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ABSTRACT:  Stress is generally considered to suppress the immune system which leads to an increase in disease occurrence in the face of a pathogen.  The immune system serves as a primary defense against bacterial and viral challenges and can be brought back to baseline levels after a challenge to homeostasis that involves the hypothalamic-pituitary-axis (HPA). Often, findings reported from various studies investigating the effects of stress on the immune system are conflicting and difficult to interpret.  These discrepancies may be partly explained by the types and durations of the stressors and whether researchers measured innate or adaptive aspects of the immune system.  Cytokines produced by the innate immune system lead to differentiation of the T-helper 1 (Th1) and 2 (Th2) immune pathways.  Activation of Th1 often involves stimulation of cellular immunity while Th2 is associated with humoral immunity. When animals experience stress, it is possible that there is a shift toward either a Th1 or a Th2 response.  For example, a certain stress may stimulate Th1 response while suppressing Th2, resulting in a shift toward a Th1.  At any moment, animals have some certain balance between Th1 and Th2 immune arms, and stress can disrupt that balance by lowering Th2 and increasing Th1 cytokines and cell activity.  How farm animals perceive the stressfulness of their environment depends not only on traditional environmental stressors (e.g., heat, cold, humidity, pollutants) but also on aspects of the social environment. Social status can interact with environments to cause unusual relationships. For example, dominant animals may have enhanced immune activation while subordinates have suppression of the same trait.  This could help explain why individual animals in a group respond differently to stressors and disease challenges.  A better understanding of the consequences and complex interactions between social and environmental stressors for both innate and adaptive immune traits must be developed so we can more fully understand stress effects on immunity. Once these complex relationships are better understood, more effective interventions can be designed to improve animal health.
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INTRODUCTION
Dealing with stressful environments is a requirement for life.  For survival of each species, organisms must be able cope with stressful environments.  The stressfulness of the environment and the strain that animals’ experience (also called stress sometimes) is well understood by individuals.  Humans and animals know when they are experiencing physical or psychological stress.  

Even though it is known in certain circumstances that a given animal is clearly experiencing stress, stress is difficult to define.  We know what it is, we know how to measure it, but we can not define it with generalized agreement among scientists.  Definitions are given here to demonstrate the broad array and at the same time general agreement on concepts of stress.

Hans Selye was the pioneer in stress physiology in the 20th century.  Selye introduced the concept and much of the terminology about stress.  Selye found that many stressors invoked a similar adrenal response and negative health symptoms such as stomach ulcers, thymic involution and adrenal hypertrophy (Selye, 1936).  His concept (while not precisely true as will be shown below) brought to the forefront of medicine and popular thinking the correct idea that different stressors often (but not always) have negative effects on the health of animals and humans. 
Curtis (1981) defined stress as “any environmental situation – and a stressor any environmental factor – that provokes an adaptive response.  Curtis went on to say that environmental stress provokes animal strain.  Strain refers to the response of the animal.  Stress refers to the environmental component.  This concept is true for engineering (say the strength of a board), but in modern language, stress has become both the environmental impingement and the animal’s response to that impingement. 
Chrousos and Gold (1992) defined stress as “a state of disharmony, or threatened homeostasis.”  Homeostasis, or the ability of the body to maintain a constant internal environment, is a basic physiological theme across all organisms.  Stress challenges homeostasis, but does not disrupt it, in an adapting organism.  Homeostatic control mechanisms are first and foremost designed to maintain a constant local cellular environment in the face of a variety of stressors.  A failure to adapt is a lack of ability to cope with the stress, if left unchecked, will lead to death.
McEwen (2000) defined stress as a “real or interpreted threat to physiological or psychological integrity that results in physiological and/or behavioral responses.”  To distinguish the protective from the harmful effects of stress, McEwen introduced the term “allostasis”.  Allostasis refers to the adaptive processes that maintain homeostasis through the production of mediators such as adrenalin, cortisol and other chemical messengers” (McEwen, 2005).  These mediators promote adaptation, but they can, if used at a higher/longer level, result in allostatic overload.  When an animal experiences allostatic overload, the wear and tear on the body is observable through signs such as infectious, metabolic, or mental diseases.  

