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Appropriate interactions between the neuroendocrine and immune systems are 

important for optimal host defense and homeostasis. Pro-inflammatory cytokines such as 

interleukin-1, interleukin-6 and tumor necrosis factor-alpha, arising from disease 

processes, can activate the hypothalamic-pituitary-adrenal (HPA) axis. Interleukin-10, as 

a prominent anti-inflammatory cytokine in the immune system, has been shown to be 

expressed in both the central nervous system and neuroendocrine system. Little is known, 

however, about IL-10's functions in the HPA axis.  We hypothesize that IL-10 

contributes to the homeostasis of the HPA axis. In order to examine this hypothesis, we 

conducted in vitro and in vivo experiments. In our in vitro studies, we found the 

following: IL-10 induces the production of corticotropin-releasing hormone (CRH) from 

the hypothalamus; IL-10 induces the production of adrenocorticotropic hormone (ACTH) 

from AtT-20 cells derived from pituitary; and IL-10 inhibits glucocorticoid (GCS) 

production in Y-1 cells in the presence of ACTH. In our in vivo studies, we found that 

serum corticosterone in IL-10 knockout mice is significantly higher than in wild type 

mice under basal conditions and following immune and physiologic stress. In our 

microarry analysis, we determined gene expression profiles regulated by IL-10 and 

interferon (IFN)-gamma in cells derived from the HPA axis. The results showed that 

quorums of genes are modulated by IL-10 and IFN-gamma in these neuroendocrine cells, 

which provides a valuable repository to aid in understanding cytokine functions in the 

HPA axis at the molecular level. In addition, we found that endogenous IL-10 contributes 

to pain behavior in response to a noxious thermal stimulus as well as Capsaicin induced 

pain behaviors. Moreover, we found that cytokines such as IFN-γ and IL-10 are able to 

regulate indoleamine 2, 3-dioxygenase (IDO) expression in cells of hypothalamic and 

pituitary origin. The capability of IL-10 to suppress IFN-γ induced IDO expression 
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implies that IL-10 has a putative neuroprotective role in the HPA axis. These novel data 

strongly suggest that IL-10 plays a potential role in the homeostasis of the HPA axis and 

has a complicated role in pain perception.  
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CHAPTER 1: INTRODUCTION 

 

PSYCHONEUROIMMUNOLOGY AND CYTOKINES 
 

Psychoneuroimmunology (PNI) is defined as an interdisciplinary research field to 

study interactions between the nervous, endocrine, and immune systems (Ader 2000). It 

provides a new approach to understanding health and treating illness. As a research field, 

PNI has come into existence in relatively more recent times. The term 

psychoneuroimmunology was first used by Dr. Robert Ader from the University of 

Rochester in 1980 in his presidential address to the American Pscychosomatic Society 

(Ader 1980). The publication of the first edition of Psychoneuroimmunology in 1981 

marked the beginning of this new field of research (Ader et al. 1981). Since then, the 

third edition of Psychoneuroimmunology was published in 2001 (Ader et al. 2001). In 

1993, the Psychoneuroimmunology Research Society (PNIRS) was established as an 

international nonprofit organization, the purpose of which is to promote the study of 

interrelationships among behavioral, neural, endocrine and immune processes and to 

encourage collaborations among immunologists, neuroscientists, clinicians, and 

psychologists.  

 

There are several pioneers whose research directly contributed to the 

establishment of PNI. As above,the first pioneer needed to be mentioned is Dr. Robert 

Ader, a psychologist, who observed in his taste aversion conditioning experiments that 

immunosuppressive effects of cyclophosphamide could be induced by a conditioned 

stimulus –saccharin in the early 1970s (Ader 1985). These observations led him to 

hypothesize that immune responses were subject to conditioning. This hypothesis was a 

revolution at that time because it challenged the general concept that the immune system 

was considered a self-regulating autonomous system for defending hosts against infection 

and was considered independent of the nervous system. Dr. Nicholas Cohen, an 
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immunologist, was intrigued by Dr. Ader’s observations. He collaborated with Dr. Ader, 

designing a series of studies to demonstrate that the immune system was subject to 

classical Pavlovian conditioning, implying a functional relationship between the brain 

and the immune system (Cohen et al. 1987). Dr. Fred Rasmussen, a microbiologist and 

Dr. Norman Brill, a psychiatrist, formed a collaborative team to study the relationship 

between stress and infectious disease during the 1950s and 1960s. Their results showed 

that susceptibility to viral infections was modulated by stressors with implications for 

nervous system regulation of immunity (Rasmussen et al. 1957; Jensen et al. 1963). Later 

Dr. John Sheridan demonstrated that stress had effects on pathogenesis and immunity 

during infection, either by increasing or decreasing susceptibility to infection (Sheridan et 

al. 1994; Sheridan et al. 1998). Dr. George Solomon, a clinician, established a 

psychoimmunology laboratory to study the effects of behavioral and social manipulations 

on immune function during the 1960s (Solomon 1969).  During the 1970s Dr. Hugo 

Besedovsky then demonstrated that immunization was capable of inducing 

neuroendocrine changes, implying the existence of a neuroendocrine-immune system 

network (Besedovsky et al. 1979). Dr. John Hadden in 1970 showed that alpha 

adrenergic stimulation enhanced, and beta adrenergic stimulation inhibited the 

lymphoproliferative response to the mitogen, phytohemagglutinin, implying a link 

between lymphocytes and the sympathetic nervous system (Hadden et al. 1970; Hadden 

et al. 1971). Subsequently, Dr. Edwin Blalock and Dr. Eric Smith demonstrated that 

lymphocytes expressed brain peptides and pituitary hormones such as endorphins and 

adrenocorticotropic hormone (ACTH) during the 1980s. These remarkable findings 

suggested there may be a molecular approach to understanding how behavior influences 

the immune system. Also in the 1980s, Dr. David Felten and his collegues showed 

noradrenergic sympathetic nerve fibers were localized in primary (thymus, bone marrow) 

and secondary (spleen, lymph nodes) lymphoid organs, documenting a hard-wired 

connection from the nervous system to the immune system (Felten et al. 1987; Felten and 

Felten 1988). Since then, more and more data has accumulated which strongly suggests 

that a bi-directional communication exists between the immune and neuroendocrine 
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systems. On the one hand, it is well studied and widely accepted that the immune system 

is regulated by the central nervous system (CNS), acting principally via the hypothalamic 

pituitary adrenal (HPA) axis and the sympathetic nervous system (SNS). On the other 

hand, it is not well studied nor widely accepted that the neuroendocrine system is also 

regulated by the immune system.  

 

Cytokines, which were initially studied in immunology and later shown to be 

produced in the brain and neuroendocrine tissues, have been found to be important 

messengers involved in the functional cross-talking between the immune and 

neuroendocrine systems (Haddad et al. 2002). Pro-inflammatory cytokines such as 

interleukin (IL)-1, IL-6 and tumor necrosis factor (TNF)-alpha have been shown to affect 

body temperature (Dinarello and Wolff 1982), sickness behavior (Kelley et al. 2003a), 

sleep patterns (Opp 2005), nociception (Wieseler-Frank et al. 2005) and stress responses 

(Schiepers et al. 2005) directly or indirectly through the HPA axis. The HPA axis plays a 

key role in stress responses. Stress has been shown to broadly affect immune function. 

For example, antiviral, antibacterial and anti-tumor immune responses as well as wound 

healing can be affected by stress (Sheridan et al. 1994; Padgett et al. 1998). A cytokine 

that regulates IL-1, TNF, and certain other cytokines and is important in infection and 

immunity, but little studied in the neuroendocrine system is interleukin-10 (Smith et al. 

1999). 

  

INTERLEUKIN-10 AND ITS RECEPTOR 
 

IL-10 was discovered in 1989 and originally described as cytokine synthesis 

inhibitory factor for its ability to inhibit activation and effector function of T cells, 

monocytes, and macrophages (Fiorentino et al. 1989). Later it was shown that IL-10 was 

a multifunctional cytokine with diverse effects on most lymphoid cells (Moore et al. 

2001). For example, on monocytes/macrophages, IL-10 inhibits cytokine (IL-1, IL-6, 
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IL12, IL18, TNF, GM-CSF etc.) (de Waal et al. 1991a) and chemokine (IL-8, IP-10, 

MIP1, RANTES etc.) (Berkman et al. 1995) production, PGE2 production (Niiro et al. 

1994) and antigen presentation (de Waal et al. 1991b). IL-10 also downregulates 

expression of toll-like receptor (TLR) 4- the receptor for lipopolysaccharides (LPS) 

(Muzio et al. 2000). On dendritic cells (DC), IL-10 inhibits production of IL-12, 

expression of costimulatory molecules and the maturation of DC precursors (de Saint-Vis 

et al. 1998). On neutrophils, IL-10 inhibits cytokine (IL-1, IL-8, IL-12 etc.) and 

chemokine (MIP, IP10 etc.) production (Gasperini et al. 1999). However, on B cells, IL-

10 enhances expression of MHC class II antigens. IL-10 also has positive effects on 

survival, proliferation, and differentiation of B cells (Go et al. 1990). In addition, IL-10 

can enhance Ig production or isotype switching (Burdin et al. 1995). IL-10 can activate 

natural killer cells and enhance their antibody-dependent cell-mediated cytotoxicity and 

phagocytosis (Warren 1996). These divergent functions reflect IL-10’s complicated role 

in viral diseases and cancer. For example, there is evidence to show both pro-viral and 

anti-viral activities of IL-10 (Vicari and Trinchieri 2004). Similarly, there is evidence 

which shows both enhancement and inhibition of tumor growth by IL-10 (Mocellin et al. 

2003). In summary, it may not be correct to simply label IL-10 solely as an anti-

inflammatory cytokine. Its function may depend on its local levels, the target cells and its 

activating signal pathways. 

 

At the molecular level, the murine IL-10 gene is encoded for by five exons on 

chromosome 1 (Kim et al. 1992). Murine IL-10 protein exists as a homodimer with a 

molecular mass of approximately 35-40 kDa. Human IL-10 and murine IL-10 proteins 

share 73% homology and similar functions. Human IL-10 is active on both mouse and 

human cells, whereas mIL-10 is effective only on mouse cells (Moore et al. 2001). 

Several polymorphisms have been noted in the human IL-10 gene promoter region. The -

1082(G/A) allele is associated with higher IL-10 production (Eskdale et al. 1997). There 

is a possible link between IL-10 promoter polymorphism and disease susceptibility or 
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severity such as systemic lupus erythematous (SLE) and multiple sclerosis (MS) 

(Llorente et al. 1995). 

 

The IL-10 receptor (IL-10R) is composed of two subunits-IL-10R1 and IL-10R2 

(Liu et al. 1994). IL-10R1 is the ligand-binding subunit while IL-10R2 is an accessory 

subunit for signaling. The IL-10/IL-10R interaction activates at least two signaling 

transduction pathways on lymphoid cells: one is the JAK/STAT (Janus kinase/ Signal 

Transducers and Activator of Transcription) system and the other is the NF-kappa B 

system (Moore et al. 2001). IL-10 R has been found to be expressed on most lymphoid 

cells as well as some non-lymphoid cells (Hughes et al. 1994). IL-10 R1 has been shown 

to be expressed in fibroblasts, placental cytotrophoblasts and colonic epithelium (Weber-

Nordt et al. 1994). IL-10 R1 expression was induced in epidermal cells or keratinocytes 

by glucocorticoids and vitamin D3 (Michel et al. 1997).  It was recently shown that IL-

10 inhibits IL-6 or IL-8 production in microglia by prevention of NF-kappa B activation 

(Ehrlich et al. 1998). It is possible that IL-10 activates different pathways depending 

upon the target cells. 

 

THE HPA AXIS AND STRESS 
 

Both the hypothalamus and pituitary are located in the brain. The adrenal glands 

are located on top of the kidneys. The hypothalamus is a region of the brain that controls 

an immense number of bodily functions. The pituitary gland, also known as the 

hypophysis, is a roundish organ that lies immediately beneath the hypothalamus. It is 

composed of two distinctive parts: the anterior pituitary and the posterior pituitary. The 

anterior pituitary is under strict control by hypothalamic hormones through close vascular 

connections. The pituitary gland, regarded as the master gland of the body, secretes a 

series of hormones that collectively influence all cells and affect virtually all physiologic 

processes (for the details please see table 1). The hypothalamus is regarded as the power 
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which controls hormone production by the pituitary gland. The hypothalamic hormones 

are referred to as releasing hormones and inhibiting hormones, reflecting their positive or 

negative effects on the pituitary gland (Wilson et al, 1998). 

 

Table 1. Pituitary gland hormones and their functions 

 Hormone Major target 
organ(s) 

Major Physiologic 
Effects 

Growth hormone Liver, adipose 
tissue 

Promotes growth 
(indirectly), controls 
protein, lipid and 
carbohydrate 
metabolism 

Thyroid-stimulating 
hormone 

Thyroid gland Stimulates secretion 
of thyroid hormones 
 

Adrenocorticotropic 
hormone 

Adrenal gland 
(cortex) 

Stimulates secretion 
of glucocorticoids  
 

Prolactin Mammary gland Milk production 

Luteinizing 
hormone 

Ovary and testis Control of 
reproductive 
function  
 

Anterior Pituitary 

Follicle-stimulating 
hormone 

Ovary and testis Control of 
reproductive 
function  
 

Antidiuretic 
hormone 

Kidney Conservation of 
body water 

Posterior 
Pituitary 

Oxytocin Ovary and testis Stimulates milk 
ejection and uterine 
contractions 
 

(Adapted from Wilson et al, 1998) 
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The HPA axis is a major component of the neuroendocrine system for hosts to 

respond to stress (Wison et al, 1998). The paraventricular nucleus (PVN) of the 

hypothalamus contains neuroendocrine neurons that synthesize and secrete corticotropin-

releasing hormone (CRH). Physiological stressors such as cold water and immunological 

stressors such as virus infection can stimulate the hypothalamus to secrete CRH, which 

can stimulate the anterior lobe of the pituitary gland to secrete adrenocorticotropic 

hormone (ACTH). Following its release into the blood circulation, ACTH acts on the 

cortex of the adrenal glands, which produces glucocorticoid hormones (mainly cortisol in 

humans and corticosterone in rodents). Glucocorticoids in turn act negatively on the 

hypothalamus and pituitary, ensuring maintenance of the homeostasis of the HPA axis. In 

addition, glucocorticoids play an important role in modulating innate and adaptive 

immune responses, which are widely used in the therapy of inflammatory, autoimmune 

and allergic diseases (Franchimont et al. 2002).  

 

ACTH rapidly stimulates biosynthesis of corticosteroids from cholesterol in the 

adrenal cortex. The adrenal gland is a complicated gland and is partitioned into the 

capsule, cortex and medulla. Three concentric zones can be distinguished in the cortex as 

the zona glomerulosa, the zona fasiculata and the zona reticularis. The adrenal cortex is a 

factory for steroid hormones. However, synthesis of the different steroids is not 

uniformly distributed throughout the cortex. For example, glucocorticoids are 

predominantly synthesized in the zona fasiculata. Biosynthesis of glucocorticoids 

requires a battery of oxidative enzymes located in both the mitochondria and endoplasmic 

reticulum. Glucocorticoid biosynthesis starts with the delivery of cholesterol to the side-

chain cleavage enzyme (P450scc) on the inner mitochondrial membrane. This rate 

limiting-step of corticosteroid synthesis is regulated by the steroidogenic acute regulatory 

protein (StAR). Subsequent steps in corticosterone synthesis are catalyzed by 3β-

hydroxysteroid dehydrogenase (3β-HSD), 21-hydroxylase and 11β-hydroxysteroid 

dehydrogenase (11β-HSD) (Wilson et al, 1998).  
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THE REGULATION OF THE HPA AXIS BY CYTOKINES 
 

It is widely accepted that there is a bi-directional communication between the 

immune and neuroendocrine systems (Haddad et al. 2002). Hormones, such as 

glucocorticoids produced by the adrenal gland and ACTH produced by the pituitary, have 

been shown to regulate immune function. For example, glucocorticoids have been shown 

to inhibit most proinflammatrory cytokines, such as IFN-gamma, GM-CSF, IL-1, IL-2, 

IL-6, IL-12, TNF-alpha, etc (Franchimont et al. 2002). ACTH has been shown to 

suppress IFN-gamma production and modulate antibody production (Smith and Blalock 

1988). Conversely, it is reasonable to assume that cytokines produced by the immune 

system will act on the HPA axis. The first studied cytokine was IL-1 (Turnbull and Rivier 

1995). The administration of both IL-1alpha and beta to animals activates the HPA axis, 

which leads to further studies for other cytokines. IL-6 and TNF-alpha have a similar 

ability to activate the HPA axis (Turnbull and Rivier 1995). Although initial studies 

focused on these cytokines acting in the hypothalamus to produce CRH, increasing 

evidence supported a direct action of these cytokines at the level of the pituitary and 

adrenal glands, as well (Silverman et al. 2005). In addition, IL-12 has been shown to 

induce an increase in serum corticosterone levels in mice after injection and produce a 

synergistic increase in corticosterone response to virus infection (Orange et al. 1995). IL-

1 and IFN-gamma and their receptors have been identified in the HPA axis and modulate 

its activity (Silverman et al. 2005).  

