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Chapter 1 -  INTRODU CTION

1.1 Overview

Defining the optimal immune health of an organism has proven difficult and there is not a 

great deal established, particularly in livestock species such as swine. This thesis will 

examine the immune health of swine, specifically young piglets during the stressful 

weaning period. The importance of nutrition and immunology has grown as researchers 

continue to look for new ways of improving health status and the newer concepts of 

health prevention and promotion gain prominence. Although the relationship between 

nutrition and immunology was formally recognized in the 1970s when immunological 

measures were first introduced as an integral component of assessing nutritional status, 

the past decade has resulted in an explosion of new knowledge in this area. What has 

become apparent is that nutritional state and specific nutrients impact on the immune 

system directly, and conversely, altered immune status can impact on nutritional status. 

The evidence that has accumulated indicates that the beneficial effects of nutrients extend 

beyond preservation of vital functions such as growth and maintenance. In fact, a great 

deal of support has been documented that pharmacological levels of several nutrients may 

provide optimal health benefits. The clinical use of such nutrients has been referred to as 

immunonutrition. This chapter will provide an introduction of the interrelationships 

between the rapidly growing fields of nutrition and immunology. Included here will be 

information relating to immunonutrition, a description of the swine immune system, 

Escherichia coli (E. coli) infection and the immune response to infection.

-  1 -
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Part I - Relevant Concepts in Immunology

1.2 The Immune System and its Components 

Innate and Adaptive Immunity

Innate immune defenses are generally described as the nonspecific components of the 

immune system that function without depending upon prior exposure to a particular 

pathogen, and that do not change to any great degree in response to a particular infection. 

Macrophages and their precursors, monocytes and polymorphonuclear neutrophils 

(neutrophils), make up the major cellular components of the innate immune system. This 

component of the immune system provides the early phases of host defense that protect 

the organism during the 4-5 days it takes to mount a specific immune response. The 

induction of a specific immune response, such as the production of antibodies to a 

particular pathogen, is part of the adaptive or acquired immune response. Inherent to the 

specific response are lymphocytes, which differ in expression of cell-surface antigens 

(Cluster of Differentiation (CD) antigens, see Table 1) and circulate between blood and 

lymphoid tissues. The complex interactions among immune cells are mediated by a group 

of secreted low-molecular weight proteins that are collectively designated cytokines to 

denote their role in cell-to-cell communication. A list of cytokines with their associated 

functions is given in Table 2. The adaptive response can further be divided into the 

humoral immune system, which is important in defense against bacterial or other 

extracellular antigens, and the cellular immune system (B and T cells), which is 

important in defense against intracellular pathogens such as viruses. Thymocytes 

surviving the selection process eventually exit the thymus and migrate to the peripheral 

lymphoid organs, which include the spleen, which filters antigens within the bloodstream,

- 2 -
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lymph nodes, which filters afferent lymph, and mucosal tissues, such as the intestinal, 

respiratory and urogenital tracts, which sample luminal antigenic substance via a variety 

of mechanisms (Gaskins 1998).

Gut-associated lymphoid tissue

The total mucosal surface area in adult humans is approximately 200-400 m2 and is 

protected by the gut-associated lymphoid tissue (GALT) (reviewed in (Langkamp- 

Henken et al. 1992)), making it the largest immune organ of the body. Within GALT are 

found both nonaggregated and aggregated lymphoid cells.

The nonaggregated components of GALT consist of lamina propria (LP) lymphoid cells 

(diffuse population of T helper cells (Th; CD4), B lymphocytes (B cells), and plasma 

cells) and intraepithelial lymphocytes (IELs - predominantly CD8 T suppressor cells). 

The majority of the antibody-forming cells found within the lamina propria produce and 

secrete Immunoglobulin (Ig) A (approximately 90% (Laissue et al. 1993), although IgM-, 

IgG-, IgD-, and IgE-producing plasma cells are also found in this region (Langkamp- 

Henken et al. 1992). Mucosal mast cells and intestinal macrophages found interspersed 

within the vasculature and lymphatic-rich lamina propria of the intestine are also 

components of the nonaggregated lymphoid tissue (Langkamp-Henken et al. 1992).

The aggregated components of GALT consist of isolated lymphoid follicles, the 

appendix, and the GALT components that will receive a great deal of attention in this 

thesis, the Peyer’s patches (PP) and mesenteric lymph nodes (MLN). MLNs play a

- 3 -
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pivotal role in the maturation of lymphocytes, contain a large number of IgA precursor B 

cells and are located on the route from the priming site back to the intestinal mucosa 

(McWilliams et al. 1977). They receive antigens from the small and large intestine 

(antigen processing reviewed in (Keren 1992)) via lymphatics running along the 

mesenteric arteries. Thus large numbers of lymphocytes emigrate from the PP and reach 

the blood after expansion and maturation within the mesenteric lymph nodes (reviewed in 

(Rothkotter et al. 1999)). PPs are present throughout the small intestine, but are most 

prominent in the ileum (Keren 1992), the domed surface of which can be found 

protruding into the intestinal lumen from between villi. They consist of distinct regions: 

the dome (immediately beneath the epithelium), the follicles (which vary from 5 to more 

than 900 per patch (Cornes 1965) and the thymus-dependent area between the follicles. 

Circulating blood lymphocytes become compartmentalized when they immigrate into PP 

by high endothelial venules (HEV) (Rothkotter et al. 1999). In HEV the immigration of 

cells involves several steps, beginning with rolling along the endothelium, followed by 

attachment and finally transmigration of the activated cells through the wall of the vessel 

(Springer 1994). PP follicles contain mostly B cells, whereas the interfollicular area and 

the above-dome region contain predominantly T lymphocytes (T cells) and the dome 

region is rich in plasma cells, macrophages, and dendritic cells (Keren 1992; Langkamp- 

Henken et al. 1992).

1.3 The Immune System in the Young Animal 

Piglets and Neonatal Humans

Similar to piglets, infants are born with some degree of immunological immaturity

- 4 -
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affecting both antibody and cell-mediated functions, which are proposed to contribute to 

their increased susceptibility to gastrointestinal infections (Crockett 1995; Kovarik & 

Siegrist 1998; Mannick & Udall, Jr. 1996). Additionally, weaning in infants is associated 

with an increased incidence of gastrointestinal infections. Some possible contributors 

include: the absence of immune factors provided by breast milk (Eglinton et al. 1994; 

Skansen-Saphir et al. 1993), the immaturity of the infant’s gut and gut associated immune 

defenses (Eglinton et al. 1994; Mannick & Udall, Jr. 1996), the high proportion of 

immature T cells and the predominantly Th2 type cytokine response (Bjorksten 1999).

Swine are being used as an animal model in experimental medicine because of 

physiological similarities to infants (described in (Moughan et al. 1992; Wykes et al.

1993)). This species represent a convenient, easily available, relatively economical model 

and possesses several advantages compared to mice, which have a very short gestation 

and a distance in phylogeny. Piglets possess similar nutritional requirements, intestinal 

physiology and metabolism with the human infant. The full-term neonatal piglet has a 

body composition similar to that of the premature infant (23-31 wk gestation), permitting 

more invasive methods of investigation while maintaining clinical relevance. However, a 

human infant doubles its birth weight by 4-6 months, whereas a piglet doubles its birth 

weight in 7-10 d, but this provides a rapid model of growth and development for focused 

investigations. Regulated mating, high fecundity and the size of fetuses are additional 

advantages of this experimental model. In the case of gut immunology the pig offers 

attractive opportunities as an experimental model in a number of areas including: 

immunopathogenesis of bacterial and viral enteric diseases, mucosal vaccination, small
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bowel transplantation, food hypersensitivity and the study of the influence of maternal 

factors upon immune development. The ability to isolate large numbers of cells following 

disruption of solid organs, to cannulate gut lymphatics and to provide a natural enteric 

disease model in piglets offers considerable advantages for the study of this compartment 

of the immune system (Stokes et al. 1994). However, much remains to be determined 

about the function of the swine immune system. For example, compared to humans and 

mice less is understood about cytokine functions in swine, partly attributed to a limited 

number of commercially available biological reagents.

Unique Characteristics of the Swine Immune System

While there are many similarities between the porcine and human immune system, there 

are also important differences. Perhaps the most important trait of the immune system of 

piglets, especially from a commercial and health perspective, are differences in innate 

immune function at birth. While the newborn infant is bom with antibodies from their 

mothers for protection against infections (reviewed in (Glezen 2003)), the piglet is bom 

with none. The multi-layered placenta of the pig prevents the transit of maternal 

immunoglobulins into the fetus (Pabst & Rothkotter 1999) and also prevents access by 

most microorganisms (Klobasa et al. 1986). Therefore this sheltered environment of the 

fetal immune system is free of antigen-driven differentiation and can develop basically 

unbiased by external immunomodulatory factors (Sinkora et al. 2002). In contrast to 

rodents and humans, pig intestinal epithelial cells do not express MHC Class II 

molecules, but they are present on a number of other cell types in the subepithelial lamina 

propria (a full description of antigen presenting cells is given in (Stokes et al. 1996)).
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The T lymphocyte composition of swine are one of the most diversified T lymphocyte 

population in any species (reviewed in (Saalmuller et al. 1989)). Pigs have been shown to 

have four T-lymphocyte subsets in their peripheral blood and lymphoid tissues. In 

addition to the classical phenotypes of CD4+CD8- helper/inducer T cells (Th) and 

CD8+CD4- cytotoxic/suppressor T cells (Tc), there is a double negative CD4-CD8- T 

cells subset which contains the majority of y5 T cells, and a unique double positive 

CD4+CD8+ T cell subset, containing memory ap T cells. There is also normal co

expression of the CD2 marker with either the CD4 or CD8 antigen. Thus greater than 

90% of peripheral T cells express the CD4 and/or CD8, as well as the CD2 antigen 

(lymphocyte populations of swine detailed in (Lunney & Pescovitz 1987)). The CD4- 

CD8- subpopulation is unique for its y5 T cell receptor, and further consists of CD2+ and 

CD2- subsets, which represent a large percentage of lymphocyte T cells in swine, but not 

in humans and rodents (Becker & Misfeldt 1993).

Additional information about the unique CD4+CD8+ double positive T cell population is 

necessary, since their very nature is inconsistent with the generalization that the 

expression of the CD4 and CD8 cell surface glycoproteins is mutually exclusive in 

extrathymic lymphocytes (Saalmuller et al. 1989). Double positive T cells (reviewed in 

(Lunney & Pescovitz 1987; Saalmuller et al. 1987b)) can be found in peripheral blood 

and secondary lymphoid organs, but the variation in the proportion of these cells in blood 

is high (8-60% (Saalmuller et al. 1987b)). In other species, such as humans, CD4-CD8- 

precursor cells differentiate during thymic ontogeny into CD4+CD8+ thymocytes, which,
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upon further differentiation, lose either CD4 or CD8 giving rise to the mature phenotypes 

CD4-CD8+ and CD4+CD8- (Saalmuller et al. 1987b). Both the CD4 and CD8 T cell 

populations are known to have specific functions, which leads to questions concerning 

the purpose of simultaneous expression of these antigens. Dual expression of these two 

co-receptors must have an effect on their function and ability to recognize antigen, 

however, their exact function is not known (Pescovitz et al. 1994). What is known is that 

based on the expression of cell surface antigens and the size of the cells, double positive 

T cells are thought to belong to a mature resting population of lymphocytes (Pescovitz et 

al. 1990; Saalmuller et al. 1987a; Saalmuller & Bryant 1994). It is thought that this 

double positive population are CD4+ Th that have acquired and retained the CD8 antigen 

during development (Patel et al. 1989; Saalmuller et al. 1987b; Zuckermann & Gaskins 

1996). This is supported by the fact that their percentage starts very low (<2% in at 3 d) 

and gradually increases (up to 16% (Pescovitz et al. 1994)) over the first year of life 

(Summerfield et al. 1996; Zuckermann & Husmann 1996).

Another characteristic of swine T cells is that in comparison with humans, there is a 

different proportion of CD4 and CD8 cells in peripheral blood lymphocytes (PBL) 

(Lunney & Pescovitz 1987). In peripheral blood, the pig normally has 25% CD4+ T cells 

and 40% CD8+ T cells resulting in a 0.60 CD4/CD8 ratio compared to 1.5-2.0 for 

humans (Pescovitz et al. 1985). The low CD4/CD8 ratio reported in swine is only found 

in humans suffering from HIV infections (reviewed in (Rosenberg et al. 1998). It is not 

known why these species differ in their T cell proportions, nor is it clear if these unique T 

cell proportion and phenotypes offer any particular advantage to the piglet.

- 8 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Differences also are reported in the lymphocyte migration patterns of piglets compared to 

other species (Figure 1)(reviewed in (Rothkotter et al. 1999)). In contrast to other species, 

pig lymph nodes are actually inverted with a dense medulla lacking sinuses and cords 

(Binns 1982). Lymphocytes leave these tissues directly via blood capillaries rather than 

in efferent lymph (Bennell & Husband 1981; Binns 1982). The reasons for these 

differences in morphology are not known, but might results in activated lymphocytes 

being able to enter the circulatory system more quickly to enable them to home back to 

mucosal sites more quickly to provide local protection.

An additional anatomical species-specific difference exists in the distribution of PPs 

along the small intestine. In humans, discrete PP up to ~ 10 cm in length is distributed 

throughout the small intestine and have increased numbers in the ileum (reviewed in 

(Barman et al. 1997)). Swine have three structurally, functionally and developmentally 

different types of PP; the jejunal PP, the ileal PP and ten irregular spiral PPs in the colon 

(detailed in (Binns 1982; Pabst et al. 1988; Stokes et al. 1996)). The jejunal PPs are 

distributed along the jejunum and proximal ileum, are approximately 25-35 in number, 

comparatively small, and persist throughout life. Although there is a developmental 

increase in the size of Peyer’s patches, the number and the position of individual patches 

remains constant. In contrast, the ileal PP is one very large ileocecal patch which may 

extend for up to 2.5 m along the terminal ileum but which involutes at about lyear of age. 

These differences in the morphology of jejunal and ileal PP are apparent only during a 

short period of postnatal life and are affected by luminal antigenic challenge (the

- 9 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



influence of antigen is detailed in (Rothkotter et al. 1999)). This was demonstrated by the 

vast number of B cells found in conventional animals (at 1.5 months) compared to 

germfree pigs where many more T cells are found (Rothkotter & Pabst 1989). PP in the 

jejunum and ileum were also shown to differ not only in structure, but also lymphocyte 

migration and production (Pabst et al. 1988). Similar to sheep, the ileal PP is a primary 

B-cell organ because it contains more than 90% B cells, compared to 35% MLN and 45% 

in the jejunal PP (Andersen et al. 1999).

Development of Piglet Innate Immune Function

Phagocytic cells such as macrophages are the main cells type engaged in protection 

against infection in the first few weeks following birth (Tlaskalova-Hogenova et al.

1994). Previously, no significant age-related changes were observed in 

polymorphonuclear neutrophil (PMN) function in newborn piglets compared to piglets at 

6 weeks of age (Hoskinson et al. 1990). This is influenced by luminal contents, as germ- 

free piglets have been shown to have low numbers of PMNs (Travnicek et al. 1989) that 

were increased substantially by intestinal monoassociation with bacteria or by killed 

bacterial suspensions given intraperitoneally (Tlaskalova-Hogenova et al. 1994).

Development of Piglet Peripheral Immune Function

Peripheral immunity of piglets continues to mature during the first few weeks after birth, 

and is further influenced by the weaning process. Although the proportion of circulating 

B cells of the newborn piglet is similar to that in adults, the total number in lower in the 

first 10 postnatal days (McCauley & Hartmann 1984). Weaning has been shown to
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transiently increase the concentration of peripheral B cells (McCauley & Hartmann 

1984). Adult numbers of IgA+ B cells are reached by 4 weeks of age, while IgM+ cell 

numbers continue to increase until 3-4 months of age (Brown & Bourne 1976; Rothkotter 

et al. 1991). T lymphocytes have been shown to develop with relatively equal percentage 

of CD4+ and CD8+ peripheral lymphocytes as the animals mature (Jonjic et al. 1987). 

Corresponding with the substantial amount of antigen exposure at weaning, the number 

of T cells rises to values significantly higher than in adults by 12 days after weaning 

(McCauley & Hartmann 1984). During their first few weeks, piglet peripheral blood 

lymphocytes are able to respond (3H-thymidine incorporation) to T cell mitogens 

(phytohemagglutinin (PHA) and ConA)(Hoskinson et al. 1990; Valpotic et al. 1989). 

Early weaning of piglets (before 5 wks) has also been shown to have a suppressive effect 

on peripheral blood lymphocyte response to PHA (Blecha et al. 1983) and a hyper

response (anti-soy IgG) to soy protein dietary antigens (Bailey et al. 1993; Miller et al. 

1984).

Development of GALT in Piglets

At birth, a detectable number of immature B cells are present in the lymph nodes and 

Peyer’s patches of piglets (Bianchi et al. 1992; Pabst & Rothkotter 1999). However, 

between days 1 and 42, there is a large increase (15-fold) in the cell concentration in the 

piglets ileal PP (Stokes et al. 1996) and the size of PP has been shown to increase several

fold following birth (Chu et al. 1979). In GALT, weaning is followed by a brief decline 

in the number of CD4+ cells (d 1), combined with an expansion of CD8+ cells (d2 and 

d4) resulting in a decreased ratio of CD4+/CD8+ T cells (Spreeuwenberg et al. 2001).
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There is also an increase in CD2+ T cells and increased macrophage/granulocyte cells in 

the proximal small intestinal villi and crypts (Vega-Lopez et al. 1995). The immune cell 

composition of PP also changes as the animals mature, with a higher concentration of T 

cells in the jejunal than ileal PP (Barman et al. 1997). The ileal PP are very high in B 

cells (63.1%) and a low proportion of T cells (6.3%) (Rothkotter & Pabst 1989). As 

piglets mature, there are also increases in both CD4+ and CD8+ numbers in PP (Pabst et 

al. 1988; Rothkotter & Pabst 1989). Piglet MLN contain antigen-sensitized mucosal 

lymphocytes that have migrated from the PP and are rich in Ig+ lymphocytes and CD4+ 

cells (Rothkotter et al. 1993; Salmon 1987). MLN cell composition appears to be 

relatively stable during postnatal development (Whary et al. 1995). Functionally, B cells 

increase in an isotype-specific manner with increasing antigen exposure after birth 

(Klobasa et al. 1981), with IgM+ cells being synthesized first (2 weeks), followed by 

synthesis of IgA (3 weeks) and IgG (5 weeks).
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Part II - Relevant Concepts in Nutrition

1.4 Piglet Nutrition

Within the weeks following birth, the steadily increasing nutrient demands of the rapidly 

growing young piglets can no longer be met through sow’s milk (piglet nutrition 

reviewed in (Patience & Thacker 1989)). As a result, less expensive, pre-starter diets 

based on high energy grains (i.e. com, wheat, barley), readily digested protein 

supplements such as soybean meal, and additional ingredients (increase palatability and 

digestibility) are fed to piglets. This process is often referred to as weaning and although 

the age of piglet weaning can vary, intensive agriculture practices have resulted in much 

earlier weaning of piglets. This stressful period, when young piglets are suddenly forced 

to rely on foreign sources of nutrients often results in a decrease in growth rate and an 

increased susceptibility to infections (Patience & Thacker 1989). The importance of 

nutrition at this time is exemplified by a high level of preweaning mortality (25-30%) that 

is observed in commercial swine production operations (Patience & Thacker 1989).

Antibiotics have played a major role in the growth and development of the swine industry 

for over three decades. The ability of animicrobials to increase growth rate, improve feed 

utilization, and reduce mortality from clinical disease has been well documented 

(reviewed in (Cromwell 2002)). The improvement in growth and feed efficiency resulting 

from the addition of antimicrobial compounds to starter diets is very impressive and on 

average, a 12-15% improvement in daily gain and a 5-6% improvement in feed efficiency 

can be expected as a result of supplementing swine starter diets with antibiotics (Patience 

& Thacker 1989).
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The pig’s nutrient requirement, which is the amount of a given nutrient required by the 

pig to maximize performance, must be established to properly balance swine diets. 

Nutrient requirements for young piglets are more completely described elsewhere (NRC 

1998). More recently, nutrition research in the piglet is becoming oriented towards 

optimizing health and not simply promoting growth. Before continuing, a brief 

description of the two macronutrients of interest in this thesis will be provided.

Protein and Amino acids

A great deal of emphasis in swine nutrition is on amino acid requirements (reviewed in 

(Pencharz & Ball 2003)). When a less than ideal mixture of essential amino acids is fed, 

protein synthesis is reduced, and net protein accretion and nitrogen balance is lower. An 

essential amino acid is that which cannot be endogenously synthesized by using carbon 

skeletons or other metabolites and amino groups derived from other amino acids in 

sufficient amounts and therefore must be obtained by the organism in the diet. During 

growth several amino acids are regarded as conditionally indispensable, when these must 

be obtained in the diet until the defined growth period has passed (reviewed in (Pencharz 

& Ball 2003). Likewise, during immunocompromised states, specific amino acids are 

required in increased amounts to support the immune response and increased 

physiological needs in these conditions (reviewed in (Field et al. 2000a)). An example of 

a conditionally essential amino acid is glutamine (gin), which will be discussed in detail 

in subsequent sections. Amino acids along with studies examining their requirements are 

given in Table 3.
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Fiber

In addition to providing excellent sources of energy and protein, many plant-based feed 

crops have a component that is resistant to hydrolysis by mammalian enzymes and 

therefore cannot be digested and absorbed by the animal. Dietary fiber is traditionally 

grouped according to fermentability or solubility. Based on solubility, fibers are 

classified as either neutral detergent fiber (NDF), an estimate of the total plant cell wall 

consisting primarily of cellulose, hemicellulose, and lignin, or as acid detergent fiber 

(ADF), which eliminates the hemicellulose content to estimate cellulose and lignin only. 

Utilization of fiber by nonruminants has been shown to vary considerably (0 to 97 

percent (Rerat 1978)) depending on the fiber source, degree of lignification, level of 

inclusion, extent of processing, age and weight of the animal, as well as the individual 

variation that exists among pigs (NRC 1998). Fiber Sources with high water-holding 

capacity (i.e. gums or pectins) tend to be more readily degraded or fermented by 

microbes in the large bowel (Schneeman 1999). Polysaccharides entering the large bowel 

are the primary substrates for fermentation and result in growth of the microflora or an 

increased microbial mass (Schneeman 1999). The products of fermentation, which 

provide the only nutritional value of dietary fiber, include CO2 , H2 , and short-chain fatty 

acids (SCFA). The SCFA (acetate, propionate and butyrate) are used as an energy source 

and have been shown to promote the health of the intestinal mucosa (reviewed in 

(Velazquez et al. 1997)). A major constituent of dietary fibers are the beta-glucans (B- 

glc) isoforms (Sundberg et al. 1996), which will be discussed in detail in a subsequent 

sections.
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1.5 Intestinal Epithelium and Nutrient Uptake 

Intestinal Epithelium

The structure and function of intestinal epithelial cells are vitally important in the process 

of nutrition uptake (intestinal epithelial function reviewed in (McKay & Perdue 1993)). 

These cells rest on a basement membrane and are connected to each other by actin-rich 

tight junctions and looser desmosomes, located in the uppermost third of the cell, which 

maintain the continuity of the epithelium. The importance of epithelial tight junctions in 

permeability will be described in a subsequent section. The apical surface of the 

enterocyte is folded into numerous microvilli that allow for a 600-fold increase in 

intestinal surface area. The epithelium can be divided into three functionally separate 

regions -  the crypt, maturation zone and villus. Enterocytes originate from stem cells in 

the crypt, migrate to the villus epithelium, and after a life span of 4-5 days, are sloughed 

off into the lumen from the extrusion zone at the villus tips and are subsequently digested 

and absorbed. During migration, the individual cells differ in their absorptive and 

secretive capacity as well as their content of digestive enzymes (i.e. sucrase, maltase). 

Thus the migration of enterocytes ensures that the mature cells receive maximum 

exposure to the contents of the intestine while the immature cells are protected from the 

physical forces of food moving along the length of the intestine. A complex structural 

feature that covers epithelial cells is the mucus layer, consisting of mucin molecules and 

large amounts of associated glycoproteins and glycolipids (Conway et al. 1990; Laux et 

al. 1986). Although mucin appears to make up only a small percentage of the mucin 

layer, its’ heavily glycosylated subunits (ranging in size from 250 to 500 kDa) is
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responsible for the gel-like properties of the mucus layer (Conway et al. 1990). Tight 

junctions (zonula occludens) are the apical epithelial intercellular junctions responsible 

for maintaining the integrity of the epithelial barrier. Tight junctions can either act as a 

tight seal, enabling the epithelium to establish and maintain steep gradients of 

concentration and/or electrical potentials and prevent waste products or other toxic 

substances from entering the body fluids or may be relatively ‘leaky’, providing an 

important pathway for passage of ions and small solutes across the epithelium through 

the paracellular pathway (Nusrat et al. 2000). Tight junctions maintain the distinctive 

polarized microenvironments on both sides of the cell, which is absolutely vital if the 

epithelium is to achieve transport in a particular direction (Nusrat et al. 2000).

The nervous system also influences intestinal epithelial function. The effector systems in 

the gut are controlled by the three divisions of the autonomic nervous system: the 

sympathetic, parasympathetic, and enteric systems. A complete description of 

neurotransmitter regulation of ion transport in the porcine intestinal tract has been 

published previously (Brown & O’Grady 1997). Neurotransmitters of the enteric nervous 

system control most of the intestinal effector systems, including intestinal ion and fluid 

transport, by activating submucosal afferent and efferent neurons that innervate the 

epithelial cells. Intestinal ion transport is also incfluenced by protein kinases and changes 

in the levels of intracellular mediators such as: cyclic 3 ',5’-adenosine monophosphate 

(cAMP), cyclic 3’,5’-guanosine monophosphate (cGMP), Ca2+, phosphosinositides, 

diacylglycerol and arachidonic acid metabolites.
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Intestinal Function

In an adult human, approximately 9 L of fluid enters the upper small intestine per day and 

an additional 1 L is secreted by the small intestine. Much of this secretion is driven 

osmotically by the active secretion of anions, especially chloride (C1-) (Keely & Barrett 

2000), which is regulated both inter- and intracellularly. Intercellular regulation is 

achieved via the actions of hormones, neurotransmitters, and other mediators that are 

released in the local environment of the epithelium and subsequently bind to epithelial 

receptors. Intracellular regulation, which can be further subdivided to those responses 

that promote Cl- secretion and those that limit or terminate it, are those signaling 

pathways that link receptor occupancy to the downstream response of Cl- secretion 

(Keely & Barrett 2000). In general, Cl- secretion is activated either by increases in the 

levels of cAMP or cGMP or via elevations in cytoplasmic calcium concentrations. Cyclic 

nucleotides evoke a sustained increase in Cl- secretion, whereas the calcium-dependent 

response is transient (Barrett 1993). Changes in levels of these intracellular messenger 

levels ultimately leads to phosphorylation of specific Cl- channels (Uzzau & Fasano 

2000) thus enabling Cl- secretion. Many pathogens can induce Cl- secretion, leading to 

massive secretion of water and electrolytes and copious diarrhea by exploiting these host 

signallings using specific toxins that affect different steps of the cellular control of Cl- 

secretion (Uzzau & Fasano 2000).

Since only a relatively small amount of fluid (1-1.5 L) enters the colon, the small 

intestine is responsible for absorption of several liters of isotonic fluid, in addition to 

ingested nutrients and may approach up to 12 L/day. For proper intestinal function, the
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gut must acquire and excrete the major inorganic ions (Na+, K+, C l\ HCO3). These ions 

effectively define the sizes of the intracellular and extracellular body fluid compartments 

and, by being unequally distributed between the two, support a number of important 

physiological processes (reviewed in (Holtug et al. 1996)). However, in order to cross the 

polarized epithelial cell, large solutes that carry a net charge must be actively transported 

because of the additional thermodynamic effect of moving the charge across any 

difference in electric potential that exists between the solutions on the two sides of the 

membrane (reviewed in (Ussing 1994)). The transport properties of the major inorganic 

ions are given in Table 4.