Stress, like animal welfare, is a term that is difficult to define, but we know it when we see it.  Being unable to reach an agreed-upon definition does not prevent scientists from making significant progress towards understanding mechanisms that control stress (or animal welfare).  
The key principles of stress biology are two-fold: the environment may invoke an adaptive response and if left unchecked by eliminating the environmental impingement or by animal adaptation, will cause health effects.  
This review will consider the effects of environmental stress on the immune system (only).  To address this topic, this paper will first review what is known about the brain and the adrenal gland under stress.  Next, the organization of immune system will be briefly summarized.  The paper will then examine how brain and circulating mediators impact the immune system.  Finally, the paper will indicate other environmental and genetic factors that impact how animals’ immune systems respond to environmental stress.  
HOW THE BRAIN AND ADRENALS RESPOND TO STRESS
In the most simplistic model, the hypothalamic sympathetic (HS) and the hypothalamic-pituitary-adrenal (HPA) systems provide brain and periphery control of stress responses (Figure 1).  The HS system, beginning with neurons in the periventricular nucleus (PVN; details below), cause release of catecholamines from both the brain and the adrenal medulla.  In addition, certain stressors have effects on prolactin, β-endorphin, vasopressin, thyroxin, and potentially other endocrine systems that will not be summarized here.  

The HPA secretes corticotrophin releasing factor (or hormone; CRF or CRH) which releases CRF in the median eminence and into the hypothalamic-hypophyseal portal system.  Endocrine cells in the anterior posterior pituitary respond to CRF by synthesizing and secreting proopiomelanocortin or its products (β-endorphin, adrenocorticoptropin hormone (ACTH), and melanocyte stimulating hormone). The pituitary ACTH travels through the blood to the adrenal cortex where cells of the zona fasciculata secrete glucocorticoids. The primary glucocorticoid molecule in pigs and cattle is cortisol, and in rodents it is corticosterone.

The glucocorticoids provide negative feedback to the PVN to inhibit CRF and catecholamine synthesis.  When an animal experiences stress, the PVN is activated and catecholamines are released from the brain and the adrenal medulla.  At the same time, catecholaminergic neurons in the adrenal cortex activate glucocorticoid-producing cells and catecholamines directly activate CRF neurons in the PVN. CRF then causes ACTH release which causes glucocorticoid release. The glucocorticoids inhibit hypothalamic CRF and catecholamine activity.  Glucocorticoids effectively inhibit the stress response.
In summary, the catecholamines cause both CRF secretion from the PVN-median eminence and glucocorticoid secretion from the adrenal cortex.  The CRF, via ACTH, causes glucocorticoid secretion.  The glucocorticoids inhibit both CRF and catecholamine secretion.  With respect to the immune system, catecholamines have inflammatory effects, while glucocorticoids have anti-inflammatory effects.

The PVN of the hypothalamus is thought to be the control center for responses to stress.  GABA-secreting neurons surround the PVN and these gabanergic neurons are normally inhibitory to the PVN.  Activation of the PVN requires signals strong enough to overcome the inhibitory effects of the GABA neurons.  For this reason, PVN activation is thought to be caused by a disinhibition of the PVN.

The PVN has both afferent neurons entering the nuclei and efferent neurons departing the PVN.  The afferent neurons arrive from two directions: from the brain’s cortex down to the PVN or from the periphery up to the PVN.  The afferent inputs to the PVN are often underestimated in the stress response.  Neurons from the cortex arrive from the neocortex (centers of higher reasoning and sensory integration) and from the limbic system (emotional brain and seat of memory).  Purely psychological stressors arrive in the PVN from higher cortical brain centers.  Peripheral neurons that sense temperature, touch, and pain arrive at the PVN from the periphery.  Sensory neurons also make their way to the cortex where the signal can be relayed to the PVN that the stress has an emotional component.  