 

THE ROLE OF CYTOKINES IN NOCICEPTION 
 

Nociception is the term commonly used to refer to the perception of pain. The 

receptors involved in pain detection are referred to as nociceptors. The isolation of 

capsaicin and its receptor is a milestone achievement in pain research. Capsaicin is the 

active component of the hot pepper, which functions in nociception by binding to a 
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specific receptor (Szallasi and Blumberg 1999). Later, it has been found that the 

capsaicin receptor belongs to the TRP (transient receptor potential) super family 

(Caterina and Julius 2001). The capsaicin receptor is TRPV1, the others include TRPV2, 

TRPV3, TRPV4, TRPM8 and TRPA1. These receptors are thermosensitive ion channels 

and exhibit distinct thermal activation thresholds (> 43 degrees C for TRPV1, >52 

degrees C for TRPV2, > approximately 34-38 degrees C for TRPV3, >approximately 27-

35 degrees C for TRPV4, <approximately 25-28 degrees C for TRPM8 and <17 degrees 

C for TRPA1) (Szallasi 2002).  

 

There is cumulative evidence that several cytokines modulate nociception. Many 

studies have revealed that administration of proinflammatory cytokines such as IL-1, IL-6 

and TNF-alpha may alter the nociceptive threshold (Wieseler-Frank et al. 2005). 

However, some of these findings are contradictory and inclusive. For example, in animal 

studies, the injection of IL-1 beta has been shown to induce analgesia, hyperalgesia, or 

has no effect on nociception (Ader et al. 2001). These different results may be attributed 

to different doses or different pain models. A possible mechanism for cytokine 

involvement in nociception is through glia activation. There are additional studies 

showing that microglia and astrocytes are activated during pain perception (Watkins et al. 

2005). These activated glial cells can produce cytokines which may act on neurons to 

modulate pain. Recently, IL-10 has been shown to control neuropathic pain (Milligan et 

al. 2005). The majority of these studies used exogenously administered IL-10. The role of 

endogenous IL-10 in pain perception, however, has not been directly addressed until our 

studies (Tu et al. 2004).  

 

THE ROLE OF CYTOKINES IN HOST BEHAVIOR CHANGES  
 

There is ccumulative evidence supporting the notion that the immune system and 

brain talk to each other, as well as increasing evidence indicating that cytokines are the 
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main messengers mediating the talk from the immune system to the brain (Haddad et al. 

2002). Through their actions on neuronal circuits, cytokines have been shown to affect 

certain host behaviors such as fever, sleep, depression, and sickness behaviors (Kelley et 

al. 2003b). Several cytokines such as IL-1, IL-6, GM-CSF, IFN-beta and gamma have 

been shown to be the endogenous pyrogens which contribute to fever (Dinarello and 

Wolff 1982). Cytokines such as IL-1, IL-2, TNF-alpha and IFN-gamma have been shown 

to increase slow wave sleep (SWS), whereas IL-10 reduces spontaneous sleep and non-

rapid eye movements sleep (NREMS) (Opp and Imeri 1999). In animal studies, cytokines 

such as IL-1 and IFN-gamma induce sickness behavior; in human studies, cytokines such 

as IL-2 and IFN-alpha which are used clinically to treat cancer and chronic viral infection 

have been observed to induce the rapid development of depressive symptoms (Schiepers 

et al. 2005). Although cytokines and their receptors have been found to be expressed in 

the CNS, the underlying molecular mechanisms as to how cytokines act on the brain and 

then change host behaviors remain largely unclear. One possible mechanism for cytokine 

induced sickness behavior may be through the modulation of tryptophan metabolism 

(Watkins et al. 1995). In most tissues, including the CNS, a significant proportion of 

tryptophan is metabolized along the kynurenine pathway and not used for protein 

synthesis.  A product of the kynurenine pathway is the neurotoxic 3-hydroxy-

kinurenine, which is involved in the generation of free radicals. This pathway also results 

in the production of quinolinic acid, which is similarly neurotoxic (Stone 2001a; Stone 

2001b). In the majority of tissues the first rate-limiting step of the kynurenine pathway 

occurs when tryptophan is catalyzed by indoleamine 2, 3-dioxygenase (IDO, 

EC1.13.11.42) (Stone 2001a; Stone 2001b).  It has been shown that IFN-γ induces 

tryptophan degradation through IDO induction in macrophages and microglial cells 

(Konsman et al. 2002; Taylor and Feng 1991; Widner et al. 2000). Augmented IDO 

function and the concomitant tryptophan breakdown products (kynurenines) can lead to 

anti-viral (Bodaghi et al. 1999), anti-tumor activities (Burke et al. 1995) and prevention 

of fetal rejection (Grohmann et al. 2003). Quinolinic acid and 3-hydroxykynurenine have 

been implicated in AIDS-dementia complex (Sardar et al. 1995) and in experimental 



 

 11 

herpes simplex virus encephalitis (Reinhard, Jr. and Flanagan 1996). Chronic immune 

activation may lead to cytokine dependent tryptophan depletion and downregulated 

serotonin synthesis which may result in cytokine induced sickness behavior including 

mental depression (Widner et al. 2002).   

 

THE RATIONALE FOR STUDYING THE ROLE OF IL-10 IN THE BRAIN 
AND NEUROENDOCRINE SYSTEM  
 

Recent studies have shown that IL-10 is synthesized in neuroendocrine and 

central nervous systems (CNS) and affects their functions (Vitkovic et al. 2001). In the 

neuroendocrine system, IL-10 mRNA was detected in hypothalamus, pituitary and 

adrenal tissue (Silverman et al. 2005; Hughes et al. 1994) . In the brain, IL-10 was 

reported to be produced by gioblastoma, astroglial and microglial cells (Vitkovic et al. 

2001; Huettner et al. 1997). Expression of IL-10 is elevated during the course of most 

major diseases in the CNS, such as stroke, multiple sclerosis and Alzheimer’s (Bettelli et 

al. 2003). Besides its role to limit inflammation in the brain, IL-10 may also promote 

survival of neurons and glial cells in the brain by blocking the effects of proapoptotic 

cytokines such as IL-1 and TNF-alpha (Vitkovic et al. 2001). Elucidation of the multiple 

functions of IL-10 in the brain will lead to a better understanding of brain inflammation 

and innovative approaches for the treatment of neurodegenerative diseases. In fact, the 

origin of our interest to study IL-10 in the neuroendocrine system was based on the 

following findings. In immune research, the macrophage has been found to produce both 

IL-10 and ACTH in response to LPS (Johnson et al. 2001). Both IL-10 and ACTH have 

the capabilities of modulating antibody production and inhibiting IFN-gamma production 

(Smith and Blalock 1988). In a word, both IL-10 and ACTH share a common inducer and 

similar function in the immune system. So, if ACTH is produced in the immune system 

and has actions similar to IL-10, why couldn’t IL-10 reciprocally act in the 

neuroendocrine system like ACTH? 
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CHAPTER 2: MATERIALS AND METHODS 

 

CELL CULTURES  
 

The mouse hypothalamic neuronal cell line, GT1-7, was kindly provided by Dr. 

Pamela L. Mellon (University of California, San Diego) and grown in high-glucose 

DMEM with 10% fetal bovine serum and 1% penicillin/streptomycin. The mouse 

pituitary cell line, AtT-20, was purchased from the American Type Culture Collection 

(Manassas, VA: ATCC #CCL 89) and grown in F-12K complete medium supplemented 

with 15 % horse serum, 2.5% fetal bovine serum and 1% penicillin/streptomycin. The 

mouse adrenal cell line, Y-1 (ATCC #CCL 79), was maintained in F-10 medium 

supplemented with 15 % horse serum, 2.5% fetal bovine serum and 1% 

penicillin/streptomycin. The human neuroblastoma cell line, SH-SY5Y, was obtained 

from ATCC (American Type Culture Collection, Rockville, MD) and grown in a 1:1 

mixture of Eagle’s minimum essential medium with non-essential amino acids and 

Ham’s F12 medium with 10% fetal bovine serum and 1% penicillin/streptomycin. All of 

these cell culture chemicals were purchased from GIBCO (Invitrogen, Carlsbad, CA).  

 

ANIMALS 
 

C57Bl/6 normal (IL-10+/+) and C57Bl/6 IL-10 knockout (IL-10-/-) (Kuhn et al. 

1993) mice were obtained from Jackson Laboratories (Bar Harbor, Maine). The mice 

were kept in the Animal Research Center at the University of Texas Medical Branch 

under standard housing conditions (12:12 hr light/dark cycle, lights on at 7:00 AM). Food 

and water were available ad libitum.  
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STRESS PARADIGMS  
 

Before mice were used in stress-related experiments, they were kept in the UTMB 

animal care facility for two weeks after arrival. The mice were subjected to the following 

stressors: intraperitoneal injection with poly I:C (0.1mg/mouse), and ice water immersion 

for periods of up to 60 seconds according to the literature (Smith et al. 1999). At different 

time points, mice were sacrificed and blood and spleens collected. All protocols have 

been reviewed and approved by the UTMB Animal Care and Use Committee (protocol 

#89-03-088).  

 

ENZYME-LINKED IMMUNOABSORBENT ASSAY (ELISA) 
 

Hormones such as serum corticosterone and ACTH, and cytokines such as IL-10, 

IL-6 and IFN-gamma were assayed by ELISA (corticosterone: R&D Systems, 

Minneapolis, MN; ACTH: Phoenix Pharmaceuticals Inc., Belmont, CA; IL-10, IL-6 and 

IFN-gamma: BD Biosciences Pharmingen, San Diego, CA) according to the 

manufacturer’s recommendations. Results are presented as ng/ml or pg/ml. Each 

experiment was performed in triplicate. Data presented as the mean ± S.E.M and 

analyzed by either two-way ANOVA or Student’s t-test (InStat, Graph-Pad, San Diego, 

CA). Differences at the p<0.05 level were considered statistically significant. 

 

RADIOIMMUNOASSAY (RIA)  
 

The development of RIA has allowed the detection of hormones in minute 

concentrations with a high degree of specificity. The assay is based on that the 

radiolabeled hormone can be shown to combine with a given quantity of antibody in a 

dose-related manner to provide a standard curve. Unknown samples containing native 

(unlabeled) hormone compete with labeled hormone for the antibody, and the 
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concentration of hormone is then determined. In our experiments, the GCS level in 

mouse serum was determined by using the corticosterone RIA kit from ICN Biomedicals, 

INC (Costa Mesa, CA) according to the protocol provided by the manufacturer. 

 

TREATMENT PROTOCOL TO STUDY CYTOKINE REGULATION OF 
TRYPTOPHAN METABOLISM  
 

For the experiments to study cytokine regulation of tryptophan metabolism, the 

cells were treated with mouse IFN-γ (300Units/ml, recombinant murine IFN-γ, Intergen 

Co., Purchase, NY) and/or mouse IL-10 (50ng/ml, recombinant murine IL-10, Intergen 

Co.).  The protocols for IFN-γ and/or IL-10 treatment of cells are shown in Table 2.1. 

Briefly, 5 x 105 cells/ml were plated in 35-mm dishes and allowed to attach overnight. 

The medium was removed, and fresh medium containing IL-10 or IFN-gamma was 

added. At the indicated time points, the cells were collected for RNA extraction. 

Table 2.   Treatment protocol for studying IL-10 effects on IFN-γ mediated induction 

of indoleamine 2,3-dioxygenase (IDO) in GT1-7 and AtT-20 cells 

Treatment: Harvest time: +Lanes:  

Control 0hr 1 

IFN-γ 30 min 2 

IFN-γ 1 hr 3 

IFN-γ 2 hr 4 

IFN-γ 4 hr 5 

IL-10 (–2 hr) + IFN-γ at 0hr 4 hr*  7 

IL-10 (–1 hr) + IFN-γ at 0hr 4 hr* 8 

IL-10 (–30 min) + IFN-γ at 0hr 4 hr* 9 

IL-10 (0 hr) + IFN-γ at 0hr 4 hr* 10 
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IL-10 (30 min) + IFN-γ at 0hr 4 hr* 11 

IL-10(1 hr) + IFN-γ at 0hr 4 hr* 12 

IL-10 (2 hr) + IFN-γ at 0hr 4 hr* 13 

IL-10 (-2 hr) 4 hr* 15 

IL-10 (-1 hr) 4 hr* 16 

IL-10 (-30 min)  4 hr* 17 

IL-10 (0 hr) 4 hr* 18 

IL-10 (30 min) 4 hr* 19 

IL-10 (1 hr) 4 hr* 20 

IL-10 (2 hr) 4 hr* 21 

Control 4 hr 22 

* After IFN-γ treatment.   

 

RNA ISOLATION 
 

Total RNA was isolated from cell cultures using TRI-reagent (Sigma, St. Louis, 

MO) according to the manufacturer’s instructions. Briefly, cells were lysed by TRI 

reagent; phase separation was achieved by adding chloroform; RNA was precipitated by 

adding isopropyl alcohol; RNA was washed and dissolved in RNase-free water. The 

integrity of RNA samples was checked on an agarose gel.  Prior to reverse transcription, 

RNA samples were incubated with DNase (100 U/ml) (DNAfree kit, Ambion, Austin, 

TX) to eliminate potential genomic DNA contamination. 

 

REVERSE TRANSCRIPTASE POLYMERASE CHAIN REACTION (RT-PCR) 
 

Total RNA was isolated from cell culture using Tri-reagent purchased from 

Sigma (St. Louis, MO) and transcribed into cDNA using ThermoScript RT-PCR system 
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from Invitrogen (Carlsbad, CA). RT-PCR was performed with primers specific for 

targeted genes. GAPDH or cyclophilin (CYC) were used as reference genes. The RT-

reactions were carried out at 42 oC for 60 min followed by a 5-min denaturation step at 

80oC.  

 

PCR amplification of DREAM cDNA was performed in a 0.5ml volume 

EasyStart PCR tube from Molecular BioProducts (San Diego, CA). The PCR conditions 

were as follows: initial incubation at 95oC for 2 min and then 30 cycles of denaturation at 

94oC for 1min, annealing at 65oC for 45s, and elongation at 72oC for 1min. The sense (S) 

and anti-sense (AS) strands of primers to amplify mouse DREAM are: MDREAM-S (5’- 

AGG CCC TGA TGC GTT GCT TAA) and MDREAM-AS (5’- TCG TCC TTG GTG 

ATG CAA CCA TC ); the primers for human DREAM are: HDREAM-S (5’- CAG CTG 

CAT GGA GCT CAT GAT GTT C ) and HDREAM-AS (5’- ATT TAC GCG CAG TTC 

TTC CCT CAG G ); the primers for GAPDH are: GAPDH-S (5’-ACC ACA GTC CAT 

GCC ATC AC ) and GAPDH-AS (5’- TCC ACC ACC CTG TTG CTG TA ). 

 

PCR amplification of IDO cDNA was performed in a 0.5 ml volume EasyStart 

PCR assay mixture from Molecular BioProducts (San Diego, CA) using Taq DNA 

polymerase (Roche Diagnostics Corporation. Indianapolis, IN). The sense (S) and anti-

sense (AS) oligonucleotide primers used to amplify mouse IDO were: IDO-S (5’-

GTACATCACCATGGCGTATG) and IDO-AS (5’-GCTTTCGTCAAGTCTTCATTG). 