Assessment of Intestinal Function

Intestinal function can be assessed with many different techniques, including those which 

have been developed in vivo and those performed in vitro. By using in vitro techniques it 

is possible to control intrusive factors present under in vivo conditions, study exactly 

defined segments of the bowel, expose mucosal tissue to various drugs without incurring 

problems with drug toxicity and closely monitor transepithelial transport. These 

techniques also offer advantages in comparison to some cell culture models. For 

examples, while the Caco-2 cell line exhibits many functional characteristics of the 

human small intestinal enterocyte, it was still created by carcinogenic transformation and 

is thus non-normal in several ways. The classical experiments in the 1940s and 1950s 

carried out by Hans Ussing and his colleagues led to the development of active versus 

passive transport theories and also the development of methods and apparatus still used 

by electrophysiologists [The Ussing chamber technique (first decribed in 1951 (Ussing &
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Zerahn 1951), subsequently in (Soderholm 1998)(Albin & Tappenden 2001)) shown in 

Figure 2],

1.6 Immunonutrients

Nutrition research has evolved beyond meeting daily requirements for proper 

functioning, to include optimal research for proper metabolic function. Among these, is 

nutritional immunology, which seeks to find and establish the mechanism by which 

specific nutrients can influence immune function. Many nutrients have been shown to 

possess immune-enhancing properties, including lipids, specifically n-3 fatty acids, 

vitamins, such as vitamin A, vitamin E, vitamin C, minerals, such as zinc, selenium, 

copper, and iron (reviwed in (Field et al. 2002)). Although the importance of each of 

these nutrients should not be understated, the remainder of this section will describe in 

detail the two nutrients of interest, gin and B-gluc.

1.7 Glutamine

The essentiality of the amino acid gin has also been demonstrated in renal 

ammoniagenesis and as a precursor for the biosynthesis of a number of important 

compounds such as nucleotides (Krebs et al. 1980), NAD+, amino sugars, proteins 

(Brand et al. 1989; Szondy & Newsholme 1989) and other amino acids (including proline 

and arginine (Wu & Meininger 1993)). After the transport of cytoplasmic gin into the 

mitochondrial matrix, it is cleaved by glutaminase to yield glutamate and ammonia (Bode 

& Souba 1999), the glutamate being utilized as a gluconeogenic substrate upon 

conversion to 2-oxoglutarate and entry into the TCA cycle (Bode & Souba 1999).
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Therefore, rapidly growing cells, such as intestinal mucosal cells (Ardawi & Newsholme 

1985; Windmueller & Spaeth 1974), stimulated cells of the immune system (Ardawi & 

Newsholme 1983; Brand et al. 1989; Wu et al. 1992; Wu et al. 1991a; Wu et al. 1991b) 

can use gin as a primary oxidative fuel. Increasing evidence indicates that gin can also 

play a crucial role in osmotic regulation of cell volume and induce phosphorylation of 

proteins, both of which may stimulate intracellular protein synthesis (van Acker et al. 

1999).

Gin is obtained by both absorption and for ingested nutrients and through biosynthesis. 

Gin from tissues maintains plasma concentrations between 0.6-0.9 mM, making it the 

most abundant free amino acid in plasma and intracellular pools (reviewed in (Smith 

1990; Souba & Austgen 1990)). This is achieved by gin release from the carbon skeletons 

within muscle. The lungs also contain the prerequisite enzymatic machinery necessary for 

the de novo biosynthesis of gin that is quantitatively equal to muscle, while the brain and 

heart produce smaller amounts. Although these tissues generally provide an adequate 

supply, additional gin is occasionally required in the diet when body stores are 

insufficient, i.e. in stressed conditions such as injury and infection (Wu et al. 1991b). The 

importance of gin to suckling piglets is supported by the abundance of this amino acid in 

milk (1.9 and 3.4 mmol/L of defatted milk) on d 22 and 29 of lactation (Wu & Knabe 

1994). However, the addition of gin to infant formulas is debated (Buchman 1996; Burke 

et al. 1989; Gianotti et al. 1995; Souba 1993; Zapata-Sirvent et al. 1994). Also, the the 

safety of pharmacological doses of gin is questioned (Buchman 1996) as it has been 

shown to increase hepatic aminotransferases (Homsby-Lewis et al. 1994), exacerbate
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hepatic encephalopathy in patients with stable cirrhosis (Oppong et al. 1995) and may 

promote tumor growth (Chance et al. 1990). TPN solutions were traditionally free of gin 

because of its chemical instabilities under high temperature and its low solubility. 

However, these problems can be overcome by using gin dipeptides such as L-alanyl-1- 

gln and glycyl-1-gln (reviewed in (Shipley 1996)). Once gin is made available in the 

lumen of the intestine from the digestion of protein, sodium-dependent transport of gin 

across the apical and basal membranes occurs via several distinct transport mechanisms 

(i.e. systems A, ASC, N, L, and y+ (Su et al. 1997)), which also vary with ontogeny and 

between species (gin transport in human and rat compared in (Novak & Beveridge

1997)). However, little gin reaches the bloodstream because the absorptive cells of the 

small intestine utilize almost all that is absorbed from the lumen of the gut (Newsholme 

& Parry-Billings 1990; Wu 1998), in addition to extracting 20 to 30% of circulating gin 

from the bloodstream (Souba 1993).

Glutamine and Intestinal Function

Gin was demonstrated to be a key nutrient in the maintenance of the gut mucosa when 

addition of gin to TPN solutions (Alverdy 1990) or to the diet of newly weaned piglets 

(Wu et al. 1996) partially prevented intestinal atrophy. Gin has been shown to be 

beneficial in several models of bowel injury, but it has been difficult to differentiate 

whether these benefits are due to improvements in enterocyte function or to enhancement 

of gut immune function (Souba 1993). It has also been implicated in preserving intestinal 

metabolism, structure and function and was suspected to help accelerate healing of the 

gut mucosa in irradiated animals (via supporting mitosis in the proliferative zone of the
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villous crypts; (Klimberg et al. 1990)). Gin has also been shown to prevent or delay 

changes in gut permeability either by acting as a preferred fuel source and/or 

reestablishing gut microcirculation (Dugan & McBumey 1995).

Immunologic Influences of Glutamine

Upon encounter with antigen, immune cells seem to possess the ability to switch on 

transporter activity, potentially to increase the availability of amino acids during key 

periods such as activation or maturation (Crawford et al. 1994; Deves & Boyd 1998). The 

rate of gin utilization is hypothesized to remain high in order to provide optimal 

conditions for response to an immune challenge at any time (Newsholme & Parry- 

Billings 1990). Although specific gin transporters in immune cells have yet to be 

identified, changes in expression of these transporters would potentially be useful in 

regulating the availability of gin to immune cells, particularly during immune challenges 

(Newsholme & Parry-Billings 1990).

Gin exerts an influence on the immune system in several ways (reviewed in (Field et al. 

2000a)). It is an extremely important fuel for both macrophages and lymphocytes and this 

may be the case for all cells of the immune system (Newsholme & Parry-Billings 1990). 

T cells are dependent on gin for optimal growth and function and feeding gin (six-fold 

higher than control subjects) by enteral tube feedings was shown to significantly increase 

the ratio of Th to Tc among experimental subjects (Jensen et al. 1996). Lymphocyte 

proliferation, B-cell differentiation, cytokine production (interleukin (IL)-l, EL-2, IFN-y 

and TNF-a) and macrophage-mediated phagocytosis are all positively influenced by
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exogenous gin supply (Newsholme et al. 1985; Newsholme & Calder 1997; Parry- 

Billings et al. 1990; Ruggeberg et al. 1997; Tayeh & Marietta 1989; van Acker et al.

1999). Gin is also an important amino acid for slgA synthesis (Alverdy 1990) and there is 

data to support the importance of gin for neutrophil bactericidal function (Ogle et al. 

1994), and nitric oxide (NO) production (Murphy & Newsholme 1998; O'Dowd & 

Newsholme 1997).

The mechanism for the immunological influence of gin are not completely understood. 

The incomplete metabolism of gin to glutamate has been hypothesized as a way for cells 

to precisely regulate the production of biosynthetic precursors and to enable them to 

respond rapidly to immunological challenges (Newsholme et al. 1985). Gin also acts as 

an antioxidant by way of influencing glutathione levels, one of the most potent natural 

antioxidants produced by the gut and other tissues (Johnson et al. 2003). Gin starvation 

causes a rapid and profound decrease in glutathione levels (Johnson et al. 2003), which is 

involved in several fundamental biological functions, including free radical scavenging, 

detoxification or xenobiotics and carcinogens, redox reactions, and biosynthesis of DNA, 

proteins, and leukotrienes. Therefore, the augmentation of antioxidant protection 

provided by gin may decrease local immune activation, which prevents increased 

permeability caused by oxygen radicals produced by activated immune cells (van der 

Hulst et al. 1997).

Swine Glutamine Metabolism

Many studies investigating the cellular metabolism of gin have been performed in
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neonatal or young piglets, many of which were intended as models for neonatal humans. 

These studies have led to the discovery that piglets show developmental differences in 

metabolism of gin and related urea cycle intermediates. The early low citrulline synthesis 

(14-21 d) increases 10-20-fold that coincides with a 15-fold increase in the activity of P- 

5-C synthase (29-58 d) (Wu et al. 1994). Thus the low rate of citrulline synthesis from 

gin in enterocytes from suckling pigs provides a basis for explaining why arginine and 

proline are nutritionally essential amino acids for young suckling piglets but not for adult 

pigs (Wu et al. 1994). The influence of gin on immune function in infected pigs fed a gin- 

free diet, was demonstrated when the plasma concentration decreased (267 pmol/L vs 

388 jimol/L in uninfected controls) and the proliferative response of lymphocytes to Con 

A stimulation were depressed (Yoo et al. 1997). In contrast, in all pigs that received 

dietary gin, intramuscular gin concentrations were significantly higher, suggesting 

improved gin status (Yoo et al. 1997).

1.8 Beta-glucans

Barley (l-3),(l-4)-B-D-glc is the major component of barley endosperm cells walls, 

accounting for about 75% (w/w) of total cell-wall carbohydrates, the remainder of which 

is protein and pentosans (Jiang & Vasanthan 2000). B-glc from barley consists of a linear 

chain of glucose residues, containing about 70% B(l-4) and 30% B(l-3) glycosidic links 

(described in (Jiang & Vasanthan 2000), shown in Figure 3).

Beta-Glucan Metabolism

In addition to their physiological effects associated with insoluble fiber, such as an
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increase in fecal bulk or the ability to relieve constipation, Barley B-glc also possess the 

biological benefits of soluble fiber, specifically influencing serum glucose and 

cholesterol levels (Izydorczyk et al. 2000). Wheat- and barley-derived B-glc (McIntosh et 

al. 1991) have been associated with reductions in serum cholesterol concentrations in 

both human and animals. More specifically, a decrease in low-density-lipoprotein 

cholesterol in hypercholesterolemic individuals was found following consumption of 

barley relative to wheat foods (McIntosh et al. 1991). Reductions in serum cholesterol 

levels are suggested to result from an increased fecal excretion of bile acids, modification 

of rates and site of absorption of nutrients in the gastrointestinal tract, effect from short 

chain fatty acids produced by fermentation in the colon, and alteration of insulin 

concentrations or sensitivity (Anderson & Siesel 1990).

Immunological Influences of B-glucans

For many years, B-glc were attributed with the anti-nutritional properties of grains such 

as barley and oats. However, more recently the focus of B-glc research has shifted from 

their anti-nutritional properties to their ability to influence immune function. This 

research began when the zymosan component responsible for macrophage activation was 

shown to be B-glc (Riggi & Di Luzio 1961). Since that time, B-glc from various plants, 

bacteria, and fungi have been shown to bind to receptors on macrophages and other white 

blood cells and activating them (Brown & Gordon 2001). Several receptors on 

macrophages, other leukocytes and non-immune cells that recognize B-glc have been 

described, including CR3, lactosylceramide, scavenger receptors, and Dectin-1 (Brown & 

Gordon 2003). A wealth of knowledge has emerged regarding the clinical use of B-glc
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and their obvious therapeutic potential (Willment et al. 2001) as with Lentinan, a B-glc 

from mushrooms, that has been used for human cancer therapy (reviewed in (Chihara 

1992)). The most potent immunonutrients are the large molecular weight B-glc, which 

directly activate leukocytes in vitro, while low molecular weight B-glc activate 

leukocytes to a smaller extent and very short B-glc (<5000-10,000 molecular weight) are 

generally considered inactive (Brown & Gordon 2003).

Information on the mechanisms by which B-glc influence immune function is limited, but 

it has been suggested that B-glc may stimulate lymphocytes through a similar receptor to 

that which lectins bind (Willment et al. 2001), or similar to dietary fiber, may result from 

alterations in the gut microflora, production of SCFA and modulation of mucin 

production (reviewed in (Schley & Field 2002)). Proinflammatory responses induced by 

large molecular weight and particulate B-glc have been shown to involve mediators with 

a central role in signaling, including Toll-like receptors and Dectin-1, and downstream 

components such as MyD8 8  and NF-KB (Brown et al. 2003). The B-glc source may play 

an important role in the generation of these immune mediators, as even the B-glc from 

the fungi Pneumocystis carinii acts as a potent inducer of macrophage activation through 

NF-KB utilizing cellular receptors and signaling pathways distinct from 

lipopolysaccharide (LPS) (Lebron et al. 2003).

Beta-Glucan Supplementation in Swine

There are a few studies examining the effect of B-glc, both as an additive or as a 

constituent of major feed ingredients in swine diets (Decuypere et al. 1998; Dritz et al.
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1995; Fortin et al. 2003; Hiss & Sauerwein 2003; Schoenherr et al. 1994). However, the 

effect of B-glc on the immune system is not established. Furthermore, the extent to which 

dietary B-glc come in direct contact with immune cells in GALT has not been examined.

Part III -  Infection and Immune Response

1.9 Enterotoxigenic Eschericia coli 

Esecherichia coli infection and clinical diarrhea

The clinical manifestation of E. coli infection is known as infectious diarrhea (reviewed 

in (Casbum-Jones & Farthing 2004)). It is the most common cause of diarrhea 

worldwide, is the leading cause of death in childhood and the second most common cause 

of death worldwide. Diarrheal disease is estimated to kill 4 to 6  million children globally 

each year (Levine & Edelman 1984). In the United States alone, the incidence of acute 

diarrhea in children less than 3 y old is on the order of 1.3-2.3 episodes per child per year, 

adding to a combined cost of greater than 2  billion per year for inpatient and outpatient 

care for pediatric diarrhea (Glass et al. 2001). Currently, there are four recognized classes 

of E. coli that cause diarrheal disease in humans; enterotoxigenic E. coli (ETEC), 

enteropathogenic E. coli, enteroinvasive E. coli and enterohemorrhagic E. coli (Levine & 

Edelman 1984). Each of these types of E. coli manifest distinct pathogenesis, clinical 

syndrome, and epidemiology. ETEC is identified as a causative agent in approximately 

800,000 cases in children under 5 years of age, in countries such as Nicaragua, Chile, 

Bangladesh and Mexico (Black et al. 1981; Cravioto et al. 1988; Levine & Noriega 1993; 

Paniagua et al. 1997). ETEC is also responsible for diarrhea in travelers from 

industrialized areas that visit less developed countries (Levine & Edelman 1984).
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Although oral rehydration therapy remains central to managing cases of diarrhea, more 

recent therapies include antimotility agents, antisecretory agents, antimicrobial therapy 

and probiotics (Casburn-Jones & Farthing 2004). There has been considerable work on 

the composition of the oral rehydration therapies including the addition of glucose plus 

amino acids aimed at stimulating fluid absorption across separate Na+-coupled carriers in 

the apical membrane (Patra et al. 1989; Rombeau 1990).

ETEC diarrhea is caused by a choleragen-like enterotoxin (LT) and/or a heat-stable 

enterotoxin (ST) released by E.coli after it adheres to an intestinal epithelial cell 

(reviewed in (Gyles 1992)). While heat-stable enterotoxin causes an increase in the 

cGMP levels in intestinal cells, heat-labile enterotoxin stimulates the production of 

cAMP by the enterocytes (Field 1976; Moon 1978). These enterotoxins induce intestinal 

secretion by similar mechanisms. Overproduction of cAMP stimulates both the secretion 

of electrolytes by the cells of the crypt and inhibits the absorption of electrolytes by the 

cells of the villi, there is a rapid increase in the rate of secretion of electrolytes and water 

from the intestine, leading to diarrhea, severe dehydration and sometimes death 

(Holmgren 1981). In the presence of normal colonic transport function, diarrhea ensues 

only when the volume originating from the small intestine exceeds the large reserve 

capacity of the colon.

Swine ETEC Infections
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Infections with ETEC are also a major concern to several livestock species, including 

cattle (Contrepois et al. 1998) and swine (Nabuurs 1998). ETEC induce diarrhea in swine 

during the neonatal period ( < 6  days of age), and immediately after weaning (3 to 9 weeks 

old) (Dean et al. 1989). Therefore, reducing the risk of ETEC infection in piglets would 

be both beneficial to swine producers and have public health benefits. In contrast to the 

situation with human infants, there are few options for the treatment of diarrhea in young 

piglets. Therefore, dietary intervention aimed at improving the development of the 

immune system and the intestine would be an alternative method of helping reduce the 

risk of infection in piglets.

Since piglets are bom free of immunoglobulins and acquire them quickly from colostrum, 

the intestinal epithelium must develop a mechanism for taking up physiologically active 

macromolecules (Lecce 1975). The neonatal gut does not appear to be able to clearly and 

consistently distinguish useful macromolecules from potentially harmful 

macromolecules. Possibly, this non-discriminating absorption that occurs in the neonate 

and not in the adult, could account for some of the vulnerability of the neonatal animal to 

intestinal microorganisms. In addition to their reliance on maternal immunity, intensive 

agriculture practices have resulted in piglets, formerly weaned at ten to twelve weeks of 

age, being weaned at week two to five (Nabuurs 1998). Weaning not only suddenly 

severs piglets from the source of antibodies and protective factors, as well as easily 

digestible and absorbed nutrients in the milk of the dam, piglets are more commonly 

weaned at a time when the immune system has not had sufficient time to mature. In 

addition, newly weaned piglets have a shortage of functional and/or appropriate digestive
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enzymes, exposure to environmental stress, increased gastric pH, differences in 

expression of cell-surface molecules, villus atrophy and a novel feeding regimen along 

with a decreased feed intake (FI) (Nabuurs 1998; Sarmiento et al. 1988). The 

combination of early weaning to plant proteins and a sudden halt in the supply of 

maternal antibodies results in adverse reactions of the piglet and diarrhea is the first and 

most prevalent clinical sign of illness after early weaning (Nabuurs 1998).

K88 Antigens

Infection with ETEC is most commonly confirmed by identification of the specific 

fimbrial adhesins present on the surface of the isolated bacterium (Thorns et al. 1989). 

The pathogenesis of diarrhea involves adherence to the small intestine by means of 

filamentous surface appendages called pili or fimbriae, followed by hypersecretion of 

water and electrolytes caused by bacterial enterotoxins (heat stable enterotoxin: STa, and 

heat labile enterotoxin: STb). Antigenically different types of pili described for ETEC of 

swine origin include: K8 8  (F4), K99 (F5), 987P (F6 ), and F41 (Fairbrother et al. 1986; 

Nagy et al. 1992; Sarmiento et al. 1988; Thoms et al. 1989). Susceptibility of piglets to 

pilus-mediated adherence is age specific. While neonatal piglets are susceptible to strains 

of ETEC that produce 987P or K99 pili, whereas ETEC that produce K8 8  pili are 

commonly associated with diarrheal disease in both neonatal and newly weaned piglets 

(Sellwood 1979). Data from the U.S. indicate that more than one half of the ETEC strains 

in both age groups are K8 8 + (Nagy et al. 1992). Bacteria which express the K8 8  antigen 

possess a number of unique characteristics, such as showing B-haemolysis when cultured 

on blood agar (Sellwood 1979). Adhesion is also mannose resistant, inhibited by the
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presence of specific antiserum, and requires pilus expression (growth of the organisms in 

temperatures greater than 18°C) (Laux et al. 1986). The K8 8  antigen contains two 

plasmids, one encoding the genes for K8 8  fimbriae on the bacterial surface, and a second 

plasmid encoding the genes for toxin production (Blomberg et al. 1993). The K8 8  

antigen is contained in a fimbrial structure which is commonly known as the K8 8  

adhesin, and exists in at least three different antigenic forms (K8 8 ab, K8 8 ac, and K8 8 ad) 

which appear to have different specificities for brush border membranes isolated from 

pigs of differing phenotype (Laux et al. 1986).

Cell Surface Characteristics

Adhesion of ETEC not only involves expression of fimbriae, but also the cell surface 

characteristics of the host. Pilus-specific binding sites must be available on intestinal 

epithelium for pilus-mediated adherence (Dean et al. 1989), which is an essential 

component for the successful host colonization and enterotoxin delivery to the host. The 

affinities of these receptor-ligand interactions as well as the concentrations of the 

interacting molecules and the presence of nutritional and inhibitory components will 

determine the level of success of the bacterial colonization process. This adhesion is 

mostly mediated by bacterial fimbrial-determined receptor specificity and therefore 

tropism exists for particular host species, ages, intraspecies variants, and intestinal 

segments (Khan et al. 1996). ETEC fimbriae are generally believed to recognize the 

carbohydrate moieties of host glycoconjugates. Binding sites for K8 8  antigens have been 

characterized. While the K8 8 ad adhesin appears to preferentially bind to glycolipids, the 

K8 8 ab and K8 8 ac adhesins preferentially bind to glycoproteins (reviewed in (Jin & Zhao
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2000)). Among the binding sites for K8 8 ac are intestinal mucin-type glycoprotein 

(IMTGP) 1 and IMTGP 2 (Grange et al. 1998). Proteins of various sizes in both intestinal 

mucus and brush border membranes were recognized by K8 8 ab fimbriae, including a 

GP74 mucosal transferring (Grange & Mouricout 1996). An intestinal neutral 

glycosphingolipid was identified as a phenotype-specific receptor for the K8 8 ad fimbrial 

adhesion (Grange et al. 1999).

K8 8 + bacteria do not adhere to the brush borders of all pigs as susceptibility to epithelial 

cell colonization is mediated by the presence of binding sites for the K8 8  antigen, a 

character conferred by an autosomal dominant gene (Sarmiento et al. 1988). Both 

homozygous dominants and heterozygotes possess the receptor and are thus susceptible 

to infection, while homozygous recessive piglets are not because it is absent (Sellwood 

1979).

In order to bind to the underlying epithelial cells, K8 8 -bearing E.coli strains must pass 

through the mucus layer. Receptors specific for the K8 8 ab adhesins are present in both 

the soluble crude mucus preparations and the brush border preparations, but whether the 

mucus layer serves as an initial point of contact for ETEC adhesion or the soluble 

receptors serve to prevent colonization by interfering with the attachment ETEC to the 

underlying epithelial cells is unclear (Laux et al. 1986). As compared to 5-week-old 

piglets, a relatively small amount of K8 8 -specific receptor (1/16th) is present in newborn 

piglet ileal mucus, suggesting that the mucus layer plays a protective role (Conway et al. 

1990). A relatively large amount of K8 8 -specific receptor was found in 35-day-old piglet
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ileal mucus, which was concentrated enough to bind to E.coli K88-fimbriated cells and 

prevent the strain from binding to ileal epithelial cells supports this theory (Conway et al. 

1990). Although the amount of K8 8  receptor present in newborn ileal mucus is 

insufficient to prevent adhesion, older animals appear to develop the ability to synthesize 

sufficient K8 8  receptor in their mucus to ensure protection.

E. coli infection models

The pathogenesis of E.coli-induced postweaning diarrhea in swine is not well defined. 

Despite efforts to design a completely reproducible ETEC model to properly study the 

various stages of the infection, few researcher have been successful (reviwed in 

(Sarmiento et al. 1988).

1.10 Immune Response to E. coli Infection 

The Epithelial Barrier

Epithelial cells are responsible not only for absorbing nutrients from the lumen, but also 

for barricading the hostile external environment form the internal milieu. Challenges to 

GALT by pathogens (i.e. ETEC) stimulate a rapid response in the piglet. This process 

involves the nonimmunologic components of mucosal barrier function such as vomiting, 

increased propulsion, hypersecretion of electrolytes, water and mucus, increased blood 

flow and epithelial restitution (reviewed in (Holtug et al. 1996)).

Innate Immune Response to Infection

The innate immune response is the first line of defense against microbial pathogens. A
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wide variety of bacterial components (i.e. peptidoglycan, lipoteichoic acid, 

lipoarabinomannan, lipopeptides, bacterial DNA, and LPS) are capable of stimulating the 

innate immune system, whose principal challenges are pathogen recognition, mounting 

an immediate defense response, and activating adaptive immune responses (desribed in 

(Miyake 2003)). LPS is a principal component of Gram-negative bacteria that potently 

activates the innate immune system and is one of the best studied microbial products 

(Ulevitch & Tobias 1995). The intravenous administration of LPS has been reported to 

produce diarrhea and intestinal lesions in a variety of animal species (Mittermayer et al. 

1982) and also causes glucose uptake in rats to support the numerous immunological 

functions of LPS-stimulated macrophages and lymphocytes (Lang et al. 1991). LPS is 

also known to increase the synthesis and/or release of cytokines and lipid mediators in the 

gut (TNF-a, BFN-y, EL-1, IL-6 , platelet-activating factor, and arachidonic acid 

metabolites) (Fong et al. 1990; Peskar et al. 1981; Sun & Hsueh 1988; Touchette et al. 

2002; Webel et al. 1997). Despite its potent immunostimulatory activity, the mechanisms 

underlying LPS recognition have not been clearly defined and only recently have 

molecules constituting the LPS recognition compex (CD 14, TLR4, and MD-2) been 

identified (Miyake 2003).

Neutrophils occupy a major role in the innate immune response to ETEC and are 

recruited abundantly to sites of infection (reviewed in (Sandborg & Smolen 1988). This 

recruitment is the result of complex signaling events between PMN and epithelial cells 

that are triggered by the attachment of bacterial pathogens to the epithelial surface. 

Binding of bacteria results in the secretion of potent chemoattractants by epithelial cells,
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such as IL8  from the basolateral surface (Colgan et al. 1996; Eckmann et al. 1993; 

McCormick et al. 1993) and a pathogen-elicited-epithelial-chemoattractant (McCormick 

et al. 1998). This apically secreted pathogen-elicited-epithelial-chemoattractant was 

further characterized as the eicosanoid hepoxillin A3 (Mrsny et al. 2004) and directs PMN 

migration across an epithelial monolayer through tight junctions. After entering infected 

tissue, neutrophils non-specifically engulf the invading bacteria (by phagocytosis 

(Hofman et al. 2000)), become activated and secrete a number of inflammatory agents 

such as cytokines and reactive oxygen intermediates (ROI: 02-, H202, and other reactive 

02 metabolites (Baker & Campbell 1991; Mobert et al. 1999) aimed at destroying the 

bacteria (Hofman et al. 2000; Sandborg & Smolen 1988).

