin (1 µg/g body weight, IP) and simultaneously 
challenged with either saline or E. coli LPS (100 µg/mouse, IP). Frequency of DP 
thymocytes positive for active caspase 3 was determined one day post treatment 
(A). Percent reduction of active caspase 3 positive DP thymocytes in LPS 
challenged mice with leptin treatment in C57BL/6 and db/db mouse strains (B). 
Data presented are mean ± SD from five mice per group.* p ≤ 0.05 compared with 
saline-treated controls.   
 

We have previously shown LPS treatment to decrease frequency of BrdU+ DN 

thymocytes (See Fig. 29). LPS treatment in leptin receptor-deficient db/db mice however 

did not significantly alter frequency of BrdU+ DN thymocytes, although there was a 

trend toward decreased frequency (Fig. 31). Neither leptin alone nor leptin given 

concurrently with LPS challenge significantly impacted the frequency of proliferating 
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cells in the DN thymocyte developmental compartment, indicating that leptin-mediated 

increase in DN proliferation does not occur in the absence of the long signaling form of 

the leptin receptor.  

 

 

Figure 31: Leptin does not increase DN thymocyte proliferation in leptin 
receptor-deficient db/db mice. Female leptin receptor-deficient db/db mice were 
administered either saline or leptin (1 µg/g body weight, IP) and simultaneously 
challenged with either saline or E. coli LPS (100 µg/mouse, IP). Frequency of DN 
thymocytes positive for BrdU was determined three days post treatment. Data 
presented are mean ± SD from five mice per group.  
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5.3 Effects of Leptin on Thymic Output in vivo during LPS-
Induced Acute Thymic Atrophy  

Finally, we sought to determine if the protective effect of leptin in the thymus 

extended to increased T cell output to the periphery. Female C57BL/6 mice were injected 

(96) with saline or leptin 1 µg/g with or without 100 µg of LPS and sacrificed seven days 

after treatment. Splenocyte cellularity, phenotype (CD3/CD4/CD8/CD44), and markers 

for recent thymic emigration (TREC) and TCR receptor diversity (TCR Beta (V) 

utilization) were determined. LPS alone did not impact total number of splenocytes or 

frequency of CD3+ T cells (Table 3). LPS challenge mildly decreased CD4 T cell 

frequency and increased CD8 T cell frequency. Quantification of T cell receptor excision 

circles (TREC) per 100,000 cells is a good indicator of recent thymic emigration (89). 

TREC/100,000 CD4+ T cells was significantly reduced by LPS treatment, although 

frequency of naïve (CD3+CD4+CD44-) CD4 T cells was not altered by LPS (Table 3). 

Similarly, LPS treatment caused a trend toward reduced TREC/100,000 CD8+ T cells, yet 

no difference was seen in the frequency of naïve (CD3+CD8+CD44-) CD8 T cells (Table 

3).  

We did not observe significant differences of leptin on saline-treated or LPS-

treated mice in total splenocyte number, CD3+ T cell frequency, nor CD4+/CD8+ T cell 

distribution (Table 3). Leptin did not impact naïve T cell subsets in CD4+ T cell or CD8+ 

T cell populations (Table 3). TREC/100,000 CD4+ T cells and TREC/100,000 CD8+ T cells 

was not altered by leptin in either saline-treated or LPS-treated mice (Table 3).  



 

 97

Table 3: Peripheral T cell compartment is not altered by leptin or LPS 
treatment seven days post challenge in C57BL/6 mice (n = 4). 

 

 

To further determine if leptin can impact T cell populations in the periphery, the 

utilization of 15 different V(β) families of the TCRβ chain were determined seven days 

post treatment by flow cytometry (2, 3, 4, 5.1/5.2, 6, 7, 8.1/8.2, 8.3, 9, 10b, 11, 12, 13, 14, 

17a). Figure 32 shows representative histograms of the frequency distribution of TCR 

V(β) family utilization in CD4 T cells (Fig. 32 A) and CD8 T cells (Fig. 32 B) from saline, 

LPS, Leptin, and LPS/Leptin treated mice. No differences were seen upon global or 

individual examination of V(β) family utilization between any treatment group (Fig 32).  
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Figure 32: Representative histogram of TCR Beta chain V(β) family utilization. 
Female C57BL/6mice were administered either saline or leptin (1 µg/g body 
weight, IP) and simultaneously challenged with either saline or E. coli LPS (100 
µg/mouse, IP). TCR Beta chain V(β) distribution was determined in CD4 T cells 
(A) and CD8 T cells (B) at day 7 post challenge. Data presented are mean ± SD 
from four mice per group. Data and figure generated by Melissa Ventevogel in 
the Sempowski Lab.  
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Chapter 6: Effect of Leptin on Cultured 
Thymocytes 
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6.1 Leptin Receptor Expression on Isolated Thymocytes  

 

6.1.1 Leptin Receptor Isoform Gene Expression is Absent on Isolated 
Thymocytes 

We have previously shown leptin receptor gene expression on freshly isolated 

thymocytes to be low/negative (See Table 2 and Figure 11). Evidence in the literature 

however suggests thymocytes may be responsive to leptin in vitro (90). To test the 

possibility that leptin receptor gene expression could be limited to a particular 

thymocyte developmental subset, we determined the expression profile of leptin 

receptor isoforms among individual thymocyte developmental subsets (Table 4).  

Freshly isolated thymocytes from BALB/c mice were sorted into CD4+ SP, DP, CD8+ SP, 

and DN populations for gene expression analysis. RNA was extracted from sorted 

thymocyte populations and semi-quantitative real time PCR (qRT-PCR) was performed 

for three leptin receptor isoforms predominately expressed in rodents: the short 

isoforms OBRa and OBRc, and the long isoform, OBRb, which is the only isoform fully 

capable of activating the Jak/STAT pathway for biologically functional signaling (141). 

Data are reported as mean ± SD from three separate sorting experiments.   

Steady-state mRNA for OBRa was detected in all thymocyte subsets, as were 

steady-state mRNA levels of OBRc (Table 4). It is important to note that the lower the 

normalized Ct value, the higher the level of steady-state mRNA. Consistent with our 

findings from bulk thymocytes, Ct values for OBRb were below the lower limit of 
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detection in each thymocyte developmental subset (normalized Ct > 20.0) (Table 4). 

These observations indicate that leptin receptor gene expression is indeed undetectable 

among thymocyte developmental subsets within this assay.  

 

Table 4: OBRa, OBRb, and OBRc steady-state mRNA expressiona,b (n = 3). 

 

 

6.1.2 Leptin Receptor Protein Expression is Absent on Isolated 
Thymocytes 

To confirm the presence or absence of leptin receptor protein on murine 

thymocytes, we first analyzed freshly isolated thymocytes by two methods: flow 

cytometric analysis and immunofluorescence staining of cytospin cells on slides for the 

leptin receptor protein. Freshly isolated murine thymocytes were stained for leptin 

receptor and compared to a positive control cell line. The pre-adipocyte 3T3-L1 cell line 

is positive for OBR mRNA by qRT-PCR and protein levels by flow cytometry (data not 
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shown, Fig. 33 A). Staining of 3T3-L1 cells show DAPI+ nuclei (110) and expression the 

leptin receptor (red), which can be seen by the uniform staining on the cell surface (Fig. 

33 C and E). Purified thymocytes (DAPI+), however, do not show detectable protein 

levels either by flow cytometry (Fig. 33 B) or by immunofluorescence (Fig. 33 D and F).  

To test the possibility that leptin receptor protein expression could be limited to a 

particular thymocyte developmental subset, we determined the expression profile of 

leptin receptor isoforms among individual thymocyte developmental subsets by flow 

cytometry. Figure 33 G shows leptin receptor protein expression on CD4+, DP, CD8+, 

and DN thymocyte developmental subsets. In each thymocyte subset, there are no 

differences in staining profiles compared to isotype controls (Figure 33 G). Taken 

together, these observations suggest that leptin receptor expression is absent on freshly 

isolated and resting thymocytes. 
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Figure 33: Leptin receptor protein expression is absent on developing 
thymocytes. Mean fluorescence intensity of leptin receptor protein expression on 
3T3-L1 cells (A) and bulk thymocytes (B). Immunofluorescent staining for leptin 
receptor protein (red) on 3T3-L1 cells alone (C) or with DAPI (110) (E). 
Immunofluorescent staining for leptin receptor protein (red) on bulk thymocytes 
alone (D) or with DAPI (110) (F). FACS analysis of leptin receptor protein 
staining on developing thymocyte subsets from a single mouse (G). Data are 
representative of three separate staining experiments (A –F) or from five BABL/c 
mice (G).  
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6.1.3 Leptin Receptor Expression is Not Induced on Thymocytes by 
Stress 

It remains possible that leptin receptor expression can be up-regulated 

conditionally. To determine if either leptin or stress could induce leptin receptor protein 

expression on thymocytes, we stained freshly treated isolated thymocytes from BALB/c 

mice treated with leptin or LPS in vivo and analyzed the cells by flow cytometry and one 

and three days post treatment. Figure 34 A shows a representative flow cytometry plot 

of DP thymocytes isolated from mice treated with saline, leptin, LPS, or LPS and leptin 

simultaneously at one day post treatment (n = 5). There is no change in the staining 

profile on DP thymocytes in response to leptin or LPS (Fig. 34 A). When we quantified 

the background subtracted mean fluorescence intensity (MFI) of leptin receptor staining, 

we saw no induction of leptin receptor expression on DP thymocytes (Fig. 34 B). 