The PCR conditions were as follows: initial denaturation at 95oC for 2 min and then 40 

cycles of denaturation at 94oC for 1 min, annealing at 57oC for 1 min, and elongation at 

72oC for 1 min. A 410 bp sized mouse cyclophilin A (CYC) house-keeping gene 

fragment was generated in 30 cycles of amplification. The IDO and CYC fragments were 

separated on 2% gel electrophoresis and the gels were stained with ethidium bromide and 

visualized on a UV transilluminator. 
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RT-PCR was performed using primers specific for: P450scc, 3β-hydroxysteroid 

dehydrogenase (3β-HSD), 11β- hydroxysteroid dehydrogenase (11β-HSD), StAR and 

cyclophilin. PCR reactions were run with the following conditions: 94°C for 1 min, 

annealing temperature for 1 min, 72°C for 1min, 20 cycles, 72°C for 5min. The sense and 

anti-sense primers, and the annealing temperatures were as follows: P450scc, S: 

TCCGTGACCTTGCAGAGGTA, AS: TTGTCTTTTCTGGTCACGGC (57°C); 3β-

HSD, S: TAATGCCAGCTGGAGCCTTC, AS: ATCTCCCTGTGCTGTTCCAC (57°C); 

11β-HSD, S: TGCCCTTAAAGAGACCTTGAG, AS: 

CATCAAAACAAAGCGGTAGGC (57°C); StAR, S: 

GACCTTGAAAGGCTCAGGAAGAAC, AS: TAGCTGAAGATGGACAGACTTGC 

(55°C); mouse cyclophilin, S: GTCTCCTTCGAGCTGTTTGC, AS: 

ATCTTCTTGCTGGTCTTGCC (55°C). The PCR products were analyzed by 

electrophoresis on a 2% GTG agarose gel. 

 

MICROARRAY ANALYSIS 
 

For the microarray experiments, 5 x 105 cells/ml were plated in 35-mm dishes and 

allowed to attach overnight. The medium was removed, and fresh medium containing IL-

10 (50 ng/ml, recombinant murine IL-10, Intergen Co, Burlington, MA) or phosphate 

buffered saline (PBS) was added. For GT1-7 and Y-1 cells, the treatment periods were 6 

and 24 hrs; for AtT-20 cells, the treatment periods were 4 and 8 hrs; these treatment 

regimens were based on our previous studies (Hughes et al. 1994). At the indicated time 

points, the cells were collected for RNA extraction. 

 

RNA samples were processed for microarray analysis by the following 

methodology. Approximately 10 µg of total RNA was used for each sample. Double 

stranded cDNA was prepared from RNA using Superscript II (Life Technologies, 

Bethesda, MD), as recommended by Affymetrix. The cDNA was used as a template in a 
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biotin labeled in vitro transcription reaction to form cRNA as described in the 

manufacturer’s protocol (Enzo Bioarray, Affymetrix, Santa Clara, CA) and the cRNA 

collected on RNeasy columns (Qiagen, Chatsworth,CA) was used for preparation of 

hybridization reactions. The mouse genome U74Av2 microarray from Affymetrix was 

used in all hybridizations. This array contains probe sets for approximately 6000 full-

length genes and approximately 30,000 EST clusters. Biotinylated target cDNA was 

hybridized onto the array and then processed in a GeneChip Fluidics Station 400, and the 

results were scanned by a Gene Array scanner and analyzed with Affymetrix Genechip 

Analysis Suite 5.0 software. The average difference describes the signal intensity 

difference between the matched and mismatched probes for each gene averaged over the 

number of probe sets. Barring systematic error, the average difference reflects the 

expression level for each gene probed or the amount of mRNA detected. In addition, the 

Affymetrix program calculated absolute presence or absence of a transcript. 

 

DETERMINATION OF P450SCC AND 3β-HSD ACTIVITY 
 

The effects of IL-10 and ACTH on the combined activities of the P450scc and 3β-

HSD were determined as described in the literature (Walsh et al. 2000). Briefly, Y-1 cells 

were plated in 24-well plates and 24 hours later treated with IL-10 (100ng/ml) and ACTH 

(10-9M) in the presence and absence of 22(R)-hydroxycholesterol (22R-HC, 25µM) for 2 

hours. Subsequently, progesterone levels in the medium were determined by ELISA 

(R&D Systems, Minneapolis, MN), and protein in each well using the BCA Protein 

Assay kit (Pierce, Rockford, IL) according to manufacturer’s recommendations. Data are 

presented as pg progesterone/µg protein. 
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IMMUNOHISTOCHEMISTRY 
 

Fresh mouse adrenal gland tissues were immediately placed into an alcohol-free 

formaldehyde-free fixative specially designed for immunohistochemistry (S.T.F., Streck 

Labs, La Vista, NE). Fixed tissues were then paraffin-embedded and 5µm sections were 

cut and placed onto glass slides.  Paraffin was removed from the sections by sequential 

immersion into xylene and 100% ethanol. Sections were slowly rehydrated by sequential 

immersion in 95% ethanol, 70% ethanol, and phosphate-buffered saline (PBS) pH 7.2.  

Sections were incubated for 1 hour at ambient temperature with either antibody to rabbit 

RTU (negative control) or an affinity-purified rabbit polyclonal antibody raised against a 

peptide mapping to the amino terminus of mouse IL-10R I (1:100 dilution, IL-10R (K-

20): sc987, Santa Cruz Biotechnology, Santa Cruz, CA).  Following 2 rinses in PBS, 

slides were incubated for 1 hour at ambient temperature with horseradish peroxidase 

(HRP)-conjugated sheep anti-rabbit IgG F(ab)’2 antibody (1:150 dilution, Sigma 

Chemicals, St. Louis, MO). Following 2 rinses in PBS, slides were incubated with freshly 

prepared HRP substrate diaminobenzidine (DAB) for 30 minutes at ambient temperature 

followed by rinsing in PBS, and counterstaining with Mayer’s hematoxylin (Sigma 

Chemicals, St. Louis, MO).  Slides were then dehydrated with ethanol, dipped twice in 

xylene, and coverslipped with permanent mounting medium. 

 

PRODUCTION OF IL-10 KO/WILD TYPE (AND VICE VERSA) CHIMERA 
MICE 
 

To determine if lymphoid or non-lymphoid organ system derived IL-10 is 

responsible for affecting GCS levels in vivo, radiation chimeras were prepared by 

subjecting c57B1/6 IL-10+/+ and IL-10-/- to sublethal doses of gamma irradiation 

(Cesium) in order to deplete bone marrow cells. Mice received 550RAD (2X) with 3 hrs 

between doses. Following irradiation, these mice were reconstituted with bone marrow 

cells from IL-10 wild type and knockout mice, respectively. IL-10 wild type mice 



 

 20 

depleted of and reconstituted with bone marrow from IL-10 KO would only produce IL-

10 from a non-lymphoid tissue source. In the reciprocal experiment, IL-10 knockout mice 

were irradiated and reconstituted with bone marrow from IL-10 normal mice. In these 

mice, the only IL-10 source was lymphoid tissue. The controls for both groups of 

reconstituted mice were closely matched mice reconstituted with syngeneic bone marrow. 

Briefly, one IL-10 wild type and one IL-10 knockout mouse were euthanized and bone 

marrow suspension from the femurs and tibias were then prepared, and adjusted to a cell 

density of 1x106 cells/ml. 0.2 ml bone marrow suspension (2x105 cells) was then 

administrated intravenously into recipient animals immediately after irradiation. For 2 

weeks following irradiation the animals were maintained on aqueous antibiotics by 

supplementing the water with 2 mg/ml neomycin sulfate (Sigma, cat. # N-1876) and 

housed in sterile autoclaved caging for 4 weeks. To determine the effectiveness of our 

bone marrow transfer, serum from individual reconstituted chimeric and control mice was 

analyzed for the presence or absence of IL-10 by ELISA.  

 

HOT PLATE TESTING 
 

To measure the latency of the paw-licking hot-plate response mice were placed 

individually on a 55oC hotplate as previously described. Elapsed time (latency) was then 

measured on a stopwatch beginning at the time of placement of the mice on the hot plate 

to the time that the mouse licks or shakes their front paws. It has been shown that 

measuring either the front or hind paw licking response provides an accurate outcome.  

In our hands, control latency for front paw licking at 55oC is approximately 10 -11 

seconds. We specified a cutoff duration of 30 secs. For the experiments in which mice 

received anti-IL-10, polyclonal goat anti-mouse IL-10 neutralizing antibody was 

purchased from Sigma-Aldrich (St. Louis, MO). Each mouse received 50ug antibody or 

vehicle prior to the hot plate test. Statistical analysis of latency times observed in mice 

was performed using Student’s t-test. 
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CAPSAICIN BEHAVIORAL TESTING 
 

Mice were habituated to behavioral testing by placing them on a wire screen 

platform in Plexiglas cages for 20 min (Carlton et al. 2004). Each mouse was habituated 

twice before being placed in an experimental group. To prepare Capsaicin, 2 ml of 100% 

ethanol was added to a bottle containing 1 g Capsaicin (Fluka, Ronkonkoma, NY) and 

vigorously shaken. This mixture was added to a mixture of 9.3 ml saline and 0.7 ml 

Tween 80. This solution was stirred while heating until the alcohol evaporated and the 

total volume returned to 10 ml. The stock solution was diluted with vehicle to obtain a 

0.05% Capsaicin solution that was stored at 4 oC. For intraplantar injection, a 28-gauge 

needle was attached to a 50 µl Hamilton syringe with PE20 tubing. For paw injections, 

the needle punctured the plantar skin distal to the foot pads and was guided into the 

subcutaneous space to the center of the hindpaw where the drugs were delivered. Each 

animal was used only once. Spontaneous nociceptive behaviors resulting from Capsaicin 

injections were assessed by counting the number of flinches and seconds an animal spent 

lifting and/or licking (L/L) the injected paw in 5 min intervals. A flinch was defined as a 

spontaneous, rapid jerk of the foot whether the foot was on the screen or held in the air. 

 

STATISTICAL ANALYSIS 
 

All experiments were performed in triplicate except where indicated. Data 

presented as the mean ± SEM and analyzed by either Student’s t test or ANOVA 

followed by Bonferroni multiple comparisons test (InStat, Graph-Pad, San Diego, CA). 

Differences at the p< 0.05 level were considered statistically significant. 
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CHAPTER 3: RESULTS 

 

I. IL-10 AFFECTS THE HPA AXIS: POTENTIAL ROLE FOR IL-10 IN HPA 
HOMEOSTASIS 

1. IL-10 induces CRH production in the hypothalamus 

 

Our overall objective was to determine whether IL-10 contributes to homeostasis 

of the HPA axis and contributes to behaviors. In regards to the HPA axis, a stress 

response is initiated by hypothalamic production of CRH and we therefore determined 

the effects of IL-10 on CRH production in hypothalamic median eminence (ME) 

fragments. The ME is the field of the hypothalamus that produces and contains CRH. 

Following IL-10 ( 20 ng/ml) treatment, CRH was measured by radioimmunoassay. The 

results below indicate that non-treated ME produce a basal level of 60 pg CRH per ME 

fragment. ME fragments treated with IL-10 produce 115 pg CRH/ME fragment (P<0.05) 

(Figure 1). The results from this study indicate that IL-10 could possibly initiate a stress 

response in the HPA axis at the level of the hypothalamus. 

 

 

 

 

 

 

 

 

 

 



 

 23 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. IL-10 induces the production of CRH from ME fragments. ME fragments were 

generated and exposed to IL-10 (20 ng/ml) and CRH was measured by RIA. 

 

2. IL-10 induces the production of ACTH in ATT-20 cells 

 

Generally, the second major step in a stress response involves the pituitary gland 

which responds to CRH by producing ACTH. In order to determine the effects of IL-10 

in the pituitary gland, AtT-20 pituitary cells were used as an in vitro model. AtT-20 cells 

were treated with different concentrations of IL-10 or PBS for 6h. Supernatants were 

collected and ACTH was measured by RIA. The results showed that IL-10 induces the 

production of ACTH in AtT-20 pituitary cells in a dosage dependent manner (Figure 2). 

Thus, similar to its positive action in the hypothalamus, IL-10 can induce the production 

of ACTH from the pituitary.   
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Figure 2. IL-10 induces the production of ACTH from AtT-20 cells. AtT-20 cells were 

treated with the indicated concentrations of IL-10. Supernatant fluids were 

then harvested and analyzed at a 1:100 dilution for ACTH by RIA. Error 

bars indicate standard deviation.  

 

3. IL-10 R I is expressed in the zona fasciculata of the mouse adrenal gland  

 

Our previous work has shown that the hypothalamus and pituitary gland express 

IL-10 receptor (Cadet, dissertation, 1998). Thus, up to this point it appears that IL-10 acts 

at the level of the hypothalamus and pituitary, both of which possess the IL-10 receptor. 

We next wanted to determine the effects of IL-10 at the level of the adrenals. Our initial 

approach was to determine the expression and distribution of IL-10 R1 in mouse adrenal 

tissue.  
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There are three major anatomical regions of the adrenal gland cortex: the zona 

glomerulosa, zona fasciculata and zona reticularis. Each region is largely responsible for 

production of mineralocorticoids (e.g. aldosterone), glucocorticoids (e.g. corticosterone) 

and androgens (e.g. dehydroepiandrosterone DHEA), respectively.  

 

A prerequisite for IL-10 action is the presence of IL-10 R I receptor. We therefore 

wanted to determine the level of expression of IL-10R I in the adrenal cortex regions. 

Immunohistochemistry for IL-10 R I was performed in adrenal gland from IL-10+/+ and 

IL-10-/- animals. As shown in Figure 3, sections of adrenal glands from wild type mice 

show strongly-positive cytoplasmic staining of zona fasciculata cells within the adrenal 

cortex by the IL-10R I-specific antibody, while sections stained with the isotype control 

rabbit antibody showed no staining (Figure 3 A). Both the zona glomerulosa and the zona 

reticularis showed minimal staining. Thus, the region of the mouse adrenal cortex 

associated with the majority of corticosterone production expresses a preponderance of 

IL-10R I. In addition, we have determined the expression of IL-10 R I by RT-PCR in Y-1 

cells, which is derived from zona fasciculate of mouse adrenal gland.  
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Figure. 3. IL-10 RI expression in the mouse adrenal gland. Mouse adrenal gland tissues 

were immunostained with either antibody to rabbit RTU (negative control, 

A) or an anti-IL-10R I antibody (B). 

 

4. IL-10 inhibits steroid production in Y-1 cells as indicated through changes in 
morphology 

 

We next wanted to determine the effects of IL-10 on adrenal cells. The adrenal 

glands respond to ACTH by producing GCS. Thus we investigated IL-10 regulation of 

steroid production in Y-1 cells by using the phenomenon of cell rounding. It has been 

shown that ACTH-induced changes in the morphology of Y-1 cells (cell rounding) are 

closely related to increased steroidogenesis in these cells. Thus, Y-1 cells were treated for 

6 hours with vehicle, IL-10 (100ng/ml), ACTH (10-9M) or both IL-10 and ACTH. We 

found that IL-10 treatment prevents ACTH-induced steroid production in Y-1 cells, as 

indicated by a decrease in cell rounding (Figure. 4).Thus, at least indirectly, it appears 

that IL-10 can affect GCS production in adrenal tissue. 
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Figure. 4. IL-10 effects on morphological changes of Y-1 cells. Y-1 cells were treated 

with vehicle (A), ACTH (10-9M, B), IL-10 (100ng/ml, C) or ACTH + IL-10 

(100ng/ml, D) for 6 hours after which cell rounding was used as an indicator 

of steroid production. Approx. percent rounding: A=5%; B=75%; C= 5%; 

D= 25%. 

 

5. IL-10 inhibits ACTH-induced steroid production in Y-1cells  

 

IL-10’s direct effects on steroid production in Y-1 cells were tested using IL-10 

alone and in physiologically relevant conditions, in the presence of ACTH, since in vivo 

the zona fasciculata and its steroidogenic process are under the chronic influence of 

ACTH. 