The PVN has three efferent functions represented in four anatomical regions with the nucleus (Figure 1). One sub-nuclei is the medial parvocellular (mp) region and it contains the neurons that synthesis and secrete CRF.  Two anatomical sub-regions within the PVN, the dorsal parvocellular (dp) and the ventromedial parvocellular (vmp) regions, are responsible for the catecholamine system.  The last sub-nuclei within the PVN, the magnocellular (mc) region, contain neurons that secrete vasopressin and oxytocin.  CRF from the PVN activates norepinephrine neurons and neuron tracts in the locus coeruleus (LC). The LC also contains CRF neurons that activate catecholamine neurons. When not stressed, CRF secretion within the LC us restrained by basal levels of glucocorticoids (Valentino and Van Bockstaele, 2005).
Different stressors activate different regions of the PVN and therefore the stressor may have very different effects on glucocorticoid and catecholamine secretions (Kovacs et al., 2005). Dehydration activates only the mc region of the PVN (the site of vasopressin secretion); whereas, restraint and most acute stressors activate only the mp-PVN the site of CRF secretion. 

Animals that lack an adrenal gland or animals which have cortisol synthesis blocked will secrete very high levels of CRF and ACTH due to loss of the negative feedback of cortisol.  CRF-knockout mice have low levels of ACTH and cortisol, but very high levels of circulating catecholamines (Silverman et al., 2005) due to the loss of the inhibitory effect of the glucocorticoids.  

Stress can cause activation of either the catecholaminergic and(or) the glucocorticoid responses depending on the time course sampled and the nature of the stress.  Thus, stress responses depend on the particular stressor and when samples are collected.  

THE IMMUNE SYSTEM
 The immune system is typically divided into two categories—innate and adaptive—although these categories are not mutually exclusive.  Innate immunity refers to nonspecific defense mechanisms that serve as the first line of defense against infectious microorganisms, and occurs very quickly upon the appearance of an antigen in the body.  The phagocytic cells are the major players of innate immunity, but also serve as the connection between innate and adaptive immunity.  Adaptive immunity refers to an antigen-specific immune response that develops over time and is more complex than the innate responses. Macrophages and dendritic cells are specialized cells that initiate adaptive immune responses by presenting antigen to naïve lymphocytes to initiate a cell mediated or humoral response.  More specifically, antigen presenting cells present antigen that will activate naïve T cells carrying receptors for a particular antigen, thus initiating T-cell immunity.  
T helper Subsets 

Activated CD4+ T cells commit early to a pathway of differentiation that results in the formation of two distinct subsets called T helper1 (Th1) or T helper2 (Th2) cells (Figure 2).  Differentiation of either subset is established during priming of naïve CD4+ T cells and a variety of factors can influence this differentiation process in the early phase of the immune process including cytokines, receptors on cell surface, antigen dose, nature of antigen, direct cell-to-cell interaction with antigen presenting cell (Kidd, 2003).  It is the nature of innate immune response to an antigen or pathogen that dictates whether the subsequent adaptive CD4+ T cell response will be mainly Th1 or Th2 (Janeway and Medzhitov, 2002).  These two distinct subsets of T helper cells are responsible for different functions of host-defense and are distinguished by the spectrum of cytokines they secrete. 