Background subtracted MFI of our positive control 3T3-L1 cells however, shows a 

substantial shift in background subtracted MFI. Similar results were seen when we 

analyzed CD4+, CD8+, and DN thymocytes.  Taken together, these data indicated that 

leptin receptor protein expression is not induced on thymocytes during stress events in 

our LPS-induced acute thymic atrophy model. 
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Figure 34: Leptin receptor protein expression is not inducible on thymocytes. 
Representative FACS analysis of leptin receptor protein staining on developing 
thymocyte subsets from BALB/c mice treated with saline, LPS, leptin, and 
LPS/Leptin at one day post treatment (A). Background subtracted MFI of leptin 
receptor protein expression on thymocytes and 3T3-L1 cells from five mice per 
group (B). 
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6.2 Effect of Leptin on Isolated Thymocytes  

 

6.2.1 Effect of Leptin on Thymocyte Apoptosis 

We have previously reported that leptin can protect against LPS-induced DP 

thymocyte apoptosis in vivo (See Fig. 24 - 26). To determine if leptin could have a direct 

effect on cultured thymocyte apoptosis, freshly isolated thymocytes from one BALB/c 

mouse thymus were maintained in IL-7-supplemented medium and apoptosis was 

induced by the synthetic corticosteroid dexamethasone in the presence or absence of 

leptin. Figure 35A shows a representative flow plot of thymocytes treated for six hours 

in culture. Dexamethasone induced apoptosis in thymocytes, shown by the increase in 

annexin V+/7AAD-   thymocytes. Leptin treatment had no effect on the frequency of 

apoptotic thymocytes either in the presence or absence of dexamethasone (Fig. 35 A). 

These experiments were repeated in triplicate at 12, 18, and 24 hours post treatment to 

obtain a kinetic analysis. Dexamethasone-treated thymocytes showed a significant 

frequency of apoptotic thymocytes 6 and 12 hours post treatment, switching to a 

significant necrotic population (secondary to apoptosis) by 18 and 24 hours post 

treatment (Fig. 35 B and C). Leptin had no effect either alone or with dexamethasone 

culture on thymocyte apoptosis or necrosis (Fig. 35 B and C).  
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Figure 35: Leptin does not directly protect thymocytes from dexamethasone-
induced apoptosis. Representative FACS analysis of freshly isolated thymocytes 
cultured for six hours with medium, 10-7 dexamethasone, 200 ug/mL leptin, or 
dexamethasone and leptin (A). Frequency of apoptotic (B) and necrotic (C) 
thymocytes over 24 hours in culture with respective treatments. Independent 
experiments were done in triplicate. 
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6.2.2 Effect of Leptin on Thymocyte Proliferation 

We have previously reported that leptin can induce DN thymocyte proliferation 

in LPS-challenged mice (See Fig. 29). To detect if leptin has any direct effect on 

thymocyte proliferation, we cultured freshly isolated thymocytes from two pooled 

BABL/c mouse thymus in medium alone, IL-7, or leptin. As expected, medium alone did 

not stimulate thymocytes to proliferate (Fig. 36 A). Il-7 stimulated thymocytes to 

proliferate over five days in culture (Fig. 36 A). Leptin alone had no effect on thymocyte 

proliferation and was no different than medium alone (Fig. 36 A). We next tested to see 

if leptin could augment IL-7-induced proliferation. Thymocytes were cultured in 

medium or IL-7 in the presence and absence of leptin. As expected, IL-7 induced 

thymocyte proliferation, but had no effect on IL-7-induced proliferation (Fig. 36 B). 

Additionally, we assayed if leptin had any effect on thymocyte proliferation in the 

presence of dexamethasone. As expected, dexamethasone decreased thymocyte 

proliferation, and leptin did not have a protective effect (Fig. 36 C). Lastly, we assessed if 

leptin could augment proliferation induced by another cytokine, IL-15 (167). As 

expected, IL-15 induced thymocyte proliferation, but leptin had no effect (Fig. 36 D). All 

experiments were done in triplicate. Taken together, these data indicated that leptin 

does not act directly on thymocytes.  
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Figure 36: Leptin does not directly induce thymocyte proliferation. 
Proliferation of thymocytes cultured in medium alone or supplemented with IL-7 
(50 ng/mL) or leptin (200 µg/mL) over five days (A). Proliferation of thymocytes 
treated with leptin in the presence or absence of IL-7 supplemented media (B). 
Proliferation of thymocytes treated with leptin in the presence or absence of IL-
15 supplemented media (C). Proliferation of thymocytes treated with leptin in 
the presence or absence of dexamethasone (D). Independent experiments were 
done in triplicate. 
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Chapter 7: Effects of LPS in Settings of Leptin 
and Leptin Receptor Deficiency 
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7.1 Baseline Thymopoiesis in Settings of Leptin and Leptin 
Receptor Deficiency 

 

7.1.1 Thymic Environment in Leptin-Deficient ob/ob Mice 

We first specifically characterized the phenotypic differences in thymic 

microenvironment in 8-10 week old leptin-deficient ob/ob mice. Thymus weight was 

increased by 2.7 times that of wild type in ob/ob mice (Fig. 37 A). In contrast, total 

cellularity was significantly decreased by 54% in ob/ob mice compared to wild type (Fig. 

37 B). This correlated with a significantly decreased ratio of total thymocytes per 

milligram of thymus tissue compared to C57BL/6 wild type mice (Fig. 37 C), most likely 

due to a combination of decreased thymocyte numbers and increased fat content in the 

obese mouse. Taken together, these data indicate thymic atrophy is indeed chronically 

present in leptin-deficient ob/ob mice.  
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Figure 37: Thymic atrophy in leptin-deficient ob/ob mice. Female C57BL/6 and 
ob/ob mice were treated with saline and thymus tissue was removed one day later 
to assess thymopoietic markers. Thymus weight (A), absolute number of 
thymocytes (B) and ratio of thymocytes per milligram of thymus weight (C) are 
reported as mean ± SD for ten mice per group. * p < 0.05 compared to C57BL/6 
wild type. 
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To further assess thymopoiesis in settings of leptin deficiency, we next assessed 

the frequency distribution of thymocyte developmental subsets. Leptin-deficient ob/ob 

mice had relatively normal frequency distribution of developing thymocytes, with only 

a slight increase in DN thymocyte frequency (Table 5). Absolute numbers of CD4+, DP, 

and CD8+ thymocytes in ob/ob mice were decreased, reflecting the decrease in absolute 

number of total thymocytes (Table 5). Interestingly, absolute number of DN thymocytes 

in leptin-deficient ob/ob mice was not different from wild type controls (Table 5).  

 

Table 5: Frequency and absolute number of thymocyte subsets in wild-type 
C57BL/6 and leptin-deficient ob/ob mice (n = 10). 
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7.1.1.1 Serum Leptin Levels in Leptin-Deficient ob/ob Mice 

We next wanted to confirm that there were no circulating leptin levels in leptin 

deficient ob/ob mice. Serum was assayed for leptin in saline-treated female C57BL/6 and 

ob/ob mice. Leptin levels in serum from saline-treated C57BL/6 control mice had varying 

leptin levels fluctuating over a 24 hour period (Fig. 38 A). Serum leptin was undetectable 

in leptin-deficient ob/ob mice (Fig. 38 B). There was a variable increase in endogenous 

leptin in three out of four C57BL/6 mice 24 hours post LPS challenge (Fig. 38 C). Taken 

together, these data show that leptin-deficient mice do not have circulating leptin and 

that similar to BALB/c wild-type mice, endogenous leptin is induced in C57BL/6 wild-

type mice by LPS challenge.  
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Figure 38: Serum leptin levels in C57BL/6 and leptin-deficient ob/ob mice. 
Female C57BL/6 and ob/ob mice were treated with either saline or LPS and serum 
leptin levels were determined. Serum leptin levels in C57BL/6 wild type mice 
over 24 hours (A). Data are reported as mean ± SD for five mice per group (A).  
Serum leptin levels in saline- and LPS-treated C57BL/6 wild type mice 24 hours 
post challenge (B). Serum leptin levels at 0 hours in C57BL/6 and ob/ob mice (C). 
Data are reported at pg/mL leptin levels from saline-treated (circles) and LPS-
treated (squares) mice with mean indicated with bar and standard deviation 
indicated with whiskers (B and C). 
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7.1.2 Thymic Environment in Leptin Receptor-Deficient db/db Mice 