 

IL-10’s direct regulation of steroid production in Y-1 cells was determined by 

measuring the production of the corticosterone precursor, progesterone. Progesterone is 
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formed from cholesterol in a two-step process, catalyzed by the side-chain cleavage 

P450scc and 3-hydroxysteroid dehydrogenase (3-HSD) enzymes. Further steps in 

corticosterone synthesis are catalyzed by 21-hydroxylase and 11-hydroxysteroid 

dehydrogenase (11-HSD). However, Y-1 cells do not express 21-hydroxylase, and 

therefore do not produce corticosterone. Initially, a kinetics experiment was performed, 

Y-1 cells were treated for 2, 4, and 6 h with vehicle, IL-10 [100 ng/ml; ], ACTH (10-9M) 

or both IL-10 and ACTH. We found that IL-10 treatment significantly suppressed 

ACTH-induced steroid production in Y-1 cells following 6-h treatment, without having 

an effect on steroid production by itself. Additionally, IL-10 had no significant effect on 

ACTH-induced steroid production after 2- and 4-h treatment (Figure.5). We next 

performed an IL-10 dose–response experiment (Figure. 6). Y-1cells were treated for 6 h 

with vehicle, IL-10 (0, 25, 50, and 100 ng/ml) and ACTH (10-9 M). IL-10 inhibited 

ACTH induced steroid production in a dose dependent manner, while not having an 

effect on its own at any of the concentrations tested. Thus, IL-10 appears to directly 

affect GCS production in Y-1 adrenal cells determined by inhibiting progesterone 

production. 
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Figure. 5. IL-10 time course effects on steroid production in Y-1 cells. Y-1 cells were 

treated as indicated below after which the levels of corticosterone precursor 

progesterone in the medium were used as an indicator of steroid production. 

Progesterone levels were measured by ELISA. The results were normalized 

to protein levels in the same samples. Data presented as mean ± S.E.M. Y-1 

cells were treated with vehicle (1% PBS), IL-10 (100ng/ml), ACTH (10-

9M), or IL-10 together with ACTH for 2, 4, and 6 hours N=6. ***, P<0.001, 

vehicle vs. each treatment group. # #, P<0.01, ACTH vs. IL-10+ACTH.  
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Figure.6. IL-10 dosage effects on steroid production in Y-1 cells. Y-1 cells were treated 

as indicated below after which the levels of corticosterone precursor 

progesterone in the medium were used as an indicator of steroid production. 

Progesterone levels were measured by ELISA. The results were normalized 

to protein levels in the same samples. Data presented as mean ± S.E.M. Y-1 

cells were treated with vehicle (1% PBS), IL-10 (25, 50 and 100ng/ml) 

and/or ACTH (10-9M) for 6 hours. N=6. ***, P<0.001, ACTH only vs. 

100ng/ml IL-10+ACTH.  

 

 

IL-10 (ng/ml)

0 25 50 100

p
ro

g
es

te
ro

n
e 

(p
g

/ µ
g

 p
ro

t)

3

4

5

6

7

8 vehicle

ACTH (10-9M)

***



 

 31 

6. IL-10 inhibits the expression of the steroidogenic enzyme 3β-HSD and regulatory 
protein StAR in Y-1 cells 

 

Corticosterone biosynthesis starts with the delivery of cholesterol to the side-

chain cleavage enzyme (P450scc) on the inner mitochondrial membrane. This rate 

limiting-step of corticosteroid synthesis is regulated by the steroidogenic acute regulatory 

protein (StAR). Subsequent steps in corticosterone synthesis are catalyzed by 3β-

hydroxysteroid dehydrogenase (3β-HSD), 21-hydroxylase and 11β-hydroxysteroid 

dehydrogenase (11β-HSD) (Abbaszade et al. 1995). 

 

Microarray analysis of control and IL-10 treated Y-1 cells (as described later) 

indicated that 3β-HSD is one of the transcripts downregulated following IL-10 treatment 

(100ng/ml, 6 hours) (Table 3.III).  We next used semi-quantitative RT-PCR to address 

whether IL-10 regulates the enzymes involved in corticosterone synthesis (P450scc, 3β-

HSD, 11β-HSD). Since Y-1 cells do not express 21-hydroxylase, the effects of IL-10 on 

the expression of that particular enzyme were not addressed.  

 

Y-1 cells were treated for 6 hours with vehicle, IL-10 (100ng/ml), ACTH (10-9M) 

and IL-6 (100ng/ml), since IL-6 has been previously shown to affect steroid production. 

As shown in Figure 7 A, IL-10 inhibits the expression of 3β-HSD in Y-1 cells both by 

itself and with ACTH treatment. The expression of enzymes P450scc and 11β-HSD were 

not changed by IL-10 treatment (data not shown). We used the same method to determine 

whether IL-10 influences the expression of the regulatory protein StAR and found that 

IL-10 treatment downregulates StAR mRNA levels both by itself and during ACTH and 

IL-6 treatments (Figure. 7 B). From these results, it appears that IL-10 can directly affect 

expression of enzymatic transcripts involved in GCS production.  
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Figure. 7. Effects of IL-10 on mRNA expression of the steroidogenic enzyme 3β-HSD 

and regulatory protein StAR in Y-1 cells.Y-1 cells were treated with 

vehicle, ACTH (10-9M), IL-6 (100ng/ml), IL-10 (100ng/ml) for 6 hours, IL-

10 with ACTH (2-hr IL-10 pretreatment followed by 6-hr IL-10 and 

ACTH), or IL-10 with IL-6 (2-hr IL-10 pretreatment followed by 6-hr IL-10 

and IL-6) after which RT-PCR was performed using primers specific for 3β-

HSD and StAR. Cyclophilin was used as a reference gene. A, 3β-HSD and 

cyclophilin RT-PCR. B, StAR and cyclophilin RT-PCR 
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7. IL-10 changes the ACTH induced activity of the proximal steroidogenic enzymes 
450scc and/or 3β-HSD 

 

P450scc, an inner mitochondrial membrane protein, catalyzes the conversion of 

cholesterol to the first steroid, pregnenolone. Transfer of cholesterol into the 

mitochondria is facilitated by StAR protein. Once produced, pregnenolone diffuses to the 

cytoplasm where 3β-HSD converts it to progesterone.  

 

To address the effects of IL-10 on the activity of proximal steroidogenic enzymes 

450scc and/or 3β-HSD, we used 22(R)-hydroxycholesterol (22R-HC, 20µM), a 

membrane-permeable precursor for pregenolone synthesis. 22R-HC bypasses transport 

within the mitochondrial membrane by the StAR protein, allowing assessment of the 

influence of IL-10 on the activity of P450scc and 3β-HSD enzymes.  

 

Thus, Y-1 cells were treated for 30 min with vehicle, IL-10 (100ng/ml), ACTH (10-

9M) and both IL-10 and ACTH in the presence and absence of 22R-HC. Progesterone 

levels were measured by ELISA. As shown in Figure. 8, IL-10 treatment changes the 

ACTH induced activity of steroidogenic enzymes 450scc and/or 3β-HSD.  

 

Thus, it appears that the mechanism of IL-10’s inhibition of GCS production can 

result from inhibition of GCS related enzymatic transcripts or GCS related enzyme 

actions, or both. 
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Figure. 8. IL-10 and ACTH effects on the activity of the proximal steroidogenic enzymes 

P450scc and/or 3β-HSD in Y-1 cells.Y-1 cells were treated with vehicle 

(0.1% alcohol), IL-10 (100ng/ml), ACTH (10-9M) or IL-10 together with 

ACTH in the absence (-HC) and presence (+HC) of 22(R)-

hydroxycholesterol (HC, 20µM) for 30 min, after which progesterone levels 

in the medium were determined by ELISA. The results were normalized to 

protein levels in the same samples. Data presented as mean ± S.E.M. N=6. 

***, P<0.001, vehicle vs. each treatment group. # # #, P<0.001, ACTH vs. 

IL-10+ACTH.  
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8. Basal and stress induced serum corticosterone levels in IL-10-/- mice are higher 
than in wild type animals  

 

During our previous experiments, we found that IL-10 inhibits GCS production in Y-

1 cells in the presence of ACTH; IL-10 inhibits mRNA expression of steriodogenic 

enzymes 3β-HSD and regulatory protein StAR in Y-1 cells; and IL-10 inhibits the ACTH 

induced activity of the proximal steroidogenic enzymes P450scc and/or 3β-HSD in Y-1 

cells. All of these data are generated in an in vitro cell culture system. Therefore, we 

thought it was important to see IL-10’s effect on GCS production in vivo. We determined 

serum corticosterone levels in wild type and IL-10-/- mice (10 weeks old, 16 

animals/group) under basal conditions and found significantly higher serum 

corticosterone levels in IL-10-/- mice compared with wild type animals (Figure. 9 A). 

Additionally, both wild type and IL-10-/- female mice exhibit higher corticosterone levels 

than male mice (Figure.9 B).   
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Figure. 9.  Serum corticosterone levels in wild type and IL-10 knockout mice.7-week 

old C57B1/6 wild type (IL-10+/+) and C57B1/6 IL-10 knockout (IL-10-/-) 

mice were kept under standard housing conditions for 3 weeks, after which 

blood samples were obtained by cardiac puncture. Serum corticosterone 

levels were determined by ELISA. A: Serum corticosterone levels in wild 

type (wt) and IL-10-/- (IL-10 KO) mice. *P<0.05, N=15-16. B: Serum 

corticosterone levels in wild type (wt) and IL-10-/- (KO) male (M) and 

female (F) mice. N=7-8 

 

In vivo, serum corticosterone levels in mice undergoing stress also appear to be 

modulated by IL-10. We determined this by using two stress paradigms. One was an 

“immune stress” induced by polyI:C injection  while the other was a physiological stress 

induced by cold water immersion. Following immune stress with poly I:C treatment, IL-

10 KO mice produce 3-5 times the amount of corticosterone when compared to poly I:C 

treated WT mice (Figure. 10). More importantly, physiologic stress (cold water) also 

increased serum corticosterone levels nearly 5-fold in IL-10 knockout mice compared to 
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normal mice (Figure. 11). These data therefore show that IL-10 contributes to down-

regulation of the endogenous corticosterone responses in vivo which is consistent with 

our in vitro findings that IL-10 inhibits GCS production in Y-1 cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 10. IL-10 KO mice have a higher stress hormone production than WT following 

Poly I:C administration. IL-10 wild type and IL-10 KO were administered 

pI:C i.p. (0.1 mg/mouse).  At 2h, 6h and 24h time points post injection, 

animals were sacrificed and serum GCS levels determined by RIA. 
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Figure. 11. IL-10 KO mice have a higher stress hormone production than WT in cold 

stress response. IL-10 wild type and IL-10 KO mice were immersed in ice 

water for 45 –60 sec.  Immediately, 30 min, or 120 min following 

immersion animals were sacrificed and serum GCS levels were determined 

by RIA. 

 

 

9. Production of IL-10 KO/wild type (and vice versa) chimera mice  

 

Our previous studies showed that IL-10 KO mice not only have higher baseline 

levels of corticosterone, they also produce more during a stress response than wild type 

mice. To determine if solid tissue and/or immune system derived IL-10 played a role in 

Time points

 0 min 30 min 120 min

P
er

ce
nt

ag
e 

of
 s

er
um

 c
or

tic
os

te
ro

ne
 n

or
m

al
iz

ed
 to

 c
on

tr
ol

0

100

200

300

400

500

600

700

WT control
WT cold stress
KO control
KO cold stress



 

 39 

HPA regulation, we successfully made IL-10 wild type/KO (solid tissue/bone marrow) 

(and vice versa) radiation chimeras. Briefly, IL-10+/+ and IL-10-/- mice received sublethal 

doses of gamma irradiation in order to deplete bone marrow cells. Following irradiation, 

these mice were reconstituted with bone marrow cells from IL-10 wild type and knockout 

mice, respectively. IL-10 wild type mice depleted of and reconstituted with bone marrow 

from IL-10 KO would only produce IL-10 from a non-lymphoid tissue source. In the 

reciprocal experiment, IL-10 knockout mice were irradiated and reconstituted with bone 

marrow from IL-10 normal mice. In these mice, the only IL-10 source was lymphoid 

tissue. Figure 12 shows the corticosterone profiles of these chimeric mice in response to 

poly I:C administration (0.1mg/mouse).  In this experiment IL-10 KO mice produced 

more corticosterone in response to poly I:C than wild type (first 2 paired sets of bars).  

When wild type bone marrow cells were grafted into irradiated IL-10 KO recipient mice 

the corticosterone levels remained elevated (third paired set of bars). In contrast, IL-10 

KO bone marrow grafted into irradiated wild type recipient mice demonstrated 

corticosterone levels similar to WT controls (fourth paired set of bars). Similarly wild 

type bone marrow cells grafted into irradiated wild type recipient mice demonstrated a 

normal corticosterone response (fifth paired set of bars) while KO bone marrow grafted 

into irradiated IL-10 KO mice demonstrated an enhanced corticosterone response (sixth 

paired set of bars).  Thus it appears that solid tissue could be the source of IL-10 

contributing to the regulation of the corticosterone response.   
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Figure. 12. Corticosterone profiles in wild type/IL-10 KO immune tissue/solid tissue 

chimeric mice following poly I :C administration. WT(KO) means bone 

marrow from WT was given to KO animals.  

 

II. MICROARRAY ANALYSIS OF GENE EXPRESSION IN CELLS DERIVED 
FROM THE HPA 

1. Genes regulated by IL-10 in GT1-7 cells derived from mouse hypothalamus 

 

We next wanted to determine the overall spectrum of genes regulated by IL-10 in 

the HPA axis. To perform these studies, microarray analysis was initially conducted in 
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control and IL-10 treated (50ng/ml at 6h and 24h) GT1-7 hypothalamic cells. Following 

6h of treatment, IL-10 regulated 137 genes with 98 genes up-regulated and 39 genes 

down-regulated; at 24h, IL-10 regulated 178 genes with 58 genes up-regulated and 120 

genes down-regulated. Table 3 lists all genes significantly regulated by IL-10 in GT1-7 

cells with more than a twofold change. Significantly modulated genes belong to a variety 

of functional categories, including DNA-binding proteins and transcription factors, ion 

channels or transporters, apoptosis regulators, signal transducers, cell adhesion 

molecules, and enzymes which control carbohydrate and amino acid metabolism.  

 

Table 3. Genes regulated by IL-10 in GT1-7 cells derived from mouse hypothalamus 
   
Probe set Genebank 

ID 
Gene Description Ratio Change Time 

points(h) 
DNA- binding proteins and transcription factors   
102088_at Y14295 Kruppel-like factor 12 2.9 ↑ 24 
98108_at X15789 Cellular retinoic acid binding 

protein I 
2.5 ↑ 6 

161069_at AI323358 Neurogenin 1 2.5 ↑ 6 
97357_at AI426400 Myocyte enhancer factor 2C 2.4 ↑ 6 
100962_at U47543 Ngfi-A binding protein 2 2.3 ↑ 6 
97792_at Y07621 Neurogenin 2 2.2 ↑ 6 
Ion channels or transporters  
98796_at U27502 Major intrinsic protein of eye 

lens fiber 
3.3 ↑ 24 

102330_at D86382 Allograft inflammatory factor 1 2.4 ↑ 6 
100337_at L29346 Calcium channel, voltage-

dependent, R type, alpha 1E 
subunit 

2.2 ↑ 6 

100340_at U95132 Solute carrier family 10 
(sodium/bile acid cotransporter 
family), member 1 

-3.6 ↓ 24 

Apoptosis regulators   
99026_at AF088904 BclX 3.0 ↑ 6 
161700_i_at AV235556 Neutral sphingomyelinase (N-

SMase) activation associated 
factor 

2.6 ↑ 6 

96036_at AW046036 Tetratricopeptide repeat 
domain 11 

2.2 ↑ 6 

Enzymes in metabolisms 
103649_at AI648067 Hydroxyacid oxidase (glycolate 

oxidase) 3 
3.2 ↑ 24 

162246_r_at AV333320 Glutathione synthetase 2.7 ↑ 24 
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99011_at U70538 UDP-N-acetyl-alpha-D-
galactosamine:polypeptide N-
acetylgalactosaminyltransferase 
3 

2.6 ↑ 24 

96803_at AW210370 Glucan (1,4-alpha-), branching 
enzyme 1 

2.5 ↑ 6 

162048_r_at AV378443 ADP-ribosylation factor 
guanine nucleotide-exchange 
factor 1 (brefeldin A-inhibited) 

2.3 ↑ 6 

Signal transducers  
161876_r_at AV082931 Creatine kinase, mitochondrial 

2 
3.5 ↑ 24 

102857_at U10341 A kinase (PRKA) anchor 
protein 4 

2.2 ↑ 24 

162264_s_at AV359014 Budding uninhibited by 
benzimidazoles 1 homolog 

-3.0 ↓ 24 

      
Cell adhesion molecules  
92907_at U49185 Occludin 2.4 ↑ 6 
Others           
95951_at AF061272 C-type lectin domain family 4, 

member d 
3.7 ↑ 24 

102065_at AB007813 Ficolin A 3.0 ↑ 24 
161320_r_at AV092243 Tropomyosin 2, beta 2.1 ↑ 24 
93122_at M92849 Cysteine-rich secretory protein 

1 
2.1 ↑ 6 

Table 3.  Genes significantly regulated by IL-10 in GT1-7 cells.GT1-7 hypothalamic 

cells were treated with IL-10 (50ng/ml) for 6h and 24h following which 

DNA microarray analysis was performed (see materials and methods). “↑” 

indicates up-regulation; “↓” indicates down-regulation.  