Adaptive Immune Response to Infection

In order to mount an adaptive immune response, antigens must be transported across the 

gut to the underlying tissues by way of epithelial cells or by M cells, which act as APC 

and allow antigen to come in contact with dendritic APC and classical phagocytic 

macrophages. M cells (first described in (Owen 1977; Owen & Jones 1974)) form a 

latticework with many IELs (Laissue et al. 1993). There are also many lymphocyte- 

containing cytoplasmic pockets at the basolateral surface of M cells (Jepson & Clark 

1998). Therefore, the structure of M cells makes them an ideal gateway for the 

presentation of enteric antigens to the cells of the immune system. Certain 

microorganisms are known to exploit M cells as a route of host invasion (a description of 

these pathogens has been reviewed elsewhere (Gebert et al. 1996; Savidge 1996; Siebers 

& Finlay 1996). Once these antigens have been delivered to the underlying lymphoid
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tissue, an immune response is activated.

The humoral response is initiated by antigen uptake by APCs, degradation into 

immunogenic peptides, and presentation on the cell surface within the context of MHC 

class II molecules. Specific T cells recognize and bind to this complex, and subsequently 

release various cytokines (IL-4, IL-5, IL-6 ) to activate B cells, other T cells and 

macrophages. Once activated, precursor B cells undergo immunoglobulin class switching 

from IgM to IgA (not IgG) and amplification with enhanced IgA antibody production 

specific for the antigen sampled from the intestinal lumen. Migration of antigen-specific 

B- and T-eells from GALT to blood occus within 5-7 d following antigen exposure 

(Kantele et al. 1996; Quiding-Jarbrink et al. 1995) eventually homing back and becoming 

established in GALT (Rothkotter et al. 1999). The principal Ig of mucosal defense is 

secreted IgA (Insoft et al. 1996), and slgM to a lesser extent (Brandtzaeg et al. 1987). 

Plasma cells continue to actively produce antigen-specific antibody for a variable period 

as plasma cells (of mice) have been reported with a half-life from 4.7 days up to 8  weeks 

(Mattioli & Tomasi, Jr. 1973) and it was reported that intestinal humoral immunity may 

be dependent on plasma cells that have a life span of more than 1 year (Slifka et al.

1998). Secreted Ig bind to and coat the surface of potential pathogens, thus preventing 

their attachment to the glycocalyx of the surface epithelium (Alverdy 1990; Keren 1992).

The cellular immune response stimulates T cells to develop into effector cells (Tc, 

CD8 +), which recognize MHC I-antigen complexes and secrete bioactive factors that 

result in the direct killing of the infected cell (reviewed in (Gaskins 1998). Degraded
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intracellular pathogens are presented in the context of self-MHC class I antigens and 

similar to the humoral clonal expansion of B cells, Tc recognize a single antigen and 

clonally expand in numbers. In GALT, activated T cells leave the PP, eventually 

returning to the epithelium (EELs)(Brandtzaeg et al. 1989) or the lamina propria (Agace et 

al. 2000; Langkamp-Henken et al. 1992). The processes of cell adhesion, migration and 

signaling (reviewed in (Butcher et al. 1999; Gonzalez-Amaro & Sanchez-Madrid 1999)) 

are mediated by specific cell-surface molecules; selectins (Yang & Binns 1993a), 

integrins (Butcher 1991; Holzmann & Weissman 1989) and CD44 and their ligands 

(Yang & Binns 1993b).

1.11 Conclusions

The gastrointestinal tract is a unique organ system because not only is it responsible for 

absorption of a very large volume of fluid and nutrients, but it is also the largest immune 

organ in the body. Many immune cell populations reside in GALT, which can be futher 

divided into nonaggregated and aggregated tissues. Although the swine immune system 

is similar in several ways with other species, they have been shown to have a very 

diverse T lymphocyte population, differences in immune cell proportions, and specific 

PP structures. Many changes occur in the swine immune system as the animal matures. 

Although many of the changes that occur during development have been characterized, 

the functional consequences are poorly understood.

The importance of nutrition to the immune system is well established. Nutrition is 

especially important in young piglets that first rely on maternal colostrum and milk not
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only to meet their nutrient requirements, but to also obtain passive immunity. Piglets are 

then rapidly weaned onto plant-based diets and the weaning process is associated with 

adverse reactions (i.e. growth lag, infections) that are more frequent with early weaning. 

The nutrient requirements of swine have been defined and are optimized for growth, a 

process that has been facilitated with the development of new analytical techniques such 

as the indicator amino acid method. However, the ideal proportions of nutrients for 

young piglets and human infants that would maximize immune function are less well 

defined. While producers and health care providers rely on antibiotics to treat infection 

and promote growth, there is a growing movement to minimize antibiotic usage. As a 

result, attention has shifted to naturally-occuring molecules. Two potential nutrients with 

immunological properties are the amino acid gin and Barley-derived B-glc. There is 

considerable literature to support the importance of both gin and B-glc to the immune 

system. Most of this literature originates from studies performed in other species (i.e. 

human or rodent) and little is established in the young piglet. Furthermore, knowledge of 

the mechanisms by which specific nutrients influence immune function are limited and 

immune function is rarely studied in GALT, the logical site for a diet-immune 

interaction.

Newly weaned piglets and neonatal babies are susceptible to gastrointestinal infections, 

such as those caused by ETEC. Several strains of ETEC have been identified that cause 

disease in these species. Unfortunately, determination of the mechanisms of infection and 

design of potential intervention strategies are limited. This is because of the lack of 

reproducible, experimental model of ETEC infection. Despite advances in the
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understanding of the systemic immune response to infection, there are gaps in the 

literature on the response of GALT tissue.
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Table 1. Cluster of Differentiation Antigens and their function
CD

antigen
Expression Function

CD2 T cells, NK cells Low affinity, non-conventional adhesion molecule, binds 
LFA-3 in humans and CD48 in rats, interactions in the T 
cell-APC contact zone facilitates scanning of MHC- 
peptide complexes by TCR and significantly enhances 
TCR engagement (van der Merwe & Davis 2003)

CD3 T cells Component of TCR complex, CD3 consists of the y, 8 , s 
and C, chains (Weiss 1993); cytoplasmic domains 
involved in coupling between the antigen specific signal 
delivered by the T cell receptor and the intracellular 
activation pathways (Pescovitz et al. 1998); Several 
components of the CD3 complex are essential in pre- 
TCR assembly and function during T cell development 
in the thymus (Haks et al. 1999)

CD4 Th Monomeric polypeptide, TCR co-receptor, binds to 
MHC class II molecules (van der Merwe & Davis 2003)

CD8 Tc Disulphide-linked dimmer, TCR co-receptor, binds with 
low affinity to MHC class I molecules (van der Merwe 
& Davis 2003)

CD 18/ 
CD11

PMNs,
leukocytes

significant in PMN migration across both epithelia and 
endothelia (Jaye & Parkos 2000); heterodimeric integral 
membrane glycoproteins expressed solely on leukocytes; 
consist of a common B chain (CD 18) that associates 
with one of four alpha chains (CD 11 a, CD lib,  C D llc, 
CD1 Id) (Springer 1995)

CD25 T cells IL-2 receptor comprised of three subunits; a, functions in 
IL-2 binding, p & y -  function to augment ligand binding 
and induce cellular signaling (Malek 2003)

CD44 leukocytes, 
erythrocytes, 

fibroblasts, and 
epithelial cells

Family of general adhesion surface molecules with a 
wide tissue distribution, anti-CD44 Abs stain most of 
human and porcine PBL, involved in broad range of 
lymphocyte activities, such as lymphohemopoiesis, cell
cell adhesion, cell-matrix interaction, lymphocyte 
migration, and lymphocyte activation (Yang & Binns 
1993b)

CD45 T cells Component of multimeric T cell receptor complex 
(Woodward et al. 1995); Several isoforms in swine 
(RAC, RA, RC, RO).(Bailey et al. 1998; Haverson et al. 
1999); RA identifies quiescent naive-type T cells and 
high proportion in young animals, RO expressed on 
antigen mature cells (Field et al. 2000b)

CDw75 Mature B cells, 
red blood cells, 
epithelial cells

Functions in B-B cell adhesion; ligand for CD22, 
expressed on germinal centre B cells (Tanimoto & 
Ohtsuki 1996)
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Table 2. Cytokines and their functions and sources
Cytokine Sources Function

IL-2 Recently activated T cells Thl-type cytokine; Most critical 
cytokine for promoting clonal expansion 
of recently activated T cells, induce 
biological response after binding to high 
affinity receptor (CD25) (Malek 2003)

EL-4 T cells Th2-type cytokine which stimulates B 
cell proliferation and differentiation, 
influences intercellular associations and 
permeability across epithelial and 
endothelial cells

IL-10 Th2-type cytokine with ability to down- 
regulate Thl responses (IFNy secretion 
and activation of 
monocytes/macrophages), important in 
Th2-mediated inflammatory processes 
(Groux & Cottrez 2004)

TNF-a Monocytes, fibroblasts, and 
endothelial cells

Thl-type- and proinflammatory 
cytokine; bind to cell surface receptors, 
leading to the rapid production and 
secretion of IFN-gamma, serves as a first 
line of defense against invading 
pathogens

IFN-y NK, CD8  & CD4+ T cells, 
macrophages, dendritic cells, 

B cells

Thl-type pleotropic cytokine that plays 
an essential role in both the innate and 
adaptive phases of an immune response 
(Szabo et al. 2003); induces increased 
intestinal epithelium permeability 
(Heyman & Desjeux 2000; Madara & 
Stafford 1989)
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Table 3. Amino acids categorized by degree of indispensability and studies examining 
their requirements in piglets.

Dispensable Conditionally Indispensable Indispensible

Alanine Gin (Robinson et al. 1999) Lysine (House et al. 1998)

Aspartate Arginine (MacDonald et al. 
1984) Isoleucine (Elango et al. 2002)

Asparagine Cysteine (Vina et al. 1995) Leucine (Elango et al. 2002)

Glutamate Glycine (Ngo et al. 1977) Valine (Elango et al. 2002)

Serine Proline (Brunton et al. 1999) Methionine (Shoveller et al. 2003)

Tyrosine (Bross et al. 2000) Phenylalanine (House et al. 1997)

Threonine (Bertolo et al. 1998)

Tryptophan (Zimmerman 1975)

Histidine (Zhang et al. 2002)
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Table 4. Transport properties of ions relevant to intestinal transport

Ions Luminal Surface 
(outward facing)

Basolateral Surface 
(inward facing)

Sodium (Na+)

Permeable to Na+ transport because 
of low intracellular Na+ 
maintained by active extrusion of 
Na+ across the basolateral 
membrane, steep electrochemical 
gradient partly due to negative 
potential difference across this 
membrane, Only ion that moves 
from a lower to a higher 
electrochemical gradient (Ussing & 
Zerahn 1951)

Impermeable to Na+ transport; 
active tranpsort mechanism (Na- 
K-ATPase) pumps Na+ to the 
inside solution coupled with K+ 
transport in the opposite direction 
(ratio of 3:2) (Ussing 1994), 
maintains high K+ and low Na+ 
concentration in the cell; 
absorption of nutrients critically 
dependent on Na+K+ATPase, 
which maintains a low 
intracellular Na+ concentration 
(Koefoed-J ohnsen & Ussing 
1958).

Potassium
(K+)

Impermeable to K+ transport

Na+K+ATPase pumps K+ to the 
outside solution coupled with Na+ 
transport, K+ ions free to return to 
the internal solution because of 
the high K+ permeability of the 
basolateral membrane (Ussing 
1994)

Chloride (Cl")

Passes through specific Cl" 
channels which do not admit H20  
(Ussing 1994), secretion occurs in 
both the villar and crypt area 
(Hoitug et al. 1996)

driving force for luminal 
secretion maintained by activation 
of basolateral Na+K+2C1- 
cotransporter -  increases the 
intracellular level of Cl- above its 
electrochemical equilibrium, exit 
of K+ through basolateral 
channels maintains intracellular 
electronegativity necessary for 
Cl- secretion (Holtug et al. 1996)

Carbonate
(HC03)

Involved in electrolyte secretion by its serosal-to-luminal transcellular 
transport

Water (H20)

H20  follows electrogenic Na+ transport during absorption, follows Cl- 
during electrogenic secretagogue-induced secretion (Holtug et al. 1996), 
large proportion utilizes paracellular pathways or specific H20  channels 
(Ussing 1994)
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Figure 1 -  Patterns of Lymphocyte Trafficking (adapted from (Rothkotter et al. 1999)). From the peripheral circulation, lymphocytes 
enter PP via high endothelial venules (HEV) and enter lamina propria via mucosal blood vessels. Following antigen exposure at these 
sites, lymphocytes and dendritic cells filter to the mesenteric lymph nodes via afferent lymph vessels. Unlike other species, piglet T 
cells leave the mesenteric lymph node to the peripheral circulation via an unusual route of migration; directly via blood capillaries 
rather than in efferent lymph.



Figure 2. Ussing Chamber Diagram (adapted from (Ussing & Zerahn 1951)). One pair of electrodes, preferably connected via agar 
bridges (A & A 1), is placed adjacent to the tissue (S) for measurements of spontaneous Potential Difference (PD -  read on tube 
potentiometer). Short-cicuit current (Isc) passing tissue read on Microamperemeter (M) by means of current passing electrodes (B) are 
placed in the periphery of the chambers.
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CHAPTER 2 - RESEARCH PLAN

2.1 RATIONALE

Enterotoxigenic Escherichia coli (ETEC) is a causative agent in approximately 800,000 

cases of diarrhea in children under 5 years of age annually (Paniagua et al. 1997) and in 

piglets at weaning (Nabuurs 1998). As piglets are susceptible to ETEC infections and the 

process by which the organism infects them, they offer a logical model to determine the 

effect of diet on infant ETEC. Swine also grow and metabolize nutrients more similar to 

humans (Saalmuller et al. 1989) compared to mice, the most frequently used 

experimental model, which have a very short gestation and distance in phylogeny 

(Sinkora et al. 2002). Although there has been considerable research on the immune 

system in pigs, less is known about immune function during the weaning period.

The amino acid gin is a conditionally essential nutrient that becomes conditionally 

essential in many pathologic states (Smith 1990). The benefits of gin have been shown at 

several immune sites, including maintenance of the gut mucosa (Alverdy 1990; Wu et al. 

1996), enhancing the function of several immune cell populations (Shipley 1996) and 

increasing the synthesis of growth factors and cytokines (Tayeh & Marietta 1989; 

Newsholme & Calder 1997; Ruggeberg et al. 1997). B-glc from various plants, bacteria, 

and fungi have been shown to bind to receptors on macrophages and other white blood 

cells, activating them (Brown & Gordon 2001), and promoting resistance to infections 

(Williams & Di Luzio 1979) and tumors in vivo (Chen & Hasumi 1993). In vitro, B-glc 

have been shown to influence adaptive immune function by increasing lymphocyte 

proliferation and cytotoxicity (Kim et al. 1996) and innate immune function components
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such as complement (Vetvicka et al. 1996) and neutrophil function (Zhang & Petty 1994; 

Willment et al. 2001). In conclusion, feeding these dietary nutrients has the potential to 

influence immune and gut development and support the immune system during ETEC 

infection.

2.2 OBJECTIVES AND HYPOTHESES

The overall aim of this research is to determine the efficacy of two dietary constituents 

(i.e. gin and B-glc) on immune and gut development in weaned piglets.

The objectives and hypotheses of this research are:

A. To develop an experimental model of ETEC infection in the piglet

It is hypothesized that:

1. Oral inoculation with live ETEC to weaned piglets will result in reproducible clinical 

symptoms of mild infection.

2. An in vivo loop model would demonstrate the early intestinal sings of ETEC infection. 

The early signs of infection are defined by a) intestinal response b) response of gut- 

associated lymphoid tissue (GALT).

B. To characterize changes during the 2 week post-weaning period on immune 

defense
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It is hypothesized that:

3. Piglet innate immune defense at 35 days will be improved compared to that at 21 days. 

An improvement in innate immune defense was defined by increased neutrophil function.

4. Piglet adaptive immune defense at 35 days is more developed than at 21 days. 

Development of adaptive immune defense was defined as a) an increased response to 

mitogens in lymphocytes isolated from blood, mesenteric lymph nodes (MLN) and 

Peyer’s patches (PP), b) an increased production of specific cytokines from these 

mitogen-stimulated lymphocytes, and c) changes in immune cell populations that reflect 

increased maturation.

C. To determine the ability of supplemental dietary gin (4.4 % w/w) to: a) promote 

immune function and defense against ETEC challenge and b) improve 

gastrointestinal morphology and function against an ETEC challenge in the early 

post-weaning period in piglets.

It is hypothesized that:

5. Supplementation of dietary gin to newly weaned piglets will improve innate immune 

defense. An improvement in innate immune defense was defined by increased neutrophil 

function.
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6 . Supplementation of dietary gin to newly weaned piglets will improve adaptive immune
•5

defense. Improved defense was defined as an increase in proliferative response ( H- 

thymidine uptake and cytokine production) to mitogens by lymphocytes isolated from 

blood, MLN and PP.

7. Supplementation of gin to newly weaned piglets will benefit gut development in the 

newly weaned piglet. An improvement in gut development was defined as changes in 

jejunal permeability and electrophysiology measures.

8 . Intestinal loops challenged with ETEC from gin-supplemented piglets will maintain a) 

intestinal barrier function and b) functional integrity. Intestinal functional integrity was 

assessed by measuring potential difference (PD), short-circuit current (Isc) and mannitol 

flux (ManP).

D. To determine the effect of feeding barley derived b-glc on a) immune function b) 

gastrointestinal function

It is hypothesized that:

9. Supplementation of dietary Barley-derived B-glc will improve innate immune defense. 

An improvement in innate immune defense was defined by increased neutrophil function 

and increased concentration of blood phagocytic cell numbers.
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10. Supplementation of Barley-derived B-glc can improve adaptive immune defense. 

Improved immune defense was defined as an increase in proliferation in response to 

mitogens ( H-thymidine uptake and cytokine production) by lymphocytes isolated from 

blood, MLN and PP.

11. Supplementation of Barley-derived B-glc will benefit gut development in newly 

weaned piglets, defined by gut permeability, absorption and secretion (Ussing chambers).

12. Supplementation of diets varying in Fiber and B-glc content will decrease the ability 

of isolated enterocytes to bind Fluorescein isothiocyanate- (FITC) labelled Escherichia 

coli.

2.3 CHAPTER FORMAT

The hypotheses posed are tested in a sequence of experiments. These experiments are 

organized in chapters as follows:

A. Chapter III will test Hypothesis 1 and 2

B. Chapter IV will test hypothesis 3 and 4

C. Chapter V will test hypothesis 5, 6,7 and 8

D. Chapter VI will test hypothesis 9,10,11, and 12
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E. Chapter YII will be a general discussion of all of the results as they relate to 

the overall aims of this thesis
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Chapter 3 -  DEVELOPMENT OF AN ETEC SURGICAL 
MODEL IN YOUNG PIGLETS

3.1 INTRODUCTION

ETEC Models of Infection

To test potential preventative therapies and nutritional interventions, an animal model of 

ETEC is required. The development of a reproducible orally-induced model in the piglet 

has been problematic (Sarmiento et al. 1988; Nabuurs 1998). Contributing to this are the 

observations that the age of the piglet influences susceptibility to infection: neonatal 

piglets are susceptible to strains of ETEC that produce 987P or K99 pili. ETEC that 

produce K8 8  pili are commonly associated with diarrheal disease in both neonatal and 

newly weaned piglets (Dean et al. 1989). Additionally, K8 8 + bacteria do not adhere to 

the brush borders of all pigs (Sellwood 1979) and the amount of potential glycoprotein or 

glycolipid E. coli receptors in gut change with age (Conway et al. 1990).

Despite the use of ETEC-sensitive piglet strains, gavaging animals with K8 8 + ETEC 

strains does not consistently produce diarrheal infection (Sarmiento et al. 1988; Nabuurs 

1998). Modification of environmental factors such as a reduction in environmental 

temperature (cold stress), gastric acid neutralization, abrupt weaning and removal of 

lacteal immunity, and brief exposure to post-weaning dietary antigens before weaning 

have been attempted, with limited success to increase the probability of obtaining a 

reproducible model (Sarmiento et al. 1988).
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In vitro and in vivo Surgical Models

Various techniques have been developed to study the interactions of microorganisms 

and the gut-associated lymphoid tissue (GALT) in vitro. For example, excised intestinal 

tissue maintained in culture medium has been used in some studies (Girardeau et al. 

1980; Conway et al. 1990), but tissue viability is poor (Jepson & Clark 1998). Fixed 

tissue has been utilized to examine bacterial adhesion (Snodgrass et al. 1981; Laux et al. 

1984), but this does not represent in vivo conditions and modifications of bacterial 

receptors can occur during tissue preparation (Jepson & Clark 1998). The gut loop 

method offers the advantage that inoculation conditions and timing are more readily 

controlled, optimizing the likelihood of observing initial cellular interactions (Jepson & 

Clark 1998). Additionally, including a control loop within each animal can control for 

inter-animal differences.

In vivo physiological response to surgery and anesthesia

Surgery elicits profound physiological changes including hormonal, metabolic, 

haematological and immunological responses (reviewed in (Hall & Ali 1998), the 

magnitude of which are proportional to the invasiveness of surgery. The immunological 

responses will be described in detail later in this chapter. It is also necessary to describe 

some other responses that must be considered with surgical models. The concentrations 

of several hormones have been shown to be affected by surgical stress, including 

prolactin, cortisol, adrenocorticotropic hormone, growth hormone, and P-endorphin 

(Guieu et al. 1998; Castejon-Casado et al. 2001). The gastrointestinal tract is sensitive to 

surgical stress (reviewed by (Anup & Baslasubramanian 2000) and alterations in
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intestinal permeability have been reported following surgery (Roumen et al. 1993). 

While the cellular and subcellular changes that occur in the intestinal tract after surgical 

stress are not well documented, there are reports of increased production of ROI, 

functional changes in mitochondria, and increased proteolysis which would all alter the 

integrity of the gastrointestinal mucosa (Anup & Baslasubramanian 2000).

Effect of surgery and aneasthesia on immune function

When using an in situ model, the influence of the anesthetic and surgical procedure must 

be considered. Many functions of the immune system are altered after anaesthesia and 

surgery (Helmy et al. 1999), possibly explaining transient postoperative 

immunosuppression (Markovic & Murasko 1993) and contributing to morbidity and 

mortality from infection (Helmy et al. 1999). The principal immunological change after 

major surgery is decreased cell-mediated immunity, likely mediated by an impaired NK 

cell response T helper (Thl) response, resulting in preferential Th2-type responses 

(Helmy et al. 1999). Other immune changes reported following surgery/anesthesia 

include reduced total peripheral blood lymphocyte (PBL) counts (affecting both T 

lymphocyte (T cell) and B lymphocyte (B cell) numbers), decreased responses to 

mitogens (ConA) and microbial antigens, diminished delayed hypersensitivity reactions 

and decreased mixed lymphocyte responses (Markovic & Murasko 1993; Markovic et al. 

1993; Lahteenmaki et al. 1998). Following surgery, enhanced antibody responses have 

also been documented (Markovic & Murasko 1993; Markovic et al. 1993; Lahteenmaki 

et al. 1998). This appears to accompany a decrease in serum immunoglobulin 

concentrations contributed to by haemodilution and the loss of protein into extravasal
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tissues (Lahteenmaki et al. 1998). Cytokines affected by the surgical process include 

Interleukin (IL)-2, whose production has been shown to significantly decrease after 

initiation of anaesthesia (Helmy et al. 1999). However, surgery is reported to result in 

increases in pro-inflammatory EL- 6  (Helmy et al. 1999), TNF-a (Hall & Ali 1998; Helmy 

et al. 1999) and EL-1 (Hall & Ali 1998; Helmy et al. 1999; Bozkurt et al. 2000) and anti

inflammatory EL-4 (Helmy et al. 1999) cytokines in plasma. Neutrophil and macrophage 

functions reported to be enhanced with surgery include: increased neutrophil influx to 

sites of inflammation (Kotani et al. 1999), increased expression of chemoattractants 

(MEP-2) (Kotani et al. 1999), and increased microbicidal activity (adhesion and 

production superoxide ions) (Mobert et al. 1999).

The systemic effect of inoculating E. coli into intestinal loops

The gut loop model has been used previously for the isolation of intestinal loops in 

young piglets (Dugan & McBurney 1995; Adegoke et al. 1999a; Adegoke et al. 1999a; 

Adegoke et al. 2003). With the exception of a relatively minor effect of surgery and 

anesthesia on plasma amino acid levels (small increase in alanine, glycine and valine) 

(Adegoke et al. 1999a), few systemic effects have been reported. The effect of this 

procedure on immune function has not been studied.

The overall goal of this study was to develop a working, reproducible model of ETEC 

infection. The first approach was to establish a clinical model of ETEC infection. It was 

hypothesized that oral inoculation with live ETEC to weaned piglets would result in 

reproducible clinical symptoms of mild infection.
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3.2 ETEC INFECTION TRIALS (Objective 1)

Part I -  Oral inoculation of newly weaned piglets with 3 doses of ETEC 

Materials and Methods

Preliminary trials were conducted in newly weaned piglets (2 Trials, n=9 & n=10). A 

variety of factors that influence infection were considered and manipulated in these trials, 

including ETEC stains, confirming the expression of K8 8  antigen on these stains, E. coli 

growing conditions (media constituents and consistency, temperature, shaking vs. still 

growth), bacterial concentration and inoculation procedures. All piglets used in 

accomplishing this objective were obtained from a local commercial swine herd 

(Shooter’s Hill Livestock, Alberta). The initial experiment was conducted (August 1999) 

in piglets (n=3 per group) orally inoculated with bacteria (109 CFU/ml, 1010 CFU/ml or 

1011 CFU/ml, 5 mls/day) with different frequencies (109, 1010 administered daily for 5 

days, 1011 administered daily for 3 days). Cultures of ETEC strain E 681 (obtained from 

Microbiology Laboratory, Dept, of Agricultural Food and Nutritional Science, University 

of Alberta, Edmonton) were grown at 37°C on solid agar Tryptic Soy Broth (TSB) plates 

to facilitate the ability of bacteria to express fimbriae (K8 8 ) (Thoms et al. 1989). Cultures 

were prepared (by post-doctoral fellow A. Gaydamaka) and with the assistance of the 

microbiology lab, the concentration determined by measuring absorbance and performing 

plate counts at specific time intervals. These cultures were diluted in sterile saline to the 

desired concentration. ETEC was administered by insertion of tubing into the stomach 

and syringe injection. The exact length necessary to reach the stomach was pre

determined and marked on the tubing. To neutralize gastric acidity, sodium bicarbonate 

(1 .2 % w/v) was combined with the bacterial inoculum immediately prior to
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administration to piglets. The incidence and severity of diarrhea were recorded on a daily 

basis. Three blood samples were collected from each piglet (by Vena Cava puncture) in 

10 ml Vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ) containing sodium 

heparin, which were shaken gently and stored on ice. The first sample was taken the day 

prior to ETEC inoculation, the second sample collected 72 hrs post-infection and the third 

sample collected 1 0  days post-infection at the conclusion of the trial.

Immunofluorescence

Lymphocyte subsets of freshly isolated immune cells in blood were identified by indirect 

immunofluorescence assay, as previously described (Field 1996). The monoclonal 

antibodies (mAb) combinations used in these studies is provided in the Appendix (Table

2). Non-sterile 96-well V-bottom microtiter plates (Fisher Scientific) were preconditioned 

with Phosphate Buffered Saline (PBS) containing Fetal Calf Serum (FCS) (40 v/L) at 

room temperature for at least 20 minutes. For blood cell phenotyping, 125 wl of whole 

blood was added to each well, followed by the addition of 200 wl of lysis buffer. This 

suspension was incubated 5-10 min. at 37°C, the plate was spun at 200 x g for 5 min. 

(Jouan Centrifuge), liquid was discarded, and the plate was vortexed to loosen pellets. 