Additionally, we characterized the phenotypic differences in thymic 

microenvironment in 8-10 week old leptin receptor-deficient db/db mice. In leptin 

receptor-deficient db/db mice, thymus weight was increased 1.61 times that of wild type 

in (Fig. 36 A). There was a trend toward decreased total cellularity by 23% in leptin 

receptor-deficient db/db mice (Fig. 39 B), but these changes were not significant. There 

was however a significant decrease in ratio of total thymocytes per milligram of thymus 

tissue compared to C57BL/6 wild type mice (Fig. 39 C). Taken together, these data 

suggest that chronic thymic atrophy in leptin receptor-deficient db/db is present at 

varying levels, but doe not reach levels seen in settings of leptin deficiency. 
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Figure 39: Thymic atrophy in leptin-deficient db/db mice. Female C57BL/6 and 
db/db mice were treated with saline and thymus tissue was removed one day 
later to assess thymopoietic markers. Thymus weight (A), absolute number of 
thymocytes (B) and ratio of thymocytes per milligram of thymus weight (C) are 
reported as mean ± SD for ten mice per group. * p < 0.05 compared to C57BL/6 
wild type. 
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To further assess thymopoiesis in settings of leptin receptor deficiency, we next 

assessed the frequency distribution of thymocyte developmental subsets. Leptin 

receptor-deficient db/db mice exhibited deceased CD4+ frequency and increased DP 

thymocyte frequency (Table 6). Only absolute numbers of CD4+ thymocytes were 

significantly decreased in leptin receptor-deficient db/db mice compared to wild type 

controls (Table 6). Taken together, these data indicated that thymic developmental 

environment is not significantly altered in young leptin receptor-deficient db/db mice.  

Table 6: Frequency and absolute number of thymocyte subsets in wild-type 
C57BL/6 and leptin receptor-deficient db/db mice (n = 10). 
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7.1.2.1 Serum Leptin Levels in Leptin Receptor-Deficient db/db Mice 

We next assayed serum leptin levels in C57BL/6 wild type and leptin receptor-

deficient db/db mice. Leptin receptor-deficient db/db mice have been reported to 

hyperleptinemia (168). As expected, serum from leptin receptor-deficient db/db mice had 

supra-physiological leptin levels above 12,500 pg/mL leptin which saturated the limits of 

the assay.  

  

7.2 Response to LPS in Settings of Leptin and Leptin Receptor 
Deficiency 

 

7.2.1 LPS-Induced Thymic Atrophy in Leptin-Deficient ob/ob Mice 

To investigate the effects the absence of leptin will have in the LPS acute thymic 

atrophy model, 8-10 week old C57BL/6 and leptin-deficient ob/ob mice were injected with 

either saline or LPS (100 ug, IP) and thymic atrophy assessed. Leptin-deficient ob/ob mice 

treated with LPS had 100% mortality by day 3, reflecting the high sensitivity to LPS seen 

in the literature (169). Thymus weight was unchanged by LPS treatment in C57BL/6 wild 

type and leptin-deficient ob/ob mice at one day post challenge (n = 10) (Fig. 40 A). When 

total thymus cellularity was assessed, as expected, thymocyte numbers in C57BL/6 mice 

treated with LPS were significantly decreased at day one post treatment (Fig. 40 B). LPS 

challenge in leptin-deficient ob/ob mice resulted in a severe loss of thymic cellularity at 

day one post LPS challenge (Fig. 40 B).  
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To further assess thymic atrophy, thymocyte phenotype was determined. As 

expected, there was a decrease in frequency and absolute number of DP thymocytes in 

C57BL/6 wild type control mice by one day post LPS challenge (n = 10) (Fig. 40 C and D). 

Compared to wild type control mice, leptin-deficient ob/ob mice also were more 

susceptible to LPS-induced loss of frequency and absolute number of DP thymocytes at 

one day post challenge (Fig. 40 C and D). LPS challenge in leptin-deficient ob/ob mice 

reduced total DP thymocytes by 86% at day 1 compared to only a 63% reduction in LPS-

treated control mice (Fig. 40 E). These data indicated that leptin-deficient ob/ob mice are 

extremely sensitive to LPS-induced acute thymic atrophy compared to wild type control 

mice.   
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Figure 40: LPS-induced acute thymic atrophy in C57BL/6 and leptin-deficient 
ob/ob mice. Female C57BL/6 wild type and leptin-deficient ob/ob mice were 
administered either saline challenged with E. coli LPS (100 µg/mouse, IP). 
Thymus weight (A), total number of thymocytes (B), frequency of DP thymocytes 
(C), absolute number of DP thymocytes (D) are presented as mean ± SD for ten 
mice per group. Relative loss of absolute number of DP thymocytes (E). * p < 0.05 
compared to saline-treated C57BL/6 wild type, ** p < 0.05 compared to saline-
treated leptin-deficient ob/ob mice. 
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7.2.1.1  Cytokine Response to LPS is Altered in Leptin-Deficient ob/ob Mice 

The inflammatory cytokine cascade is an important part of the response to LPS 

challenge, which contributes to the LPS-induced shock and subsequent acute thymic 

atrophy. We have previously demonstrated that exogenous leptin treatment 

significantly blunted the peak or post peak cytokine levels with a more rapid resolve to 

basal levels in IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-12p70, IL-17, GM-CSF, and IFN-γ 

(See Table 1) (97). This effect was mildly anti-inflammatory as many key inflammatory 

cytokines were decreased (e.g. IL-1α, IL-1β, IL-6). We next sought to identify the 

differences in the LPS-induced cytokine cascade in the absence of leptin or leptin 

signaling. Multiplex bead based ELISAs were used to quantify cytokines (IL-1α, IL-1β, 

IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p40, IL-12p70, IL-13, IL-17, G-CSF, GM-CSF, 

KC, MCP-1, MIP-1α, MIP-1β,TNF-α, RANTES, and IFN-γ) from serum obtained from 

sequential time points (0, 0.5, 1, 2, 4, 6, 12, 18, 24 h) during the first 24 h after 

administration of LPS. We hypothesized that because exogenous leptin down-

modulated cytokine responses, these cytokine responses would be increased in the 

setting of leptin deficiency and leptin receptor deficiency. LPS treatment vs saline 

treatment in C57BL/6 wild type control mice induced peak serum levels (pg/mL) of all 

measured cytokines at either 1, 2, 4, or 6 hr post LPS treatment followed by resolve to 

baseline within 12–24 hr (n = 5)(Table 7).  
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Table 7: LPS-induced peak cytokine levels in C57BL/6 wild type control mice 
(n = 5). 

 

Interestingly, we saw a dysfunctional cytokine cascade in LPS-treated leptin-

deficient ob/ob mice compared to LPS-treated C57BL/6 wild type control mice (n = 5). 

Table 8 shows 13 cytokines that are reduced in peak response at six hours post LPS 

treatment.  Several of these cytokines were the same cytokines that also had a reduced 

level when treated with exogenous leptin (IL-1β, IL-2, IL-5, IL-12p70, GM-CSF, and IFN-

γ) (See Table 1).  
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Table 8: Decreased LPS-induced cytokine levels in leptin-deficient ob/ob mice 
compared to C57BL/6 wild type control mice (n = 5). 

 

The most striking difference in cytokine profiles is shown in TNF levels, which 

peak very early in response to LPS (See Table 7). TNF is a major pro-inflammatory 

cytokine that is a critical first responder and often necessary to start a proper cytokine 

storm in response to LPS (170). As expected, TNF levels were significantly induced at 

one hour post LPS treatment in C57BL/6. TNF levels were also significantly induced in 

leptin-deficient ob/ob mice compared to strain-matched saline-treated controls, however 

peak response is severely reduced in LPS-treated leptin-deficient ob/ob mice compared to 

those of LPS-treated control mice (Fig. 41). Taken together, these clearly indicate that 

leptin is necessary for proper cytokine cascade in the LPS shock model.   
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Figure 41: Peak LPS-induced TNF levels are decreased in leptin-deficient ob/ob 
mice compared to C57BL/6 wild type controls. Female C57BL/6 wild type and 
leptin-deficient ob/ob mice were administered either saline challenged with E. coli 
LPS (100 µg/mouse, IP). Serum TNF was determined one hour post treatment 
from five mice per group. * p < 0.05 compared to C57BL/6 saline-treated controls. 
** p < 0.05 compared to leptin-deficient ob/ob saline-treated controls. 