The Th1 cells produce interleukin-2 (IL-2), interferon-γ (IFNγ), and tumor necrosis factor-β (TNFβ) and rely heavily on IFNγ and IL-12 for promoting Th1 differentiation (Mosmann and Sad, 1996; Constant and Bottomly, 1997).  The Th1 cells contribute largely to T-cell mediated responses, primarily attacking intracellular pathogens and delayed-type hypersensitivity skin response to viral and bacterial antigens, and fight cancer cells. While Th2 subset produces IL-4, IL-5, IL-6, IL-10 and IL-13, and rely heavily IL-4 (Fearon and Locksley, 1996; Mosmann and Sad, 1996).  The Th2 cells help the B cells proliferate, differentiate and participate in humoral responses and protect against extracellular pathogens.  
There are reciprocal stimulatory and inhibitory functions of Th1 and Th2 cells.  In 1989, it was discovered that IL-10 promotes Th2 while suppressing the function of Th1 cells (Fiorentino et al., 1989).  Coffman (2006) stated, “The key idea is that each Th subset has the ability to stimulate one set of coordinated antipathogen effector functions and to promote the development of more cells of the same Th subset while inhibiting both the development of the opposite subset and many of its most important effector functions”.   The key cytokines are IFNγ and IL-4 which are central to both stimulatory and inhibitory roles of a Th subset (Coffman, 2006).  Thus, IFNγ and IL-4 do not directly inhibit differentiated Th1 or Th2 cells, but they inhibit by blocking the differentiation of these subsets from naïve precursors.  Essentially, IFN- γ has been shown to inhibit Th2 while IL-4 and IL-10 inhibit Th1 (Coffman, 2006).  It has also been reported that IL-12 favors Th1 and has no affect on Th2 (Constant and Bottomly, 1997). 
Glucocorticoids and Th Subsets
The glucocorticoids are increased in the periphery via stimulation of the HPA axis by cytokines that are released in response to immune activation.  Most data implicate glucocorticoids role as a negative regulatory feedback system such that glucocorticoids suppress the synthesis and release of cytokines.  Glucocorticoids have been shown to inhibit a plethora of cytokines including (but not limited to) IL-4, IL-5, IL-6, IL-12, IFNγ, and TNFα  (Wiegers and Reul, 1998; Richards et al., 2001; Sapolsky et al., 2001).  Not all cytokines are suppressed by the glucocorticoids.  IL-10 is increased by glucocorticoids (Blotta et al., 1997; Richards et al., 2001) and others (i.e., IL-1, IL-4, and IL-6) act synergistically with glucocorticoids (Wiegers et al., 2005).  The affects of glucocorticoids on IL-4 is controversial because IL-4 is enhanced by IL-12, but glucocorticoids inhibit IL-12 (Wu et al., 1998; Elenkov et al.2000).  In general, glucocorticoids inhibit proinflammatory cytokine synthesis or induce the cytokines that have immunosuppressive potential (Wiegers et al., 2005). The inhibition of cytokines by glucocorticoids most likely provides a protection mechanism which prevents overshooting of the immune defenses.  
It has been speculated that glucocorticoids may cause a shift from a Th1 immune driven response to a Th2, thus glucocorticoids favor a Th2 (Weigers et al., 2005).  A potential mechanism by which glucocorticoids affect the Th1/Th2 balance may be through the inhibition of the production of and responsiveness to IL-12 (DeKruyff et al., 1998; Elenkov et al., 2000).  Catecholamines also inhibit IL-12 and enhance IL-10 production (Elenkov et al., 1996).  Thus, glucocorticoids and catecholamines both through their effects on type 1 and type 2 cytokine secretion may cause suppression of cellular immunity and shift towards Th2-mediate humoral immunity (Elenkov et al., 2002)
Even though glucocorticoids have been reported to bias cytokines towards a Th2 phenotype, this has been disputed as well.  Physiologic concentrations of cortisol were ineffective in suppressing either IL-10 or IL-12p70 in human whole blood cultures (Visser et al., 1998).  Contrary, human dendritic cells treated with cortisol did produce less IFNγ and greater IL-10 and IL-5 (de Jong et al., 1999).  Recently, Skjolaas et al. (2002) reported that cortisol is suppressive to both type 1 and type 2 cytokines in pig splenocytes.  These data suggest that IFNγ is less sensitive to cortisol suppression than IL-10 and IL-2 was completely resistant to cortisol (Skjolaas et al., 2002a, b).    