These cells were washed with 4% v/v FCS in PBS (40 ml/L) to remove all media and 

lysis buffer. Plates were then spun at 200 x g (2 min), the liquid was discarded and pellet 

was vortexed. For indirect single-label (one colour) phenotype analysis, cells were then 

incubated for 30 min. at 4°C with an aliquot of the primary antibody, washed three times 

in 200 uL of PBS containing FCS (40 ml/L), and incubated another 30 min. at 4°C with 

50 wL of a 1:300 dilution of fluorescein isothiocyanate (FITC)-conjugated goat anti
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mouse IgG (Cedarlane, Homby, Ont) that has no cross reaction to swine IgG. To 

determine background fluorescence due to non-specific binding of FITC, samples were 

incubated for 30 min. at 4°C with FITC alone. For double-label (two colour) 

immunofluorescence, the phenotypic antibody was incubated with FITC as described 

above. Following FITC incubation and washing, an aliquot of the secondary antibody 

was added to each well and incubated for 30 min. at 4°C. Cells were then washed three 

times (as described above) prior to incubation for 30 min at 4°C with 10 uL of a 1:25 

dilution of phycoerythrin (PE)-conjugated goat anti-mouse IgG (Cedarlane Laboratories 

Ltd.). As with FITC background, samples were incubated for 30 min. at 4°C with PE 

alone to determine background fluorescence due to non-specific binding. Finally, the 

cells were washed 2 times (as described above), fixed in 200 uL of PBS containing 

paraformaldehyde (10 g/L; Anachemia Science, Montreal, Quebec), and relative 

fluorescence intensities for each antibody determined by flow cytometry (FACScan, 

Becton Dickinson, Sunnyvale, CA). Unwanted events (dead cells and debris) were 

detected on the basis of forward scatter and side scatter and were excluded from 

subsequent phenotype analyses by electronic gating of the viable splenocyte population. 

Ten-thousand viable events were collected in list mode and all subsequent 

immunofluorescence analyses were performed on only these cells using Lysis II software 

(Becton Dickinson). The resulting percentages were corrected for background 

fluorescence using the analysis of cell incubated with FITC or PE alone.

Neutrophil Function
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Whole blood was used to assess neutrophil function (Vowells et al. 1995). Briefly, 4 mis 

of warm lysis buffer [8.30 g/L NH4CI, 1.68 g/L NaHCCb, 2 mis 0.5M 

ethylenediaminetetraacetic acid (EDTA, pH=8.0), dissolved in ddH2 0 ] were added to 

400 wl whole blood aliquots and tubes were shaken 5 mins. in 37°C water bath. Cells 

were pelleted by spinning at 450 x g (5 mins.). Supernatant was discarded and tubes were 

blotted by wicking adherent fluid from the top of each tube. Each pellet was then washed 

and re-suspended with 4 mis wash buffer (1 g/L BSA, 2 mis 0.5 M EDTA, dissolved in 

ddtbO). The spin was repeated, supernatant discarded, and tubes blotted. Each pellet was 

then re-suspended with 400 wl wash buffer, to which 1.8 wl Dihydrorhodamine (DHR 

123, Molecular Probes, Eugene, OR; 25 ul aliquots stored at -70°C, dissolved in 

Dimethyl sulphoxide (DMSO at 29 mM)) was added and incubated 5 min. in the 37°C 

waterbath. A 100 wl sample was taken from each tube and placed immediately on ice 

(Time = 0). Polymorphonuclear neutrophils (neutrophils) were stimulated with 100 wl of 

phorbol myristate acetate (PMA, Sigma; 10 wl aliquots dissolved in DMSO at 2 wg/wl, 

diluted with 990 wl wash buffer) mitogen and returned to the water bath. Successive 

samples (100 wl) were taken and placed directly on ice at 5 and 10 min. At 15 minutes the 

assay was stopped by removing the remaining tubes and placing directly on ice. 

Neutrophil oxidative burst, granularity, and size were assessed immediately by flow 

cytometry (FACScan, Becton Dickinson). Neutrophils at all time points were acquired 

(10,000 gated events) using Neuts Aquan Acquisition software (Becton Dickinson; 

SSC=300, FL1=329). During analysis the gate was adjusted to include a uniform 

population and the mean fluorescence (oxidative burst), forward scatter (surface area) and
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side scatter (granularity) measures were transferred to an Excel spreadsheet (Microsoft) 

for statistical analysis.

Results

Only piglets receiving the medium to high doses of ETEC showed any signs of infection 

(Table 1). Two piglets were euthanized before the conclusion of the trial; one animal 

receiving 10u CFU/ml (5mls/day) because of severe diarrhea and one animal receiving 

109 CFU/ml (5mls/day) because of extreme weakness and low feed consumption. 

Characterization of immune cell phenotypes revealed no significant differences in 

expression of T cell antigens (Figure 1). Calculation of the CD4/CD8 ratio revealed a 

gradual increase (0.5 ± 0.1 in 109 CFU/ml, 0.7 ± 0.05 in 1010CFU/ml, and 0.9 ± 0.1 in 

10n CFU/ml) with increasing ETEC exposure that was not significant. However, the 

proportion of monocytes was significantly increased in piglets inoculated with 1 0 11 

CFU/ml and 1010 CFU/ml 10 days post-infection (Figure 1). The proportion of B cells 

was significantly increased in piglets inoculated with 1010CFU/ml compared to piglets 

inoculated with 109 CFU/ml (Figure 1). Neutrophil oxidative burst fold increase (0 to 5 

and 0 to 10 min) was significantly increased 72 hrs post-infection in piglets inoculated 

with 1011 CFU/ml ETEC (Figure 2).

Higher doses of ETEC (1010 and 1011 CFU/ml) were shown to have some influence on 

piglet diarrhea score. One animal (high dose) developed diarrhea that was considered 

severe. One animal receiving the medium ETEC dose showed transient clinical signs of 

diarrhea, but recovered quickly. The first animal (from low dose group) was euthanized
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because of extreme weakness that could not definitely be attributed to the exposure to 

ETEC. Although only two out of nine animals were observed to have diarrhea incidence, 

these results suggested that the medium and high doses of ETEC might be appropriate for 

further study.

Discussion

Compared to piglets inoculated with the low dose of ETEC, there was a significantly 

increased proportion of monocytes in piglets inoculated with medium and high doses of 

ETEC. There was also an increased proportion of B cells in peripheral blood of piglets in 

the medium-dose group compared to the low dose group. Increases in these two immune 

populations suggest that T cell number would also be altered, but there were no dose- 

related changes in any T cell phenotypes. However, although there were no significant 

differences in CD4/CD8 ratio, the trend to increase with increasing ETEC suggests that 

the immune system of these animals had been challenged. The small group size likely 

contributed to the lack of effect, which may be more visible with larger group sizes. 

Previously, altered T cell function (increased CD4/CD8 ratio and decreased CD8 + cell 

numbers) was demonstrated in sheep suffering from bacteria-induced diarrhea (Larsen et 

al. 1999).

Results of this infection trial suggested the higher ETEC doses induced some clinical and 

immune indications of infection. However, the ability to produce these effects in all 

animals treated with ETEC was not consistent. The small number of animals treated in 

each group and high intrapiglet variability may have contributed to this. Therefore, to
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determine the reproducibility of the clinical findings from the study, a subsequent 

infection trial was performed using a larger number of piglets.

Part II - Oral inoculation of newly weaned piglets with 2 high doses of ETEC 

Materials and Methods

Piglets (n=5 per group) were administered the higher doses of bacteria used in the 

previous experiment (1010 & 1011 CFU/ml, 5 mls/day)) over a longer period of time (5 d). 

To reduce the labor of growing and harvest of ETEC from solid plates, TSB broth was 

used as the growth medium. Cultures of ETEC strain E 681 were grown at 37°C in a 

shaking incubator. ETEC cultures were diluted to the desired concentration in sterile 

saline solution. ETEC was administered by insertion of tubing into the stomach and 

syringe injection. The exact length necessary to reach the stomach was pre-determined 

and marked on the tubing. The incidence and severity of diarrhea was recorded on a daily 

basis by the same researcher. As described in Part I, PBL were isolated for identification 

of lymphocyte subsets by indirect immunofluorescence and neutrophil function was 

assessed on whole blood samples.

Results

Piglets inoculated with either 1010 CFU/ml or 1011 CFU/ml developed no clinical signs of 

diarrhea (Table 2). Two piglets were euthanized before the conclusion of the trial because 

of extreme weakness and low feed consumption. Subsequent necropsy showed that both 

animals showed signs of bronchopneumonia. Compared to immune cell phenotypes of 

PBL isolated prior to ETEC inoculation, there was a significant increase in the proportion
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of CD4+ cells 10 days post-ETEC inoculation (Figure 3). However, at 10 days post

inoculation, the proportion of CD8 +, CD45RA+, and CD25+ cells were all significantly 

decreased compared to immune cells obtained prior to ETEC treatment (Figure 3). 

Furthermore, in piglets receiving the higher ETEC dose, the CD4/CD8 ratio was 

significantly increased (P<0.005) at 10 days post infection (1.5 ± 0.2) compared to ratios 

pre-infection (0.7 ± 0.1) or 72 hrs post-infection (0.8 ± 0.1). In piglets inoculated with 

10n CFU/ml ETEC, neutrophil oxidative burst (15 min) was significantly increased at 72 

hrs- and 1 0  days post-infection compared to the oxidative burst of neutrophils obtained 

prior to ETEC inoculation (Figure 4).

Discussion

Based on results from the previous trial, the lower ETEC dose was dropped and a larger 

number of animals were used. In this subsequent trial, the highest ETEC dose influenced 

the proportion of different immune cell populations and neutrophil function. Neutrophil 

peak oxidative burst (15 min) was significantly increased both 72 h and 10 days post- 

ETEC inoculation, suggesting that neutrophil function was increased. Piglets inoculated 

with the higher ETEC dose had a significantly higher CD4/CD8 ratio that was a result of 

both a decrease in CD8 + cells and an increase in CD4+ cells. The increased expression of 

CD25 on T cells suggests that these cells have been activated by in vivo antigen exposure. 

This has been demonstrated previously with diarrhea infections in other species (Larsen 

et al. 1999). The decrease in CD45RA (antigen naive phenotype) is also consistent with 

the early signs of infection because less antigen naive cells indicates that more immune 

cells have been exposed to antigen.

- 8 5 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Necropsy of two animals which were euthanized due to illness suggested that these 

animals had bronchopneumonia, most likely a result of bacteria accidentally being 

inoculated into the lungs. In the remaining piglets, despite the observed results on 

immune cell function that indicated a mild infection, no animals showed clinical signs of 

diarrhea. There were several potential explanations for this, including the possibilities 

that the piglets did not express the K8 8  binding sites on their epithelial cells, the strains 

of ETEC used in these studies were not highly pathogenic, or the conditions under which 

these strains were grown reduced their pathogenicity. It was concluded that the failure to 

clearly achieve clinical diarrhea, together with the labor intensiveness of the study and 

the number of animals that would be required to achieve sufficient power to attempt 

dietary intervention, continued refinement of this model was not warranted.

3.3 DEVELOPMENT OF SURGICAL MODEL (Objective 2)

It was hypothesized that an in vivo loop model would produce the early signs of ETEC 

infection. The gut loop model was used to examine the immediate immune and gut 

response to ETEC. It was understood that these measures would be influenced by the 

established effects of surgery and anesthetic on systemic immune function (Hall & Ali

1998), gut function (Anup & Baslasubramanian 2000) and more minor effect on plasma 

amino acids (Adegoke et al. 1999a). Therefore, before adopting this model, the following 

was required: to characterize the effects of the surgical procedure on systemic immune 

function and to ensure that inoculation of ETEC is sufficient to induce the early signs of 

infection in isolated loops.
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Materials and Methods

A number of pilot surgeries (11 total) were performed in developing this model. This 

model was based on the principles of an in situ intestinal gut loop piglet model that was 

previously developed for assessing intestinal amino acid metabolism (Adegoke et al. 

1999a). The minor modification to this method involved tying off both ends of the loops, 

resulting in a closed loop, instead of open loop, system. Prior to each surgery, E. coli 

cultures were prepared fresh from frozen stock. Upon consultation with Dr. M. Stiles 

(University of Alberta) and Dr. C. Gyles (University of Guelph), brain-heart infusion 

(BHI) media was used (instead of TSB). Fresh cultures of ETEC strain PDH08 (kindly 

provided by Dr. Carlton Gyles, University of Guelph, Guelph, ON, Canada) were 

prepared by transferring a small sample of ETEC frozen culture to 6  mis of BHI media 

(Oxoid LTD., Basingstoke, Hampshire, England) and growing for 24 hrs (in shaking 

incubator at 37°C). This ETEC culture was subsequently subcultured (24 hrs). The final 

culture was prepared by transfer of 2 mis of subcultured ETEC media to a 200ml flask 

with BHI media (Oxoid) and grown in a shaking incubator at 37°C. A sample from this 

flask is taken (after approximately 1 2  hrs) and diluted to a final concentration of 

approximately 1 X 109 CFU/ml. The concentration of these cultures was determined as 

described previously in this chapter. The bacteria were re-suspended in sterile culture 

tubes with 30 mis PBS with an osmolarity (300 mOsm/L) similar to normal intestinal 

content (250-380 mOsmoles) (Adegoke et al. 1999b). Sterile tubes were transported in a 

biohazard container and kept warm until used in the surgical procedure.
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A total of 11 piglets at approximately 35 days of age were obtained from the University 

of Alberta Swine Research Technology Centre and transported to the Metabolic Research 

Unit. Piglets received intramuscular injections of Torbugesic (0.2 mg/kg), Ketamine (11 

mg/kg), Rompun (2.2 mg/kg), and Robinul (0.01 mg/kg). Surgeries were performed in a 

separate, closed surgery room and anaesthesia was maintained with 1.0-1.5% v/v 

halothane delivered with 3L/min oxygen. An electrical heating pad and an over-head 

infra red heating lamp was used to maintain body temperature, which was monitored 

frequently with rectal thermometer readings. Following anesthesia, the animal was placed 

on the surgical table and the incision area was scrubbed with antibiotic soap. A vertical 

incision was then made slightly below the sternum and extended to about 2 0  cm to open 

the abdominal cavity. Intestinal loops were then isolated and measured to approximately 

10 cm in length. The first intestinal loop was located 15 cm from the ligament of Treitz, 

and each successive section was separated by 50 cm of intestine. The ties were inserted 

through the mesentery and tied loosely around each end. Before tying off the distal end of 

the loop, the segment was flushed with PBS, which was then smoothed through the 

segment. Loops not exposed to ETEC (non-ETEC) were inoculated with PBS solution 

containing no pathogen. Both the PBS and the bacterial treatments were administered 

with 30 ml syringes (Becton Dickinson) and 1 inch, 20 Vz guage needles (Becton 

Dickinson). The needle was inserted into the intestine, just before the first tie. Loops 

were filled with the entire solution or until they were fully distended. Each segment was 

then tied off with labeled pieces of braided umbilical tape (Baxter, Deerfield, XL) while 

trying to minimize any backflow. A total of four intestinal loops were isolated and 3 

treatments were administered. Following an incubation period of approximately 4 hours,
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euthanasia was induced (cardiac injection of Pentobarbital Euthanyl -  2 ml/4.5 kg body 

weight (BW)), gut sections were removed and immersed in ice-cold PBS.

Sample Collection

Three blood samples were collected (by vena cava puncture) during the course of each 

surgery in 10 ml Vacutainero® tubes (Becton Dickinson, Franklin Lakes, NJ) containing 

sodium heparin, shaken mildly and stored on ice. These samples were used to monitor 

immune changes that occur due to the surgical process. The first sample was taken before 

the animal was exposed to anesthetic (pre-anesthetic), the second just previous to 

beginning the surgery (pre-surgery), and the third just prior to termination by euthanasia 

(post). The animal was kept anesthetized and temperature was monitored throughout the 

surgery. Treatment suspensions were incubated for up to four hours. In previous studies, 

neutrophil influx was not observed until 4 h after anesthesia and surgery (Kotani et al.

1999), which was assumed, but not measured, in our model. If this did occur, the use of a 

non-inoculated ETEC loop within each animal would ensure that the infiltration due to 

surgery was similar between loops. At this time, euthanasia was induced (Euthanyl 

lmg/4kg) and final tissue samples were taken. Mesenteric lymph nodes (MLN) were 

excised adjacent to the distal ileum ( 1 0 - 2 0  cm prior to the ileocecal junction), transferred 

to 50 ml sterile culture tubes (Fisher Scientific, Pittsburgh, PA) containing ice-cold PBS 

and stored on ice. All samples were transported immediately back to the laboratory at the 

Department of Agricultural, Food and Nutritional Sciences for further processing and 

analysis.
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Immune Cell Isolation

PBL were isolated by centrifuging blood samples at 750 x g for 10 mins to remove 

plasma. The samples were topped up with 1% (v/w) Bovine Serum Albumin (BSA) 

buffer to dilute and re-suspend the red cell pellet and buffy coat. Four mis of the cell 

suspension was then layered over 4 mis Histopaque 1077 (Signa, Oakville, ON) and spun 

for 30 min. at room temperature (450 x g, no brake). The lymphocyte band was then 

removed and washed with 10 mis buffer. This suspension was then topped off with buffer 

and spun at 450 x g for 10 min. at 4°C. Supernatant was discarded and the pellet was re

suspended with 2 mis complete culture media [CCM; RPMI 1640 (Invitrogen, 

Burlington, ON) supplemented with 5 % (v/v) heat-inactivated fetal calf serum (FCS; 

Invitrogen), 1% (v/v) antibiotic-antimycotic solution, glutamine (gin; 4 mmol/L; 

Invitrogen), HEPES (25 mmol/L; Invitrogen), and 2-mercaptoethanol (2.5 umol/L; Sigma 

Chemical, Oakville, ON)]. Immune cell viability and counts were performed by trypan 

blue exclusion (Sigma Chemical) and using a stage micrometer at lOOx magnification.

Under sterile conditions, MLN were dissected by removing connective tissue. Cells were 

then pressed through 1 0 0  am mesh nylon screen using the barrel of a sterile syringe and 

buffer (0.5% BSA in KRH). The resulting cell suspension was centrifuged at 200 x g 

(Jouan centrifuge model CR 422, Canberra Packard, Mississauga, ON) for 10 min at 4°C 

to pellet cells. To remove excess RBCs, lysis buffer (78 mM NH4CI; 10 mM NaHCOs; 

0.1 mM EDTA) was added to each suspension and spun at 200 x g for 10 min. The 

supernatant was aspirated and immune cells were re-suspended in CCM.
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Immune Measures

Blood lymphocytes function was assessed by culturing isolated cells and quantifying the 

incorporation of ^H-thymidine measured in response to mitogen. The mitogen response 

assay was conducted in triplicate on microtiter plates, as previously described (Field 

1996). Blood immune cells in complete culture media (CCM)(1 x 106 cells/ml) were 

incubated in 96 well plates (Fisher Scientific) for 48 h in a humidified atmosphere at 

37°C in the presence of 5% v/v COi. Unstimulated immune cells were compared to cells 

stimulated with the mitogens phytohemagglutinin (PHA; 25 ng/ml; Sigma), pokeweed 

mitogen (PWM; 55 «g/ml; Sigma) and lipopolysaccaride (LPS; 1 mg/ml; Sigma). Each 

well was pulsed with 1 uClful JH-thymidine (Amersham Life Sciences, Brue D ’Urfe, 

Quebec) 18 h prior harvest and proliferative rate was estimated by incorporation of 3H- 

thymidine. Immune cells were harvested (Filtermate Harvester, Canberra Packard) and 

plate counts were recorded (Top Count NXT, Microplate Scintillation and Luminescence 

Counter, Canberra Packard). Stimulation indices (SI) were calculated by dividing the rate 

of H-thymidine incorporation of stimulated cells by the rate of "H-thymidine 

incorporation of unstimulated cells. Lymphocyte subsets of freshly isolated immune cells 

in blood were identified by indirect immunofluorescence as previously described (Section 

3.2). Whole blood samples were used to assess neutrophil function as previously 

described (Section 3.2).

Ussiflg Chamber Measures

A small section from each intestinal loop was removed, filled with PBS, and transported 

in 50 m l Falcon tubes filled with ice-cold PBS to preserve intestinal tissue. Before being 

mounted in Ussing Chambers, the serosa was removed from each segment. To maintain

-91 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



tissue viability, all tissue segments were mounted in the chambers within 1 hour of the 

piglet’s death and, once mounted, each section was bathed in Ringer’s solution with 

continuously circulating O2 (95% v/v) and CO2 (5% v/v). The tissue was continuously 

short-circuited (Isc) with automatic voltage clamps (model DVC 1000, World Precision 

Instruments, New Haven, CT), which compensated for the fluid resistance. Current was 

introduced to half-cells through agar (Ag-AgCl) electrodes which were connected to the 

chambers via agar bridges. Potential difference (PD) across the tissue was measured by 

calomel voltage electrodes (2% w/v purified agar dissolved in 3M KC1), positioned near 

the surface of the tissue. Intestinal Mannitol permeability (ManP) was assessed by adding 

3H-mannitol (lmCi, PerkinElmer, Boston, MA) to the reservoir exposed to the mucosal 

side of the tissue. Each tissue was given a 15 min. stabilization period, during which time 

2 initial samples were taken from this same mucosal reservoir. Following this 

stabilization period, the tissue’s permeability to mannitol was measured by sampling for 

its appearance on the opposite (Serosal) side at 5 min intervals. Counts on each sample 

were performed with a liquid scintillation counter (betaray scintillation, Beckman 

Coulter, Fullerton, CA) and the average of three values of mannitol flux was used as the 

ManP of each tissue. Prior to each sample period, electrical parameters (PD & Isc) were 

recorded from the voltage clamp, leading from the current and voltage electrodes 

connected to the chamber near the tissue segment. From each of these values, 

conductance (G) was calculated from the open circuit PD and Isc using Ohm’s law. 

Finally, at the end of the sampling period, tissue viability was assessed by adding the 

adenyl cyclase activator forskolin (Fors; 10 ul, Sigma) to the serosal reservoir. The Fors 

score was recorded as the peak changes in Isc readings.
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Results

The anesthesia and the surgical process did not significantly influence peripheral blood 

phenotype (n=8 ), after a general anesthetic or when 2  loops in a piglet were incubated 

with ETEC for 4 hours (Figure 5). Similarly, the neutrophil oxidative burst (n=5) was not 

significantly affected by the anesthetic nor the presence of E. coli in the intestinal loop 

(Figure 6 ). This suggests that the physiological effect of inoculating loops with ETEC 

does not significantly affect these representative estimates of systemic immune function 

during a 4 hour in situ incubation with ETEC. After the surgical process with ETEC 

challenge in two of the four loops, cells isolated from peripheral blood and incubated in 

the absence of mitogen did not show changes in their ability to incorporate 3H-thymidine 

(Figure 7). Following stimulation with mitogen, MLN isolated following the surgical 

procedure responded well (defined by a robust rate of 3H-thymidine uptake) (Figure 8 ). 

However, since MLN could not be sampled prior to the surgical process, one can only 

conclude that there appeared to be no outright signs of immunosuppression from the 

surgical process in this GALT tissue. The surgical procedure did not influence the ability 

of PEL to incorporate 3H-thymidine following incubated with mitogen (Figure 9). 

Differences in ManP and G (as assessed in Ussing chambers) were observed between the 

ETEC inoculated, as compared to the placebo infused loops from the same animal (Table

3). This suggests that the incubation period altered tight junction integrity and thus 

initiated the early stages of ETEC infection. A photograph of the surgical procedure is 

shown in Figure 10.
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Discussion

In developing the surgical model, MLN were collected from the distal ileum to perform 

functional assays on isolated immune cells. Although not described here, in future studies 

PP lymphocyte populations and function were also characterized. In order to maximize 

the number of isolated immune cells, it was decided to collect cells from the continuous 

ileal PP, which may extend for up to 2.5 m along the terminal ileum, as opposed to the 

more numerous jejunal PPs, which are comparatively small (Stokes et al. 1996). The ileal 

PP is also considered a primary B-cell organ because it contains more than 90% B cells 

(Andersen et al. 1999), whereas the jejunal patches contain roughly equal percentages of 

B and T cells (Pabst et al. 1988). After making this decision, it was logical to collect 

MLN adjacent to the distal ileum. While much remains to be determined regarding the 

immune populations in the MLN, it would be reasonable to predict that immune cells 

located in the distal region of the intestine would contain cells that have migrated from 

the ileal PP.

Exposure of enterocytes to ETEC influences several physiologic parameters. In this 

study, the early stages of infection were assessed by Ussing chamber measures. Observed 

differences in intestinal permeability of isolated loops following ETEC inoculation 

suggests that a 4 hr incubation period was sufficient to bring about the early stages of 

infection. As it has been established that surgery influences the permeability of the gut, it 

is logical to study some of the animals prior to initiating the ETEC model. Although 

anesthetic is still used and there is surgery to remove the segment, exposure to both of 

these potential confounding variable is significantly reduced. It was decided that this
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would be included in one of the later experiments. To eliminate the influence of 

anesthesia and surgery in studies examining the dietary effects on peripheral 

mononuclear cell function, blood was collected from animals prior to being subjected to 

this in situ model.

In conclusion, the in situ model offers the advantages of an in vivo system in that the gut 

response can be assessed, within the same animal, the function of various parameters of 

GALT can be measured and utilization of a smaller number of animals is possible, which 

also minimizes intrapiglet variation.

3.4 DEVELOPMENT OF ETEC ADHESION ASSAY (Objective 3)

Adhesion of ETEC to piglet enterocytes has been previously described (Girardeau 1980; 

Francis et al. 1998). However these qualitative methods involve exposure of enterocytes 

or gut sections to ETEC and microscopic observation. The purpose of these studies was 

to develop an in vitro binding assay to assess ETEC binding to isolated enterocytes.

Materials and Methods

Methods developed by Clarke et al. (Clarke & Morton 2000) were used in development 

of this assay, which are shown in the Appendix (Figure 1). However, when samples were 

taken to be analyzed by flow cytometry, the purity of the mixture and the remnants from 

the intestinal mucosa, particularly mucus, dramatically affected fluorescence 

measurements. To further purify the enterocyte culture, intestinal segments were washed 

according to the methods of Madsen et al. (Madsen et al. 1995). The chemical
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phenylmethylsulfonyl fluoride (PMSF; 0.2 mM; Sigma) was used as a protease inhibitor 

and dithiothreitol (DTT; 0.5 mM; Sigma) was used to dissolve mucus. To remove 

mucosal debris, enterocytes collected from segment washes were centrifuged on a 

PERCOLL gradient (30-70% w/v). This gradient centrifugation forms an upper epithelial 

cell layer that was then collected for adhesion studies. A method developed by Fan et al. 

(Fan et al. 2001) was used to isolate viable enterocytes that were virtually mucus-free. 

During the isolation washes, cells were oxygenated to maintain viability. Isolated 

mucosal cells were combined with FITC-labeled ETEC according to the methods 

developed by Clarke et al. (Clarke & Morton 2000) in which bacteria and enterocytes 

were combined for more than 45 min. Unlike these methods however, adhesion was 

quantified by flow cytometry (FACSCAN, University of Alberta Heritage Building).

Results

Results showed that obtaining enterocytes with the compounds listed and after spinning 

on a PERCOLL gradient was able to remove a great deal of the mucus present. This also 

resulted in a definite improvement in the purity of enterocyte isolations, which is 

illustrated in Figure 11. However, flow cytometry data seemed to indicate that binding of 

approximately 65-90% of FITC-labelled ETEC was occurring, depending on the sample 

being analyzed (Figure 12). There were also concerns that the large amount of cellular 

debris detected by flow cytometry may be indicative that the lengthy isolation procedures 

may have influenced the viability of isolated enterocytes.

Discussion

- 9 6 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ETEC induce diarrhea in swine during the immediate neonatal period { < 6  days of age}, 

and immediately after weaning (3 to 9 weeks old) (Dean et al. 1989). Therefore, it was 

expected that with age, binding of ETEC to mucosal cells would decrease. Analysis of 

the ETEC binding assay showed that an effect of age could not be shown by this method. 