 

7.2.2 LPS-Induced Thymic Atrophy in Leptin Receptor-Deficient 
db/db Mice 

To investigate the effects the absence of leptin signaling through the long isoform 

of the leptin receptor will have in the LPS acute thymic atrophy model, 8-10 week old 

C57BL/6 and leptin receptor-deficient db/db mice were injected with either saline or LPS 

(100 µg, IP) and thymic atrophy assessed. In contrast to the 100% mortality in leptin-

deficient ob/ob mice, leptin receptor-deficient db/db mice had a 70% mortality rate by day 

3, also showing increased sensitivity to LPS challenge. Thymus weight was increased by 

LPS treatment in leptin receptor-deficient db/db mice at one day post challenge, although 
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no changes in thymic weight were seen in C57BL/6 LPS-treated control mice (n = 10) 

(Fig. 42 A). When total thymus cellularity was assessed, as expected, thymocyte 

numbers in C57BL/6 mice treated with LPS were significantly decreased at day one post 

treatment (Fig. 42 B).  In contrast, LPS slightly increased thymus weight in leptin 

receptor-deficient db/db mice (Fig. 42 A). LPS challenge in db/db mice however induced a 

similar loss of thymic cellularity at day one post LPS challenge (Fig. 42 B). Thymic 

cellularity is a better indicator of thymic atrophy, and the increase in thymus weight in 

LPS-treated db/db mice may be artificially increased due to increased adipose tissue, 

which is hard to separate from thymus tissue in settings of thymic atrophy.   

To further assess thymic atrophy, thymocyte phenotype was determined. As 

expected, there was a decrease in frequency and absolute number of DP thymocytes in 

C57BL/6 wild type control mice by one day post LPS challenge (Fig. 42 C and D). 

Compared to wild type control mice, leptin receptor-deficient db/db mice were equally 

susceptible to LPS-induced loss of frequency and absolute number of DP thymocytes at 

one day post challenge (Fig. 42 C and D). LPS challenge in leptin receptor-deficient db/db 

mice reduced total DP thymocytes by 68% at day 1 compared to only a 63% reduction in 

LPS-treated control mice (Fig. 42 E). These data indicated that leptin receptor-deficient 

db/db mice are equally sensitive to LPS-induced acute thymic atrophy compared to wild 

type control mice at one day post LPS challenge, in contrast to the extreme sensitivity of 

leptin-deficient ob/ob mice (See Fig. 40). 
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Figure 42: LPS-induced acute thymic atrophy in C57BL/6 and leptin receptor-
deficient db/db mice. Female C57BL/6 wild type and leptin receptor-deficient 
db/db mice were administered either saline challenged with E. coli LPS (100 
µg/mouse, IP). Thymus weight (A), total number of thymocytes (B), frequency of 
DP thymocytes (C), absolute number of DP thymocytes (D) one day post 
challenge are presented as mean ± SD for ten mice per group. Relative loss of 
absolute number of DP thymocytes (E). * p < 0.05 compared to saline-treated 
C57BL/6 wild type, ** p < 0.05 compared to saline-treated leptin receptor-
deficient db/db mice. 
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The height of thymic atrophy however in C57BL/6 control mice was exhibited at 

day 3, with an LPS-induced 93% reduction in total cellularity (Fig. 43 B). Thymus weight 

was increased by LPS treatment in leptin receptor-deficient db/db mice at three days post 

challenge, in contrast to a significant decrease in thymic weight in C57BL/6 wild type 

control LPS-challenged mice (n = 3)(Fig. 43 A). When total thymus cellularity was 

assessed, as expected, thymocyte numbers in C57BL/6 mice treated with LPS were 

significantly decreased at day three post treatment (Fig. 43 B). LPS challenge in leptin 

receptor-deficient db/db mice induced a trend toward loss of thymic cellularity at day 

three post LPS challenge, but this reduction was not statistically significant (Fig. 43 B). 

To further assess thymic atrophy, thymocyte phenotype was determined. As expected, 

there was a decrease in frequency and absolute number of DP thymocytes in C57BL/6 

wild type control mice by three days post LPS challenge (Fig. 43 C and D). Interestingly, 

leptin receptor-deficient db/db mice were not as susceptible to LPS-induced loss of 

frequency and absolute number of DP thymocytes at three days post challenge 

compared to LPS-treated wild type control mice (Fig. 43 C and D). LPS challenge in wild 

type mice reduced total DP thymocytes by 99% at day three, yet LPS reduced total DP 

thymocytes in leptin receptor-deficient db/db mice by only 63.5% at three days post 

challenge (Fig. 43 E). These data indicated that leptin receptor-deficient db/db mice are 

less sensitive to LPS-induced acute thymic atrophy compared to wild type control mice, 

at least at three days post LPS challenge.  
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Figure 43: LPS-induced acute thymic atrophy in C57BL/6 and leptin receptor-
deficient db/db mice. Female C57BL/6 wild type and leptin receptor-deficient 
db/db mice were administered either saline challenged with E. coli LPS (100 
µg/mouse, IP). Thymus weight (A), total number of thymocytes (B), frequency of 
DP thymocytes (C), absolute number of DP thymocytes (D) three days post 
challenge are presented as mean ± SD for three mice per group. Relative loss of 
absolute number of DP thymocytes (E). * p < 0.05 compared to saline-treated 
C57BL/6 wild type, ** p < 0.05 compared to saline-treated leptin receptor-
deficient db/db mice. 
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7.2.2.1 Cytokine Response to LPS is Altered in Leptin Receptor-Deficient db/db Mice 

We also saw a dysfunctional cytokine cascade in LPS-treated leptin receptor-

deficient db/db mice compared to LPS-treated C57BL/6 wild type control mice. Table 9 

shows 13 cytokines that are reduced in peak response at six hours post LPS treatment.  

Several of these cytokines were also the same cytokines that also had a reduced level 

when treated with exogenous leptin (IL-1β, IL-2, IL-5, IL-12p70, GM-CSF, and IFN-γ) 

(See Table 1). Also, many of these cytokines were similarly reduced in the LPS response 

in leptin-deficient ob/ob mice (See Table 8).  

 

Table 9: Decreased LPS-induced cytokine levels at 6 hours in leptin receptor-
deficient db/db mice compared to C57BL/6 wild type control mice (n = 5). 
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Similar to observations in leptin-deficient ob/ob mice, the most striking difference 

in cytokine profiles was in TNF levels. TNF levels were significantly induced at one 

hour post LPS treatment in C57BL/6. TNF levels were also significantly induced in leptin 

receptor-deficient db/db mice compared to strain-matched saline-treated controls,  

however peak response is severely reduced in LPS-treated leptin receptor-deficient db/db 

mice compared to those of LPS-treated control mice (Fig. 44). Taken together, these 

clearly indicate that leptin signaling is necessary for proper cytokine cascade in the LPS 

shock model.   

 

Figure 44: Peak LPS-induced TNF levels are decreased in leptin receptor-
deficient db/db mice compared to C57BL/6 wild type controls. Female C57BL/6 
wild type and leptin receptor-deficient db/db mice were administered either 
saline challenged with E. coli LPS (100 µg/mouse, IP). Serum TNF was 
determined one hour post treatment from five mice per group. * p < 0.05 
compared to C57BL/6 saline-treated controls. ** p < 0.05 compared to leptin 
receptor-deficient db/db saline-treated controls. 
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Chapter 8: Alternative Therapeutic Strategies: 
Intrathymic Injection of Leptin 
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8.1 Thymopoiesis in Response to Intrathymic Leptin Injection 

We hypothesized that if supraphysiological levels of peripherally administered 

leptin could protect against LPS-induced acute thymic atrophy, then intrathymic 

injection of leptin would work more directly and further protect against stress-induced 

acute thymic atrophy. We injected either saline or leptin (20 µg/mouse) following an 

adapted intrathymic injection protocol (171). Briefly, 6-8 week old female BALB/c mice 

were anesthetized with ketamine-xylazine (100:10 mg/kg, IP). A small incision was made 

through the skin, but not into the thorax, and saline or leptin was injected into each 

thymic lobe, whose location was estimated based on the sternum. The skin incision was 

closed using surgical glue. Concurrently, mice were challenged with either saline or LPS 

(100 µg/mouse, IP). Mice were then allowed to recover, and thymopoiesis was assessed 

at one, three, and seven days post treatment. Thymus weight in saline-treated (i.t.), 

saline-challenged (i.t.) mice was significantly decreased by surgery alone at three and 

seven days post treatment compared to untreated animals (thymus weight = 34.2 mg ± 

5.67). Thymus weight was significantly reduced by LPS challenge (96) in both saline- 

and leptin-treated (i.t.) mice at one, three, and seven days post treatment, indicating that 

leptin cannot protect against LPS-induced acute thymic atrophy after the surgical stress 

of intrathymic injection (Fig. 45). We saw increased thymic weight in leptin-treated (i.t), 

saline-challenged mice at seven days post treatment compared to saline-treated (i.t), 

saline-challenged mice (Fig. 45 C).  
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Figure 45: Effects of intrathymic injection of leptin in saline- and LPS-
challenged mice. Female BALB/c mice were injected intrathymically with saline 
or leptin and concurrently challenged with saline or LPS (100 µg/mouse, IP). 
Thymus weight was assessed at one day (A), three days (B) and seven days (C) 
post treatment. Data presented are mean ± SD from five mice per group. * p < 
0.05 compared to saline(i.t)/saline(i.t.) controls. 
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To further analyze the effects of intrathymic leptin injection alone at seven days 

post treatment, we assessed total number of thymocytes, thymocyte phenotype, and 

naïve T cells in the periphery. We found that saline(i.t)/saline(i.t.) treatment in mice 

significantly decreased total number of thymocytes at day seven compared to untreated 

mice (Fig. 46). Leptin(i.t)/saline(i.t.) treatment in mice was able to boost total number of 

thymocytes at day seven compared to saline(i.t)/saline(i.t.) treated mice (Fig. 46). 