 

2. Genes regulated by IL-10 in ATT-20 cells derived from mouse pituitary 

 

Next, microarray analysis was conducted in control and IL-10 treated (50 ng/ml at 

4h and 8h) AtT-20 pituitary cells. After 4h of treatment, IL-10 regulated 238 genes with 

146 genes up-regulated and 92 genes down-regulated.  With 8h of treatment, IL-10 

regulated 274 genes with 124 genes up-regulated and 150 genes down-regulated. Table 4 

lists all genes significantly regulated, with more than a twofold change by IL-10 in AtT-

20 cells. Some of these significantly modulated genes have immune related functions, 
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such as colony stimulating factor 2 receptor (Genebank ID, AV242068) and T-cell 

receptor gamma (Genebank ID, M18858). Others belong to various other functional 

categories, such as DNA-binding proteins and transcription factors, ion channels or 

transporters, DNA repair, signal transducers, growth factors and enzymes in lipid and 

amino acid metabolisms. 

 

Table 4. Genes regulated by IL-10 in AtT-20 cells derived from mouse pituitary  

   

Probe set 

Genebank 

ID Gene description Ratio Change 

Time 

points(h) 

DNA-binding proteins and transcription factors  

98788_at D12885 

Pituitary specific 

transcription factor 1 2.6 ↑ 4 

96400_at M55290 

Interferon response element 

binding factor 1 2.5 ↑ 4 

103075_at M34381 

POU domain, class 5, 

transcription factor 1 2.5 ↑ 4 

99891_at L13763 

POU domain, class 6, 

transcription factor 1 2.5 ↑ 4 

160841_at AW047343 

D site albumin promoter 

binding protein -2.0 ↓ 8 

Ion channels or transporters  

93623_at U56724 

Dystrophin, muscular 

dystrophy 3.1 ↑ 4 

161723_at AV264147 

WD repeat and FYVE 

domain containing 2 3.0 ↑ 4 

92682_at AB026805 Synaptotagmin 8 2.8 ↑ 4 

96867_at D44593 Alpha-2-glycoprotein 1, zinc 2.1 ↑ 4 

98380_at U04294 

Potassium voltage-gated 

channel, subfamily H (egg-

related), member 1 -2.1 ↓ 8 

Immune related genes   

161544_r_at AV242068 Colony stimulating factor 2 2.7 ↑ 8 
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receptor, beta 2, low-affinity 

102824_g_at X67210 

Immunoglobulin heavy 

chain (gamma polypeptide) -4.6 ↓ 8 

94152_at M33974 Salivary protein 1 -3.1 ↓ 8 

96975_at X82691 Ig kappa chain -2.7 ↓ 8 

103199_at U15607 

Chemokine (C motif) ligand 

1 -2.1 ↓ 8 

161755_at AV292321 

Endoplasmic reticulum 

protein 29 -2.1 ↓ 8 

92694_at M94584 Chitinase 3-like 3 -2.0 ↓ 8 

102745_at M18858 

T-cell receptor gamma, 

variable 6 -2.0 ↓ 8 

DNA repair  

161686_i_at AV217007 

X-ray repair complementing 

defective repair in Chinese 

hamster cells 5 4.1 ↑ 8 

161727_r_at AV267115 RAD52 homolog 2.8 ↑ 4 

Enzymes in metabolisms  

97678_r_at AV294670 Cathepsin 7 3.9 ↑ 8 

161649_f_at AV088635 ADP-ribosyltransferase 5 3.4 ↑ 4 

94350_f_at U12961 

NAD(P)H dehydrogenase, 

quinone 1 2.2 ↑ 4 

100496_at U79523 

Peptidylglycine alpha-

amidating monooxygenase -3.3 ↓ 4 

99404_at L23754 

Cytochrome P450, family 7, 

subfamily a, polypeptide 1 -2.0 ↓ 8 

Signal transducers  

160763_at U81823 

Mitogen activated protein 

kinase 13 -4.4 ↓ 8 

102146_at J05149 Insulin receptor -2.5 ↓ 8 

94079_at X61452 Septin 4 -2.3 ↓ 8 

Carrier  

161321_i_at AV092985 Apolipoprotein E -2.6 ↓ 8 

Growth factor  
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101815_at AF101440 

Bone morphogenetic protein 

10 -2.5 ↓ 8 

Table 4.  Genes significantly regulated by IL-10 in AtT-20 cells. AtT-20 pituitary cells 

were treated with IL-10 (50ng/ml) for 4h and 8h following which DNA 

microarray analysis was performed (see materials and methods). “↑” 

indicates up-regulation; “↓” indicates down-regulation.  

 

3. Genes regulated by IL-10 in Y-1 cells derived from mouse adrenal gland 

 

Finally, microarray analysis was conducted in control and IL-10 treated (50 ng/ml 

at 6hr and 24hr) Y-1 adrenal cells. Following 6h of treatment, IL-10 altered expression of 

69 genes with 17 genes up-regulated and 52 genes down-regulated. At 24h, IL-10 

regulated 229 genes with 62 genes up-regulated and 167 genes down-regulated. Table 5 

lists all of the genes significantly regulated by IL-10 in Y-1 cells with more than a 

twofold change. Some of these significantly modulated genes have immune related 

functions, such as interferon gamma induced GTPase (Genebank ID, MMU53219) and 

leukocyte specific transcript 1 (Genebank ID, U72644). Others belong to a variety of 

functional categories, such as DNA-binding proteins and transcriptional factors, ion 

channels, cell adhesion molecules, signal transducers and enzymes in amino acid and 

lipid metabolisms. Interestingly, Hydroxysteroid dehydrogenase-5 (Genebank ID, 

L41519), which belongs to 3β-HSD enzyme complex, is downregulated by IL-10 in 6 hr, 

consisting with and supporting our above RT-PCR result. 

 

Overall, these microarray results generally agree with our initial observations that 

IL-10 has positive effects on hypothalamic and pituitary tissues while generally exacting 

negative effects on adrenal tissue. 
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Table 5. Genes regulated by IL-10 in Y-1 cells derived from mouse adrenal gland  
  

Probe set 
Genebank 
ID Gene description Ratio Change 

Time 
points(h) 

DNA-binding proteins and transcription factors  
161662_f_at  AV124076  Transcriptional regulator protein -2.8 ↓ 24 

98010_at L09600 
Nfe2 nuclear factor, erythroid 
derived 2" -2.6 ↓ 24 

93915_at Z54283 
POU domain, class 2, 
associating factor 1 -2.4 ↓ 24 

99965_at D31969 Vitamin D receptor -2.2 ↓ 24 
Immune related genes 

93904_f_at AF059706  
Igh-V11immunoglobulin heavy 
chain (V11 family) -3.0 ↓ 24 

160933_at MMU53219  
Igtp interferon gamma induced 
GTPase -2.6 ↓ 24 

100361_f_at M30207 

Ig rearranged truncated mu-
chain mRNA D-J3 region, 5' 
end." -2.3 ↓ 24 

103571_at U72644 Leukocyte specific transcript 1 -2.1 ↓ 24 
Enzymes in metabolisms  

102192_r_at AF068246 
SA rat hypertension-associated 
homolog 3.4 ↑ 6 

162179_r_at AV367224  Bleomycin hydrolase -4.0 ↓ 24 
161876_r_at AV082931  Creatine kinase, mitochondrial 2 -3.7 ↓ 24 

102360_at AW214225 
5,10-methylenetetrahydrofolate 
reductase -3.2 ↓ 6 

93827_at MMU24493  Tryptophan 2,3-dioxygenase -2.6 ↓ 6 
      

104539_at AF022894 
Sulfotransferase family 1B, 
member 1 -2.4 ↓ 24 

161107_r_at AA529901 
Mmonoacylglycerol O-
acyltransferase 2 -2.2 ↓ 24 

162128_i_at AV376939  Glucuronidase, beta -2.1 ↓ 24 

94795_at L41519 
Hydroxysteroid dehydrogenase-
5 -1.8 ↓ 6 

Ion channels  

99839_at AF024621  
Gamma-aminobutyric acid 
(GABA-C) receptor, subunit rho  -3.4 ↓ 24 

92749_at U14418 

Gamma-aminobutyric acid 
(GABA-A) receptor, subunit 
beta 1 -2.2 ↓ 24 

Cell adhesion molecules  
93884_at AB034693  Endomucin-1 2.8 ↑ 6 
161646_r_at AV087256  Kelch domain containing 2 -5.3 ↓ 24 

161848_r_at AV335129  
Protein tyrosine phosphatase, 
non-receptor type 22  -3.8 ↓ 24 
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98834_at X75427 Integrin alpha 2 -2.4 ↓ 24 

101637_at L38422 
Ceacam10 CEA-related cell 
adhesion molecule 10 -2.0 ↓ 24 

Signal transducers  

103022_at 
 
MMU23470  

Mitogen activated protein kinase 
kinase kinase 1 -2.6 ↓ 24 

161234_f_at AV277998  Septin 4 -2.1 ↓ 6 
161866_at AV341298  Eph receptor A4 -2.0 ↓ 24 
Others  

162283_r_at AV372356 

Eukaryotic translation initiation 
factor 3, subunit 6 interacting 
protein -3.2 ↓ 24 

92607_at AF017994  
Mest mesoderm specific 
transcript -2.5 ↓ 24 

161153_r_at AV211623  Renin binding protein -2.1 ↓ 24 

Table 5.  Genes significantly regulated by IL-10 in Y-1 cells. Y-1 adrenal cells were 

treated with IL-10 (50ng/ml) for 6h and 24h following which DNA 

microarray analysis was performed (see materials and methods). “↑” 

indicates up-regulation; “↓” indicates down-regulation.  

 

4. Genes regulated by IFN-gamma in ATT-20 cells derived from mouse pituitary 

 

One of the primary activities of IL-10 in the immune system is inhibition of 

inflammatory cytokine production and action, particularly IFN-gamma. IFN-gamma has 

also been shown to broadly affect the HPA axis (Schiepers et al. 2005; Silverman et al. 

2005). We therefore determined the spectrum of genes affected by IFN-gamma in HPA 

cells. Initially, microarray analysis was conducted in control and IFN-gamma treated 

(300 U/ml at 6h) AtT-20 pituitary cells. After 6h of treatment, IFN-gamma regulated 380 

genes with 172 genes up-regulated and 108 genes down-regulated. Table 6 lists all genes 

significantly regulated, with more than a two fold change by IL-10 in AtT-20 cells. Some 

of these significantly modulated genes have immune related functions, such as suppressor 

of cytokine signaling 1 (Genebank ID, U88325) and interferon inducible protein 1 

(Genebank ID, U19119). Others belong to various other functional categories, such as 
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DNA-binding proteins and transcription factors, hormone related, signal transducers and 

enzymes in lipid and amino acid metabolisms. 

 

 

Table 6. Genes regulated by IFN-gamma in AtT-20 cells derived from mouse pituitary 
   

Probset Genebank ID Gene Description ratio change 
time 
points(h) 

DNA-binding protein and transcription factor 
  

98002_at M32489 
interferon consensus sequence 
binding protein 1 3.5 ↑ 6 

102401_at M21065 interferon regulatory factor 1 3.3 ↑ 6 

101465_at U06924 
signal transducer and activator 
of transcription 1 3.1 ↑ 6 

94179_at AJ005669 dachshund 1 2.8 ↑ 6 

            

Immune related            

104750_at M63630 
interferon gamma inducible 
protein 47 6.9 ↑ 6 

93085_at  D44456 
proteosome (prosome, 
macropain) subunit, beta type 9  4.2 ↑ 6 

97409_at U19119 interferon inducible protein 1 3.6 ↑ 6 

103035_at U60020 
Transporter 1, ATP-binding 
cassette, sub-family B 3.6 ↑ 6 

92689_at AB019505 interleukin 18 binding protein 3.5 ↑ 6 

101436_at M34815 
chemokine (C-X-C motif) 
ligand 9 2.9 ↑ 6 

101436_at M34815 
chemokine (C-X-C motif) 
ligand 9 2.9 ↑ 6 

92832_at U88325 
suppressor of cytokine 
signaling 1 2.7 ↑ 6 

            

Enzyme           

96764_at AJ007971 interferon inducible GTPase 1 7.3 ↑ 6 

95974_at M55544 
guanylate nucleotide binding 
protein 1 5.4 ↑ 6 

102906_at L38444 T-cell specific GTPase 5.4 ↑ 6 

160933_at U53219 
interferon gamma induced 
GTPase 4.9 ↑ 6 

103963_f_at AA914345 interferon inducible GTPase 1 4.2 ↑ 6 

98410_at AJ007972 interferon inducible GTPase 2 3.9 ↑ 6 

100880_at AA816121 
Diabetic nephropathy-like 
protein (Dnr12) mRNA 3.8 ↑ 6 

103306_at AW259940 
serine (or cysteine) proteinase 
inhibitor, clade B, member 6c 3.7 ↑ 6 

103616_at AF100956 procollagen, type XI, alpha 2 2.4 ↑ 6 

102791_at U22033 
proteosome (prosome, 
macropain) subunit, beta type 8  2.3 ↑ 6 
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Hormone related           

92465_at  U85713 phospholipase C, beta 1 2.8 ↑ 6 

100150_f_at X04724 insulin II 2.3 ↑ 6 

103335_at U55060 
lectin, galactose binding, 
soluble 9 2.3 ↑ 6 

160613_at AW049768 lipocalin 7 2.2 ↑ 6 

96074_at AI528149 apolipoprotein F 2.1 ↑ 6 

            

signal transducer           

104597_at AJ007970 
guanylate nucleotide binding 
protein 2 7 ↑ 6 

103202_at AW047476 
guanylate nucleotide binding 
protein 4 4.1 ↑ 6 

161388_f_at AV254224 
testis nuclear RNA binding 
protein 2.7 ↑ 6 

95584_at AA794108 
developmental pluripotency 
associated 2 2.7 ↑ 6 

      

Table 6.  Genes significantly regulated by IFN-gamma in AtT-20 cells. AtT-20 pituitary 

cells were treated with IFN-gamma (300U/ml) for 6h following which DNA 

microarray analysis was performed (see materials and methods). “↑” 

indicates up-regulation; “↓” indicates down-regulation.  