The maximal binding that occurred following the incubation period did not allow for any 

differences to be found. Therefore, a new method for quantifying adhesion of K8 8  ETEC 

to mucosal cells was deemed necessary.

3.5 SUMMARY AND CONCLUSIONS

It was hypothesized that oral inoculation with live ETEC to weaned piglets would result 

in reproducible clinical symptoms of infection. Several preliminary trials were conducted 

in which a variety of factors that influence infection were considered and manipulated. 

However, the results of these trials demonstrated a great deal of variability in terms of 

severity of illness and immune response. Therefore, a large number of animals would be 

needed to test a dietary hypothesis. This led to the hypothesis that an in vivo loop model 

would produce the early signs of ETEC infection. Observed differences in intestinal 

permeability of isolated loops following ETEC inoculation supports the objectives of 

studying the early pathophysiological response of the gut to ETEC infection. This in situ 

model developed in this chapter was used in testing the main hypothesis of this thesis.
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Table 1. Incidence and Severit 
doses (1010 CFU/ml) 5 times (

y of Diarrhea in newly 
16/08/99-20/08/99) anc

weaned piglets. Piglets were inoc 
with the high dose (10n CFU/m

ulated with 
) 3 times ('

low (10y CFU/ml) and medium 
6/08/99-18/99).

17/08/99 18/08/99 19/08/99 20/08/99 21/08/99 22/08/99 23/08/99 24/08/99 25/08/99 26/08/99
Low Pigl O1 0 0

Pig 2 0 0 0 0 0 0 0 0 0 0

Pig 3 0 0 0 0 0 0 0 0 0 0

Medium Pig 4 0 0 0 0 0 0 0 0 0 0

Pig 5 0 0 1 - 1 J 0 0 0 0 0 0 0

Pig 6 0 0 0 0 0 0 0 0 0 0

High Pig 7 1 -3 1 -3 1 - 3
Pig 8 1 - 1 1 - 1 0 0 0 0 0 0 0 0

Pig 9 1 - 1 1 - 1 0 0 0 0 0 0 0 0

1 incidence: 0 -none, 1 -occurrence
2 diarrhea severity scale: 1-slight diarrhea, 2-diarrhea, 3-severe diarrhea

Table 2. Incidence and Severity of Diarrhea in newly weaned piglet inoculated with medium (10 CFU/ml) and high doses (101 1 

CFU/ml) of ETEC (20/09/99-24/08/99).
21/09/99 22/09/99 23/09/99 24/09/99 25/09/99 26/09/99 27/09/99 28/09/99 29/09/99 30/09/99

Medium Pigl 0 0 0 0 0 0 0 0 0 0

Pig 2 0 0 0 0 0 0 0 0 0 0

Pig 3 0 0 0 0 0 0 0 0 0 0

Pig 4 0 0 0 0 0 0 0 0 0 0

Pig 5 0 0 0 O2

High Pig 6 0 0 0 0 0 0 0 0 0 0

Pig 7 0 0 0 0 0 0 0 0 0 0

Pig 8 0 0 0 0 0 0 0 0 0 0

Pig 9 0 0 0 0 0 0 0 0 0 0

Pig 10 0 0 0 0 0 0 0 2

1 incidence: 0 -none, 1 -occurrence
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Table 3. Effects of infusion of E. coli in situ on measures of intestinal permeability of isolated segments. Note: These results 
represent isolated segments in USSING chambers from gut loops infused with different treatments. The same E. coli solution 
was infused into 3 loops (replicates 1, 2 & 3). All experiments were done in the same 30 day old piglet. Interpretation of these 
preliminary results suggest that infusing a gut loop with E.coli had an effect on both increasing G and ManP (interpreted as 
increased permeability) and decreasing Isc response to Fors (interpreted as decreased stimulation of Cyclic 3*,51-adenosine 
monophosphate (cAMP) and decreased Chloride secretion).

Treatment in the in situ G (mS/cm )* ManP Fors
loop (pmol/cm2)** (A Isc)***

Non-ETEC (vehicle/PSB) 14 10.2 61.1
E.coli solution replicate 1 18.7 14.2 53.5
E.coli solution replicate 2 18.4 17.9 14.3
E.coli solution replicate 3 18.7 18.2 35

* - units as milliSiemens/centimeter squared
** - units as picomoles/centimeter squared
*** - units as change in short-circuit current (uA/cm2)
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Figure 2. Fold Increase of neutrophil oxidative burst obtained from piglets 72 hours post-infection. Piglets were grouped according to 
dose of bacteria inoculated (109 CFU/ml, 1010 CFU/ml, 1011 CFU/ml)



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

oIO

PBL Phenotypes

S pre-infection El post-infection 0  termination

monocyte Bcell CD3 TCR CD4 CDS CD45 CD25

CD antigen

Figure 3. PBL phenotypes of piglets inoculated with ETEC (101 1 CFUFml) and taken prior to inoculation (pre-infection), 72 hours 
following the first inoculation (post-infection) and 1 0  days following the initial inoculation (termination).
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Figure 4. Piglet neutrophil oxidative burst. Whole blood samples were taken from piglets the day before the first inoculation (pre
infection), 72 hours following the first inoculation (post-infection), and 1 0  days following the first inoculation (termination).
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Figure 5. Effect of the surgical procedure on blood phenotypes. Immune phenotypes were identified in piglets (n=5) using specific 
anti-swine monoclonal antibodies by flow cytometry. Blood samples were taken at three time points: prior to administration of 
anesthetic (pre-anest), subsequent to administration of anesthetic but prior to surgery (pre-surg) and post-surgery (post). Significant 
comparisons were performed by ANOVA and no significant differences were found.
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Figure 6 . Blood neutrophil oxidative burst in animals (n=5) undergoing the in situ surgical model. Blood samples were taken at three 
time points: prior to administration of anesthetic (pre-anest), subsequent to administration of anesthetic but prior to surgery (pre-surg) 
and following the surgical procedure in which E. coli was inoculated into intestinal loops (post). Significant comparisons were 
performed by ANOVA and no significant differences were found between time points.
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Figure 7. Proliferation of PBL lymphocytes 48 h following incubation in the absence of mitogen. Blood samples were taken at three 
time points: prior to administration of anesthetic (pre-anest), subsequent to administration of anesthetic but prior to surgery (pre-surg) 
and post-surgery (post). Significant comparisons were performed by ANOVA and no significant differences were found between time 
points.
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Figure 8 . Proliferation of MLN lymphocytes 48 h following incubation with mitogen (PHA, PWM & LPS) and isolated post surgery 
(n=53). Significant comparisons were performed by ANOVA and significant differences are indicated with different letters.
Despite the possible immunosuppressive effects of general anesthetic and surgery, cells responded in vitro to mitogen stimulation.
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Figure 9. Proliferation of PBL 48 h following stimulation with mitogen and sampled at 3 time points: prior to administration of 
anesthetic (pre-anest), subsequent to administration of anesthetic but prior to surgery (pre-surg) and post-surgery (post). Significant 
comparisons were performed by ANOVA and no significant differences were identified between time points.



- 109 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

020522.001

200 .600 800 .1000.

I 1----*— 1
L . I '*1' PlYHPT m "•■'"PVIVTW

tou 101 nr ioJ 10

Histogram Statistics

Re: 020622.001 
Sample ID: CELLS ALONE 
Patient 10:
Gate: No Gate 
Gated Events: 50000

Marker Events % Gated % Total Mean Medten
All 50000 100.00 100.00 926 4.66
M1 8687 17.37 17.37 31.61 21.48

Histogram Statistics

Fite: 020522.001 
Sample ID: CELLS ALONE 
Patient ID:
Gate: G1
Gated Events: 17546

Marker Events % Gated % Total Mean Median
Ail 17546 100.00 35.09 2.83 2.44
Ml 137 0.78 027 2622 14.72

Page 1

020522.002

1000

. J k101 10*  10*  10

Re: 020522.002 
Sample tDiETEC ONLY 
Patient ID:
Gate: No Gate 
Gated Events: 20565

io’ nr 
ai*H

Events % Gated % Total Mean Median 
20565 100X10 100.00 5294.97 4626.07 
13111 63.75 63.75 3198.24 3182.28

Histogram Statistics

Re; 020522,002 
Sample iD: ETEC ONLY 
Patient iD:
Gate: G1
Gated Events: 8290

Marker Events % Gated %Tota) Mean Median
8290 100.00 40.31 3117.68 2641.65 
7464 90.04 36.29 2565.33 2414.42

Page 2

Figure 11. Flow cytometry analysis of mucosal cell populations (A -  Cell Alone) and of K8 8  ETEC populations (B -  ETEC Only).
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Chapter 4 -  IMMUNE DEVELOPMENT OF PIGLETS 
FROM EARLY WEANING AT THREE WEEKS OF AGE 

TO FIVE WEEKS OF AGE

4.1 INTRODUCTION

Newborn piglets face a great variety of challenges in their first five weeks, including the 

increasing practice of early weaning from maternal milk to grain-based diets. Piglets 

were formerly weaned at ten to twelve weeks old, when they were accustomed to creep 

feeding because the amount of milk a sow produced decreased with time and was almost 

negligible by ten to twelve weeks of age (Nabuurs 1998). A more modern practice is 

weaning at an age of three to five weeks, when piglets are abruptly switched from sow’s 

milk to a weaning diet and this stress can result in adverse reactions, including the onset 

of diarrhea (Nabuurs 1998). The critical importance of the first few weeks of a piglets’ 

life is demonstrated in the fact that the majority of losses to the swine industry occur at 

this young age (Patience 1989). It has been stated that the continuous presence of orally 

obtained antibodies through sow’s milk is of importance for immune protection as the 

piglets immune system matures (Valpotic et al. 1989).

Although lymphoid cell subpopulations have been characterized for the mature pig 

(Jonjic et al. 1987; Lunney & Pescovitz 1987; Saalmuller et al. 1989), less is known 

about the neonatal period (Becker & Misfeldt 1993). Both the weaning process and its 

timing have been reported to significantly influence the expression of lymphocyte surface 

antigens (Bailey et al. 1994; Bailey et al. 1998; Bianchi et al. 1992; Hampson 1986; 

Solano-Aguilar et al. 2001) and appears to be more pronounced near the gut (Solano- 

Aguilar et al. 2001). The swine immune system is reported to have some distinct
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differences from other species. For example, they have a more diversified T lymphocyte 

population than humans (Saalmuller et al. 1989). The T lymphocytes (T cells) population 

in swine consists of CD2+ (60% of PEL 18-19 d of age and 35% at 27-30 d of age) and 

CD2- subsets (Becker & Misfeldt 1993), as well as a double positive CD4+CD8+ T cell 

subset (Rodriguez-Carreno et al. 2002; Saalmuller 1989). The percentage of these double 

positive T cells in blood is reported to start very low (<2% in at 3 d) and gradually 

increases over the first year of life (up to 16% of total lymphocytes (Pescovitz et al. 

1994))(Summerfield et al. 1996; Zuckermann & Gaskins 1996). Based on the expression 

of cell surface antigens and the size of the cells, CD4+CD8+ T cells are thought to belong 

to a mature resting population of lymphocytes (Pescovitz et al. 1990; Saalmuller et al. 

1987a; Saalmuller et al. 1987b; Saalmuller et al. 1989; Saalmuller & Bryant 1994; 

Summerfield et al. 1996). Dual expression of these two co-receptors is hypothesized to 

affect function and antigen recognition (Pescovitz et al. 1994).

GALT is the largest immune organ of the body and responsible for handling large 

quantities of potentially harmful antigens (Insoft et al. 1996) along the length of the 

intestinal tract. By the time piglets are bom, a detectable number of immature B 

lymphocytes (B cells) are present in the lymph nodes and Peyer’s patches (PP: Bianchi et 

al. 1992; Pabst & Rothkotter 1999). However, between days 1 and 42, there is a large 

increase (15-fold) in the cell production rate in the piglets ileal PP (Stokes et al. 1996) 

and the PP has been shown to increase in size several times following birth (Chu et al. 

1979).
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The objective of this study was to determine changes in immune development in the 

peripheral and gut immune tissues (between 3 and 5 weeks of age). Development in 

innate immune defense was defined by changes in neutrophil function and improvement 

in adaptive defense was defined as an increased response to mitogens in PEL, MLN 

lymphocytes and PP lymphocytes, an increased production of specific cytokines from 

these mitogen-stimulated lymphocytes and changes in immune cell populations that 

reflect maturation.

4.2 MATERIALS AND METHODS

Animals and Diets

Animal protocols were reviewed and approved by the Faculty of Agriculture and Forestry 

Animal Policy and Welfare Committee and were conducted in accordance with the 

Canadian Council on Animal Care guidelines. Ten female and ten male Dutch-Landrace 

(Genex swine group, Heartland Livestock Services, Regina, Saskatchewan) piglets (5538 

g ± 325) from 5 separate litters were obtained and weaned at approximately 21 days of 

age from the University of Alberta Swine Research and Technology Centre. Piglets were 

transported to a separate, temperature controlled room at the University of Alberta 

Metabolic Research Unit where they were housed individually in metabolic crates, each 

fitted with water nipples and creep feeders. Upon receipt of each litter, piglets were 

assorted randomly into baseline or weaned to a basal diet that was fed for approximately 

two weeks. The feeding design is shown in the Appendix (Figure 2) and diets were 

formulated to meet 110% of the requirements for piglets 5-10 kg as specified by the 

National Research Council (NRC 1998). A constant portion of the diet is detailed (Table
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1) and contained 65 g/kg of fat from a mixture of sources (59.7% Tallow, 33.1% 

Safflower Oil, and 7.2% Linseed Oil), providing a polyunsaturated to saturated fatty acid 

ratio of ~ 0.9. The supplement portion of the diet (60 g/kg) consisted of consisted of a 

mixture of amino acids (21.0 g/kg serine, 17.8 g/kg alanine, and 15.0g/kg glycine), which 

are not known to be limiting for growth or immune function in piglets of this age. 

Animals assigned to the 21 d and 35 d groups were given access to water and a small 

amount of basal diet overnight. Prior to sample collection, anesthesia was induced in 

these piglets (pre-weaning, n=10), along with animals at approximately 35 days of age 

(post-weaning, n=10) by intramuscular injections of Torbugesic (0.2 mg/kg), Ketamine 

(11 mg/kg), Rompun (2.2 mg/kg), and Robinul (0.01 mg/kg) and maintained with 1.0- 

1.5% v/v halothane delivered with 3L/min oxygen. Samples were collected in a separate, 

closed surgery room following Euthanasia by cardiac injection of Pentobarbital Euthanyl 

(2 ml/4.5 kg body weight (BW)).

Isolation of Immune Cells

Blood samples and MLN were sampled as described previously (Chapter 3). PBL and 

MEN lymphocytes were isolated from these samples as previously described (Chapter 3). 

Immune cells were also isolated from PP according to methods described by Solano 

Aguilar et al. (2000) (Solano-Aguilar et al. 2001). Briefly, excess mesenteric and fat 

tissues were removed from the intestine. The intestine was rinsed 2 x with Hank’s 

Balanced Salt Solution (HBSS) + dithiothreitol (DTT; Sigma; Oakville, ON) buffer 

(filtered 0.22 um and pH 7.2, HBSS without Ca and Mg; DTT 2 mM final concentration; 

Hepes 0.01 final concentration). The intestine was cut down the mesenteric line and the
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PP was dissected out. The entire patch was dissected into small pieces and incubated 20- 

30 min. at 37°C in 20 mis HBSS + DTT buffer. The supernatant was discarded and the 

cells were incubated an additional 20-30 min. in HBSS + Ethylenediaminetetraacetic acid 

(EDTA; Sigma; filtered 0.22 wm and pH 7.2. HBSS without Ca and Mg; EDTA 1 mM 

final; Hepes 1 mM final). The supernatant was discarded and cells were passed through a 

sterile 1 0 0  um mesh nylon screen using the barrel of a sterile syringe and buffer (1 % 

(v/w) Bovine Serum Albumin (BSA; Sigma) in Phosphate Buffered Saline (PBS)). The 

sample was then pelleted at 450 x g for 5 min, supernatant was discarded and the pellet 

re-suspended in 6  mis 40% v/v Percoll (Pharmacia Biotech, Baie D’Urfe, Quebec) which 

was layered over 6  mis 70% v/v Percoll. The gradient was then spun 750 x g for 30 min. 

Immune cells were removed from the interface, pelleted at 450 x g for 5 mins and re

suspended in Complete Culture Media (CCM) to be used for counting and performing 

assays.

Immune Measures

The mitogen response assay was conducted in triplicate on microtiter plates as previously 

described (Chapter 3). Additionally, immune cells from blood and MLN in CCM (1 x 106 

cells/ml) were either stimulated with PHA (25 ug/ml) or incubated in the absence of 

mitogen in sterile plastic tubes (Fisher) for 48 h in a humidified atmosphere at 37°C in the 

presence of 5% CO2 . This incubation time was chosen based on previous studies 

conducted in piglets in which the peak production of IL-2 was found by cells stimulated 

with PHA. Supernatants were collected and frozen at -70°C for later determination 

(ELISA, Medicorp, Montreal, Quebec) of production of the following cytokines: Thl
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type cytokines EL-2, IFN-y, TNF-a) and Th2 type cytokines (EL-10 and IL-4). These 

assays were performed according to the manufacturer instructions. Absorbance was read 

at 450 nm by spectrophotometry (SpectraMaxl90, Molecular Devices, Sunnyvale, CA). 

Standard curves were generated with the following standard concentrations: 8.8-570 

pg/mL (EL-2), 15.8-1000 pg/mL (IL-4), 62.5-2000 pg/mL (IL-10), 15.6-1000 pg/mL 

(TNF-a) and 31.3-1000 pg/mL (IFN-y). Confidence value (CV) intervals were less than 

15% for all cytokines tested. Lymphocyte subsets from freshly isolated immune cells in 

blood, MLN and PP were identified by indirect immunofluorescence assay as previously 

described (Chapter 3; Ab description given in Chapter 1; antibody profile given in Table 

3 of Appendix). Lymphocytes isolated from MLN and PP were added to each well to a 

concentration of 2-5 x 105 cells/well. Whole blood was used to assess neutrophil 

function, as described (Chapter 3).

Statistics

All statistical analyses were completed using the SAS statistical package (Version 8.1, 

SAS Institute, Cary, NC). The age comparison was performed by one-way analysis of 

variance, blocked for litter. All results were presented as means ± SEM. Kurtosis and 

Skew were analyzed for both proliferation and cytokine data. Values that were not 

considered normally distributed as determined by skew and kurtosis were log 

transformed prior to statistical analysis and are indicated in respective tables as log 

transformed.

4.3 RESULTS
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Intake and Weight Gain

On average, piglets supplemented for two weeks gained 1515 ± 289 g and had an average 

final BW of 7093 ± 674 g. Feed intake (FI) averaged 396 ± 156 g/d and 5837 ± 435 g/kg

BW.

Neutrophil Function

No significant differences in neutrophil oxidative burst, size or granularity were found as 

the piglets aged (Table 2 ).

Changes in Cell Phenotypes with Age

The percentage of CD3+ T cells was lower (18% decrease) at 35 d of age in blood but 

was not caused by changes in the proportion of CD3+CD4+ cells or CD3+CD8+ cells, as 

these populations were not significantly changed as the piglets aged (Table 3). An age- 

related decrease in the proportion of CD2+ cells was also found in PBL (Figure 1) due to 

a decrease in CD2+CD3+ cells (49% decrease). T cell expression of adhesion molecules 

was significantly increased with piglet age (32% increase in CD3+CD44+ cells) (Table 

3). There were no changes in the proportion CD45RA+ or CD45RA- T cells in blood 

(Figure 2). While there were no significant changes in the percentage of B cells, 

immunoglobulin (Ig) A+ cells or IgM+ cells, there was a small but significant increase in 

the percentage of B cells expressing CD44 (1% increase) with age (Table 3). There were 

also no changes in the proportion of blood monocytes (Table 3).
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There was no change in the percentage of CD3+ cells, CD2+ cells, or any subsets of 

activation markers in MLN (Table 4). An age-related increase in the proportion of total B 

cells (28% increase) and IgA+ cells (41% increase) were found in MLN, with no change 

in the proportion of IgM-i- cells (Figure 3). There was a significant increase in total RA+ 

cells (9% increase) in MLN that was likely influenced by the significant age-related 

increase in the percentage of CD4+ cells expressing the CD45RA antigen (Figure 4).

In PP, the observed increase in CD3+ cells (44% increase) could be attributed to the 

slight, but non-significant increases in the proportion of CD2+, CD4+, and CD8 + cells 

(Figure5). There was a small increase in the proportion of CD4+CD45RA- cells (20% 

increase) with piglet age. The significant decrease in total CD45RA expression (8 % 

decrease) was not likely caused by T cells as the proportion of CD4+CD45RA+ and 

CD8+CD45RA+ cells did not significantly change with age (Figure 6 ). The only 

significant change in the B cell population in this tissue was an increase in PP Bcell+ 

cells (55% increase) with no changes in the proportion of monocytes (Table 5).

Effect of Age on Lymphocyte Proliferation

With age, PBL (but not MLN and PP cells) incubated in the absence of mitogen 

incorporated less 3H-thymidine (p<0.01) (Table 6 ). There was an increase in both the 

absolute rate of H-thymidine uptake to PHA (Figure 7) and PWM (Figure 8 ) and the 

stimulation index (Table 6 ) with age (PHA <0.02, PWM p<0.005). A significant age- 

related decrease in DPM following stimulation of PBL with lipopolysaccharide (LPS) 

(p<0.0001) was found (Figure 9), but this difference was not significant when corrected
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for the un-stimulated response at 35 days (Table 6 ). In comparison to 21 day-old piglets, 

incorporation of 3H-thymidine (DPM) in MLN from 35 day-old piglets was significantly 

increased in response to PHA (pcO.OOO 1 )(Figure 7), PWM (p<0.005) (Figure 8 ) and LPS 

(p<0.05)(Figure 9). MLN also had a 1.7-fold greater SI in response to PWM 

(p<0.05)(Table 6 ), and although there was also an increase in the SI response to PHA and 

LPS, the increase was not significant. The response of PP cells to mitogens was quite low 

compared to PBL and MLN and there was high intra-individual variation and no 

differences were found between groups (Table 6 ).

Cytokine Production

Despite the higher proliferative response to PHA by cells from MLN and blood few 

changes were observed in the production of cytokines following mitogen stimulation 

(Tables 7 and 8 ). In PBL, the only significant difference observed was a decrease in the 

IFN-y/IL-4 ratio with age (Table 7). In MLN, consistent with the higher 3H-thymidine 

response there was a higher production of IL-2 with age (Table 8 ).

4.4 DISCUSSION

Wheat (38%) and soybean meal (23%) were the major dietary ingredients used in this 

study, which is typical for western swine production (Patience & Thacker 1989). 

Hypersensitivity was a concern as previously feeding soybean meal to piglets decreased 

villus height (Li et al 1990; Dreau et al. 1994), increased serum IgG (Li et al 1990), 

decreased growth performance (Friesen et al. 1993), and increased susceptibility to 

infection (Dreau et al. 1994). Studies in piglets weaned at 3 weeks suggest that
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inappropriate immune responses can be mounted to soy antigens, but these responses are 

controlled by oral tolerance mechanisms (reviewed in (Bailey et al. 2002)). In fact, 

soybean meal has been shown to be well tolerated by swine and weaning diets containing 

up to 34 percent soybean meal have been used without affecting growth performance 

(Lawrence et al. 2003). As a precaution, the amount of soy fed to piglets in the current 

study was limited by including casein as an additional protein source. Although the 

amount of feed consumed by piglets was initially low, feed intake increased on a daily 

basis up until the conclusion of the trial. Comparison of innate immune function in 

suckled- and diet-fed piglets ( 2  weeks post-weaning) revealed that age did not alter 

neutrophil function both un-stimulated (time 0) and following mitogen stimulation. This 

is consistent with a comparison of neutrophils isolated from newborn piglets compared to 

piglets at 6  weeks of age (Hoskinson et al. 1990) and confirms that this aspect of the 

innate immune system is well developed at weaning.

Peripheral Lymphocyte Distribution and Function

To test the hypothesis that adaptive immune function increased 2-weeks post-weaning, 

lymphocyte proliferation and cytokine production were measured and immune cell

a
populations were characterized. With age in vivo (unstimulated) incorporation of H- 

thymidine decreased. The higher un-stimulated mitogen response in young suckled 

piglets in the current study is consistent with previous reports when newborn piglets were 

compared to those at 6  wks of age (Hoskinson et al. 1990). Furthermore, this in vivo 

activity of lymphocytes has also been observed in human infants (Field et al. 2001) and in 

the young piglet may be related to immune compounds provided in sow’s milk (Vega-
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Lopez et al. 1995). An increased ability of PBL from older animals to respond to mitogen 

has been demonstrated previously, which could be detected from day 1 to 16, but were 

greater when compared to piglets at 28 days of age (Becker & Misfeldt 1993). These 

findings were also supported by other studies in pigs, where the responsiveness of PBLs 

to T cell mitogens has been reported to increase during the first few weeks after birth 

(Becker & Misfeldt 1993; Blecha et al. 1983; Hoskinson et al. 1990; Valpotic et al. 

1989). In this study, when PBL were incubated in the presence of mitogen, there was a 

significant age-related increase in incorporation of 3H-thymidine in response to PHA and 

PWM (10-fold greater SI). This finding is interesting because there were significant 

decreases in the proportion of total T cells (CD2+) and CD3+ (TCR complex) cells with 

age, which was reflected in a significant decrease in the proportion of CD2+CD3+ cells. 

The decrease in total T cells would be expected along with decreases in CD3+ cells, since 

mature peripheral T cells express this antigen as a component of the TCR complex. Since 

several components of the CD3 complex are essential in pre-TCR assembly and function 

(Haks et al. 1999) during T cells development in the thymus, it’s expression will vary 

according to the total proportion of T cells in PBL.

Interestingly, PBL from older pigs had significantly decreased (71%) rate of 3H- 

thymidine uptake in response to LPS, despite no apparent change in the proportion of B 

cells. This mitogen is recognized by specific B cell receptors and stimulation of these 

receptors induces B cell resistance against apoptosis, upregulation of costimulatory 

molecules, and proliferation (Miyake 2003). Since the proportion of B cells in this 

immune compartment is relatively small (22-24%; Table 3), the fact that PBL did not
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respond as well to a B cells mitogen such as LPS is not surprising. However, the reason 

why the response is decreased with age is unknown and may involve the higher in vivo 

activity of lymphocytes in younger piglets, which might have primed the cells.

A common immunological practice is the log transformation of cytokine data to account 

for non-normal distributions. The significant age-related decrease in the IFN-y/IL-4 ratio 

in the current study suggests a shift in the Thl/Th2 balance towards Th2. Therefore, these 

findings suggest an increased ability of PBL to proliferate to T cell mitogens, even with a 

decreased proportion of T cells in an environment that would favor a humoral-mediated 

response. There was also an overall increased response in cytokine production to PHA. 

The apparent shift in the Thl/Th2 balance was supported by a 34% increase in IL-4 and 

38% increase in IL-10 production (Th2), with a 52% decrease in IL-2- and 55% decrease 

in production of IFN-y (Thl) (all non-significant). This shift in towards more of a Th2 

response may have been influenced by changes in immune cell proportions in PBL. 

Previously, about one-third of CD4+ T cells produced IFN-y at high levels, almost 50% 

synthesized IFN-y within the CD8 + T cells population and there was no production 

association with either B cells or monocytes (Rodriguez-Carreno et al. 2002). Therefore, 

although it is not clear why these cells make more Th2 cytokines, the overall decrease in 

total T cells in PBL from this study may have contributed to the decreased IFN-y/IL-4 

ratio.