 

 

Figure 46: Intrathymic injection of leptin increases total number of 
thymocytes. Female BALB/c mice were injected intrathymically with saline or 
leptin and concurrently challenged with saline (i.t.). Total number of thymocytes 
were assessed seven days post treatment. Data presented are mean ± SD from 
five mice per group. * p < 0.05  compared to untreated controls. ** p < 0.05 
compared to saline(i.t)/saline (i.t.) controls.  
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Thymocyte phenotype was also assessed. Frequency of DP thymocytes was 

slightly decreased at seven days by saline(i.t.)/saline(i.t.) treatment compared to 

untreated mice, while frequency of CD8 SP thymocytes was slightly increased (Table 

10). Frequency of total DN thymocytes was unchanged by saline(i.t.)/saline(i.t.) 

treatment,  but frequency of DN II and DN III thymocytes were decreased by 

saline(i.t.)/saline(i.t.) treatment, while frequency of DN IV thymocytes were increased 

(Table 10). Intrathymic injection of leptin was able to increase the frequency of DN II and 

DN III thymocytes (Table 10).Absolute number of CD4 SP, DP, DN, DN I, DN II, DN III, 

and DN IV thymocytes were all significantly decreased by saline(i.t.)/saline(i.t.) 

treatment compared to untreated mice (Table 10). Intrathymic injection of leptin was 

able to increase the absolute number of DP thymocytes as well as DN II, DN III, and DN 

IV thymocytes (Table 10). 
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Table 10: Frequency and absolute number of thymocytes in untreated, saline-
treated (i.t.) and leptin-treated (i.t.) mice seven days post treatment (n = 5). 

 

Thymic output was also assessed seven days post treatment. While intrathymic 

injection of leptin did not significantly alter the frequency of CD4 or CD8 T cells in the 

periphery (Fig. 47 A), leptin did increase the frequency of naïve phenotype in both CD4 

and CD8 T cells (Fig. 47 B and C). These data suggested that increased thymopoiesis in 

leptin(i.t.)/saline(i.t) treated mice (See Fig. 46 and Table 10) is having a positive impact 

on thymic output to the periphery.  
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Figure 47: Frequency of naïve T cells in the periphery. Female BALB/c mice 
were injected intrathymically with saline or leptin and concurrently challenged 
with saline (i.t.). Frequency of CD4 and CD8 T cells (A) was assessed seven days 
post treatment. Representative flow plot of naïve T cell distribution in saline-(it.) 
and leptin-(i.t) treated, saline (i.t.) challenged mice (B). Frequency of naïve T cells 
in CD4 and CD8 T cell populations (C). Data presented are mean ± SD from five 
mice per group. * p < 0.05  compared to saline(i.t)/saline(i.t.) controls. 
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 Lastly, we determined serum leptin levels to assess whether intrathymic injection 

of leptin would leak into the periphery. Saline-treated mice had low levels of circulating 

leptin two hours post injection (Fig. 48). Leptin given intrathymically however raised 

serum leptin levels near those seen with intraperitoneal injections of leptin, indicating 

that leptin given intrathymically was leaking to the periphery (Fig. 48). 

 

Figure 48: Serum leptin levels in saline- and leptin-treated (i.t.) and leptin-
treated (i.t.) mice. Female BALB/c mice were injected intrathymically with saline 
or leptin and concurrently challenged with saline or leptin (i.t.). Serum leptin 
levels were assayed two hours post treatment. Data presented are mean ± SD 
from three mice per group.  
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Chapter 9: Discussion 
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Data presented in this thesis contribute to our growing mechanistic 

understanding of how the metabolic hormone leptin can function in the immune system 

to protect the thymus when stressed. In addition to investigating systemic effects of 

leptin, these studies addressed for the first time possible intrathymic effects of leptin-

mediated protection against acute thymic atrophy. We studied two thymic 

compartments: stromal and lymphoid; and have researched two types of effects: direct 

and indirect.  The data presented herein provide the first evidence for the metabolic 

hormone leptin in mediating protection of thymus stroma, and thus thymopoiesis, in an 

endotoxemia model of acute stress-induced thymic atrophy. It is also the first 

documentation of extensive leptin receptor characterization in the thymus.  Our 

observations showed that leptin receptor protein expression is restricted specifically to 

medullary thymic epithelial cells in young mouse thymus and is not present on 

thymocytes themselves. Furthermore, we have shown that exogenous leptin 

preferentially protected against the endotoxin-induced loss of mTECs, but not other 

stromal cells. This protection resulted in increased IL-7 mRNA, an important soluble 

mediator of thymopoiesis. Leptin also exhibited an indirect effect on thymocytes by 

acutely protecting against DP thymocyte apoptosis and maintaining and/or enhancing 

DN thymocyte proliferation. The effects on thymocytes were determined to be 

dependent upon the long isoform of the leptin receptor (OBRb). In addition to 

intrathymic effects, leptin was demonstrated to work systemically by reducing serum 
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corticosterone and pro-inflammatory cytokines during endotoxin challenge. Lastly, 

thymic damage is exacerbated in the setting of leptin deficiency, further implicating 

leptin as an important thymostimulatory cytokine/hormone in settings of stress. 

Together, these data supported a model in which leptin protects the thymus gland from 

stress-induced acute damage by systemic and intrathymic mechanisms of action, with 

the latter being orchestrated by medullary thymic epithelial cells and their soluble 

mediators (e.g. IL-7). These studies suggested a physiological role for leptin signaling in 

the thymus for maintaining healthy thymic epithelium and promoting thymopoiesis, 

which is revealed when thymus homeostasis is perturbed by stress.  

 

9.1 Systemic Mechanisms of Action 

Exogenous leptin administration resulted in supra-physiological serum leptin 

levels that peaked within two hours and resolved to baseline within four hours. The 

effects of leptin on thymopoiesis however were observed one to seven days post LPS 

challenge, demonstrating long-term downstream effects despite a relatively short half-

life of the peptide. This is advantageous as a potential therapeutic, because extended 

leptin treatment will activate the central nervous system and exhibit satiety effects. 

Leptin-induced fasting would be detrimental, as it is well known that malnutrition and 

starvation-induced stress can then in turn negatively impact the thymus. We have 

confirmed in our model that LPS challenge and subsequent sequela cause an 
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endogenous rise in leptin. This endogenous rise in leptin has been linked to the transient 

anorexia exhibited by animals during LPS shock (172). While serum leptin is doubled in 

response to LPS, it is nowhere near the supraphysiological levels induced by exogenous 

leptin injection, suggesting that an endogenous rise in leptin may be limited to 

maintaining thymus homeostasis only during minor stress events.  

The characterization of the LPS-induced acute thymic atrophy model was 

imperative to discovering the protective effects of leptin. The activation of the HPA-axis 

and systemic rise in corticosteroids as well as activation of the inflammatory cytokine 

cascade are prominent responses to LPS and have been mechanistically associated with 

acute thymic atrophy (75, 173). Corticosteroids induce apoptosis of immature 

thymocytes and play a critical role in acute thymic involution (174). Leptin in turn has 

been shown to have a negative feed-back effect on the HPA axis by inhibiting the release 

of CRH protein, and therefore reducing both ACTH and corticosteroid levels in the 

serum (149). The observation that leptin slightly blunted corticosterone levels suggested 

an active role for leptin in suppressing the HPA axis and production of systemic 

corticosteroids in the endotoxin-induced acute thymic atrophy model.  This inhibition of 

peak corticosteroid response may partially alleviate the negative systemic impact of 

corticosterone on the thymus.  

Similarly, the reduction of several pro-inflammatory cytokines may also contribute 

to the lessening of a systemic assault to the thymus. LPS is known to specifically induce 
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IL-1, TNF, IL-6, as well as other inflammatory cytokines (175). As expected, we observed 

a significant rise in all 23 cytokines we measured by bead-based ELISAs (See Table 7). 