STRESS AND IMMUNITY
The immune system is one of the strategies that organisms have developed to defend against stressful situations.  How the immune system precisely responds to stress, largely remains a mystery primarily due to the complexity of the immune and stress systems.  Paradoxically the most common theory is that stress suppresses components of the immune system, thus enhancing disease susceptibility of an animal. On the other hand, stress has been shown to increase aspects of the immune system.  
Activation of the HPA axis by stressful stimuli leads to an increase in the glucocorticoids, primarily cortisol, which affects the immune system.  In 1945, White and Dougherty proposed that activating the pituitary-adrenal axis enhanced immune-defense mechanisms, but later it became clear that glucocorticoids not only had anti-inflammatory properties but also immunosuppressive properties (Munck et al., 1984).  More specifically, Munck and colleagues theorized that increases in glucocorticoids were not against the source of stress itself, but against normal defense reactions that were activated by stress, thus glucocorticoids turn off defense reactions by preventing them from overshooting and threatening homeostasis (Munck et. al., 1984).  
Effects of Stress Hormones (in vitro and in vivo)
Stress hormones released in response to HPA activation such as CRF, ACTH, and cortisol have all been shown to have an affect on immune function.  It has been shown that incubation of cattle and porcine immune cells with cortisol suppresses lymphocyte proliferation, IL-2 production, and neutrophil function (Westley and Kelley, 1984; Blecha and Baker, 1986; Salak et al., 1993).  In vivo activation of glucocorticoid release via ACTH injection reduced mitogen-induced lymphocyte proliferation, IL-2 production, and antibody production in cattle and pigs (Blecha and Baker, 1986; Wallgren et al., 1994), while natural killer cell (NK) cytotoxicity was enhanced in pigs (McGlone et al., 1991).  The number of apoptotic cells increased while the  number of proliferating cells decreased in calves receiving dexamethasone injections twice daily for four days (Norrman et al., 2003), thus leading to an increase in the ratio of apoptotic cells to proliferating cells.  In these same calves, T-cells were increased while B-cells were decreased.  
Activation of the HPA axis by administering exogenous ACTH, cortisol, or by blocking cortisol synthesis has been used to investigate the effects of cortisol on immune function.  A pharmacologically induced threefold increase in plasma cortisol concentration via ACTH injection had no effect on NK cytotoxicity, however, infusion of 400 µg of cortisol resulted in reduced NK cytotoxicity at 1 h post-injection, but not 2 h (Salak-Johnson, 1996).  Blocking cortisol synthesis by feeding metyrapone to pigs, resulted in low plasma cortisol concentrations and reduced NK cytotoxicity at all time points (Salak-Johnson, 1996).  
Central injection of CRF has been shown to decrease NK cell activity in rodents (Irwin et al., 1990).  But in pigs, NK activity was only marginally reduced whereas neutrophil chemotaxis was significantly suppressed (Salak-Johnson et al., 1997). Administration of central CRF resulted in reduced concanavalin-A (ConA)-induced proliferation in pigs (Johnson et al, 1994) but had no affect on phytohemagglutinin (PHA)-induced proliferation (Salak-Johnson et al., 1997).  Administration of intravenous bolus of ACTH resulted in increased NK activity and IL-2 stimulated NK activity (McGlone et al., 1991).  
Acute vs. Chronic Stress
Acute and chronic stresses tend to affect the immune system differently, most often chronic stress leads to suppression of the immune response.  Exposure to acute heat and shipping stresses had no effects on various immune measures (McGlone et al., 1993; Hicks et al., 1998), but cold stress caused an increase in NK cytotoxicity (Hicks et al., 1998).  NK cytotoxicity was both increased and decreased in pigs subjected to acute restraint stress with NK enhanced during early phase (0-1 h) and reduced during late (3-4 h) phase (Wrona et al., 2001).  Recently, Davis et al. 2006 reported that age of weaning had no affect on lymphocyte proliferation.   Often, acute stress has limited suppressive effects on immune function.   
Chronic stresses have differential effects on various aspects of the immune system.  Chronic heat stress had no affect on ConA- or PHA-induced lymphocyte proliferation (Bonnette et al., 1990; Morrow-Tesch et al., 1994), but LPS-induced proliferation was increased in pigs exposed to 14 d of heat and crowding stresses (Sutherland et al., 2006).  In pigs, both prenatal stress and social isolation caused a reduction in lymphocyte proliferation (Tuchscherer et al., 2002; Kanitz et al., 2004).  Moreover, 3 days of transportation stress reduced PHA-stimulated lymphocyte proliferation in steers (Stanger et al., 2005).  