The adhesion molecule CD44 mediates lymphocyte migration by cell-cell adhesion, cell 

adhesion with extracellular matrix, endothelium, and other leukocytes (Arriens et al.
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1998; Yang & Binns 1993). Anti-CD44 abs stain most human and porcine PBL (Yang & 

Binns 1993), which was also the case in this study, as 95% (Table 3) of PBL expressed 

this adhesion molecule compared to a much smaller number of PP lymphocytes (29-31 % 

Table 5). In examining the specific cell populations that expressed CD44, there was a 

significant increase in PBL CD3+CD44+ and the percentage of B cells expressing CD44. 

Since upregulation of CD44 on B cells has been found to be characteristic of functionally 

effective B memory cells (Camp et al. 1991; Murakami et al. 1990) and expression of 

CD44 and CD2 molecules were both up-regulated on memory T cells (Sanders et al. 

1988), these results suggest that that the proportion of memory B and T cells in the 

periphery of the piglet increases with age. This was somewhat predictable and potentially 

a result of increased antigen exposure as a result of the weaning process. To relate these 

findings to the increased proliferation of PBL to PHA and PWM, the greater proportion 

of CD3+CD44+ cells might have contributed to the higher response to PHA.

Mesenteric Lymph Nodes

Proliferation (measured by rate of 3H-thymidine uptake) of MLN lymphocytes to all 3 

mitogens was higher in piglets at 35 days of age. The increased PHA response was 

further supported by the increased production of IL-2 by MLN cells from 35 d-old 

piglets. IL-2 has an important role in supporting T lymphocyte proliferation (Choi & Yoo 

2002). The age-related increase in MLN lymphocyte proliferative ability may have also 

been influenced by immune cell subset composition and the activation status of cell 

populations within the tissue microenvironment, which has been shown previously with 

CD25 expression (Whary et al. 1995). Although characterization of the major immune
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cell populations revealed no age-related differences in T cell population or activation 

status of these cells (CD25+), there were significant changes within the B cell 

compartment, with increases in the proportion of total B cell and IgA+ cells that were 

likely CD45RA+. This is because results from this study demonstrated a small, but 

significant increase (9.1%) in the proportion of CD45RA+ cells in MLN. Although 

expression of CD45RA on CD4+ and CD8 + T cells increased with age, the increase was 

not significant. Therefore, a separate population was contributing to this effect in MLN, 

possibly B cells, which also expresses CD45RA (Shivtiel et al. 2002). This is further 

supported by the fact that following activation, T cells undergo alternative splicing of 

CD45 to switch to expression of CD45RO (Braakman et al. 1991).

The percentage of B cells in MLN have been shown to remain stable as animals age 

(Solano-Aguilar et al. 2001) and both B and T cell populations in swine MLN were 

reported to be fully developed prior to birth with no observable difference between young 

and mature animals (Bianchi et al. 1992). Thus the findings of increased total B cells and 

IgA+ cells in the present study are contrary to these earlier findings. Interestingly, the 

proportion of IgM+ cells, from which IgA-i- cells are generated, was not significantly 

influenced by age. One might predict that a higher proportion of IgA+ cells would result 

in a lower proportion of IgM-i- cells. The finding of increased IgA+ cells in MLN 

suggests that a greater proportion of B cells are exposed to antigen at mucosal sites as 

piglets’ age. An increased amount of antigen exposure was expected in these piglets, with 

the cessation of suckling and since they are introduced to new dietary antigens during the 

weaning process. Therefore, the results of this study suggest that the increase in IgA+
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cells may be due to increased antigen processing within MLN, resulting from an 

increased maturation of B cells into IgA-secreting plasma cells (Insoft et al. 1996; Keren 

1992). Previously, an increased proportion of Ig+ cells (Whary et al. 1995) and elevated 

antibody titres (Barnett et al. 1989) were found in MLN of piglets as a result of antigenic 

stimulation in this tissue by exposure to new dietary antigens.

Peyer’s Patches

Characterization of the major immune cell populations in PP revealed that while there 

were no significant changes in the population of the classical CD4+CD8- T helper cells 

(Th) and CD8+CD4- cytotoxic/suppressor cells as the animals aged, the proportion of 

cells expressing the CD3 antigen was significantly increased. This increase was 

accompanied by a small, but non-significant increases in the proportion of CD2+, CD4+, 

and CD8 + cells and seems to indicate that the proportion of T cells in PP increases as 

piglets age. Further characterization of the PP T cell population revealed a decrease in the 

proportion of antigen naive cells (CD45RA+). Thus, this study supports the hypothesis 

that piglet PPL encounter an increasing antigen load with age and weaning. In this study, 

the increasing proportion of antigen mature cells with age and weaning was supported by 

the finding of a significant increase in the proportion of CD4+RA- cells. However, when 

the percentage of CD4 and CD8  T cells expressing the RA+ isotype was calculated 

(Figure 6 ), there were small increases with age, but the changes were very small and did 

not reach significance. Therefore, a separate cell population, specifically the B cell 

population, which also expresses CD45RA (Shivtiel et al. 2002) might be responsible for 

the observed decrease in total expression.

- 129-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Of major interest in PP is the predominant B cell population (46-53% of cells, Table 5). 

Previously, a reduction in the proportion of B cells (CD21) was shown in ileal PP with 

piglet age (Solano-Aguilar et al. 2001) and in the jejunal PP in piglets from 1.5 to 12 

months of age (Rothkotter & Pabst 1989). The only significant change in the proportion 

of B cells was a PP-specific B cells, which was shown to increase. This antibody, which 

binds predominantly to ileal PP B cells (79-87%) identifies an immature population of B 

cells in the follicles of ileal PPs and is recognizable in lymph node as a B cell 

subpopulation with lower levels of surface Ig (Denham et al. 1998).

Incorporation of 3H-thymidine by PP cells was low compared to PBL and MLN and there 

was high intra-individual variation. This variation was likely a result of environmental 

factors. This is supported by the lower variation in older piglets that were consuming the 

same diet. This low proliferative capacity of PP lymphocytes may have been influenced 

by immune cell populations in this tissue. Although the proportion of CD3+ cells 

significantly increased with piglet age, the proportion of CD3+ cells (14-25% of cells) in 

PP (Table 5), compared to blood (54-66% of cells; Table 3) and MLN (44-51% of cells; 

Table 4) was very low. Since the cytoplasmic domains of CD3 are involved in 

lymphocyte proliferation (Kirkham et al. 1996), a lower proportion of cells expressing the 

CD3 antigen in PP may have interfered with the ability of PP lymphocytes to proliferate 

following mitogenic stimulation, with the primarily T cell mitogens (PWM and PHA) 

used in the current study. An increased proportion of immature cells (PP Bcell) in PP
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may explain the observed (non-significant) decreases in PP cell 3H-thymidine 

incorporation after stimulation with LPS (primarily a B cell mitogen).

Conclusion

It was hypothesized that piglet innate immune defense, demonstrated by changes in 

neutrophil function, at 35 days was more mature than at 21 days. The findings of this 

study suggest that this measure of innate immune function did not undergo many changes 

from pre-weaning to post-weaning, at least for peripheral neutrophil function. It was also 

hypothesized that piglet adaptive immune defense at 35 days is more developed than at 

21 days. An improvement in adaptive immune defense was defined as a) an increased 

response to mitogens in lymphocytes isolated from blood, MLN and PP b) an increased 

production of specific cytokines from these mitogen-stimulated lymphocytes c) changes 

in immune cell populations that reflect increased maturation. The observed increases in 

lymphocyte incorporation of 3H-thymidine in PBL and MLN following mitogenic 

stimulation suggests that adaptive immune function increases with age in these animals in 

both blood and a tissue in close proximity to the intestine. This was further supported by 

an increased rate of IL-2 production in stimulated MLN. Lymphocytes from PP did not 

respond well to the mitogens used in this study, and therefore it was difficult to conclude 

that adaptive immune function at this site changed during the early post-weaning period. 

Phenotype data also supports the hypothesis of an increase in adaptive immune function 

with age. These findings suggest that early weaning, when the piglet adaptive immune 

system is less well developed, may have negative consequences on the health of the 

animal.
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Table 1. Composition of basal diet.
Ingredient Diet (g/kg)
WHEAT 382
SOYBEAN MEAL 232
CASEIN 232
FAT - Tallow 38.8

- Safflower Oil 21.5
- Linseed Oil 4.70

LIMESTONE 6.00
DICALCIUM PHOSPHATE 18.9
SALT 2.00
SWINE VITAMIN/MINERAL PREMIX1 0.750
PC Swine Trace Mineral 32 1.00
Vitamin B12 1.67 x 10'b
Supplement - Serine 21.0

- Alanine 17.8
- Glycine 15.0
- Sucrose 6.20

1 The vitamin premix contained (% w/w): 3.8912% Protein, 0.99% Fat, 2.701% Moisture, 86.002 
kcal/kg DE, 82.0002 kcal/kg ME, 25.7937% Calcium, 0.225% Phosphorus, 0.0765% Av 
Phosphorus, 0.1282% Magnesium, 0.0328% Sodium, 642.2313 mg/kg Iron, 7000014.2 IU/kg 
Vitamin A, 700014.2 IU/kg Vitamin D3, 20000.0117 IU/kg Vitamin E, 1500.0179 mg/kg Vitamin 
K, 40.0001 mg/kg Biotin, 399.9008 mg/kg Folic Acid, 20000.0117 mg/kg Niacin, 7499.9741 mg/kg 
Pantothenic Acid, 533.9845 mg/kg Pyridoxine, 3000.0051 mg/kg Riboflavin, 580.5812 mg/kg 
Thiamine, 10 mg/kg Vitamin B12
2 The trace mineral premix contained (% w/w): 0.99% fat, 0.001% moisture, 8 6  kcal/kg DE, 82 
kcal/kg ME, 15.1874% Calcium, 0.0729% Magnesium, 0.0283% Sodium, 4.756% Sulfur, 351 
mg/kg cobalt, 5000 mg/kg Copper, 749.3 mg/kg Iodine, 75365.1328 mg/kg Iron, 25020 mg/kg 
Manganese, 150 mg/kg Selenium, 75024 mg/kg Zinc, 100.001 g/kg Choline
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Table 2. Neutrophil Burst, Size and Granularity of neutrophils (measure at 21 and 35
days of age)

Measure Time Pre-weaning (n=10) Post-weaning (n=10)

Burst 0 min. 2412± 10 6  ± 1

5 min. 98 ±33 87 ± 13
fold increase (0-5 min) 10 ±3 19 ± 3
10 min. 341 ±74 358 ± 55
fold increase (0-10 min) 44 ± 12 75 ± 11
fold increase (5-10 min) 5 ± 1 4 ±0.2
15 min. 752 ± 122 773 ± 103
fold increase (0-15 min) 122 ±41 168 ± 30
fold increase (10-15 min) 3 ±0.4 2  ± 0 . 2

Size 0 min. 499 ±21 503 ± 17
5 min. 533 ± 23 531 ± 19
10 min. 565 ± 19 565 ± 17
15 min. 572 ± 14 569 ± 13

Granularity 0 min. 307 ±31 280 ±7
5 min. 339 ± 40 291 ±5
10 min. 331 ±34 292 ± 4
15 min. 333 ± 40 300 ±5

1 Values presented as mean fluorescence ± SEM
2 There were no significant differences (p<0.05) in any measure of neutrophil function both 
prior to (0 min) or after stimulation with PMA
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Table 3. Cell Phenotyping from PBL at 21 and 35 days of Age
Antibody Pre-weaning (n=9) Post-weaning (n=10)

IGA 121 ± 4 9 ± 1
IGM 13 ± 2 16+1
CD44+BCELL+ 17 ± 2 18 + 3
% B cells CD44+ 89a± 2 90b + 3
CD44+CD3+ 30a± 9 44b± 13
% CD3 CD44+ 97 + 2 97 + 1
CD4+CD45RA+ 29 + 5 29 + 5
CD4+CD45RA- 17 ±3 1 2  + 2

CD8+CD45RA+ 28 ±5 23 + 2
CD8+CD45RA- 9 ± 2 5 ± 1
CD2+CD3+ 55b ± 5 28a ± 5
CD2+CD3- 3 2 0  + 6 14 ± 3
CD3+CD4+ 30 ± 7 41+5
CD3+CD8+ 29 + 6 23 + 5
CD3+ 6 6 b + 4 54a + 4
CD4+ 34 ±5 50 ± 4
CD8+ 35 ±4 29 ±3
CD4/CD8 1 . 0  ± 0 . 2 1.9 ±0.3
CD25+ 25 ± 8 24 ± 2
Ra+ 60 ± 6 6 6  ±3
CD44+ 95 ± 1 95 ± 1
Monocyte+ 17 ± 2 16 ± 1

B cell+ 2 2  ± 2 24 ± 2
CD2+ 72b ± 6 54a ± 9

1 Values presented as cell population percentage mean ± SEM
2 Means within a row that do not share a common letter are significantly different 
(p<0.05)
3 This population was assumed to be the CD4CD8 double negative T cell subset
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Table 4. Cell Phenotyping from MLN Lymphocytes from piglets at 21 and 35 
days of Age

Antibody Pre-weaning (n=9) Post-weaning (n=10)
IGA 1 0 a12 ± 2 17b± 1
IGM 23 + 3 2 2  ± 2

CD4+CD45RA+ 30 ± 6 41+4
CD4+CD45RA- 17 + 3 13 ± 2
CD8+CD45RA+ 27 + 2 30 + 2
CD8+CD45RA- 8  ± 2 6  ± 1

CD4+CD25+ 20 ± 4 15 ± 2
CD8+CD25+ 24 + 2 16 + 3
CD2+CD3+ 31 + 7 33 + 3
CD2+CD3- 3 21 ±7 28 ± 6

CD3+ 44 ± 4 51 ± 2
CD4+ 48 + 3 49 + 2
CD8+ 38 + 1 38 ±3
CD4/CD8 1.3 ±0.1 1.4 ± 0.1
CD25+ 30 ± 4 22 ±3
Ra+ 71a± 6 i t  ± 2
B cell+ 28a±4 39b ± 4
CD2+ 52 ±9 61 ± 8

1 Values presented as cell population percentage mean ± SEM
2 Means within a row that do not share a common letter are significantly different 
(p<0.05)
3 This population was assumed to be the CD4CD8 double negative T cell subset
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Table 5. Cell Phenotyping from PP at 21 and 35 days of Age
Antibody Pre-weaning (n=7)_ Post-weaning (n=10)
IGA 91 ± 3 5 ± 1
IGM 41 + 5 40 ±3
PP BCELL 92a± 1 20b + 4
CD44+BCELL+ 12 ± 3 9 ± 2
% B cell CD44+ 21 ± 4 27 ±7
CD4+CD45RA+ 9 ± 1 17 ± 7
CD4+CD45RA- 4a± 1 5b± 1
CD8+CD45RA+ 1 0  ± 1 14 ± 3
CD8+CD45RA- 5 ± 1 7 ± 3
CD3+ 14a ± 4 25b ± 3
CD4+ 13 ± 1 22 ±7
CD8+ 15 ± 1 21 ± 6
CD4/CD8 0.9 ±0.1 1.5 ±0.6
RA+ 89b ± 4 82a± 4
CD44+ 29 ±5 31 ± 6

Monocyte+ 23 ±3 21 ±3
B cell+ 53 + 2 46 ± 4
CD2+ 25 ± 6 33 ±3

1 Values presented as cell population percentage mean ± SEM
2 Means within a row that do not share a common letter are significantly different 
(p<0.05)
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Table 6. 3H-Thymidine Uptake by PBL, MLN and PP at 21 and 35 days of Age
Tissue (Mitogen) Pre-weaning (n=10) Post-weaning (n=10)

PBL (none) DPM1 3921b2 ± 829 1036a±429
(PHA) DPM 1732923± 42454 287271b± 47681

Log transformed3 SI4 1.72a ± 0.1 2 .6 b ± 0 . 1

(PWM) DPM 104660a ± 22079 162828b± 28855
Log transformed SI 1.5a± 0.1 2.3b ± 0.2

(LPS) DPM 10031b± 1725 2900a± 907
Log transformed SI 0.4 ± 0.2 0.2 ± 0.4

MLN (none) DPM 176 ±35 236 ± 30
(PHA) DPM 168208a± 39434 291989b± 41485

SI 1021 ± 198 1745 ± 457
(PWM) DPM 111266a± 25512 203420b± 28835

SI 649a± 126 1130b ± 254
(LPS) DPM 178a ± 42 391b ± 8 6

SI 0.4 ± 0.3 0 . 8  ± 0 . 2

PP (none) DPM 96 + 22 67 ± 11
(PHA) Log transformed DPM 3.0 ±0.3 2.7 ±0.1

Log transformed SI 1.0 ±0.4 0 . 8  ± 0 . 1

(PWM) Log transformed DPM 2.7 ±0.3 2.3 ±0.1
Log transformed SI 0.5 ±0.5 0.3 ±0.2

(LPS) DPM 83 ±20 72 ± 18
SI 0.4 ± 0.3 0 . 2  ± 0 . 1

1 Values reported in decays per minute (mean ± SEM)
2 Means within a row that do not share a common letter are significantly different (p<0.05)
3 Kurtosis and Skew were analyzed for proliferation data and values that were not considered 
normally distributed were log transformed.
4  Values presented as mean stimulation index ± SEM, calculated as DPM stimulated/DPM un- 
stimulated
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Table 7. Cytokine Production by pi;|let PBL taken at 21 and 35 days of Age to PHA
Cytokine Pre-weaning (n=10) Post-weaning (n=10)

IL-4 (Log transformed)1 1.52 ±0.1 1.7 ± 0.1
IL-2 1478 ± 495 713 ±273

IFN-y 902 ±271 406± 140
TNF-a (Log transformed) 1.5 ±0.03 1.5 ±0.04
IL-10 (Log transformed) 1 . 2  ± 0 . 1 1 . 1  ± 0 . 2

IFN-y/IL-4 (Log transformed) 1.3b3 ±0.1 0 .6 a ± 0 . 1

1 Kurtosis and Skew were analyzed for cytokine data and values that were not considered 
normally distributed were log transformed.
2 Values presented as mean ± SEM
3 Means within a row that do not share a common letter are significantly different (p<0.05)

Table 8. Cytokine Production by piglet MLN Lymphocytes taken at 21 and 35 days of 
Age to PHA

Cytokine Pre-weaning (n=10) Post-weaning (n=10)

IL-4 2261± 29 259 ± 36
IL-2 (Log transformed)2 2.4a3 ± 0.2 2.9b ±0.1

IFN-y 269 ± 77 365 ± 96
TNF-a 28 ± 1 32 ± 2
IL-10 74± 10 58 ± 12

IFN-y/IL-4 (Log transformed) -0 . 1  ± 0 . 1 0.05 ±0.1

1 Values presented as mean ± SEM
2 Kurtosis and Skew were analyzed for cytokine data and values that were not considered 
normally distributed were log transformed.
3 Means within a row that do not share a common letter are significantly different (p<0.05)
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Figure 1. PBL phenotypes obtained from piglets at 21 and 35 days of age. Phenotypes given as mean with error bars representing
SEM. Phenotypes that do not share a common letter are significantly different (p<0.05).



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

100

PBL Phenotypes
□  weaning ■  post weaning

co
'■ eo
ClO

80

60

40

20

0

■ H

Gl Ul
CD4 RA+ CD4 RA-

T

% CD4 RA CD 8  RA+ CD 8  RA- 

CD antigen

% CD8  RA Total RA
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Chapter 5 -  INFLUENCE OF GLUTAMINE ON IMMUNE 
AND GUT DEVELOPMENT AND ON THE EARLY 

STAGES OF ETEC INFECTION IN NEWLY WEANED
PIGLETS

5.1 INTRODUCTION

Early weaning results in adverse reactions of the piglet, and diarrhea is the first and most 

prevalent clinical sign of illness after early weaning (Nabuurs 1998). Dietary intervention 

aimed at improving the development of the immune system so it can aid in the prevention 

of ETEC would be a very effective method of helping reduce the risk of infection in 

piglets. The importance of gin during infections has been demonstrated in vivo by its 

ability to preserve epithelial barrier function in the distal ileum of 21-d old piglets (Dugan 

& McBumey 1995), significantly decrease the mean duration of diarrhea in children 

(Yalcin et al. 2004), and in rodents to lower translocation rates of radiolabeled E. coli 

(Gennari & Alexander 1997), improve survival (Gennari & Alexander 1997; Suzuki et al. 

1993) and pathogen elimination (Suzuki et al. 1993). In vitro, gin is also important for the 

maintenance of epithelial barrier function, demonstrated in Caco-2 cells (Panigrahi et al. 

1997; DeMarco et al. 2003). Pathogens such as ETEC influence intestinal permeability of 

tight junctions and was shown to decrease the number of tight junction strands in three- 

week old piglets (Egberts et al. 1993). The mechanism appears to involve intracellular 

increases in cyclic 3^51-adenosine monophosphate (cAMP), which is induced by ETEC 

and has been shown in vitro to cause either a breakdown or proliferation of interepithelial 

tight junctions (Duffey et al. 1981).
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The potential increased requirement for gin, and it’s classification as being “conditionally 

essential”, is demonstrated by the finding that both immune function and plasma gin 

concentrations are depressed in a variety of “stress” conditions (reviewed in (Field et al. 

2000a). In vitro, Gin is an energy substrate for lymphocytes and lymphocyte 

proliferation, B lymphocyte (B-cell) differentiation, and cytokine production EL-1, IL-2, 

IFN-y and TNF-a) (reviewed in (Newsholme & Parry-Billings 1990; Newsholme & 

Calder 1997)). Provision of enteral gin has also been shown to increase T lymphocyte (T 

cell) function and positively influence T cell proportions (Jensen et al. 1996).

Gin is important in innate immune defense, as evidenced that it is also an energy 

substrate for macrophages (reviewed in (Newsholme & Parry-Billings 1990)). There is 

also data to support the importance of gin for in vitro neutrophil bactericidal function 

(Ogle et al. 1994). In vitro, gin has also been shown to be involved in the production of 

nitric oxide (NO) (Murphy & Newsholme 1998; O'Dowd & Newsholme 1997) and IL-1 

(reviewed in (Newsholme & Calder 1997)) by macrophages. Increases of glycyl gin 

concentrations in vitro significantly increased antimicrobial functions (generation of 

superoxide and killing capacity) of human monocytes (Ruggeberg et al. 1997). Gin is 

also known to facilitate phagocytosis (reviewed in (Newsholme et al. 1985; Parry- 

Billings et al. 1990; van Acker et al. 1999)). Polymorphonuclear neutrophils (neutrophils) 

contribute to host defense by migrating to sites of infection and trauma and upon 

encounter with bacteria, activates its diverse oxygen-dependent (reactive oxygen 

intermediates (ROI)) and oxygen-independent (phagocytosis of opsonized foreign bodies 

and release of other microbicidal substances) antimicrobial systems by releasing
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azurophil and specific granules to the phagosome or the exterior of the cell (Chertov et al. 

2000; Faurschou & Borregaard 2003). Most of the steps in the elimination of foreign 

microorganisms are dependent on the mobilization of cytoplasmic granules and secretory 

vesicles (Faurschou & Borregaard 2003). Neutrophil granule proteins, due to their 

proximal location and rapid release, are major components in innate host defense and 

play potentially pivotal roles in the initiation of adaptive immune responses to bacteria, 

viruses and fungi (Chertov et al. 2000).

Gin has also been shown to influence intestinal morphology. Provision of gin by total 

parenteral nutrition has been shown to preserve mucosal gin (van der Hulst et al. 1996) 

and glutathione levels (Basoglu et al. 1997). It was demonstrated to be a key nutrient in 

the maintenance of the gut mucosa; addition of gin to TPN solutions (reviewed in 

(Alverdy 1990)) and in the diet of newly weaned piglets (Wu 1996) partially prevented 

intestinal atrophy. When provided orally to rodents, gin was implicated in preserving 

intestinal metabolism, structure and function by accelerating healing of the gut mucosa in 

irradiated animals by supporting mitosis in the proliferative zone of the villous crypts 

(Klimberg et al. 1990).

Despite the important roles attributed to gin, supplementation to piglets has received little 

attention (Yoo et al. 1997). The objective of this study was to determine the ability of 

supplementing the diet with additional gin (4.4 % w/w) to promote immune function and 

defense against ETEC challenge and to improve gastrointestinal function against an 

ETEC challenge in the early post-weaning period in piglets. It was hypothesized that
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supplementation of dietary gin to newly weaned piglets would improve innate immune 

defense. An improvement in innate immune defense was defined by increased neutrophil 

function. It was also hypothesized that supplementation of dietary gin to newly weaned 

piglets would improve adaptive immune defense. Improved defense is defined as an 

increase in proliferation in response to mitogens by lymphocytes isolated from blood, 

mesenteric lymph nodes (MLN) and Peyer’s patches (PP) and result from modifications 

in production of cytokines in peripheral blood and MLN and the proportion of immune 

cell populations in blood, MLN and PP. It was also hypothesized that isolated intestinal 

loops challenged with ETEC from gin-supplemented piglets will maintain a) intestinal 

barrier function and b) functional integrity. Intestinal functional integrity was assessed by 

measuring potential difference (PD), short-circuit current (Isc) and mannitol flux (ManP).

5.2 MATERIALS AND METHODS

Animals and Diets

Animal studies were reviewed and approved by the Faculty of Agriculture and Forestry 

Animal Policy and Welfare Committee and were conducted in accordance with the 

Canadian Council on Animal Care guidelines. Twenty-two female and eighteen male 

Dutch-Landrace (Genex Swine Group, Heartland Livestock Services, Regina, 

Saskatchewan) piglets were obtained from the University of Alberta Swine Research and 

Technology Centre and transported to a separate, temperature-controlled room at the 

University of Alberta Metabolic Research Unit. Piglets were housed individually in 

metabolic crates, each fitted with water nipples and creep feeders. Each litter (n=10) was 

obtained and weaned at approximately 21 days of age. Body weight (BW) and feed
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intake (FI) were recorded daily during the feeding trial.

Upon receipt of each litter, piglets were assorted randomly into two treatment groups: 1) 

basal diet with a control mixture of amino acid supplement (ctl) 2 ) basal diet with gin 

supplement (gin). These diets were formulated to meet 110% of the requirements for 

piglet 5-10 kg as specified by the National Research Council (1998) (NRC 1998). A 

constant portion of the diet is detailed (Table 1) and contained 65 g/kg of fat from a 

mixture of sources (59.7% Tallow, 33.1% Safflower Oil, and 7.2% Linseed Oil), 

providing a polyunsaturated to saturated fatty acid ratio of ~ 0.9. The supplement portion 

of the diet (60 g/kg) consisted of 43.8 g gin for the Gin diet, and the ctl diet consisted of 

an isomolar, isonitrogenous mixture of amino acids (21.0 g/kg serine, 17.8 g/kg alanine, 

and 15.0g/kg glycine), which have limited or no metabolic interaction with gin, and are 

not known to be limiting for growth or immune function in piglets of this age. The 

variable portion of the diet was made isonitrogenous and isoenergetic by balancing the 

supplement with sucrose (16.2 g/kg gin diet; 6 . 2  g/kg ctl).

Sample Collection

At approximately 35 days of age, four animals from each litter were used to study 

immune function and gut development. Surgical Procedures and sample collection were 

performed as previously described (Chapter 3). A single blood sample was obtained from 

each piglet and all subsequent samples were obtained immediately following 

administration of anaesthetic and surgery.
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Immune Measures

As described previously and under sterile conditions, peripheral blood lymphocytes 

(PBL) and immune cells from MLN (Chapter 3), as well as from PP (Chapter 4) were 

isolated. The mitogen response assay was conducted in triplicate on microtiter plates as 

previously described (Chapter 3). Additionally, production of cytokines from immune 

cells from blood and MLN in complete culture media (CCM; 1 x 106 cells/ml) that were 

either stimulated with PHA (25 ng/ml) or incubated in the absence of mitogen was 

determined as previously described (Chapter 4). Lymphocyte subsets from freshly 

isolated immune cells in blood, PP and MLN were identified by indirect 

immunofluorescence assay as previously described (Chapter 3). The profile of antibodies 

tested is given in Table 3 of the Appendix. Whole blood was used to assess neutrophil 

function, as previously described (Chapter 3).