Leptin blunted several pro-inflammatory cytokines, including IL-1α, IL-1β, IL-6, and IL-

12, but did not blunt the rise of TNF. While exogenous leptin injection induced 

supraphysiological levels of serum leptin within 30 minutes, most cytokine levels were 

reduced by leptin at 4 to 6 hours post injection. Perhaps the TNF response, which peaks 

at 1 hour, is too rapid for inhibition by leptin, or alternatively, leptin does not modulate 

TNF secretion. This anti-inflammatory effect is interesting because leptin has been 

classically described as having pro-inflammatory effects in the immune system. It may 

be possible that leptin can have pro-inflammatory effects at low concentrations and have 

anti-inflammatory effects at high concentrations. This could be tested by examining if 

lower doses of exogenous leptin administration have the same effects on pro-

inflammatory cytokine levels, or if they are increased. We do know for certain however 

that in the complete absence of leptin (or leptin signaling), normal levels of cytokines in 

the pro-inflammatory cytokine cascade cannot be mounted (See Table 8). Alternatively, 

leptin may be acting indirectly by inducing an anti-inflammatory factor that 

subsequently reduces cytokine levels. Future studies can be done to monitor the protein 

levels of known anti-inflammatory proteins or hormones. Proteins/hormones of interest 

include ghrelin, a small peptide involved in up-regulating food intake; growth hormone 

(GH); adiponectin, an anti-inflammatory adipokine; transforming growth factor beta 
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(TGF-β), an known anti-inflammatory cytokine; and soluble interleukin receptor 1α (IL-

1Rα), a known receptor to the inflammatory cytokine IL-1α. Alternatively, a broad 

analysis of the entire mouse genome using thymus RNA isolated from endotoxin-

challenged mice treated with either saline or leptin could be utilized to identify possible 

anti-inflammatory mechanisms. Lastly, leptin may have different effects on different cell 

types; increasing cytokine production by one cell type and inhibiting cytokine 

production in another cell type. 

While the reduction in cytokine levels by leptin treatment is significant, it may 

not be biologically relevant to acute thymic atrophy specifically. Studies done in leptin-

deficient ob/ob and leptin receptor-deficient db/db mice indicate that LPS induces acute 

thymic atrophy despite a lack of normal cytokine response (See Figures 40-44 and Tables 

8 and 9). While we cannot rule out the possibility that pro-inflammatory cytokines are 

contributing to thymic atrophy in the wild-type mouse, these data indicate that a proper 

cytokine response is not necessary for acute thymic involution to occur. In fact, many of 

the cytokines reduced in these settings of leptin or leptin receptor deficiency are the 

same cytokines reduced with leptin treatment in LPS-challenged wild-type mice (Fig. 

49).  
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Figure 49: Decreased cytokine production in leptin treatment and leptin 
deficiency. 

 

More importantly, more relevant pro-inflammatory cytokines and chemokines were 

inhibited in LPS-challenged leptin-deficient and leptin receptor-deficient mice than by 

exogenous leptin treatment (Fig. 49). Despite this decrease in more inflammatory 

cytokines, including a potent mediator of inflammation (TNF), leptin deficiency resulted 

in more severe LPS-induced acute thymus atrophy (Fig. 49). These observations 

suggested that the systemic reduction in inflammation mediated by leptin during 

endotoxin challenge may not have a large impact on the degree of thymus atrophy.  

Furthermore, the degree of reduction of corticosterone and pro-inflammatory cytokines 

was not dramatic enough to fully explain the magnitude of thymostimulatory/protective 

effect of leptin in the LPS-induced thymic atrophy model, as the reduction in peak 

corticosterone was slight and several pro-inflammatory cytokines were not modulated 
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(i.e. TNF-α). The relative impact of systemic mechanisms is an area in need of further 

investigation. Taken together, these findings strongly suggested that other leptin-driven 

mechanisms, such as direct effects in different cell types in the thymus, must be 

functioning alongside the suppression of the systemic response for thymus protection. 

 

9.2 Intrathymic Mechanisms of Action: Stromal Compartment 

To study other leptin-driven mechanisms potentially occurring intrathymically, 

we first characterized leptin receptor expression in the thymus. Leptin receptor mRNA 

transcripts have been detected in whole thymus extract (148), suggesting at least one cell 

type in the complex thymus milieu expresses the leptin receptor. The data presented 

herein is the first evidence to showing differential expression between stromal and 

lymphoid compartments in the thymus. Using a semi-quantitative isoform-specific 

approach, we have shown that both a short isoform (OBRa) and the long signaling 

isoform (OBRb) are preferentially expressed in the stromal compartment of the thymus. 

Specifically, mRNA expression level of the long signaling isoform (OBRb) was 180-fold 

higher in an enriched stromal fraction than in the thymocyte fraction. These data 

suggested that the leptin receptor is not likely expressed on developing thymocytes. 

Furthermore, absence of immunofluorescent staining on tissue sections support this 

hypothesis. The absence of leptin receptor expression on developing thymocytes was 

further confirmed by flow cytometry and immunofluorescent staining of thymocyte 
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cytospins, indicating that leptin receptor expression on thymocytes is indeed 

exceedingly low or negative. 

While these data clearly indicated leptin receptor expression is absent on 

developing thymocytes in a normal, un-stressed mouse, the possibility that thymocytes 

can up-regulate leptin receptor in response to stress remains possible. Evidence in the 

literature suggests a direct effect of leptin on thymocytes is possible. One report has 

shown leptin treatment in vitro inhibited dexamethasone-induced apoptosis in cultured 

mouse thymocytes (90). This reported responsiveness of isolated thymocytes to leptin 

suggests the possibility of leptin receptor expression within the thymic lymphoid 

compartment. Other studies have shown leptin receptor expression on rat thymocytes 

(176) and mature peripheral murine lymphocytes, including CD4 and CD8 T cells, B 

cells, and monocytes/macrophages (147). These reports indicate the possibility of 

induced OBR expression on mature T cells and a direct mechanism of action of leptin on 

cultured thymocytes, which could be possible through low density leptin receptor 

expression currently undetectable by flow cytometry or immunofluorescent staining 

(Fig. 3). Our gene expression analysis of the leptin receptor on thymocytes (Table 1 and 

4) supports this low-level expression possibility, although the complete absence of the 

long signaling isoform (OBRb) makes it unlikely that low-level expression would be 

functional. Using a pan-antibody to all leptin receptor isoforms, we assessed if leptin 

receptor expression could be induced by leptin or stress (i.e. LPS). FACS analysis 
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indicated neither leptin nor LPS could induce leptin receptor expression on freshly 

isolated thymocytes from in vivo treated mice (Fig. 34).  Furthermore, no changes in 

staining patterns of leptin receptor protein expression on thymus tissue were noted to 

indicate thymocytes were up-regulating leptin receptor expression (Fig. 19.) Lastly, ex 

vivo cultured thymocytes failed to respond to leptin in our experiments, further 

indicating that functional leptin receptor is indeed absent on thymocytes themselves. 

Consistent with our qRT-PCR data indicating leptin receptor to be preferentially 

expressed in the non-hematopoietic stromal compartment, we found leptin receptor 

protein to be also highly expressed in thymus medulla. While leptin receptor expression 

clearly was confined to areas of cytokeratin 5 expression, the staining patterns were not 

overlapping. The staining pattern however of another surface marker, MHC Class II, 

showed overlap with the leptin receptor.  The fact that leptin receptor staining did not 

colocalize with CD11c staining ruled out the possibility that OBR+, MHC Class II+ cells 

were medullary-associated thymic dendritic cells (hematopoietic origin). Further 

analysis did not indicate leptin receptor protein expression on cortical thymic epithelial 

cells or thymic fibroblasts either. These data suggested that the only cell type in the 

thymus expresses the leptin receptor: mTECs. This observation is consistent with our 

hypothesis that leptin can directly signal through mTEC populations during leptin-

mediated protection against LPS-induced thymic damage. 
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These observations led us to assess changes in thymus architecture and stromal 

content during endotoxin-induced acute thymic atrophy.  We found LPS to significantly 

alter thymic architecture as early as 3 days, in which leptin treatment could restore 

thymic architecture by 7 days (See Fig. 14). These observations supported a model in 

which leptin protects against thymic damage in part by accelerating thymic recovery 

after acute damage. We also saw that in addition to a negative impact in the 

thymopoietic compartment, LPS also significantly damaged the thymic epithelium 

(cortical and medullary) as well as non-epithelial stromal cell populations, which may 

consist of thymic fibroblasts, nurse cells, and endothelium. Leptin protected against the 

loss of thymic epithelium, but not non-epithelial stromal compartment. A limitation of 

our analysis is that we did not rule out the possibility that MHC Class II was induced on 

thymic fibroblasts by LPS-induced IFN-γ, and therefore this cell type might be included 

as epithelial cells in our analysis. This possibility is unlikely however, as other LPS-

induced cytokines, such as TGF-β, IFN-β, TNF-α, and IL-1 have all been shown to inhibit 

the IFN- γ-induced expression of MHC Class II on non-bone marrow-derived cells (177).  