Natural killer cytotoxicity was increased in pigs following 14 d of heat and crowding stresses (Sutherland et al., 2006), whereas 4 d of cold stress reduced NK activity (Salak-Johnson et al., unpublished).  Following 7 d of heat stress, plasma haptoglobin concentration was greater in heat stressed pigs than in controls, but haptoglobin was similar by d 14 (Heo et al., 2005). Contrary, 14 d of heat and crowding stresses had no affect on haptoglobin or total IgG concentration (Sutherland et al., 2006), but 4 d of cold stress reduced total IgG concentration (Salak-Johnson et al., unpublished data). Isolation stress caused an increase in CD4+ cells and a decrease in CD8+, thus resulting in an increase in the CD4:C8 ratio in sheep (Degabriele & Fell, 2001). 
Pathogen Challenges

Pathogenic challenges have been shown to alter cytokines, endocrine and other aspects of immunity.  Pigs challenged with Salmonella typhimurium had greater haptoglobin and α1-acid glycoprotein, but no affect on immunoglobulins (Turner et al., 2002).  Immunoglobulin concentration was not affected in pigs that were mixed and challenged with pseudorabies virus vaccine (de Groot et al., 2001) or porcine reproductive and respiratory syndrome (PRRS) challenge (Sutherland et al., under review).  But, NK cytotoxicity was enhanced in PRRS-infected pigs and macrophage phagocytosis was reduced (Sutherland et al., under review).  
Cytokines are influenced by various pathogenic challenges.  Pigs subjected to mixing stress and vaccinated with pseudorabies virus had greater IFNγ than control pigs, but there was no affect on IL-10 (de Groot et al., 2001). However, IFNγ and IL-2 were elevated in pigs vaccinated against parasitic Taenia solium, but no differences were detected for either IL-4 or IL-10 concentration (Diaz et al., 2003). In pigs, at 7 days post PRRS challenge, IL-10 was increased but there was no affect on IFNγ (Sutherland et al., under review).   Pigs challenged with Toxoplasma gondii had elevated TNFα, IFNγ, IL-4, and IL-15 (Dawson et al.,2005).  Moreover, sheep selected for enhanced resistance during a challenge with Trichostrongylus colubriformis had greater expression of IL-5, IL-13, and TNFα, but not IL-4, IL-10, or IFNγ than did those susceptible to disease (Pernthaner et al., 2005).  In cattle challenged with Ostertagiea ostertagi, IL-4, IL-10, and IL-13 were all elevated while IFNγ and IL-12 were both reduced (Claerebout et al., 2005).  But vaccination had no affect on the cytokine profile.    

 OTHER FACTORS AFFECTING STRESS AND IMMUNITY

There are many interacting factors influencing the immunological response of an animal to stress, these include stressor type (psychological vs. physiological vs. physical), duration of stressor, (chronic vs. acute), genetics, age, and social status.  These factors and others may partly explain conflicting conclusions based on the literature.  These other factors may include time of sample in relation to time of day (circadian effects), time of sample relative to the onset of stress (1 min vs. 1 h vs. 1 d), blood sample vs. tissue sample, activation of catecholamines or glucocorticoids, pathogen exposure or health status of the animal, and the starting point of the immune system and(or) the balance of Th1 vs. Th2 cells.  

Social Status

Social status often times plays a significant role in an animal’s response to a stressor than the stressor itself.  Pigs identified as dominant had greater NK cytotoxicity than did either intermediate or submissive pigs in response to acute shipping, and heat stress reduced NK cytotoxicity among intermediate pigs compared with other social ranks (McGlone et al., 1993; Hicks et al., 1998). NK cytotoxicity was greater in both dominant and intermediate pigs subjected to acute cold stress, but acute heat reduced NK cytotoxicity in intermediate pigs (Hicks et al., 1998). While dominant pigs had greater NK, phagocytosis, and leukocyte populations following 14 d of heat and crowding stresses (Sutherland et al., 2006), while NK and percentage of immature macrophages were greater in submissive pigs inoculated with PRRS virus (Sutherland et al., under review).   Dominant pigs challenged with Aujeszky disease had greater lymphocyte proliferative response to purified Aujeszky antigen (Hessing et al., 1994). Moreover, it appears that immune responses of mixed dominant pigs are more seriously affected than mixed subordinates (de Groot et al., 2001). 
Intermediate pigs had greater lymphocyte proliferation responses than did pigs of other social ranks following acute shipping stress (Hicks et al., 1998), but intermediate pigs exposed to chronic heat stress had reduced responses (Morrow-Tesch et al., 1994).  Among pigs subjected to mixing stress, lymphocyte proliferation and total IgG were both greater in dominant pigs than in subordinates (Tuchscherer, et al., 1998).  However, social status had no affect on lymphocyte proliferation, chemotaxis or IgG concentration in pigs that were exposed to 14 d of heat and crowding stresses (Sutherland et al., 2006).  
Genetics 