5. Genes regulated by IFN-gamma in Y-1 cells derived from mouse adrenal gland 

 

Next, microarray analysis was conducted in control and IFN-gamma treated (300 

U/ml at 6hr and 24hr) Y-1 adrenal cells. Following 6h of treatment, IFN-gamma altered 

expression of 557 genes with 345 genes up-regulated and 212 genes down-regulated.  At 

24h, IFN-gamma regulated 473 genes with 274 genes up-regulated and 199 genes down-

regulated. Table 7 lists all of the genes significantly regulated by IFN-gamma in Y-1 cells 

with more than a twofold change. Some of these significantly modulated genes have 

immune related functions, such as suppressor of cytokine signaling 1 (Genebank ID, 

U88325) and interferon inducible protein 1 (Genebank ID, U19119. Others belong to a 

variety of functional categories, such as DNA-binding proteins and transcriptional 

factors, cell adhesion molecules and enzymes in amino acid and lipid metabolism. 
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Table 7. Genes regulated by IFN-gamma in Y-1 cells derived from mouse adrenal gland 
  

Probset 
Genebank 
ID Gene Description ratio change 

time 
points(h) 

DNA-binding protein and transcription factor 
         

101465_at U06924 
signal transducer and activator of 
transcription 1 4.5 ↑ 6 

101465_at U06924 
signal transducer and activator of 
transcription 1 4.2 ↑ 24 

104669_at U73037 interferon regulatory factor 7 3.6 ↑ 24 
102401_at M21065 interferon regulatory factor 1 3.5 ↑ 24 
102401_at M21065 interferon regulatory factor 1 3 ↑ 6 
104669_at U73037 interferon regulatory factor 7 3.1 ↑ 6 
162069_at AV309741 Hairy and enhancer of split 5 2.8 ↑ 6 

103634_at U51992 

interferon dependent positive 
acting transcription factor 3 
gamma 2.5 ↑ 6 

98030_at J03776 tripartite motif protein 30 2.4 ↑ 6 
100475_at D63902 tripartite motif protein 25 2 ↑ 6 
            
Immune related  
        

104597_at AJ007970 
guanylate nucleotide binding 
protein 2 8.6 ↑ 24 

95974_at M55544 
guanylate nucleotide binding 
protein 1 8 ↑ 24 

92866_at X52643 
histocompatibility 2, class II 
antigen A, alpha 7.8 ↑ 24 

104750_at M63630 
interferon gamma inducible protein 
47 6.3 ↑ 24 

93858_at M33266 
chemokine (C-X-C motif) ligand 
10 5.8 ↑ 6 

103202_at AW047476 
guanylate nucleotide binding 
protein 4 5.7 ↑ 24 

100981_at U43084 
interferon-induced protein with 
tetratricopeptide repeats 1 5.4 ↑ 24 

104750_at M63630 
interferon gamma inducible protein 
47 5.4 ↑ 6 

93858_at M33266 
chemokine (C-X-C motif) ligand 
10 5.3 ↑ 24 

93092_at U35323 
histocompatibility 2, class II, locus 
DMa 4.8 ↑ 24 

103035_at U60020 
Transporter 1, ATP-binding 
cassette, sub-family B 4.7 ↑ 6 

103035_at U60020 
Transporter 1, ATP-binding 
cassette, sub-family B 4.5 ↑ 24 

97409_at U19119 interferon inducible protein 1 4.5 ↑ 6 
92689_at AB019505 interleukin 18 binding protein 4.4 ↑ 24 
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98822_at X56602 interferon, alpha-inducible protein 4.3 ↑ 24 

100998_at M21932 
histocompatibility 2, class II 
antigen A, beta 1 4.2 ↑ 24 

97409_at U19119 interferon inducible protein 1 4.1 ↑ 24 
98822_at X56602 interferon, alpha-inducible protein 3.9 ↑ 6 

93092_at U35323 
histocompatibility 2, class II, locus 
DMa 3.8 ↑ 6 

100981_at U43084 
interferon-induced protein with 
tetratricopeptide repeats 1 3.6 ↑ 6 

97173_f_at M27134 similar to MHC class I-alpha 3.5 ↑ 24 
93321_at AF022371 interferon activated gene 203 3.5 ↑ 24 

103639_at U43085 
interferon-induced protein with 
tetratricopeptide repeats 2 3.5 ↑ 24 

101436_at M34815 chemokine (C-X-C motif) ligand 9 3.4 ↑ 6 

103033_at X06454 
complement component 4 (within 
H-2S) 3.3 ↑ 24 

102873_at U60091 
transporter 2, ATP-binding 
cassette, sub-family B 3.2 ↑ 24 

93956_at U43086 
interferon-induced protein with 
tetratricopeptide repeats 3 3.2 ↑ 24 

94285_at X00958 
histocompatibility 2, class II 
antigen E beta 3.2 ↑ 24 

97541_f_at X00246 
histocompatibility 2, D region 
locus 1 3.2 ↑ 24 

101436_at M34815 chemokine (C-X-C motif) ligand 9 3.1 ↑ 24 
161023_at U22339 interleukin 15 receptor, alpha chain 3.1 ↑ 24 

162346_f_at AV153894 
histocompatibility 2, class II, locus 
DMa 3 ↑ 24 

102873_at U60091 
transporter 2, ATP-binding 
cassette, sub-family B 2.9 ↑ 6 

101876_s_at M35247 
histocompatibility 2, T region 
locus 10 2.8 ↑ 24 

92832_at U88325 suppressor of cytokine signaling 1 2.7 ↑ 6 

92866_at X52643 
histocompatibility 2, class II 
antigen A, alpha 2.7 ↑ 6 

93321_at AF022371 interferon activated gene 203 2.7 ↑ 6 
94761_at X70058 chemokine (C-C motif) ligand 7 2.6 ↑ 6 
100013_at  AW121732 interferon-induced protein 35 2.6 ↑ 6 
92832_at U88325 suppressor of cytokine signaling 1 2.6 ↑ 24 
103080_at U15635 SAM domain and HD domain, 1 2.5 ↑ 24 

102161_f_at X58609 
histocompatibility 2, Q region 
locus 2 2.5 ↑ 24 

98034_at U35330 
histocompatibility 2, class II, locus 
Mb1 2.3 ↑ 24 

98035_g_at U35330 
histocompatibility 2, class II, locus 
Mb2 2.3 ↑ 24 

93865_s_at M35244 
histocompatibility 2, T region 
locus 10 2.2 ↑ 24 

93077_s_at D86232 lymphocyte antigen 6 complex, 2.1 ↑ 24 



 

 52 

locus C 

102689_at  AF110520 TAP binding protein 2.1 ↑ 24 
102736_at M19681 chemokine (C-C motif) ligand 2 2 ↑ 6 
103080_at U15635 SAM domain and HD domain, 1 2 ↑ 6 
98304_at AB020808 toll-like receptor 6 2 ↑ 6 

93078_at X04653 
lymphocyte antigen 6 complex, 
locus A 2   24 

            
Enzyme           
96764_at AJ007971 interferon inducible GTPase 1 10.1 ↑ 6 

104597_at AJ007970 
guanylate nucleotide binding 
protein 2 8.8 ↑ 6 

102906_at L38444 T-cell specific GTPase 8.3 ↑ 6 
102906_at L38444 T-cell specific GTPase 8.2 ↑ 24 

95974_at M55544 
guanylate nucleotide binding 
protein 1 8.1 ↑ 6 

96764_at AJ007971 interferon inducible GTPase 1 8 ↑ 24 
103963_f_at AA914345 interferon inducible GTPase 1 7.7 ↑ 24 
103963_f_at AA914345 interferon inducible GTPase 1 7.6 ↑ 6 

93085_at D44456 
proteosome (prosome, macropain) 
subunit, beta type 9 7.1 ↑ 24 

93085_at D44456 
proteosome (prosome, macropain) 
subunit, beta type 9 6 ↑ 6 

160933_at U53219 interferon gamma induced GTPase 5.9 ↑ 6 
160933_at U53219 interferon gamma induced GTPase 5.1 ↑ 24 
98410_at AJ007972 interferon inducible GTPase 2 4.9 ↑ 6 

102791_at U22033 
proteosome (prosome, macropain) 
subunit, beta type 8 4.5 ↑ 24 

98410_at AJ007972 interferon inducible GTPase 2 4.5 ↑ 24 

103202_at AW047476 
guanylate nucleotide binding 
protein 4 4.2 ↑ 6 

102791_at U22033 
proteosome (prosome, macropain) 
subunit, beta type 8 3.5 ↑ 6 

101486_at Y10875 
proteasome (prosome, macropain) 
subunit, beta type 10 3 ↑ 24 

102279_at AW046479 
ubiquitin-activating enzyme E1-
like 2.9 ↑ 24 

101486_at Y10875 
proteasome (prosome, macropain) 
subunit, beta type 10 2.9 ↑ 6 

95024_at AW047653 ubiquitin specific protease 18 2.4 ↑ 24 
102226_at AF017639 carboxypeptidase X 2 2.3 ↑ 24 
160132_at AA710635 colipase, pancreatic 2.1 ↑ 24 
103061_at Z49976 glutamic acid decarboxylase 1 -3.2 ↓ 6 
162083_f_at AV313457 N-terminal Asn amidase -2.7 ↓ 24 
99905_at U70368 deubiquitinating enzyme 2 -2.2 ↓ 24 

162210_r_at AV378802 
Glycerol phosphate dehydrogenase 
2, mitochondrial -2.1 ↓ 24 
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cell adhesion molecular 
        

92558_at M84487 
vascular cell adhesion 
molecule 1 2.2 ↑ 6 

99813_g_at X92523 calpain 3 -3.2 ↓ 24 

Table 7.  Genes significantly regulated by IFN-gamma in Y-1 cells. Y-1 adrenal cells 

were treated with IFN-gamma (300U/ml) for 6h and 24h following which 

DNA microarray analysis was performed (see materials and methods). “↑” 

indicates up-regulation; “↓” indicates down-regulation.  

 

Overall, IFN-gamma appears to significantly regulate more genes than IL-10. 

Compared to IL-10 in Y-1 cells in which IL-10 acts in a negative manner, IFN-gamma 

regulates most genes in a positive fashion. Due to cost restraints, we were unable to 

perform microarray analysis of GT1-7 cells treated with IFN-gamma. 

 

III. IL-10 REGULATES TRYPTOPHAN METABOLISM: POTENTIAL FOR A 
ROLE IN HPA ASSOCIATED SICKNESS BEHAVIORS 

 

To attempt to better understand the neuroendocrine component of the cytokine 

induced behaviors we determined the effects of IFN-γ and IL-10 on IDO expression in 

cells derived from the HPA axis: GT1-7 hypothalamic, AtT-20 pituitary, and Y-1 adrenal 

cells. Thus, cells were treated as described previously in the microarray results. As shown 

in Figure 13 in Y-1 adrenal cells the CYC internal reference gene expression was 

detected in all samples. However no IDO expression was observed at any time point of 

the experiment including the control and IFN-γ treated cells. The positive control mouse 

brain sample showed the expected IDO fragment. Thus, in Y-1 adrenal cells IFN-γ was 

unable to induce IDO expression.   
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In contrast, IFN-γ induced significant IDO expression after 4 hrs treatment in 

GT1-7 hypothalamic cells. IL-10 treatment at any time point was able to suppress the 

IDO induction following 4 hrs administration of IFN-γ (Figure. 14).   

In AtT-20 pituitary cells, IFN-γ treatment gradually induced IDO expression in a 

time dependent manner with the highest level at 4 hrs. In contrast to the GT1-7 

hypothalamic cells, a minimal level of expression of IDO was detected in non-treated 

control cells and in IL-10 treated cells. IL-10 treatment following 30 minutes of IFN-γ 

treatment down regulated the IDO expression induced by IFN-γ (Figure. 3.15). In the 

AtT-20 cells, IL-10 was also able to suppress the IFN-γ induced IDO expression. 

However this inhibition was over a more limited time frame in contrast to what was 

observed in the GT1-7 hypothalamic cell line.   

 

 

Figure. 13. Effect of IFN-γ and IL-10 treatment on induction of indoleamine 2,3-

dioxygenase (IDO) mRNA expression in Y-1 adrenal cells. Lanes: 1. control 

2hr harvest, 2. IL-10 2hr, 3. IFN-γ 2hr. 4. control 4hr harvest, 5. IL-10 4hr, 

6. IFN-γ 4hr, 7. control 6hr harvest, 8. IL-10 6hr, 9. IFN-γ 6hr, 10. positive 

control (mouse brain RNA), R. reagent control. M: Фx-174-RF DNA 

molecular size marker. No IDO expression can be seen at any time point of 

the experiment.  
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Figure. 14. Inhibition by IL-10 of IFN-γ mediated induction of indoleamine 2,3-

dioxygenase (IDO) in GT1-7 cells. In GT1-7 hypothalamic cells IFN-γ 

treatment induced significant IDO expression (picture A, 4hr treatment, 

Lane 5) which is suppressed by IL-10 (Lanes:7-14). Description of the lanes 

can be seen in Chapter 2 Table 2.1. Lane 6: positive control (mouse brain 

RNA), Lane 14: PCR reagent control. M: Фx-174-RF DNA molecular size 

marker.   
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Figure. 15. Inhibition by IL-10 of IFN-γ mediated induction of indoleamine 2,3-

dioxygenase (IDO) in AtT-20 cells. IDO expression in control and IL-10 treated AtT-20 

pituitary cells (Lanes 1 and 15-22).  IFN-γ treatment induces the highest IDO expression 

at 4hrs (Lane 5). IL-10 treatment after 30 minutes of IFN-γ inhibits IDO expression 

induced by IFN-γ (Lane 11).  Description of the lanes can be seen in Table 2.1.  Lane 

6: positive control (mouse brain RNA), Lane 14: PCR reagent control.  M:Фx-174-RF 

DNA molecular size marker.  
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IV. IL-10 EFFECTS ON BEHAVIOR 

1. Endogenous interleukin-10 increases pain behaviors in response to noxious 
thermal stimulus  

 

In light of exogenous IL-10's presumptive role in the development of dynorphin-

induced allodynia, we determined the role of endogenous IL-10 in pain perception. We 

initially approached this by measuring paw licking latency response times in normal and 

IL-10 knockout mice placed on a 55°C hot plate. In these experiments, we found that IL-

10 KO mice had a significantly increased latency time to paw licking when compared to 

wild type mice (Figure 16). We also found that wild type mice treated with antibody to 

IL-10 had an even greater latency time to paw licking than the IL-10 KO mice (Figure 

17). Both of these findings strongly suggest that endogenous IL-10 contributes to 

nociception in this particular pain paradigm assay. Our initial attempt at describing a 

mechanism as to how this might occur was to determine the effects of IL-10 in vitro on 

the expression of DREAM, a recently described negative regulator of prodynorphin 

synthesis utilizing real-time PCR. We found that IL-10 decreased levels of DREAM in a 

time dependent fashion in GT1-7 cells (Figure 18). However, we found that IFN-gamma 

increased levels of DREAM in our parallel study (Figure 19). From these studies, it 

appears that endogenous IL-10 can influence nociception. Whether IL-10 modulation of 

DREAM levels contributes to this observation remains to be determined. 
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Figure. 16. IL-10 KO mice have an increased latency time to paw licking in hot plate 

testing. N=5 mice per group. Each mouse tested 3 times. Each bar represents 

15 separate measurements (secs) (mean ± S. E. M). WT—IL-10 wild-type 

mice; KO—IL-10 knockout mice. The difference between WT and KO is 

statistically significant (p<0.005). 
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Figure. 17. Antibody to IL-10 increases latency time to paw licking in IL-10 wild type 

mice in hot plate testing. 5 mice/group. Each mouse was tested at the 

following time points: 1—0h before injection; 2—0.5h after injection; 3—

1h after injection; 4—2h after injection; 5—3h after injection; 6—4 h after 

injection. The latency time was then measured (secs) (mean ± S. E. M.). 

Anti-IL-10 injection group (diamond); control vehicle injection group 

(circle). 
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Figure. 18. IL-10 modulation of DREAM expression in GT1-7 cells. GT1-7 cells were 

treated with mIL-10 (50 ng/ml) for the indicated periods of time after which 

Real-Time PCR for DREAM mRNA was performed. 
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Figure. 19. IFN-gamma modulation of DREAM expression in GT1-7 cells. GT1-7 cells 

were treated with IFN-gamma (50 ng/ml) for the indicated periods of time 

after which Real-Time PCR for DREAM mRNA was performed. 

 

 

2. Endogenous interleukin-10 increases Capsaicin induced pain behaviors 

 

To further determine the role of IL-10 in nociception, we used a different and 

more specific noxious stimulus, Capsaicin. Thus, intraplantar injections of 0.0025% 

capsaicin (CAP, 10µl) were made in one hind paw of IL-10 KO and WT mice and the 

number of flinches and the time spent lifting and/or licking (L/L) the injected paw 

recorded (Carlton et al. 2004). In response to CAP injection, IL-10 KO mice showed a 

reduction in both the duration and magnitude of flinching (p <0.05, two way ANOVA) 
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and L/L behaviors compared to WT (Figure. 20). In addition, IL-10 KO mice were 

locally reconsituted by injecting IL-10 (30ng/15ul) and PBS control. After 5hrs, CAP was 

injected into the same hind paw. The local injection of IL-10 enhanced the duration and 

magnitude of flinching (Figure 21). Furthermore, in IL-10 wild type mice IL-10 was 

neutralized by local injection of anti-IL-10 antibody (15ng/15ul) , or they received IgG 

isotype control (15ng/15ul). After 10 min, CAP was injected into the same hind paw. The 

local injection of anti-IL-10 decreased the duration and magnitude of flinching (Figure. 