In Situ Surgical Model

Remaining animals from the feeding trial (36-38 days of age) underwent the in situ 

closed intestinal loop model of ETEC infection, as described previously (Chapter 3) with 

some modifications. Briefly, prior to each surgery, E. coli cultures were prepared fresh 

from frozen stock. Fresh cultures of K8 8  ETEC [K8 8 ac -  kindly provided by Dr. 

Marquardt, University of Manitoba, Winnipeg, MB, Canada (See Appendix for growth 

curve) and K8 8  wild type (WT) field isolate, kindly provided by Dr. Nick Nation, VPL 

laboratories, Edmonton, AB, Canada] were prepared by transferring a small sample of 

ETEC frozen culture to 6  mis of BHI media (Oxoid LTD., Basingstoke, Hampshire, 

England) and growing for 24 hrs (in shaking incubator at 37°C). This ETEC culture was
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subsequently subcultured (24 hrs). The final culture was prepared by transfer of 2 mis of 

subcultured ETEC media to a 200 ml flask with BHI media (Oxoid) and grown in a 

shaking incubator at 37°C for approximately 12 hrs. Samples from these flasks were 

taken and bacteria were diluted in phosphate-buffered saline (PBS; 300 mOsm/L) to a 

final concentration of approximately 1 X 109 CFU/ml. Because of the concerns that 

frozen sub-cultures may lose a degree of pathogenicity, the presence of K8 8  fimbriae was 

confirmed in each culture by performing a latex agglutination test (Vetway Fimbrex K8 8 , 

Central Veterinary Laboratory, Surrey, UK) immediately prior to departing the 

microbiology laboratory to begin the surgical procedure. Following an incubation period 

of approximately 4 hours, euthanasia was induced (cardiac injection of Pentobarbital 

Euthanyl -  2 ml/4.5 kg BW), gut sections were removed and immersed in ice-cold PBS.

Ussing Chambers

A small section from each intestinal loop was removed, filled with PBS, and transported 

to the Ussing apparatus in 50 ml Falcon tubes filled with ice-cold PBS where 

measurements were made as described previously (Chapter 3).

Statistics

All statistical analyses were completed using the SAS statistical package (Version 8.1, 

SAS Institute, Cary, NC). Results were presented as means ± SEM. For BW and FI, 

neutrophil assay, proliferation and phenotype, the effect of diet was determined by one

way analysis of variance (ANOVA), with blocking for piglet litter. Kurtosis and Skew 

were analyzed for proliferation and cytokine data. Values that were not considered
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were analyzed for proliferation and cytokine data. Values that were not considered 

normally distributed by skew and kurtosis values were log transformed, and these values 

are indicated as log transformed in their respective tables. For Ussing chamber measures 

and fluid recovery, the effect of diet and loop was determined using a mixed model, with 

loop comparisons performed by lsmeans, with blocking for piglet litter. Repeated 

measures analysis was also performed on Ussing chamber data and neutrophil assay data.

5.3 RESULTS

Feed Intake and Weight

Despite randomization, there was a small but significant difference in the mean BW of 

the groups (5749 ± 320 g ctl vs. 6259 ± 258 g gin) prior to initiating the feeding protocol. 

Despite this difference, the mean FI, average daily gain (ADG) and final BW did not 

differ between groups (Table 2 ).

Neutrophil Function

The absolute production of free radicals (neutrophil burst assessed by mean fluorescence) 

before and after stimulation did not differ between groups (Table 3). However, there was 

a significantly lower (P<0.05) increase from 0 to 5 and 0 to 10 min. in gin-fed animals, 

but no difference when assessed between 0 and 15 min. Neutrophils from gin-fed piglets 

were more granular both before and after stimulation with phorbol myristate acetate 

(PMA) (Table 3). Repeated measures analysis revealed no significant effect of diet on 

oxidative burst at the time points studied. However, analysis of the increase betweeen
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time points revealed a significant diet effect as well as a significant diet*time effect 

(P<0.05).

Immunofluorescence

Expression of several antigens on T cells CD2, CD3, CD4, CD8 ), B cells (B cell, 

Immunoglobulin (Ig) A, IgM, PP B cell) and monocytes in PBL (Figure 1), MLN (Figure 

2), and PP (Figure 3) were measured. However despite this amount of immune cell 

characterization, the only significant diet-induced differences where a higher proportion 

of monocytes in peripheral blood of gin-fed piglets compared to the ctl group (Figure 1) 

and a lower proportion of IgA+ cells in MLN of gin-fed piglets (Figure 3). The major 

diet-induced phenotype differences were found with expression of CD45RA. Gin-fed 

piglets had proportionately less antigen naive cells (total CD45RA+ expression) in PBL 

(Table 4) and MLN (Table 5). Expression of this maturation marker was also influenced 

in PP, where gin-fed piglets were shown to have a decreased proportion of CD4+RA- and 

CD8 +RA- T cells (Table 6 ). Total expression of this maturation marker in each tissue is 

shown in Figures 4 (PBL), 5 (MLN) and 6  (PP). Despite the changes in T cell expression 

of CD45RA, expression of the adhesion molecule (CD44) on T cells (PBL) and B cells 

(blood and MLN) and total number of CD25+ cells (expression of the IL-2 receptor) did 

not differ between dietary treatments.

Lymphocyte Proliferation

There was no effect of diet on the rate of 3H-thymidine uptake when cells from peripheral 

blood, PP or MLN were incubated in the absence of mitogen (Table 7). Neither the
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absolute rate of H-thymidine uptake (decays per minute), nor the stimulation index to 

any of the mitogens significantly differed in PBL (Table 7). However, in MLN there was 

a significantly higher (P<0.05) SI to pokeweed mitogen (PWM) and lipopolysaccharide 

(LPS) in gin-fed piglets (Figure 7). Also, in PP of gin-fed piglets there was a significantly 

higher absolute rate of 3H-thymidine uptake in cells incubated in the presence of PHA 

(P<0.03) and a significantly increased stimulation index following stimulation with LPS 

(PcO.Ol) (Table 7).

Cvtokine Production

Stimulation of PBL with PHA influenced the Thl response in these animals, with a 

significantly lower production of IFN-y in gin-fed piglets (Table 8 ). This finding in the 

gin group was also reflected in a significantly decreased IFN-y/IL-4 ratio, indicative of an 

increased Th2 response (Table 8 ). Both Thl- and Th2-type cytokines were influenced in 

MLN. Incubation of MLN cell with PHA resulted in a significantly lower production of 

IL-4 and IL-2 in gin-fed animals, suggestive of an increased Thl response (Table 9). 

Production of IL-10 and TNF-a were not significantly influenced by diet.

Ussing Chambers

Measurements performed in Ussing Chambers are given in Table 10. Comparison of 

intestinal loops revealed a significantly higher mannitol permeability (ManP) in loops 

inoculated with ETEC (K8 8 AC & K8 8 WT) compared to the loops that did not receive 

ETEC for both diet groups (P<0.0001, Figure 8 ). The volume of fluid in loops that were 

not inoculated with ETEC was negative (-17 ± 2 mis in ctl-fed piglets (n=6 ), -23 ± 2 mis
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in gin-fed piglets (n=6 )) compared to loops that were inoculated with K8 8 AC ETEC ( 8  ± 

5 mis in ctl-fed piglets, 11 ± 5 mis in gin-fed piglets) and K8 8 WT ETEC (0 ± 3 mis in in 

ctl-fed piglets, 7 ± 2 mis in gin-fed piglets). Repeated measures analysis of fluid recovery 

data revealed a significant loop effect in which AC- and WT-inoculated loops were 

significantly different than loops that were not inoculated with ETEC (P<0.0001).

Diet did not influence mannitol permeability in either the non- or ETEC-inoculated loops 

(Figure 8 ). Electrical measures of intestinal loop tissue mounted in USSING chambers 

revealed a higher short-circuit current (Isc) in K8 8 AC and K8 8 WT-inoculated loops of 

control-fed piglets compared to gin-fed piglets (Figure 9). There was also a significantly 

increased potential difference (PD) in the K8 8 WT-inoculated loops of ctl animals. In the 

ctl-fed animals there was also an increased PD in K8 8 AC-inoculated loops, but this 

increase did not reach statistical significance (Figure 10). Although the difference did not 

reach significance, intestinal loops (that were not exposed to ETEC) from the ctl-fed 

animals tended to have higher PD and Isc measures than those fed gin (Table 10).

5.4 DISCUSSION

Intake and Growth

Generally, little of the gin provided in the diet directly enters the bloodstream because the 

absorptive cells of the small intestine utilize almost all that is absorbed from the lumen of 

the gut (reviewed in (Newsholme & Parry-Billings 1990; Wu 1998)). Therefore the route 

of gin provision is important. While provision of dietary gin (4% w/w) to young piglets 

did not increase plasma concentrations of this amino acid (Yoo et al. 1997), increasing
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the amount of gin (0, 5 and 10%) provided by total parenteral nutrition increased plasma 

gin concentrations linearly (House et al. 1994)). Although plasma gin concentrations 

were not measured in the current study, it is expected that plasma gin concentrations 

would not change with dietary supplementation. Furthermore, these animals were healthy 

and consuming adequate amounts of diets formulated according to NRC requirements 

(NRC 1998). The small differences in initial BW between diet groups did not result in 

significant differences in final BW or the rate of ADG or FI.

Innate Immune Function

Neutrophil function was used as an indication of innate immune function in piglets. 

Previously, gin has been shown to increase neutrophil function in burn (Ogle et al. 1994) 

and post-operative patients (Furukawa et al. 1997; Furukawa et al. 2000), and healthy 

humans (Ogle et al. 1994) and rodents (Pithon-Curi et al. 2002a; Pithon-Curi et al. 2002b; 

Fukatsu et al. 2003; Ikeda et al. 2003). The beneficial effects of gin include an increase in 

phagocytosis (Furukawa et al. 2000; Ikeda et al. 2003) and an increased oxidative burst 

product formation (i.e. production of ROI) (Ogle et al. 1994; Ruggeberg et al. 1997; 

Furukawa et al. 2000; Fukatsu et al. 2003). Although the preferred energy substrate for 

neutrophils is glucose, it has been suggested that neutrophils are able to utilize gin when 

glucose is restricted (Vlessis et al. 1995) and rat neutrophils have been shown to utilize 

gin at a higher rate than glucose (Pithon-Curi et al. 1997). Additionally, feeding casein 

(the dietary protein source used in the current study) was shown to stimulate human 

neutrophil function, but for a less prolonged period of time than feeding a carbohydrate- 

and protein-free cream preparation (Mohantny et al. 2002). In the current study,
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neutrophils from gin-fed animals had a lower fold increase (0 to 5, 0 to 10 min) in 

oxidative burst, although the final production of free radicals did not differ between diets. 

Although this is not consistent with the literature suggesting that gin enhances neutrophil 

function, these were healthy animals that were not deficient in gin.

Neutrophil granularity was also measured in the current study, which is influenced by 

both the number of granules and the amount of proteins and anti-microbial enzymes 

contained within the granules (Faurschou & Borregaard 2003). Stimulation of neutrophils 

(with PMA) results in the release of granule proteins (Faurschou & Borregaard 2003) and 

an increase in granularity, which occurred in neutrophils obtained from both groups. 

However, in gin-fed piglets, neutrophil granularity was significantly greater at all time 

points. Previously, neutrophil granularity has been shown to decrease in exercised dogs 

(Moritz et al. 2003), in horses with inflammatory bowel disease (Weiss & Evanson 

2003), during bacterial infection and surgical trauma (Fletcher et al. 1990) and in bum 

patients (Arturson 1985). Since neutrophils were obtained from healthy piglets, it is 

difficult to make comparisons to these studies conducted during conditions of stress. 

However, since a lower granular enzyme content is associated with defective chemotaxis 

and bactericidal killing by neutrophils (Alexander et al. 1978), the finding of significantly 

increased neutrophil granularity both before and after stimulation with PMA suggests that 

gin might positively influence neutrophil function. Although the increase in granularity is 

important and should be investigated in future studies, the inability to demonstrate a 

higher oxidative burst suggests that feeding gin to young weaned piglets has a limited 

influence on this measure of innate immune defense, at least in healthy animals.
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Peripheral Immune Function

In vitro, gin is used at a very high rate as a major fuel in lymphocytes (Newsholme & 

Parry-Billings 1990) and has been shown to influence the lymphocyte proliferative 

response in a variety of species including humans (Parry-Billings et al. 1990; Rohde et al. 

1996; Kohler et al. 2000), mice (Kew et al. 1999), rats (Ardawi & Newsholme 1983; 

Shewchuk et al. 1997; Liu et al. 2001) and pigs (Yoo et al. 1997). In the present study, 

contrary to our hypothesis we did not demonstrate that feeding gin significantly increased 

the rate of H-thymidine uptake by peripheral immune cells after mitogen stimulation. 

This observation was further supported by no differences in IL-2 production between 

groups. However, it must be considered that unlike these previously mentioned studies, 

immune cells were isolated from healthy growing animals, which were consuming 

formulated diets containing high quality proteins. Therefore, gin’s contribution to 

proliferation, as reported in previous clinical studies, may have been blunted due to the 

presence of sufficient dietary protein in all piglets used in the study.

In peripheral blood, the only significant change among the major immune cell 

populations occurred in the monocyte population, which was higher in gin-fed piglets. 

This may simply have resulted from small changes in the proportion of other blood 

immune cell populations, such as total T cells (CD2+), which were slightly decreased in 

gin-fed animals. Phenotyping revealed that gin-fed piglets had proportionately less 

immature/antigen naive cells (total CD45RA+ expression) in peripheral blood. 

Expression of CD45 isoforms has been studied previously in vitro (Stasny et al. 2001;
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Braakman et al. 1991), in models of protein-energy malnutrition in weanling mice 

(Woodward et al. 1995), in human infants (Field et al. 2000b) and in young piglets (Bozic 

et al. 2002b; Bozic et al. 2002a; Rodriguez-Carreno et al. 2002). A lower proportion of 

CD45RA+ cells suggests an increase in antigen exposure/maturation in the gin-fed 

piglets, but this change could not be attributed to either of the major T cell subsets, and 

likely explains the similar response to T and B cell mitogens by both groups.

Previously, production of IFN-y by human PBL stimulated with T cell mitogens has been 

shown to require an exogenous gin supply (anti-CD3 (Horig et al. 1993), PHA (Rohde et 

al. 1996) and ConA (Yaqoob & Calder 1998)) and a positive feedback relationship 

between gin and IFN-y has been shown (Rohde et al. 1996). Furthermore, the Thl 

(increased IFN-y production), but not Th2, cytokine response to live attenuated bacillus 

Calmette-Guerin in human peripheral mononuclear cells was shown to require optimal 

concentrations of gin (Chang et al. 1999). The current study demonstrated that the 

production of IFN-y by PBL (reflected in IFN-y/IL-4 ratio) incubated with PHA was 

significantly lower in gin-fed animals, which suggests a shift towards a Th2-type 

response in these animals. This decrease in IFN-y production by freshly isolated cells 

from gin-fed piglets is inconsistent with previous findings (reported above) performed by 

incubating cells in vitro with gin. Once might conclude that the influence of diet on 

cytokine production by peripheral blood cells is more physiologically relevant than in 

vitro studies and likely closer to the ‘true’ physiological response. While the mechanism 

for this change in mitogen-induced cytokine production is not known, the decrease in 

IFN-y production in gin-fed animals may have been influenced by the immune cell
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phenotype of these animals, specifically the lower proportion of CD45RA+ cells. 

Memory CD45RA- cell from swine (Rodriguez-Carreno et al. 2002) were previously 

reported to have a higher ability to produce IFN-y when stimulated with PMA (and 

calcium ionophore). Additionally, human PBL were found to be capable of producing a 

much broader spectrum of cytokines than naive CD45RA+ cells (Jung et al. 1993; 

Kanegane et al. 1996; Hamann et al. 1997; Mascher et al. 1999). Furthermore, the young 

age of these piglets may have been a contributing factor as human infants have a 

predominantly Th2 type cytokine response (Bjorksten 1999). Diet can also influence 

production of this cytokine, demonstrated previously when infants ( 6  wks old) fed long 

chain polyunsaturated fatty acids were shown to produce more IFN-y than infants fed 

human milk and commercial term formula (Field et al. 2003).

Mesenteric Lymph Nodes

A higher 3H-thymidine incorporation following stimulation with both PWM (T- and B- 

cell mitogen) and LPS (strictly B cell mitogen) were observed in the cells from gin-fed 

piglets. These findings may be due to the proportionately less immature cells (total 

CD45RA) and higher proportion of CD4+CD45RA- cells in the gin fed animals. Antigen 

mature cells respond better to mitogens (Stasny et al. 2001). These findings suggest that 

feeding gin to piglets influences the transition from immune naive CD45RA+ cells to the 

mature CD45RA- phenotype in MLN. Despite no significant difference in the rate of ' H- 

thymidine uptake after PHA stimulation, there was a lower production of IL-2 after PHA 

stimulation by cells from gin-fed piglets. Lower rates of 3H-thymidine usually 

accompany lower IL-2 production and this observation requires further study.
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Stimulation of MLN cells with PHA also resulted in a significantly lower production of 

IL-4 in gin-fed animals.

Peyer’s Patches
-2

Log transformation of PP proliferation data revealed a significant high rate of H- 

thymidine uptake in cells from gin-fed piglets after stimulation with PHA and 

significantly increased stimulation index following stimulation with LPS. This increased 

proliferative rate was accompanied by a decrease in the proportion of CD4+RA- and 

CD8 +RA-. While T cells which have previously encountered antigen are thought to be 

better able to respond to T cell mitogens, it is important to note that several RA isoforms 

exist in swine (RAC, RA, RC, RO (Haverson et al. 1999)). Therefore it is difficult to 

conclude that the decrease in RA- T cells in gin-fed piglets was actually a decrease in the 

proportion of T cells that had been previously exposed to antigen. These results may also 

have been influenced by the considerable variation in the mitogen response between 

piglets and that, compared to cells from other tissues, cells from PP responded poorly to 

mitogens used in the present study. Unfortunately, it was not possible to measure 

cytokine production by PP cells, which may have clarified these findings. Therefore, a 

more detailed analysis of the influence of gin on PP lymphocyte function and maturation 

is warranted.

ETEC Infection Model -  Intestinal Permeability

The ETEC model developed in our lab was used to study the initial stages of infection in 

the small intestine, examining the effect in vitro by mounting tissue in Ussing chambers.
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Measuring unidirectional serosal-to-mucosal flux of mannitol, thus changes in the flux of 

this hydrophilic solute, reflects changes in the permeability of the paracellular pathway. 

A significantly higher ManP was found in loops inoculated with ETEC (K8 8 AC & 

K8 8 WT), indicating that the presence of ETEC in loops increases intestinal permeability. 

No significant effect of diet on ManP was found. However, since an increase in surface 

area would also increase ManP, potential diet-induced changes in surface area would 

need to be excluded before concluding with complete confidence that diet has no effect 

on this measure. An increase in permeability due to the presence of pathogens has been 

reported previously in studies of in vivo infection by transmissible gastroenteritis virus 

(Keljo et al. 1985) and rotavirus (Isolauri et al. 1993) in piglets and rats, respectively. The 

increased paracellular permeability observed in the above studies was suggested to be 

caused by either the immune response to these bacteria or the actions of the bacteria 

themselves. Although we predicted that gin would maintain intestinal barrier function, 

permeability in ETEC-inoculated loops did not differ between ctl- and gin-fed piglets.

ETEC Infection Model -  Intracellular Ion Movement

ETEC produce enterotoxins (heat-stable & heat-labile) following adherence to an 

intestinal epithelial cell (reviewed in (Gyles 1992)) which cause an increase in 

intracellular cGMP and cAMP, respectively. Overproduction of these cyclic nucleotides 

both inhibits the absorption of electrolytes by the cells of the villus and stimulates a 

sustained increase in Cl- secretion by the cells of the crypt through phosphorylation of 

specific Cl- channels. This rapid increase in the rate of secretion of electrolytes and water 

from the intestine leads to diarrhea. This was confirmed in the current study, as shown by
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the increased fluid absorption in non-ETEC exposed loops (demonstrated by the 

decreased recovery of liquid from these loops). While jejunal intestinal sections from this 

study did not demonstrate a significant change in Conductance (G) or the Forskolin 

(Fors) response (change in Isc) with ETEC exposure, ctl-fed piglets demonstrated 

significantly higher Isc (K8 8 AC & K8 8 WT loops) and PD (K8 8 WT loop) electrical 

measures compared to gin-fed piglets after ETEC exposure. Tissue Isc in Ussing 

chambers is a measure of the net movement of several actively transported ions, which 

significantly increases following addition of heat-stable enterotoxin to rabbit distal ileal 

sections (Guandalini et al. 1982). PD is also related to ion movement, only it measures 

changes in the electrochemical gradient across the intestinal epithelium that is generated 

by electrogenic ion pumps in epithelial cell membranes, mainly the Na-K-ATPase 

(Armstrong et al. 1987). Therefore, there are two possible explanations for the higher 

values in ctl-fed piglets. Since ion movement was increased, the enterocytes from these 

loops were either absorbing or secreting ions to a greater extent than enterocytes in gin- 

fed piglets. Since movement of individual ions was not determined in this study, it is 

difficult to determine with absolute certainty whether secretion and/or absorption was 

influenced. Previous studies have shown that gin stimulates electrogenic Na+ absorption 

and electrically silent NaCl absorption (cultured Caco-2 cells (Rhoads et al. 1990; 

Rhoads et al. 1992)) and stimulates Na+ and NaCl transport in rotavirus-damaged 

jejunum of piglets (6-20 days of age) (Rhoads et al. 1991). Based on these previous 

findings, it is less likely that ctl-fed animals had an increased rate of ion absorption. The 

more likely explanation for the increased Isc and PD in ctl-fed animals was an increased 

Cl- secretion caused by ETEC enterotoxins. It is possible that enterocytes of gin-fed
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piglets were not influenced to the same extent by the presence of ETEC, either by being 

less responsive to secreted enterotoxins or because ETEC was not able to bind and 

release enterotoxins to the same magnitude. The appearance of the intestinal tissues of the 

gin-fed piglets was different from that of the control tissue. This suggest that the 

expression of enterocyte surface molecules (i.e. glycoprotein and/or glycolipids) may 

have been influenced by feeding gin, but this requires further research. Additionally, 

since the current study demonstrated that feeding gin also influences immune cells 

populations and function, these changes may have influenced gut function and future 

studies are warranted to determine the interactions which occur in this tissue.

Summary and Conclusion

It was hypothesized that supplementation of dietary gin to newly weaned piglets would 

improve innate immune defense. Although the increase in neutrophil granularity suggests 

an improvement in innate immune defense, the inability to demonstrate a higher 

oxidative burst suggests that feeding gin to young weaned piglets has a limited influence 

on this measure of peripheral immune defense. A more detailed analysis of gin as an 

energy source and whether gin influences expression of intracellular protein are 

warranted in future studies. It was also hypothesized that supplementation of dietary gin 

to newly weaned piglets will improve adaptive immune defense. The influence of gin on 

peripheral immune function was limited to decreasing the proportion of antigen naive 

cells and decreasing the production of IFN-y after stimulation. However, these unique in 

vivo findings may be related and require further study. An improvement in adaptive 

immune defense by GALT immune cells was suggested by the higher incorporation of
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3H-thymidine in MLN (to PWM and LPS) and PP lymphocytes (to PHA and LPS). This 

improvement was further demonstrated in MLN by the lower proportion of immature 

cells in gin-fed piglets. It must also be considered that the majority of advocate studies 

for the benefits of gin have been conducted in patients/animals during times of 

considerable “stress”. The healthy condition of the animals studied and the glutamine 

content of the basal diet may have blunted the effect of supplemental gin. Also, the 

ability of gin to influence any function beyond the catabolic cells of the intestinal mucosa 

has been debated. However, the interaction of dietary gin with GALT lymphocytes 

produced several interesting findings and studies are warranted to study GALT immune 

cells function in vivo. It was also hypothesized that isolated intestinal loops challenged 

with ETEC from gin-supplemented piglets will maintain intestinal barrier function and 

functional integrity. Despite clear changes in permeability in ETEC-inoculated loops, 

there was not an observed diet-induced difference in permeability. The significantly 

lower PD and Isc suggests that feeding gin may have influenced enterocyte surface 

molecules, which in turn may have influenced the ability of ETEC to bind and bring 

about increases in ion secretion. A more detailed analysis of expression of intracellular 

mediators and tight junction proteins following ETEC exposure is warranted in future 

studies. In conclusion, providing 4.4% w/w gin to nutritionally adequate weaning diets 

influences immune and gut function and future studies are warranted to determine the 

mechanisms and interrelationships.
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TABLE 1. Composition of experimental diets
Diet (g/kg)

Ingredient Ctl Gin
WHEAT 382 382
SOYBEAN MEAL 232 232
CASEIN 232 232
FAT - Tallow 38.8 38.8

- Safflower Oil 21.5 21.5
- Linseed Oil 4.70 4.70

LIMESTONE 6.00 6.00
DICALCIUM PHOSPHATE 18.9 18.9
SALT 2.00 2.00
SWINE VITAMIN/MINERAL PREMIX1 0.750 0.750
PC Swine Trace Mineral 32 1.00 1.00
Vitamin B12 1.67 x 10'b 1.67 x 10'5
SUPPLEMENT - Gin 43.8

- Serine 21.0
- Alanine 17.8
- Glycine 15.0
- Sucrose 6.20 16.2

1 The vitamin premix contained: 3.8912% Protein, 0.99% Fat, 2.701% Moisture, 86.002 kcal/kg DE, 
82.0002 kcal/kg ME, 25.7937% Calcium, 0.225% Phosphorus, 0.0765% Av Phosphoms, 0.1282% 
Magnesium, 0.0328% Sodium, 642.2313 mg/kg Iron, 7000014.2 IU/kg Vitamin A, 700014.2 IU/kg 
Vitamin D3, 20000.0117 IU/kg Vitamin E, 1500.0179 mg/kg Vitamin K, 40.0001 mg/kg Biotin, 
399.9008 mg/kg Folic Acid, 20000.0117 mg/kg Niacin, 7499.9741 mg/kg Pantothenic Acid, 
533.9845 mg/kg Pyridoxine, 3000.0051 mg/kg Riboflavin, 580.5812 mg/kg Thiamine, 10 mg/kg 
Vitamin B12
2 The trace mineral premix contained: 0.99% fat, 0.001% moisture, 8 6  kcal/kg DE, 82 kcal/kg ME, 
15.1874% Calcium, 0.0729% Magnesium, 0.0283% Sodium, 4.756% Sulfur, 351 mg/kg Cobalt, 
5000 mg/kg Copper, 749.3 mg/kg Iodine, 75365.1328 mg/kg Iron, 25020 mg/kg Manganese, 150 
mg/kg Selenium, 75024 mg/kg Zinc, 100.001 g/kg Choline
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TABLE 2. Body weight and feed intake of piglets fed gin and ctl diets

Dietary Group Ctl (n=20) Gin (n=20)

Initial BW, g 5749a1’2 ± 320 6259b± 258
Final BW, g 7740± 422 8155 ±423
ADG, g 1990± 199 1896 + 248
FI, g/d 174 ±16 172+16
FI, g/kg BW 24.67 + 2 2 2 . 2 2  ± 2

1 Values presented as mean ± SEM
2 Means within a row that do not share a common letter are significantly different 
(p<0.05)
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TABLE 3. Neutrophil Burst, Size and Granularity measures of piglets supplemented
with Gin or Ctl diets (35 days of age)
Measure | Time Ctl (n=10) Gin (n=10)