Furthermore, this protective effect was found to be preferential to the medullary TEC 

compartment. We hypothesized that if leptin was mediating protection of the thymus 

only via systemic mechanisms, both the cortical and medullary TECs would have equal 

protection. While we can not rule out that leptin-mediated systemic factors are having a 

partial impact, the absence of a significant protective effect in the OBR-negative cortical 
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TEC population and non-epithelial stromal compartment suggested a direct effect of 

leptin on OBR positive medullary TECs. The loss of OBRb gene expression that we 

observed in whole thymus RNA extractions in LPS-challenged mice may be an 

indication of the loss of mTEC populations. Similarly, the restoration of the long 

signaling isoform’s gene expression with leptin treatment during LPS-induced thymic 

damage may be indicative of the preferential protection against mTEC loss. The fact that 

we did not see global changes of OBR protein expression by immunofluorescence is 

inconclusive. The technique of immunofluorescence is not very sensitive or quantitative, 

and we can only conclude that leptin receptor expression is still present and not 

completely lost by endotoxin treatment. Unfortunately, any observations of OBR protein 

expression directly on isolated mTECs cannot be observed because the process of 

collagenase digestion cleaves the leptin receptor.  

 

9.3 Intrathymic Mechanisms of Action: Lymphoid 
Compartment 

In the lymphoid compartment, we did not detect leptin receptor protein or find 

detectable levels of RNA for the long signaling isoform (OBRb) on freshly isolated 

thymocytes. We did however observe that leptin treatment protected against LPS-

induced apoptosis of DP thymocytes and promoted or maintained proliferation of DN 

thymocytes, again suggesting an indirect intrathymic mechanism of action for leptin in 

thymocyte protection against stress-induced acute thymic atrophy. To rule out possible 
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direct effects of leptin on thymocytes themselves, we treated freshly isolated thymocytes 

with leptin and analyzed the effects on thymocyte apoptosis and thymocyte 

proliferation. We found that leptin had no direct impact on thymocytes during 

dexamethasone-induced thymocyte apoptosis. We did not observe any impact on 

thymocyte proliferation with leptin alone or in conjunction with thymocyte growth 

factors, such as IL-7 and IL-15. Taken together, these results indicate that thymocytes 

cannot respond directly to leptin, and further suggest an mTEC-mediated, indirect 

mechanism of action in which leptin modulates the lymphoid compartment during 

endotoxin-induced thymic damage.  

To investigate the indirect effect of leptin on the lymphoid compartment, we 

analyzed the mechanism by which leptin increased the frequency of DP and DN 

thymocytes. We hypothesized that leptin could be having either an anti-apoptotic effect 

(protection against atrophy) or a proliferative effect (acceleration to recovery). When we 

assessed thymocytes apoptosis and proliferation in these compartments, we found that 

leptin had an anti-apoptotic effect on DP thymocytes at 1 day post LPS challenge, and a 

proliferative effect on DN thymocytes at 3 days post challenge. These data indicated that 

leptin works via two mechanisms, one protecting against thymic atrophy and one 

accelerating recovery after thymic damage. While a single dose of leptin (20 µg/mouse) 

can acutely protect against DP thymocyte apoptosis, the overall loss of DP thymocytes 

seen at the peak of atrophy (3 -5 days) suggests that an accelerated recovery contributes 
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substantially to the protection against thymic damage with leptin treatment. We further 

validated the anti-apoptotic effects of leptin on endotoxin-induced thymocyte apoptosis 

using two measurements of apoptosis; one early marker (Annexin V/7AAD) and one 

late marker (active caspase 3). We also verified these anti-apoptotic effects in a second 

strain of mice (BALB/c) and extended our observations, as leptin protected against 

thymocyte apoptosis in all subsets in BALB/c mice (See Fig. 26). We further investigated 

whether the anti-apoptotic protein Bcl-2 was involved in leptin-mediated protection 

against endotoxinemia-induced thymocyte apoptosis. We did not see induction of Bcl-2 

in thymocytes from leptin alone or leptin-treated, LPS-challenged mice. These data 

indicated that Bcl-2 does not play a role in leptin-induced protection against apoptosis in 

the LPS-induced thymic atrophy model. Furthermore, the general trend in decreased 

Bcl-2 intensity in LPS/Leptin treated mice indicates some other mechanism is at work in 

leptin-treated mice, decreasing the need for the LPS-induced Bcl-2 induction. 

 We found the leptin-mediated increase in DN thymocytes to be due to increased 

proliferation. We hypothesized that a soluble growth factor produced by mTECs could 

be influencing thymocyte proliferation, and therefore assessed thymic IL-7 production. 

In the postnatal thymus, thymic epithelial cell production of IL-7 is largely restricted to 

medullary TECs (49). IL-7 is an essential cytokine that promotes the survival of DN 

thymocytes by maintenance of the anti-apoptotic protein Bcl-2, as well as driving 

developmental progression through the DP thymocyte stage (36, 37). The current 
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paradigm of IL-7-mediated thymus homeostasis is that constitutive levels of IL-7 

support a finite number of thymocytes (39, 48). In the event of thymocyte depletion, 

such as in the setting of LPS or endotoxin stress, it is thought that more IL-7 is available 

on a per cell basis, and can signal increased proliferation and differentiation until 

homeostasis is restored (39, 48). Our observation of a 2-fold increase of IL-7 steady-state 

mRNA may correlate with the protective effect of leptin in mTEC cell numbers, where 

more mTECs are present in thymus following leptin treatment to produce IL-7. 

Therefore, leptin may be protecting the mTEC population, resulting in increased 

available IL-7 that in turn is driving DN thymocyte development. These effects may also 

contribute to the faster regeneration of thymic architecture we observed with leptin 

treatment after endotoxinemia-induced damage (Fig. 5 A and B), and also support a 

model in which accelerated recovery contributes substantially to the protection against 

thymic damage with leptin treatment. 

Soluble factors such as IL-7 may not play a role in the inhibition of DP thymocyte 

apoptosis by leptin seen in our study, since DP thymocytes are not necessarily IL-7-

responsive (39). Corticosteroids (corticosterone in mice) can however induce thymocyte 

apoptosis and drive thymic involution in models of LPS sepsis (75). Corticosterone is 

systemically produced by adrenal glands and is also produced in the thymus by both 

cortical and medullary thymic epithelial cells (55, 57). We have previously shown that 

systemic and intrathymic corticosterone production significantly contributes to thymic 
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involution induced by leukemia inhibitory factor (LIF), a major cytokine mediator of 

LPS-induced acute thymic atrophy (98). Moreover, previous work from our group has 

shown that leptin can blunt systemic corticosteroids in this LPS model (97). It may 

therefore be possible that leptin is also reducing intrathymic production of 

corticosterone which in turn is responsible for reducing the frequency of DP thymocyte 

apoptosis. Future studies need to be done to see if leptin impacts intrathymic production 

of corticosterone, or if there are other soluble factors (other than IL-7) that have an 

impact on DP thymocytes. Furthermore, it remains to be elucidated whether leptin is 

indirectly modulating anti-apoptotic proteins within DP thymocytes or protecting them 

from the induction of apoptosis.  

 

9.4 Leptin and Leptin Receptor Deficiency 

Using leptin receptor-deficient db/db mice, we found that the long isoform of the 

leptin receptor (OBRb) is necessary for enhanced thymopoiesis, while the short isoforms 

(OBRa, OBRc, and OBRd) do not play a biologically relevant signaling role. These 

observations coupled with the protein expression and preferential protection of mTECs 

support an indirect mechanism in which supraphysiologic leptin may affect thymocytes 

through OBR positive mTEC cells in a setting of stress-induced thymic atrophy (i.e. 

endotoxinemia).The relative abundance of leptin receptor expression in the medulla of 

mouse thymus tissue supports such a mechanism as the primary mechanism of action. 
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Further evidence for this model comes from our observation that KGF is not modulated 

in the thymus by leptin (See Fig. 21 B). Given that KGF is not produced by mTECs, but is 

produced primarily by thymic fibroblasts (161, 178) and thymocytes (121, 123), the 

absence of induction of KGF by leptin treatment is further evidence in support of an 

indirect effect of leptin on thymocytes in the setting of stress-induced thymic atrophy. 

Taken together, these studies suggest a physiological role for leptin signaling in the 

thymus for maintaining healthy thymic epithelium and promoting thymopoiesis, which 

is revealed when thymus homeostasis is perturbed by stress. 

Studies of the effects of LPS in the setting of leptin-deficiency indicate that 

normal maintenance of the thymus may be perturbed. Leptin-deficiency is known to 

result in chronic inflammation and hypercorticosteronemia, a disruptive endocrine 

milieu that may contribute to the chronic thymic atrophy seen in leptin-deficient ob/ob 

mice. Studies done in leptin receptor-deficient db/db mice have indicated that 

environmental factors, and not innate cellular defects, play a large role in the chronic 

thymic atrophy in db/db mice, in which corticosterone is a likely mediator (148). These 

studies also suggested that leptin does not play a significant role in normal 

thymopoiesis. In agreement with these observations, we have found that exogenous 

leptin treatment is unable to boost thymus cellularity of healthy wild-type mice (97).  