22). Stereological analysis of TRPV1-labeled dorsal root ganglion (DRG) cells in L5 

indicated there was no difference in the number of TRPV1-labeled cells in WT compared 

to KO (Figure. 23). Thus, the decrease in Capsaicin induced nociceptive behaviors in KO 

mice was not due to a reduction in TRPV1 –expressing DRG cells. Combined hot plate 

and Capsaicin testing, data suggest that endogenous IL-10 increases nociception, which is 

in contrast to the decreased nociception observed with exogenous IL-10. 
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Figure. 20. Capsaicin testing of IL-10 KO and wild type mice. Intraplantar injections of 

0.0025% capsaicin (CAP, 10µl) were made in one hind paw of IL-10 KO 

and WT mice (n = 5/group) and the number of flinches and the time spent 

lifting and/or licking (L/L) the injected paw recorded. In response to CAP 

injection, IL-10 KO mice showed a reduction in both the duration and 

magnitude of flinching (p <0.05, two way ANOVA) and L/L behaviors 

compared to WT. 
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Figure. 21. Capsaicin testing of IL-10 KO mice locally reconstituted with IL-10.  

Intraplantar injections of IL-10 (30ng, 15ul) and control PBS were made in IL-10 KO 

mice. After 5hrs, intraplantar injections of 0.005% capsaicin (CAP, 10µl) were made in 

the same hind paw (n = 5/group) and the number of flinches recorded.   
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Figure. 22. Capsaicin testing of IL-10 wild type mice locally neutralized with anti-IL-10 

antibody. Intraplantar injections of anti-IL-10 antibody (15ng/15ul) and 

control vehicle were made in IL-10 wild type mice. After 10 min, injections 

of 0.0025% capsaicin (CAP, 10µl) were made in the same hind paw (n = 

5/group) and the number of flinches recorded.   

 

 

0
10

20
30

40
50
60

70
80

90
100

A_control B_anti-IL-10

T
o

ta
l F

lin
ch

es

0
5

10

15

20

25

30
35

40

45

0 5 10 15 20 25

Post-CAP injection (min)

F
lin

ch
es

A_control

B_anti-IL-10



 

 66 

 

 

Figure. 23. The percentages of TRPV1-labeled cells in dorsal root ganglia (DRG) of WT 

and KO mice are the same. The percentages of TRPV1 labeled cells in L5 DRG, for WT 

(n=3) are 50.743±4.221; for KO (n=3) are 53.208±4.668 
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CHAPTER 4: DISCUSSION 

 

We hypothesized that IL-10 contributes to the homeostasis of the HPA axis. We 

have tested this hypothesis both in vitro and in vivo. In our in vitro studies, we have 

shown that (1) IL-10 induces the production of CRH from the hypothalamus; (2) IL-10 

induces the production of ACTH from AtT-20 cells derived from pituitary; (3) IL-10 

inhibits GCS production in Y-1 cells derived from the adrenal gland in the presence of 

ACTH; (4) the mechanisms for IL-10 to inhibit GCS production appear to be through 

inhibition of mRNA expression of steriodogenic enzymes 3β-HSD and regulatory protein 

StAR, as well as through inhibition of the activity of the proximal steroidogenic enzymes 

P450scc and/or 3β-HSD. Thus, our in vitro data would suggest that IL-10 exerts a 

positive role in the hypothalamus and pituitary gland while it has a negative role in the 

adrenal gland. In our in vivo studies, we have shown (1) that IL-10 R1 is predominantly 

expressed in the zona fasciculata of the adrenal gland which is the region for GCS 

production; (2) IL-10 KO mice have a higher basal line of corticosterone production than 

wild type; (3) IL-10 KO mice have a higher stress hormone production than WT 

following poly I:C administration; (4) IL-10 KO mice have a higher stress hormone 

production than WT in cold stress response; (5) our chimeric mice stress data suggests 

that IL-10 from solid tissues contributes to the inhibition of corticosterone production. In 

summary, our in vivo data suggest that IL-10 regulates GCS production which is in 

agreement with our in vitro findings that IL-10 downregulates GCS production in Y-1 

cells in the presence of ACTH. Collectively, these in vitro and in vivo data strongly 

suggest that IL-10 has a potential role in the homeostasis of the HPA axis. 

 

Additionally, in order to more completely understand the function and 

mechanisms of cytokines such as IL-10 and IFN-gamma in the HPA axis, we felt it was 

important to investigate the gene expression profile which could be modulated by 
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cytokines in neuroendocrine cells. We therefore used DNA microarray technology to 

assess the relative mRNA expression level of thousands of genes simultaneously in GT1-

7 hypothalamic neural cells, AtT-20 pituitary cells and Y-l adrenal cells using the 

Affymetrix DNA microarray—mouse genome U74Av2 Probe Array. We found that 

quorums of genes were modulated by IL-10 and IFN-gamma in these neuroendocrine cell 

lines, which provides a valuable repository to aid in understanding cytokine functions in 

the HPA axis at the molecular level. It is important to note that similar to our other in 

vitro and in vivo findings, IL-10 generally upregulated genes in hypothalamic and 

pituitary cells, while it down-regulated genes in adrenal cells. Also important to note is 

that IFN-gamma produced the opposite effects in Y-1 cells, although few if any of the 

genes that were upregulated were similar to those downregulated by IL-10. 

 

In our behavioral studies, the purpose of which was to determine the role, if any, 

that endogenous IL-10 has in behavioral responses, we chose to use the hot plate and 

capsaicin based nociceptive assays. We found that (1) endogenous interleukin-10 

contributes to pain behaviors in response to a noxious thermal stimulus; (2) endogenous 

interleukin-10 contributes to Capsaicin induced pain behaviors; and (3) there is no 

difference in the percentage of TRPV1 labeled DRG cells between KO and WT mice, 

therefore the difference in Capsaicin induced pain behaviors cannot be attributed to a 

change in expression of the capsaicin receptor in DRG.  

 

In an attempt to understand the neuroendocrine component of cytokine induced 

sickness behavior we determined the effects of cytokines on IDO expression in cells 

derived from the HPA axis. We found that IFN-γ induces IDO expression after 4hr 

treatments in GT1-7 and AtT-20 cells and that IL-10 suppresses IFN-γ induced IDO 

expression in these cells. Our results suggest that tryptophan metabolism is regulated by 

cytokines in the HPA axis, and IL-10 can potentially provide a protective effect in 

neuroendocrine cells by modulating IFN-γ induced IDO expression. 
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ROLE OF IL-10 IN THE HPA AXIS 
 

Prior to this study, the regulation of the HPA axis by pro-inflammatory cytokines, 

IL-1, IL-6, and TNFα was well documented, however the effect of IL-10, an anti-

inflammatory cytokine, on regulation of the HPA axis was limited. We found that IL-10 

has positive effects on both the hypothalamus and pituitary glands while it has a negative 

effect on the adrenal gland, implying IL-10 contributes to the homeostasis of the HPA 

axis. 

 

In this study, we confirmed previous results that IL-10 induces CRH release from 

the hypothalamus and ACTH production in mouse pituitary AtT-20 cells. CRH can be 

induced in the hypothalamus by stimuli such as stress and infection (Wilson et al. 1998). 

In addition, CRH is an important inducer of ACTH. Interestingly, peripheral injection of 

IL-1 has been shown to increase CRH expression in the hypothalamus, and ACTH levels 

in plasma. These data suggest that IL-10 has a positive effect on the CNS, which is 

similar to IL-1. This is counter intuitive considering that IL-10 has been shown to 

negatively regulate IL-1 production and action in the immune system. However, 

accumulating data is now suggesting both positive and negative regulatory effects of IL-

10 in the immune system (Mocellin et al. 2003).  

 

As we have shown that IL-10 R1 is almost exclusively expressed in the zona 

fasciculata region of the mouse adrenal gland in contrast to the zona reticularis and zona 

glomerulosa, we hypothesized that IL-10 regulates corticosterone synthesis at the level of 

the adrenal gland. Using Y-1 adrenocortical cells, that express both IL-10 R1 and 2 , we 

have shown that IL-10 inhibits steroid production (measured by the production of 

corticosterone precursor, progesterone) in physiologically relevant conditions, in the 

presence of ACTH, but not by itself. We first tested the effects of 100 ng/ml of IL-10 and 

significant inhibition of steroid production occurred following 6 h of treatment. Our 

dose–response studies have revealed that IL-10 causes maximal inhibition of ACTH-
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induced steroid production after treatment with 100 ng/ml, while by itself had no effect at 

any of the concentrations tested. 

 

We addressed the possible mechanisms involved in IL-10 suppression of steroid 

production by using quantitative RT-PCR and enzyme activity studies. In combination 

with ACTH, IL-10 down-regulates the ACTH-induced increase in StAR and 3β-HSD 

expression. The mRNA expression of enzymes involved in corticosterone synthesis 

(P450scc and 11β-HSD) was not regulated by IL-10. Y-1 cells do not express 21-

hydroxylase, so the effects of IL-10 on that particular enzyme were not addressed. 

However, due to our finding that the IL-10 R1 seems to be almost exclusively expressed 

in the zona fasiculata, mineralocorticoids and sex steroids synthetic pathways may be 

only minimally affected by IL-10. 

 

We also addressed whether IL-10 regulates the activity of proximal corticosteroid 

biosynthetic enzymes using a 30-min time point which would exclude the influence of 

IL-10 on the steroidogenic capacity of Y-1 cells through changes in the enzymes’ protein 

levels. We found that IL-10 significantly inhibits the activity of P450scc and/or 3β-HSD 

(shown by progesterone production in 22R-HC-treated groups) again in the presence of 

ACTH. Further studies are necessary to determine which particular enzyme (P450scc or 

3β-HSD) was inhibited by IL-10. Additionally, it is possible that IL-10 affects the 

activity of other steroidogenic enzymes, and further studies are needed to address this 

particular question. 

 

Interestingly, all of the IL-10 effects in Y-1 cells (inhibition of glucocorticoid 

production, StAR mRNA and 3β-HSD expression, as well as inhibition of the activity of 

the proximal steroidogenic enzymes) occurred only in the presence of ACTH. ACTH 

actions on steroid synthesis and secretion are mediated mainly through increases in 

intracellular cAMP and activation of PKA, and to some extent through intracellular Ca2+ 

as well (Gallo-Payet and Payet 2003) . IL-10 intracellular signaling, on the other hand, 
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occurs through activation of the Jak/Stat pathway (Moore et al. 2001). The IL-10/IL-10R 

interaction activates the tyrosine kinases Jak1 and Tyk2, which leads to phosphorylation 

and activation of transcription factors Stat1, 2, 3, and 5 (Williams et al. 2004). Our data 

therefore raise some intriguing questions regarding intracellular signaling cross-talk 

between IL-10 and ACTH. Additionally, there is the possibility that other cytokines could 

be influencing ACTH signaling and consequently glucocorticoid synthesis as well. 

Analogous to the IL-10 effects on steroid synthesis occurring only in the presence of 

ACTH, some other cytokines have also been shown to have effects in non-immune 

systems only in the presence of growth factors, while not having effects on their own 

(Broussard et al. 2003; Broussard et al. 2004; Shen et al. 2002). 

 

ACTH responses can be divided temporally into acute (leading to increased 

mobilization of cholesterol to the inner mitochondrial membrane) and chronic (caused by 

the transcriptional regulation of steroidogenic enzymes). Our data have shown that IL-10 

influences ACTH effects both acutely (inhibition of enzyme activity) and long-term 

(mRNA expression and presumably protein expression) with more pronounced inhibition 

of glucocorticoid production occurring acutely. However, the activity of the proximal 

corticosteroid biosynthetic enzymes P450scc and/or 3β-HSD was measured by using the 

precursor 22R-HC, which provides an immediately accessible, artificially large pool of 

progesterone precursor and bypasses the “normal,” but rate limiting StAR pathway for 

cholesterol delivery to P450scc. It is therefore more likely that long term effects of IL-10 

on ACTH signaling (as seen after the 6-h treatment) are more physiologically relevant. 

 

Our data suggest that a direct effect on adrenal steroidogenesis may be at least one 

mechanism to explain the association of IL-10 with stress, immune function, and 

longevity (Black and Garbutt 2002; Pawelec 2000). Studies suggest that with age the pro- 

and anti-inflammatory balance switches to an anti-inflammatory phenotype which is 

associated with longevity and lower cardiovascular risk (DePalma et al. 2003; Giacconi 

et al. 2004). In particular, several population studies have shown an increased expression 
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of −1082G polymorphism in the promoter region of the IL-10 gene (Crawley et al. 1999), 

associated with higher expression of IL-10, among several long-lived human populations 

(Lio et al. 2003; Naumova et al. 2004). Perhaps IL-10 serves to reduce damaging 

glucocorticoid effects through direct action on the adrenals or by controlling the pro-

inflammatory cytokines which subsequently induce glucocorticoids. It is interesting to 

note that an IL-10 response is prompted in vitro by CD4+ T cells exposed to the synthetic 

glucocorticoid dexamethasone during the cell’s primary activation phase (Ramirez et al. 

1996). 

 

The majority of the studies that have examined IL-10 levels in humans in 

response to a stressor show it is elevated (Goldman and Stordeur 1997; Marshall, Jr. et al. 

1998; Riese et al. 2000; Shibata et al. 1997; Woiciechowsky et al. 1998). IL-10 is also 

elevated in response to surgery (Hildebrandt et al. 2003; Kobayashi et al. 2004; 

Nicholson et al. 2005). Therefore, there appears to be an intimate relationship between 

IL-10 and the stress response, as well as normal glucocorticoid homeostasis. The positive 

and negative regulatory interactions between the cytokines and glucocorticoids suggest 

these are regulatory pathways for feedback type control. 

 

It is extremely important to provide physiological relevance to the in vitro 

findings that (1) IL-10 induces the production of CRH from hypothalamus; (2) IL-10 

induces the production of ACTH from AtT-20 cells derived from pituitary; and (3) IL-10 

inhibits GCS production in Y-1 cells in the presence of ACTH. We have attempted to do 

this by using normal, IL-10 knockout and radiation chimeric mice. We found that serum 

corticosterone in IL-10−/− mice is significantly higher than in wild type mice under basal 

conditions and following immune and physiologic stress. 

 

What is the source of the IL-10 that regulates adrenal glucocorticoid synthesis? 

Our experiments with chimeric mice that possess an IL-10 positive immune system on an 

IL-10−/− background suggest that solid tissue derived IL-10 is responsible for modulating 
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glucocorticoid synthesis. However, due to the cost and labor intensive nature of these 

experiments, we limited our stressor in the chimeric mice to poly I:C. Our rationale was 

that poly I:C administration to the chimeric mice was identical between groups and 

would therefore optimize reproducibility. Cold water immersion stress, however, is less 

“dose” consistent and would require a much higher number of mice to achieve 

reproducibility. More chimeric mice and further experiments are needed to test cold 

water stress. 

 

In summary, we have shown that IL-10 induces the production of CRH from the 

hypothalamus and the production of ACTH from AtT-20 cells derived from pituitary; in 

addition, we have shown that IL-10, in the presence of ACTH, regulates the mRNA 

expression of the regulatory protein StAR and 3β-HSD, as well as activity of the 

proximal steroidogenic enzymes P450scc and/or 3β-HSD. In addition, a structure–

function relationship is strongly implied by our results showing that the zona fasciculata 

region of the adrenal cortex almost exclusively expresses the IL-10 R1. Moreover, we 

found in vivo that serum corticosterone in IL-10−/− mice is significantly higher than in 

wild type mice under basal conditions and following immune and physiologic stress. 

Data presented here indicate that IL-10 could play an important role in the regulation of 

steroid biosynthesis and in maintenance of homeostasis and immunity during periods of 

stress.  

 

MICROARRAY ANALYSIS OF GENE EXPRESSION REGULATED BY 
CYTOKINES IN CELLS DERIVED FROM THE HYPOTHALAMIC-
PITUITARY-ADRENAL AXIS 

 

The results of this series of studies show that IL-10 affects the expression of 

multiple genes in cells of hypothalamic, pituitary, and adrenal origin. There was a 

different pattern of genes affected between the cell types. In addition to the differential 

expression, IL-10 had a differential effect on expression; it enhances some genes’ 
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expression while inhibiting others. We also determined the effects of IFN-gamma on the 

gene expression profile in HPA cells. IFN-gamma was chosen due to its opposite actions 

relative to IL-10 in the immune system.  