Genetics affects the immune response of an animal.  Early study with cattle showed that Angus cattle had a greater PHA response than did Braham × Angus crosses (Blecha et al., 1984).  Others have shown that IgG concentrations were different between Angus and Hereford cattle (Muggli et al., 1987) and immune responses in Angus were greater than in Simmental cattle (Engle et al., 1999). Genetic differences in different breeds of pigs have been reported in the response to antigens or vaccines for sheep red blood cells, E. coli, and others (Meeker et al., 1987).  Differences in NK cytotoxicity and lymphocyte proliferation responses have been reported in two commercial lines of pigs (Reed and McGlone, 2000).  More recently, studies by Sutherland et al. (2005, 2006) reported several breed effects on various immune components (i.e., neutrophil phagocytosis, NK cytotoxicity).  

Genetics has been shown to affect the stress responsiveness of an animal as well.  Blecha et al. 1984 showed that Braham × Angus crosses and Angus cattle responded immunologically differently to shipping stress; lymphocyte proliferation was reduced in both breeds.  Moreover, Angus calves had greater total IgG and IgM titers against pig red blood cells compared with Simmental and Angus calves had greater lymphocyte proliferation in response to PHA than Simmental. (Engle et al., 1999). In two commercial lines of pigs the environment in which they were kept influenced their immune status, both genetic lines had similar chemotaxis indoors, but outdoors chemotaxis differed between the two lines (Reed and McGlone, 2000).  Large white pigs had greater post stress ACTH levels following exposure to a novel environment than did Meishan, but no immune measures were evaluated (Desautes et al., 1997). Others have investigated the immune competence of two different Australian breeds of pigs to a bacterial challenge; specific cell populations were different between breeds (Nguyen et al., 1998).  Recently, studies by Sutherland et al. (2005, 2006) showed numerous breed effects on various immune components (i.e., neutrophil phagocytosis, NK cytotoxicity), but there were no breed × stressor effect on immune status of several breeds of pigs exposed to 14-d of heat and crowding stresses (Sutherland et al., 2006).   

STRESS SHIFT TH1/TH2 BALANCE

The stress hormones influence the production of Th1 and Th2 cytokines, thus stress hormones help determine which type of immune response prevails (Elenkov et al., 1999).  Cytokines provide the link between the innate and adaptive immune systems and help maintain T-cell homeostasis during infection (Bot et al., 2004).  Is it the combination of stress and the disruption in the balance between Th1 and Th2 that causes disease?  IL-4 is the hallmark cytokine of Th2 immunity, if IL-4 is over-expressed it negatively interferes with the immune defense mechanisms, thus decreasing the recruitment, expansion, and(or) activity of major effector cells such as the Th1 cells (Bot et al., 2004).  During a viral infection, a strong bias towards Th2 responses may interfere with viral clearance.  However, if the opposite scenario occurs which consists of elevated Th1 and obliterated Th2 immunity allows normal viral clearance to occur (Bot et al., 2004).  It is possible that certain stressors may disrupt this balance by interfering either directly or indirectly with the mechanistic process.  A balanced Th1/Th2 response may be favored in some cases of disease challenge, to achieve a compromise between defense mechanisms and immune homeostasis.   
Interluekin-12 or IFN-γ produced by cells of the innate immune systems act on corresponding receptors expressed by differentiating T cells (Hanlon et al., 2002; Trichieri, 2003) that redirect the process from Th2 towards Th1 cells.  Thus, if stress disrupts the balance between Th1 and Th2 then disease is the outcome. In several studies conducted in our laboratory, we have theorized based on immune and cortisol responses to these stressors (some cases, cytokine profiles) the impact stress has on Th1 and Th2 balance (Figure 3).  Even though, it is essential to evaluate different subclasses of immunoglobulins along with a more diverse cytokine profile to more definitely speculates we have begun to theorize based on the studies presented here.  It seems likely that 4 days of cold stress may shift the Th1/Th2 balance toward a Th1 response; whereas 14 d of heat/crowding may actually result in a balance between Th1 and Th2 response based on enhanced NK and LPS-induced proliferation and reduced  total IgG in the stressed animals. At 7 days post PRRS challenge, infected pigs appear to be able to maintain a balanced Th1/Th2 response based on their cytokine and immune profile, thus these animals were able to resolve the infection (Figure 3).  Moreover, it is possible that pigs weaned at 28 days of age are skewed toward a Th2 response, whereas pigs weaned at 14 days of age appear to be either shifted toward a Th1 or have a balanced Th1/Th2 based on their cytokine and immune profile (Figure 3).  Contrary, pigs that are weaned at 14 d of age and kept on 8 h of light may be shifted toward a Th2 response.  Based on these studies, it is theorized that stress does not always suppress the immune system and or disrupt the balance between Th1/Th2.  In fact, in some situations stress may enhance some components, while suppressing others in order to shift the balance between Th1 and Th2.  