However, if leptin plays of role in the thymus in the maintenance of thymic epithelium 

and thymopoiesis, which is revealed when thymus homeostasis is perturbed by stress, 
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we would expect both leptin-deficient and leptin receptor-deficient mice to have 

increased susceptibility to LPS-induced acute thymic atrophy. We did in fact observe 

these effects in the setting of leptin deficiency. We did not however, see an exacerbated 

effect of LPS on thymic damage in the setting of leptin receptor deficiency. We did see 

equivalent thymic atrophy induced at day one, but thymic atrophy did not progress 

further by day three. We and others have shown leptin receptor-deficient mice to have 

elevated leptin levels. It is possible that compensatory mechanisms are occurring in 

db/db mice in which some leptin signaling is being mediated by the short isoforms of the 

leptin receptor. While short isoforms have no known biological functions, they can 

activate Jak2 and IRS-1, as well as minimally activating the MAPK pathway (141).We 

also observed varying degrees of chronic thymic atrophy in leptin receptor-deficient 

mice that were not as severe as in leptin-deficient mice, further suggesting that 

compensatory mechanisms with short isoform receptor signaling may be involved 

during thymopoiesis in db/db mice. More studies are needed to test if mTECs isolated 

from db/db mice have biologically relevant leptin signaling. 

 

9.5 Working Model 

In summary, we have shown that leptin receptor expression is restricted to 

medullary thymic epithelial cells. Using a murine endotoxin (LPS) model of acute stress-

induced thymic involution, we have shown leptin to preferentially protect against LPS-
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induced loss of medullary TECs. We have demonstrated that leptin can indirectly buffer 

DP thymocytes apoptosis and promote DN thymocyte proliferation in vivo, which 

results in restoration of thymus architecture and increased TCR gene rearrangement. 

Our studies have reported for the first time that these thymo-protective effects are 

dependent upon the long signaling form of the leptin receptor (OBRb).  Together, these 

data support a model in which leptin can function to protect the thymus gland from 

stress-induced acute damage in part by reduction of systemic corticosteroid and pro-

inflammatory cytokine responses, and intrathymically through a mechanism 

orchestrated by medullary thymic epithelial cells and their soluble mediators (e.g. IL-7) 

(Fig. 50). Taken together, these studies suggest a physiological role for leptin signaling in 

the thymus for maintaining healthy thymic epithelium and promoting thymopoiesis, 

which is revealed when thymus homeostasis is perturbed by stress. 
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Figure 50: Working model of leptin-mediated protection against endotoxin-
induced acute thymic atrophy. 

 

9.6 Future Directions 

There are several questions that remain to understand the complex mechanisms 

occurring during leptin-mediated thymo-protection in settings of stress. As mentioned 

earlier, studies are needed to identify the exact anti-inflammatory mechanism of action 

occurring systemically and the mechanism of action protecting DP thymocytes from 

apoptosis. While we have already identified one possible soluble mediator to 
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maintain/enhance DN thymocyte proliferation (IL-7), there are many other factors that 

could increase thymopoiesis. Additional investigation is needed to find out if leptin 

impacts homing factors or adhesion molecules or important chemokines, which could 

increase the recovery of the thymus after stress-induced damage by increasing the 

recruitment of thymic progenitor cells. Although we did not observe leptin receptor 

expression on thymocytes, others have shown leptin receptor to be expressed on mature 

T cells (147), and perhaps leptin receptor is expressed on early thymic progenitors 

(ETPs). Additionally, the impact of leptin on bone marrow, the source of ETPs, should 

be investigated, as several bone marrow cells (blast cells, immature granulocytes, and 

monocytes) have been shown to expressed low levels of leptin receptor (146). 

The relative contribution of systemic versus intrathymic mechanisms of action 

also needs to be teased out. An attempt at limiting leptin injection to the thymus was 

made by doing experiments with injections of leptin directly in the thymus (intrathymic, 

i.t.). This attempt was unsuccessful, as exogenous leptin was found in the serum (See 

Fig. 48). Experiments using fetal thymus organ culture (FTOC) however may shed light 

on this issue. If leptin can protect against dexamethasone- or LPS- induced acute thymic 

atrophy in a thymus system outside of a mouse, it would indicate that the reduction in 

corticosteroid and cytokine responses were not necessary, and also support the 

hypothesis that leptin receptor expression in the thymus is the main mechanisms of 

action through which leptin mediates its thymo-protective effects. Another experimental 
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approach could be to create transgenic mice that drive thymic-derived production of 

leptin in thymocytes under the Lck promoter (paracrine function) or in TECs under the 

Foxn1 promoter (autocrine function) and investigate the effects on thymopoiesis. 

Although we have shown that leptin receptor protein is restricted to mTECs and 

there is a leptin-mediated preferential protection against their loss in the LPS-induced 

acute thymic atrophy model, we have not proven a direct intrathymic effect. Future 

studies are needed to show that mTEC cells expressing the leptin receptor can activate 

the Jak/STAT pathway. Similar to what we asked with leptin-mediated protection 

against loss of thymocytes, the question remains whether the leptin-mediated protection 

against the loss of mTECs is an anti-apoptotic or proliferative mechanism of action. 

More specifically, we would want to investigate which intracellular pathways were 

involved to regulate these effects. For example, would leptin activate Akt, involved in 

survival and proliferation, or induce Bcl-2 as an anti-apoptotic mechanism in mTECs? 

Furthermore, experiments need to be done to see if leptin can induce the production of 

IL-7 on a per cell basis, or if the increase in IL-7 mRNA by leptin during endotoxin-

induced thymic damage was simply reflective of protection against LPS-induced loss of 

mTEC cell numbers. Experiments using direct cell culture of primary thymic epithelial 

cells would be best to elucidate these potential mechanisms. Western blots of 

supernatants, qRT-PCR and microarray analysis of isolated RNA, and flow cytometric 

analysis of BrdU incorporation and apoptotic cell markers can all be used to answer 
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these questions. Furthermore, sorting of primary TEC cells into pure mTEC and cTEC 

populations can directly confirm the presence of OBRb mRNA in these cell populations. 

These studies are challenging because known medullary TEC cell lines do not express 

the long isoform of the leptin receptor. Therefore, isolation and culture of primary cells 

would need to be utilized.  Primary culture of murine TECs is complicated by the need 

for fibroblast feeder cells and the loss of identifying TEC markers in vitro (i.e. MHC Class 

II). The generation of Foxn1cre/lacZ;GFP mice would greatly ease the identification of 

mTEC cells in culture and should be considered in future work. 

 

9.7 Significance  

The protective effects of the naturally occurring hormone leptin on thymus 

homeostasis observed during acute stress, such as LPS shock, suggested that leptin may 

be a beneficial therapeutic in clinical settings of immune reconstitution. While leptin has 

had limited success in treating human obesity in clinical trials (179-181), it has been 

shown to be a safe therapeutic that could be tested alone, or in combination with other 

promising thymostimulatory agents. Alternative therapeutic strategies contained herein, 

although limited in scope and success, indicate that leptin may indeed have therapeutic 

potential. While intrathymic injection has been unsuccessful in protection against LPS-

induced acute thymic atrophy, it has been successful in boosting both thymopoiesis and 

output of naïve T cells to the periphery in the setting of stress from surgery. These 
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observations in the periphery are promising, since we did not observe increased thymic 

output in the periphery with leptin treatment of normal or LPS-challenged mice. It is 

likely that the LPS-induced acute thymic atrophy model is not an appropriate model to 

study peripheral output, and other stress models should be utilized in future studies. 

Along this line, there have been studies done in the aging arena that indicate leptin may 

be of therapeutic potential (182). Dixit et al. showed that leptin increased thymopoiesis 

in aged mice (182). The authors also found increased levels of thymic KGF mRNA (182), 

suggesting that the mechanism of action occurring in aged and young stressed mice is 

different.  

The studies presented in this dissertation provide the first evidence for the 

metabolic hormone leptin in mediating protection of thymus stroma, and thus 

thymopoiesis, in an endotoxemia model of acute stress-induced thymic atrophy. 

Importantly, this research shows that leptin receptor, which has been reported to be on 

peripheral T cells , is not expressed on developing thymocytes themselves, but is 

restricted to medullary epithelium. Leptin-mediated effects on thymocytes are indirect 

and dependent upon the long isoform of the leptin receptor (OBRb). The data presented 

herein contributes to our growing mechanistic understanding of how the metabolic 

hormone leptin can function in the immune system.  Together, these studies suggest a 

physiological role for leptin signaling in the thymus for maintaining healthy thymic 
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epithelium and promoting thymopoiesis, which is revealed when thymus homeostasis is 

perturbed by stress.  
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