 

Recent studies demonstrate that IL-10 may be an important endogenous regulator 

of HPA axis activity. However, it was unknown how many and what kind of genes were 

modulated by IL-10 in tissues of the HPA axis. Therefore, in this study, we used cDNA 

microarray technology to profile the genes regulated by IL-10. We found that hundreds of 

genes were modulated in GT1-7 hypothalamic, AtT-20 pituitary, and Y-1 adrenal cells. 

The major features of those genes significantly modulated by IL-10 with a two fold or 

greater change are listed and categorized in tables 3, 4 and 5. Some of these genes have a 

specific role in immune defense while others have broad functions including involvement 

with ion channels or transporters, the cell cycle, apoptosis and steroid metabolism, thus 

suggesting that IL-10 may play a complex role in the different processes of development, 

differentiation, and metabolism in the neuroendocrine system. 

 

Several DNA binding proteins with transcription factor activity were found to be 

modulated by IL-10. In GT1-7 hypothalamic and AtT-20 pituitary cells, the vast majority 

of transcription factors that changed were increased. In contrast, those transcription 

factors that were affected in the Y-1 adrenal cells decreased. This indicates a differential 

effect depending upon the tissue of origin, and generally reflects our previous findings of 

positive regulation of ACTH and CRF in the pituitary and hypothalamus and negative 

regulation of corticosterone production in the adrenals lending further evidence that IL-

10 contributes to homeostasis of the HPA axis. In contrast, pro-inflammatory cytokines 

such as IL-1, IL-6, IFN-gamma and TNF-α have been shown to activate the HPA axis at 

all three levels: the hypothalamus, the pituitary gland and the adrenals (Dunn 2000).  

 

Several genes shown to be regulated by IL-10 in our study provide important 

clues about how IL-10 may act on neuroendocrine tissues. For example: hydroxysteroid 
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dehydrogenase-5 (Genebank ID, L41519), an enzyme which plays a crucial role in 

biosynthesis of all classes of hormonal steroids, was found to be down-regulated by IL-10 

in Y-1 adrenal cells at 6hr (Table 5). This could be a mechanism to explain some of our 

previous findings concerning the effects of IL-10 on glucocorticoid levels. We have 

found IL-10 knock out mice have a higher basal level of corticosterone and it is elevated 

more under stress conditions when compared to wild type mice. The regulation of 

steroidogenic enzymes like hydroxysteroid dehydrogenase-5 may mean that IL-10 could 

play a direct role in the regulation of steroid biosynthesis in the adrenal gland under basal 

conditions, which results in the increased production of corticosterone in IL-10 knock out 

mice.  

 

Additionally, both gamma-aminobutyric acid A (GABA-A) receptor (Genebank 

ID, U14418) and gamma-aminobutyric acid C (GABA-C) receptor (Genebank ID, 

AF024621) were found to be down-regulated by IL-10 in Y-1 adrenal cells at 24hr (Table 

5). We had previously found that intracerebral administration of IL-10 into animals 

would reduce non-rapid eye movements sleep (Opp et al. 1995; Opp et al. 1996); 

however, the underlying mechanism was not clear. Since GABA receptors have been 

established to directly regulate sleep behavior (Siegel 2004), this result provides a 

possible mechanism for IL-10 to modify sleep through its effects on the expression of 

GABA receptors.  

 

The vitamin D receptor (Genebank ID, D31969), was found to be down-regulated 

by IL-10 in Y-1 adrenal cells at 24 hr (Table 6). Vitamin D is a steroid hormone that 

regulates calcium/phosphate metabolism which also has marked immunomodulatory 

activity on immune cells (Wilson et al. 1998). In fact, vitamin D receptors have recently 

been shown by microarray analysis to be up-regulated by IL-10 in dendritic cells (DC) 

and the authors speculated that IL-10 and vitamin D may have synergistic effects in 

dendritic cell inhibition (Lyakh et al. 2005). However, our data show down-regulation of 

vitamin D receptor expression by IL-10 in Y-1 adrenal cells which is contrary to that seen 
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in DC’s by Lyakh et al. (2005). Vitamin D is a hormone which has broad effects in the 

neuroendocrine system including the HPA axis (Cooper et al. 2006). Thus, our finding 

provides another potential mechanism through which IL-10 could regulate HPA function.  

 

IL-10 knockout mice have recently been shown to develop osteoporosis. 

Considering the profound roles of vitamin D and its receptor on bone metabolism, it 

would be interesting to determine the interaction of IL-10 and vitamin D in non-immune 

related tissues and to study how this interaction is related to bone metabolism. This might 

identify the underlying mechanism of osteoporosis that develops in IL-10 knock out 

mice. 

 

In summary, by using a cDNA microarray technology, we have investigated the 

gene profiles regulated by IL-10 and IFN-gamma in cells derived from the HPA axis. The 

significantly regulated genes belong to a variety of functional categories. In addition, 

there are some newly identified genes or ESTs significantly regulated by IL-10 and IFN-

gamma in these neuroendocrine tissues. These findings could provide an important 

resource for future research directions for understanding the role of cytokines such as IL-

10 and IFN-gamma in the neuroendocrine system.  

 

CYTOKINE REGULATION OF TRYPTOPHAN METABOLISM IN CELLS 
DERIVED FROM THE HYPOTHALAMIC-PITUITARY-ADRENAL AXIS  
 

Our results from these studies indicate that cytokines can regulate IDO expression 

in cells from the HPA axis. There is apparently no significant basal expression, but there 

is inducible IDO expression in hypothalamic GT1-7 and pituitary AtT-20 cells. 

Specifically in the GT1-7 cells, IFN-γ induces IDO expression at 4 hours following 

treatment, while in the AtT-20 cells IDO levels become apparent at 2 hours and persist 

through 4 hours following treatment. Inhibition of IFN-γ induced IDO (4hr IFN-γ 
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treatment) in the GT1-7 cells occurs at all IL-10 treatment intervals. In contrast, in AtT-

20 cells IL-10 only inhibits IFN-γ induced IDO if given 30 minutes after IFN-γ treatment. 

Thus, the IL-10 affect in hypothalamic cells is of longer duration than in the pituitary 

cells. No IDO was observed using single or combination treatments of IFN-γ and/or IL-

10 in adrenal cells.   

 

The pro-inflammatory Th1 cytokine IFN-γ has been shown to upregulate major 

histocompatibility complex (MHC)-I and –II expression, and activate macrophages and 

microglia. IFN-γ induces antiviral activity and can also act as a cytostatic agent on 

various normal or oncogenic cell lines. In the CNS IFN-γ production has been primarily 

attributed to brain-infiltrating T cells. However, some studies have reported endogenous 

production of neural IFN-γ (N-IFN-γ). This N-IFN-γ exhibited cross-reactivity with 

antibodies against IFN-γ and induced MHC-I and -II expression similar to immune 

system derived IFN-γ (Rottenberg and Kristensson 2002). 

 

Besides inflammation, IFN-γ expression can also induce CNS damage through 

destruction of non-regenerative neurons by activation of IDO and the toxic byproducts of 

tryptophan metabolism (Stone 2001a; Stone 2001b; Widner et al. 2000). 

 

IL-10 as a major anti-inflammatory cytokine favors the maturation of Th2 

lymphocytes and suppresses Th1 lymphocytes. It also has stimulatory effects on B-

lymphocytes leading to increased MHC class II expression, immunoglobulin production, 

and proliferation (Moore et al. 2001). It is known that IL-10 is synthesized in both glial 

cells and neurons of the brain. IL-10 production was also detected in neuroendocrine 

tissues (hypothalamus, pituitary). It can limit inflammation in the brain by reducing the 

synthesis of pro-inflammatory cytokines, suppressing cytokine receptor expression, 

inhibiting receptor activation and inducing anergy in brain infiltrating T cells by blocking 

cell signaling through the costimulatory CD28-CD80/86 pathway (Strle et al. 2001). In 

vitro experiments with human monocyte-derived-macrophages observed that the IFN-γ 
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induced IDO expression could be inhibited by IL-10, TGFβ and IL-4 treatments 

(MacKenzie et al. 1999). 

 

To our knowledge no data has been published on IL-10 modulation of IFN-γ 

induced IDO activity and its possible neurotoxic effect in cells of the HPA axis. Here we 

report the novel observations that IFN-γ is able to induce IDO in hypothalamic neuronal 

GT1-7 cells and AtT-20 pituitary cells; IDO induction could potentially result in 

production of toxic metabolites (3-hydroxykinurenine, quinolinic acid). Thus, CNS 

infections or other inflammatory processes could negatively affect the function of the 

HPA axis through IFN-γ induced upregulation of IDO while IL-10 could block or reverse 

this effect.  This finding could possibly lead to a better understanding of the 

pathophysiology of cytokine induced sickness behavior (Konsman et al. 2002). It is 

interesting that IDO was neither detected nor activated by IFN-γ in adrenal cells.  Thus, 

at least in vitro, cells of the HPA axis exhibit differential levels of IDO and its regulation 

by IFN-γ and IL-10. 

 

In our experiments IL-10 was able to suppress IFN-γ induced IDO transcription in 

neuroendocrine cells derived from the hypothalamus and the pituitary. This finding also 

provides importance for the IDO gene not only in immunoregulation, but further 

confirms its special position among the quorum of genes which have been shown to 

mediate communication between the immune and the neuroendocrine systems (Konsman 

et al. 2002; Grohmann et al. 2003). It is known that multiple antidepressants have 

common immunoregulatory effects by decreasing the IFN-γ/IL-10 production ratio (Maes 

et al. 1999). Our findings may also help in explaining the neuroendocrine-pharmacology 

of major depressive disorders, which have been related to a number of diseases having a 

cellular immune activation component (Grohmann et al. 2003; Konsman et al. 2002; 

Widner et al. 2002). 
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In conclusion, the cytokines IFN-γ and IL-10 are able to regulate IDO expression 

in cells of hypothalamic and pituitary origin. Because of this differential action, and 

depending upon the cytokine and timing, there might be a neuroprotective or destructive 

effect associated with their production during an immune response or other 

neuroendocrine processes having an inflammatory cytokine and/or IL-10 element.   

 

ROLE OF ENDOGENOUS IL-10 IN BEHAVIOR 
 

In light of previous findings of exogenous IL-10’s presumptive role in 

development of dynorphin-induced allodynia (Laughlin et al. 2000), our goal was to 

determine the role of endogenous IL-10 in pain perception. IL-10 knockout mice were 

used in our studies. Although mice with the IL-10 deletion can spontaneously develop a 

chronic inflammatory bowel disease, they appear to develop normally compared to wild 

type mice when they are maintained under pathogen-free conditions. We measured paw 

licking latency response times in normal and IL-10 knockout mice that had been placed 

on a 550C hot plate. In these experiments, we found that IL-10-/- mice had a significantly 

(p<0.005) increased latency time to paw licking when compared to IL-10+/+ mice. We 

also found that IL-10+/+ mice treated with antibody to IL-10 had an even greater latency 

time to paw licking than the IL-10-/- mice. Both of these findings strongly suggest that 

endogenous IL-10 contributes to nociception. The molecular mechanisms of pain 

perception from heat remain poorly understood. Several nociceptors such as ion channels, 

one example being the transient receptor potential family, are involved in nociception 

(Szallasi and Blumberg 1999). However, the intermediate mediators and signaling 

molecules have not been completely elucidated. Our initial attempt at describing a 

mechanism as to how this might occur was to determine the effects of IL-10 on the 

expression of DREAM, a newly described negative regulator of prodynorphin synthesis 

in vivo (Cheng et al. 2002). Contrary to expected results, we found that IL-10 decreased 

levels of DREAM and in a time dependent fashion. In contrast, IFN-gamma increased 
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levels of DREAM in our parallel study. To our knowledge, these are the first descriptions 

showing 1) that endogenous IL-10 has a role in nociception, and, 2) that IL-10 and, 

potentially, certain other cytokines, can directly modulate DREAM expression. 

 

In our results from the hot plate testing, both IL-10 -/- mice and IL-10+/+ mice 

treated with antibody to IL-10 had an increased latency to the paw licking response. In 

the IL-10 -/- mice, the latency times increased 50% from 10 to 15 seconds compared to 

the IL-10+/+ mice. Similarly, the latency times to paw licking in IL-10+/+ mice treated 

with anti-IL-10 antibody increased; however it is a 3-fold greater, 150% increase from 10 

to 25 seconds (2 hours post treatment). The different increase in the latency times 

between normal mice treated with antibody and the IL-10 -/- mice may be explained in 

that some of the functions of IL-10 could be compensated in the IL-10 -/- mice over time 

because of redundancy in cytokine function. Thus, the IL-10 -/- mice would represent a 

“chronic” knockout while the IL-10+/+ mice treated with antibody to IL-10 would 

represent an “acute” transient knockout. The “acute” knockout would therefore not have 

adequate time to develop compensatory mechanisms using alternate cytokines. Many 

cytokines have overlapping actions, for example, IL-1 and IL-6 have been shown to have 

similar actions on the HPA axis and may be the reason why many cytokine knockout 

mice are often asymptomatic. It is possible that other recently identified IL-10 family 

cytokines such as IL-22 may share some functions with IL-10 because they utilize the 

same IL-10 receptor subunit (Volk et al. 2001). 

 

In our results from capsaicin testing, we found that IL-10 KO mice showed a 

reduction in both the duration and magnitude of flinching (p <0.05, two way ANOVA) 

and L/L behaviors compared to WT. In addition, the local injection of IL-10 enhanced the 

duration and magnitude of flinching. Furthmore, the local injection of anti-IL-10 

decreased the duration and magnitude of flinching. Thus, endogenous interleukin-10 

contributes to capsaicin induced pain behaviors. It is well established that capsaicin can 
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bind to and activate its receptor (TRPV1) and result in capsaicin induced pain behaviors 

(Szallasi 2002). The initial attempt for us to address the mechanism of how IL-10 was 

involved in capsaicin induced pain behavior was to determine if IL-10 regulates capsaicin 

receptor expression in dorsal root ganglion (DRG). Sereological analysis of TRPV1-

labeled DRG cells in L5 indicated there was no difference in the number of TRPV1-

labeled cells in WT compared to KO. Thus, the decrease in Capsaicin induced 

nociceptive behaviors in KO mice was not due to a reduction in TRPV1 –expressing 

DRG cells. For future studies to address the mechanism of IL-10 in capsaicin induced 

pain behavior, it will be interesting to determine if IL-10 regulates Capsaicin receptor 

activity or if IL-10 can modulate Capsaicin receptor mediated intracellular signaling. For 

example, Protein Kinase A (PKA) has been shown to be involved in the signal pathways 

both for Capsaicin receptor and IL-10 receptor (Moore et al. 2001; Bhave et al. 2002). 

Thus, there is a potential for impingement for these two pathways.   

 

Several cytokines have been shown to contribute directly to nociception. For 

example, proinflammatory cytokines such as IL-1β, TNF-α and IL-6 can signal the 

central nervous system and induce hyperalgesia and allodynia in various neuropathic pain 

syndromes (Laughlin et al. 2000; Wieseler-Frank et al. 2005). Exogenous IL-10 has been 

demonstrated to prevent the development of dynorphin-induced allodynia and impede the 

progression of injury-induced pain behaviors following excitotoxic spinal cord injury 

(Laughlin et al. 2000). Dr. Watkins group has used adenovirus vector delivered IL-10 

gene therapy to successfully treat neuropathic pain in animal models (Milligan et al. 

2005). However, our results are in contrast to the above in that we found endogenous IL-

10 effectively increases nociception. The opposite outcomes about the role of IL-10 in 

nociception may be due to the different dosages of IL-10. IL-10 could enhance pain 

perception under physiological concentrations. For example, since their experiments 

began with animals containing a normal IL-10 background, while ours had an IL-10 null 

background, IL-10 may inhibit pain perception under what may be super physiological 

dosages. The different outcomes of endogenous IL-10 in nociception compared to the 
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administration of exogenous IL-10 indicates that direct or indirect mechanisms of IL-10 

in nociception are complex and in need of further investigation. 

 

However, in support of our observation recent data indicates that increased levels 

of IL-10 are in the seminal fluid of patients with chronic pelvic pain syndrome and 

correlated with patient pain severity (Miller et al. 2002). In their studies, the authors 

proposed that IL-10 may be involved in the induction of pain in this disease and that 

therapies targeting the expression of IL-10 in seminal fluid may improve the clinical 

manifestations of chronic pelvic pain syndrome. Regardless of the mechanisms, these 

results suggest further studies are warranted on IL-10 in particular and cytokines in 

general in nociception. 
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