CONCLUSIONS

It is apparent that many factors influence the stress responsiveness and the immune response of an animal to stress.  Stress can suppress, enhance or have no affect on the immune response of an animal.  Many of the conflicting findings reported maybe partially explained by the types and durations of the stressors, age, genetics, and social status.  Moreover, the aspect of the immune system being assessed, the starting point of the immune system and the balance between Th1 and Th2 may contribute to these discrepancies between studies.  In fact, it is plausible that stress can shift the balance between Th1 and Th2 as a homeostatic mechanism and it’s only if this balance is not achieved that disease is the outcome.  Thus, a better understanding of the complexity of these relationships will enable us to improve animal health and well being.   
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Figure Legends

Figure 1.  Hypothalamic-pituitary-adrenal axis and the hypothalamic-sympathetic axis. CRF is produced in the medial parvocellular (mp) region of the PVN. CRF secreted into the median eminence and the portal system will release ACTH which then travels to the adrenal gland to cause the secretion of glucocorticoids. The glucocorticoids negatively feed back to inhibit CRF and catecholamine secretion.   Catecholamine-activated neurons are found in the dorsal parvocellular (dp) and the ventromedial parvocellular (vmp) cells.  The magnocellular region of the PVN secretes vasopressin and oxytocin via the neuroendocrine cells projecting the posterior pituitary.  Gamma amino buteric acid (GABA) neurons surrounding the PVN are generally inhibitory.  Neurotransmitters norepinephrine and glutamine are found inside the PVN.  The splancnic nerve innervates both the adrenal cortex and the adrenal medulla.  The adrenal medulla secretes catecholamines and catecholamines in the adrenal cortex add to the effects of ACTH to activate the zona fasciculata cells to secrete glucocorticoids.

Figure 2.  Major immune cells and cytokines associated with activation of the T-helper (Th) 1 and 2 systems.  Naïve T cells (T0) differentiate into either Th1 or Th2 cells. Activation of the Th1 system including γ-interferon inhibits the Th2 system.  Activation of the Th2 system including IL-10 and IL4 inhibits the Th1 system. 
Figure 3.  Summary table of stress experiments conducted in our laboratory.  Based on the immune measures assessed in each study and in some cases the cytokine profile, we speculated whether than animals are in a Th1 or Th2 profile.  In some situations, it appears the animal may have a balanced Th1/Th2 profile.  Experiments were:  4 days of cold stress vs. thermoneutral ; 14 days of heat-crowding stresses vs. no stress;  cold stress vs. thermoneutral: porcine reproductive respiratory syndrome (PRRS) challenge vs. no challenge; 14 d weaning vs. 28 d weaning; 14 d weaning vs. 28 d weaning plus short day photoperiod.  Symbols:  
[image: image7.bmp]  = 14 d weaned pigs,  
[image: image2]  = 14 d weaned pigs on short days.   
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