Burst 0 min. 6 1 ± 1 8  ± 1

5 min. 87 + 13 72 ± 10
Fold increase (0-5 min. ) 2 193b ± 3 12a± 3
1 0  min. 358 ±55 279 ± 34
Fold increase (0-10 min.) 75b± 11 44a± 9
Fold increase (5-10 min.) 4 ±0.2 4 ±0.2
15 min. 773 ± 103 674 ± 78
Fold increase (0-15 min.) 168 ±30 109 ±22
Fold increase (10-15 min.) 2  ± 0 . 2 2  ± 0 . 1

Size 0 min. 503 ± 17 516 ± 17
5 min. 531 ± 19 539 ± 20
1 0  min. 565 ± 17 568 ± 18
15 min. 569 ± 13 575 ± 14

Granularity 0 min. 280a ± 7 300b± 10
5 min. 291a± 5 311b ± 8

1 0  min. 292a ± 4 312b±8
15 min. 300a ± 5 340b± 16

1 Values presented as mean fluorescence ± SEM
2 Repeated measures analysis of the neutrophil oxidative burst fold increase revealed a 
significant effect at each time point, as well as a significant diet*time effect (p<0.05)
3 Means within a row that do not share a common letter are significantly different (p<0.05)
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Table 4. Cell Phenotyping from PBL of piglets fed Gin and Ctl diets
Antibody Ctl (n=10) Gin (n=10)

IGA 91 ± 1 7 ± 1
IGM 16 ± 1 16 ± 2
CD3+CD4+ 41 ±5 41 ±7
CD3+CD8+ 23 ±5 25 ±5
CD44+BCell+ 18 ± 3 18 ± 3
% B cell CD44+ 90 ±3 95 ±1
CD44+CD3+ 44 ± 13 47± 12
% CD3 CD44+ 97 ± 1 98 ± 1
CD4+CD45RA+ 29 ±5 25 ±4
CD4+CD45RA- 1 2  ± 2 13 ±3
CD8+CD45RA+ 23 ±2 2 0  ± 2

CD8+CD45RA- 5 ± 1 5 ± 1
CD2+CD3+ 28 ±5 24 ±5
CD2+CD3- 3 14 ±3 16 ± 3
CD3+ 54 ±4 52 ±4
CD4+ 50 ±4 43 ±3
CD8+ 29 ±3 28 ±4
CD4/CD8 2 ±0.3 2 ±0.3
CD25+ 24 ±2 25 ±2
Ra+ 6 6 b2 ± 3 61a±4
CD44+ 95 ± 1 96 ± 1
Monocyte+ 16a ± 1 19b± 1
B cell+ 24 ±2 25 ±3
CD2+ 54 ±9 50 ±7

1 Values presented as cell population percentage + SEM
2 Means within a row that do not share a common letter are significantly 
different (p<0.05)
3 This population was assumed to be the CD4CD8 double negative T cell 
subset
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Table 5. Cell Phenotyping from MLN Lymphocytes from piglets fed Gin and 
Ctl diets

Antibody Ctl (n=10) Gin (n=10)
IGA 17b2 ± 1 1 0 a ± 1

IGM 2 2  ± 2 18 ± 3
CD4+CD45RA+ 41 ±4 33 ±3
CD4+CD45RA- 13a ± 2 19b ± 3
CD8+CD45RA+ 30 ±2 29 ±2
CD8+CD45RA- 6 + 1 7 ± 1
CD4+CD25+ 15 ± 2 13 ± 2
CD8+CD25+ 16 ±3 17 ± 3
CD2+CD3+ 33 ±3 36 ±5
CD2+CD3- 3 28 ± 6 23 ±4
CD3+ 51 ±2 51+4
CD4+ 49 ±2 50 ±3
CD8+ 38 ±3 37 ± 3
CD4/CD8 1 ± 0 . 1 1 ± 0 . 2

CD25+ 22 ±3 21 ±3
Ra+ 77b ± 2 69a ± 4
B cell+ 39 ±4 36 ±4
CD2+ 61 ± 8 59 ± 8

1 Values presented as cell population percentage ± SEM
2 Means within a row that do not share a common letter are significantly 
different (p<0.05)
3 This population was assumed to be the CD4CD8 double negative T cell 
subset
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TABLE 6. Cell Phenotyping from PP of piglets fed Gin and Ctl diets
Antibody Ctl (n=10) Gin (n=10)

IGA 5 ± 1 4+1
IGM 40 ±3 42 ±3
PP BCELL 20 ±4 13 ± 3
CD44+BCELL+ 9 ± 2 11 ±3
% Bcell CD44+ 27 ±7 29 ±7
CD4+CD45RA+ 17 ± 7 9 ± 2
CD4+CD45RA- 5b2 ± 1 3a± 1
CD8+CD45RA+ 14 ±3 12 ±3
CD8+CD45RA- 7b± 3 4a± 1
CD3+ 25 ±3 20 ±3
CD4+ 22 ±7 1 2  ± 2

CD8 + 2 1  ± 6 15 ± 4
CD4/CD8 1.5 ±0.6 1.0 ±0.3
RA+ 82 ±4 8 6  ±3
CD44+ 31 ± 6 29 ± 6

Monocyte+ 21 ±3 19 ± 4
B cell+ 46 + 4 46 ± 3
CD2+ 33 ±3 25 ±3

1 Values presented as cell population percentage ± SEM
2 Means within a row that do not share a common letter are significantly 
different (p<0.05)
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TABLE 7 .3H-Thymidine Uptake by PBL, MLNL, and PPL in piglets fed Gin and Ctl
diets and taken at 35 days of Age

Tissue (Mitogen) Ctl (n=10) Gin (n=10)
PBL (none) DPM 10361± 429 2303± 850

(PHA) DPM 287271 ±47681 303822± 43258
Log transformed2 SI 2 .6 3 ± 0 . 1 2.5 ±0.2

(PWM) DPM 162828 ± 28855 126579 ±25614
Log transformed SI 2.3 ±0.2 2 . 0  ± 0 . 2

(LPS) DPM 2900± 907 3306± 920
Log transformed SI 0.21 ±0.4 -0.09 ± 0.4

MLN (none) DPM 236 ± 30 173 ± 25
(PHA) DPM 291989 ±41485 309169 ±42779

SI 1745 ±457 2300 ± 456
(PWM) DPM 203420 ± 28835 233628 ± 30501

SI 1130a4 ± 254 1675b ± 297
(LPS) Log transformed DPM 2.5 ±0.1 2 . 8  ± 0 . 2

Log transformed SI -0.13a ± 0.07 0.32b ± 0.2

PP (none) DPM 67 ±11 76 ± 15
(PHA) Log transformed DPM 2.7a ±0.1 3.3b ± 0.2

Log transformed SI 0.8 ± 0.09 1.4 ±0.2
(PWM) Log transformed DPM 2.3 ±0.1 2 . 6  ± 0 . 2

SI 3 ± 1 5 ± 1
(LPS) Log transformed DPM 1 . 8  ± 0 . 1 2 . 0  ± 0 . 2

Log transformed SI -1.0a±0.3 -0.2b ± 0.3

1 Values reported in mean Decays per Minute± SEM
2 Kurtosis and Skew were analyzed for proliferation data and values that were not considered 
normally distributed were log transformed.
3 Values presented as mean Stimulation Index ± SEM, calculated as DPM stimulated/DPM 
unstimulated
4 Means within a row that do not share a common letter are significantly different (p<0.05)
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TABLE 8. Cytokine Production by PHA in PBL in piglets fed Gin and Ctl diets 
and taken at 35 days of Age

Cytokine Ctl (n=10) Gin (n=10)

IL-4 (log transformed)1 1.72 ±0.1 1 . 6  ±0.06
IL-2 (log transformed) 2.4 ± 0.2 2 . 1  ± 0 . 2

IFN-y (log transformed) 2.3b3 ± 0.2 1.9a± 0.1
TNF-a 32 ±3 33 ±5

IL-10 (log transformed) 1 . 1  ± 0 . 2 1 . 0  ± 0 . 1

IFN-y/IL-4 (log transformed) 0.59b ±0.1 0.23a ± 0.07

1 Kurtosis and skew were analyzed for cytokine data and values that were not 
considered normally distributed were log transformed.
2 Values presented as mean concentration ± SEM
3 Means within a row that do not share a common letter are significantly different 
(p<0.05)

TABLE 9. Cytokine Production by PHA in Mesenteric Lymph Node 
Lymphocytes in piglets fed Gin and Ctl diets and taken at 35 days of Age

Cytokine Ctl (n=10) Gin (n=10)

IL-4 259bl,2± 36 146a± 19
IL-2 (log transformed)3 2.9b± 0.1 2.4a± 0.2
IFN-y (log transformed) 2.4 ±0.1 2.5 ±0.2

TNF-a 32 ± 2 35 ± 3
IL-10 58± 12 74 ± 14

IFN-y/IL-4 (log transformed) 0.05 ±0.1 0.4 ± 0.2

1 Values presented as mean concentration ± SEM
2 Means within a row that do not share a common letter are significantly different 
(p<0.05)
3 Kurtosis and skew were analyzed for cytokine data and values that were not 
considered normally distributed were log transformed.
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Table 10. Permeability and Electrical Measures of intestinal loops in USSING 
chambers from piglets supplemented with Gin or Ctl diets (35 days of age)

Measure Ctl (n=10) Gin (n=10)
ManP (nm/cm/hr)
Non-ETEC 13.4yl ± 1.28 16.1y ± 2.46
K88 AC Loop 22.7Z± 2.65 25. lz ± 1.87
K88 WT Loop 22.2Z ± 3.85 22.3Z ± 1.96
G (mS/cm2)
Non-ETEC 19.4 ± 2.70 19.7 ±2.00
K88 AC Loop 19.1 + 2.09 20.5 ± 2.91
K88 WT Loop 17.2+ 1.29 19.9 ± 1.44
Isc (uA/cm2)
Non-ETEC 17.6 ±2.93 10.3 ± 1.57
K88AC Loop 24.2b ± 3.88 12.7a ± 2.05
K88 WT Loop 22.4b ± 2.24 13.0“ ± 3.07
PD (mV)
Non-ETEC 1.00 ±0.190 0.548 ±0.100
K88 AC Loop 1.34 ±0.306 0.789 ± 0.262
K88 WT Loop 1.36b± 0.227 0.628“ ±0.151
Fors (A Isc)
Non-ETEC 41.9 ±3.69 41.0 ±5.07
K88 AC Loop 53.0 ±5.29 47.6 ± 6.45
K88 WT Loop 41.9 ±8.92 39.3 ±4.57
Values presented as mean + SEM
2 Diet, Loop and Block statistical analysis performed by SAS mixed model where 
loop comparisons performed by lsmeans with significant comparisons at the 0.05 
level are indicated with different letters. Repeated measures analysis revealed a 
significant loop effect (P<0.0001) for Mannitol, and significant diet effects for PD 
and Isc (P<0.0001)
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Figure 1. Influence of diet on PBL Phenotypes. Phenotypes given as mean with error bars representing SEM. Phenotypes that do not
share a common letter are significantly different (p<0.05).
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Figure 2. Influence of diet on MLN Phenotypes. Phenotypes given as mean with error bars representing SEM. Phenotypes that do not
share a common letter are significantly different (p<0.05).
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Figure 3. Influence of diet on PP Phenotypes. Phenotypes given as mean with error bars representing SEM. PP Phenotypes were not
significantly different (p<0.05).
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Chapter 6 -  INFLUENCE OF BARLEY-DERIVED BETA- 
GLUCANS ON SWINE IMMUNE AND GUT 

DEVELOPMENT

6.1 INTRODUCTION

Weaning in young animals and humans is associated with an increased incidence of 

gastrointestinal infections. Non-fermentable dietary fiber promotes normal colonic 

function by increasing fecal weight and bowel frequency (Slavin et al. 1985). 

Furthermore, the bacterial metabolism of dietary fibers or other fermentable substrates, 

such as fructooligosaccharides, to short-chain fatty acids (SCFA), is essential in 

maintaining small bowel and colonic mucosal structure and function (Buddington 1998). 

Although relatively little work has been done in pediatric populations (Correa-Matos et 

al. 2003), a study found that feeding soy polysaccharide reduced the duration of bacterial 

and viral diarrhea in developing countries (Brown et al. 1993). In addition, the use of soy 

polysaccharide-supplemented formula was reported to reduce the duration of diarrheal 

symptoms in U.S. infants greater than 6  months old with acute diarrhea (Vanderhoof et 

al. 1997). Thus there is physiologic rationale to support the addition of dietary fiber to 

infant formulas (Correa-Matos et al. 2003).

Barley 1,3/1,4 beta-glucans (B-glc) is the major component of barley endosperm cells 

walls, accounting for about 75% (w/w) of total cell-wall carbohydrates, the remainder of 

which is protein and pentosans (Jiang & Vasanthan 2000). B-glc from barley consists of a 

linear chain of glucose residues, made up of approximately 70% B(l-4) and 30% B(l-3) 

glycosidic links (Jiang & Vasanthan 2000). Providing B-glc in the diet is reported to
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increase fecal bulk, relieving constipation (Izydorczyk et al. 2000), to lower postprandial 

plasma glucose and insulin concentrations (Braaten et al. 1991), to increase bile acid 

excretion (Judd & Truswell 1981; Kirby et al. 1981; Anderson et al. 1984; Jenkins et al. 

1993) and to alter the microflora and production of SCFAs (Dongowski et al. 2002). In 

addition, oat derived B-glc (Anderson et al. 1984; Braaten et al. 1994; Lia et al. 1995; 

Zhang et al. 1992), as well as wheat- and barley-derived B-glc (McIntosh et al. 1991) 

have been associated with reductions in serum cholesterol concentrations in both human 

and animals.

The ability of B-glc to influence immune function in vitro was first demonstrated over 40 

yrs ago (Riggi & Di Luzio 1961) and the effect appears to be dependent on the size of the 

B-glc particles. While very short B-glc (<5000-10,000 molecular weight) are generally 

considered inactive, large molecular weight B-glc have been demonstrated to directly 

activate leukocytes in vitro (Brown & Gordon 2003) by binding to receptors (i.e. CR3, 

lactosylceramide, Dectin-1 (Brown et al. 2003)). A role of B-glc in bacterial defense has 

also been demonstrated in vivo. Intravenous injections of glucans derived from 

Saccharomyces cerevisiae were shown to promote resistance to Staphylococcus aureus 

infections in normal, leukemic as well as immunosuppressed mice (Williams & Di Luzio 

1979). Furthermore, a single intraperitoneal administration of oat-derived B-glc enhanced 

the survival of mice challenged with Staphylococcus aureus (Estrada et al. 1997). The 

mechanism for this effect is not known but could be related to the effect of B-glc on 

immune cell populations. An increased proportion of murine polymorphonuclear 

neutrophils (neutrophils) and eosinophils were reported following intraperitoneal

- 200 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



injection of yeast-derived B-glc (Cleary et al. 1999) and an accumulation of 

macrophages in the peritoneal cavity following intraperitoneal administration of oat- 

derived B-glc (Estrada et al. 1997). In humans, an increased proportion of human 

peritoneal macrophages was found following combined immunotherapy (sizofiran beta- 

1,3-glucan & rIFN-y) (Chen & Hasumi 1993). Suppression of tumor growth has also 

been produced by in vivo injection of mice with glucans from several sources 

(Schizophyllum commune (Komatsu et al. 1969), Saccharomyces cerevisiae (Di Luzio et 

al. 1979b; Di Luzio et al. 1979a; Sherwood et al. 1988)) and lentinan (B-glc from 

mushrooms) has been used in human cancer therapy (reviewed in (Chihara 1992)). 

Whether the B-glc anti-tumor action is due to their effect on immune function is not clear 

from these studies.

B-glc (purified mushroom polysaccharide) polymers have been shown to influence 

acquired immune function in vitro by increasing lymphocyte proliferation and 

cytotoxicity (Kim et al. 1996). Intravenous administration of B-glc (derived from 

Sclerotinia sclerotiorum) to mice resulted in activation of lymphocytes and alveolar 

macrophages, demonstrated by increased IFN-y concentrations in bronchoalveolar lavage 

fluid, as well as increased inflammatory cytokine (Interleukin (IL)-l, IL-6 , TNF-a) 

mRNAs in lung tissue (Sakurai et al. 1994). Intravenous injection of soluble glucan has 

also been shown to enhance murine splenic macrophage IL-1 production and splenic 

lymphocyte IL-2 production (Sherwood et al. 1987). In patients with gynecological 

malignancies, peritonaeal injection of b-l,3-glc sizofiran and rIFN-y increased the 

production of IL-ip, IFN-y and TNF-a (Chen & Hasumi 1993). In vitro incubation of
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oat-derived B-glc stimulated the production of cytokines (IL-2, IFN-y and IL-4) in 

murine cultured spleen cells and EL-1 in cultured macrophages (Estrada et al. 1997). 

Fungal B-glc stimulate murine peritoneal macrophage production of TNF-a and EL-1 

(Hashimoto et al. 1997) and stimulate TNF-a release from alveolar macrophages of rats 

(Hoffman et al. 1993) and rabbits (Olson et al. 1996). In humans, exposure of peripheral 

blood monocytes to aminated B-glc (water-soluble derivative prepared by reductive 

amination) induced secretion of TNF-a and IL-ip (Doita et al. 1991). Furthermore, 

attachment of high molecular weight or particulate B-glc to macrophage and neutrophil 

complement CR3 stimulates the secretion of a broad host of cytokines (i.e. IL-1, EL-6, EL- 

8 , TNF-a, IFN-a and IFN-y) (Rasmussen et al. 1987; Rankin et al. 1990; Abel & Czop 

1992; Au et al. 1994; Ohno et al. 1996).

Barley is used only to a small extent for human food in most developed countries. It is 

predominantly used in the brewing industry (Dongowski et al. 2002) and in animal diets, 

such as swine. Despite the evidence that some B-glc can modulate immune function (at 

least in vitro), the extent to which B-glc influence piglet immune function is unknown 

(Hiss & Sauerwein 2003) and the translation of these results to the consumption of b-glc 

obtained in the diet from cereals, particularly barley, is unknown. Therefore, the 

objectives of this study were to determine the effect of feeding barley derived b-glc on 

immune and gastrointestinal function. It was hypothesized that supplementation of 

barley-derived B-glc will improve innate immune defense (neutrophil function), improve 

adaptive immune defense and benefit gut development in newly weaned piglets. 

Supplementation of diets varying in fiber and B-glc composition to piglets was also
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hypothesized to decrease the ability of isolated enterocytes to bind fluorescein 

isothiocyanate (FITC)-labelled Escherichia coli (E. coli).

6.2 MATERIALS & METHODS

Animals and Diets

Animal protocols were reviewed and approved by the Faculty of Agriculture and Forestry 

Animal Policy and Welfare Committee and were conducted in accordance with the 

Canadian Council on Animal Care guidelines. Thirteen male and eighteen female Dutch- 

Landrace (Genex Swine Group, Heartland Livestock Services, Regina, Saskatchewan) 

piglets were obtained from the University of Alberta Swine Research and Technology 

Centre and transported to a separate, temperature-controlled room at the University of 

Alberta Metabolic Research Unit. Piglets were housed individually in metabolic crates, 

each fitted with water nipples and creep feeders. Body weight (BW) and feed intake (FI) 

were recorded daily during the feeding trial.

Piglets from each litter (n = 31, 4 litters) were obtained at approximately 21 days of age, 

and weaned onto the experimental diets. The B-glc feeding design is shown in the 

Appendix (Figure 3) and diets were formulated to meet 110% of the nutrient 

requirements for piglet 5-10 kg as specified by the National Research Council (NRC 

1998). A constant portion of the diet contained 100 g/kg of fat from a mixture of sources 

(59.7% Tallow, 33.1% Safflower Oil, and 7.2% Linseed Oil), providing a 

polyunsaturated to saturated fatty acid ratio of ~ 0.9. The weaning diet compositions are 

given in Table 1 and consist of: 1 ) standard diet with wheat as main feedstuff 2 ) standard
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weaning diet with Barley 3) standard weaning diet with Candle barley Cultivar (provided 

by Dr. B.G. Rossnagel, University of Saskatchewan) and 4) standard diet with Candle 

barley Cultivar with added Candle Fiber (Viscofiber™, Cevena Bioproducts, Edmonton, 

Alberta). This waxy barley cultivar was selected because of its high B-glc content, which 

was previously reported to be 6.89% (w/w) total B-glc (Izydorczyk et al. 2000). The 

supplement portion of the diet (70 g/kg) was Candle Fiber (Viscofiber™) for diet 4, and 

was balanced in the remaining three diets using casein (4.82 g/kg, Harlan Teklab Test 

Diets) as the protein source, Candle Crude Starch (12.4 g/kg) and non-nutritive cellulose 

(52.8 g/kg, Harlan Teklab Test Diets) as the fiber source. Each diet was designed to give 

an increasing amount of total B-glc (Diet 1 = 0.642%, Diet 2 = 1.73%, Diet 3 = 3.55%, 

Diet 4 = 7.37%). The chemical composition of the major dietary ingredients was 

analyzed and is resented in Table 2.

Sample Collection

At approximately 35 days of age, samples were collected for study of immune function 

and gut development as previously described (Chapter 4) with the following 

modifications. The entire small intestine was removed from each piglet (from ligament of 

Treitz to ileo-cecal junction) by dissecting away from the mesentery. Each section was 

then flushed (approximately 30 mis Phosphate-Buffered Saline (PBS)) and smoothed to 

remove intestinal contents. Wet weight and total length were then recorded. Intestinal 

sections (20-30 cm) from the jejunum (proximal 20-30 cm), promixal ileum (20-30 cm at 

exactly the midpoint of the small intestine) and distal ileum (distal 20-30 cm from 10 cm 

section for Peyer’s Patch (PP) isolation) were cut, tied off at one end (umbilical tape) and
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stored in separate containers containing ice-cold PBS for subsequent isolation of mucosal 

cells. For Ussing chamber measurements, a jejunal (approximately 10 cm, distal to 

section obtained for enterocyte isolation) and ileal section (approximately 1 0  cm, 

proximal to section obtained for enterocyte isolation) were cut, tied at one end, and 

distended with ice-cold PBS. The loop was then closed, immersed in a 50 ml sterile 

culture tubes containing ice-cold PBS and stored immediately on ice.

Blood Chemistry

Whole blood samples were collected in 3 ml Vacutainer tubes (Lavender conventional 

closure for whole blood hematology determination, Becton Dickinson, Franklin Lanes, 

New Jersey) for blood chemistry assessment. Samples were auto-analyzed using the 

Coulter AC.T 5diff CP (Beckman Coulter, Fullerton, California).

Immune Measures

As previously described and under sterile conditions, peripheral blood lymphocytes 

(PBL) and immune cells from mesenteric lymph nodes (MLN) (Chapter 3), as well as 

from PP (Chapter 4) were isolated. Incorporation of 3H-thymidine was determined as 

previously described (Chapter 3). Immune cells were incubated with or without the 

mitogens PHA (25 ng/ml; Sigma), PMAI (PMA 20 ng/ml, Ionomycin 0.5 nmol/L), PWM 

(55 ng/ml; Sigma) and LPS (1 mg/ml; Sigma). Additionally, production of cytokines by 

immune cells from blood and MLN was determined as previously described (Chapter 4). 

Isolated cells from each immune tissue (PBL & MLN) were stimulated PHA (25 ng/ml), 

PMAI (PMA 20 ng/ml, Iono 0.5 nmol/L), PWM (55 ng/ml) and LPS (1 mg/ml) and the
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production of IL-2, IL-4, IL-10, IFN-y and TNF-a was measured. Lymphocyte subsets 

from freshly isolated immune cells in blood, PP and MLN were identified by indirect 

immunofluorescence assay as previously described (Chapter 3). The monoclonal 

antibodies (mAh) combinations used in these studies is provided in the Appendix. As 

described previously, whole blood was used to assess neutrophil function (Chapter 3).

Ussing Chambers

Distended intestinal sections were transported to the Ussing Chamber Unit (6 th Floor, 

Dentistry/Pharmacy Building) on ice. Tissues were mounted in Ussing chambers and 

measurements were performed (Mannitol permeability (ManP), Short-circuit current 

(Isc), Potential Difference (PD), Forskolin (Fors) and Conductance (G)) as described 

previously (Chapter 3).

Adhesion Assay

Mucosal cells were isolated from each gut section (jejunum, proximal & distal Ileum) 

according to methods described elsewhere (Fan et al. 2001). Briefly, using 30 ml syringes 

(Becton Dickinson) and needles (18G1, Becton Dickinson), intestinal segments tied at 

one end and filled with a preincubation buffer (sodium citrate (27 mM; Sigma Chemical, 

Oakville, ON), phenylmethylsulfonyl fluoride (PMSF; 0.2 mM; Sigma), and 

dithiothreitol (DTT; 0.5 mM; Sigma), ph 7.4, oxygenated with O2/CO2 mixture 19:1 

vol/vol), then sealed with hemostatic clamps. Sections were immersed in oxygenated, 

pre-warmed (37°C) saline (154 mM; Sigma) and 2 L glass trays and lightly agitated for 

approximately 15 min. This preincubation wash was subsequently discarded and 

segments were re-filled with an isolation buffer (Na2 - ethylenediaminetetraacetic acid
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(EDTA; 1.5 mM; Sigma), PMSF (0.2 mM; Sigma), DTT (0.5 mM; Sigma), D-glucose 

(5mM; Sigma), oxygenated with O2/CO2 mixture), sealed and immersed in warm, 

oxygenated saline with light agitation for approximately 15 min. Mucosal cells obtained 

from this second wash were collected and washed once with PBS. Mucosal cells from the 

distal ileum were re-suspended in 30% Percoll (10 mis w/w). This mixture was gently 

transferred over 70% Percoll (10 mis w/w) contained in sterile culture tubes. Tubes were 

spun at 700 x g for 40 min. (no brake). The enterocyte band was then removed, 

transferred to a fresh 50 ml Falcon tube (Fischer), and re-suspended in PBS (with bovine 

serum albumin (BSA; 0.25%; Sigma), D-glucose (4 mM; Sigma) and glutamine (gin; 2 

mM; Sigma). This final cell suspension was counted by Trypan Blue exclusion and stage 

microscospy. Approximately 5.0 x 105 mucosal cells from each segment were added to 

FACSCAN tubes (Becton Dickinson) for the subsequent use in the E. coli binding assay.

Fresh cultures of K8 8 ac ETEC (kindly provided by Dr. Marquardt, University of 

Manitoba, Winnipeg, MB, Canada) were prepared by transferring a small sample of 

ETEC frozen culture to 6  mis of BHI media (Oxoid LTD., Basingstoke, Hampshire, 

England) and growing for 24 hrs (in shaking incubator at 37°C). This ETEC culture was 

subsequently subcultured (24 hrs). The final culture was prepared by transfer of 2 mis of 

subcultured ETEC media to a 200 ml flask with BHI media (Oxoid) and grown in a 

sh a k in g  incubator at 37°C for approximately 6  hrs. At this time, duplicate samples (10 

m i s) were obtained from the flask. The first sample was labeled with FITC as previously 

described (F-143 ‘Isomer F, Molecular Probes, Inc.; (Clarke & Morton 2000)). The 

second sample was used for determination of the bacterial culture concentration by
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recording absorbance (Spectrophotometer, OD 595 nm) and verifying the concentration 

on the ETEC growth curve (see Figure 4 of APPENDIX for growth curve). For each 

culture, the presence of K8 8  fimbriae was confirmed by a commercial latex agglutination 

test (VETWEY FIMBREX K8 8 , Central Veterinary Laboratory, Surrey, UK).

The ability of enterocytes to bind E.coli was assessed by flow cytometry. FACSCAN 

tubes containing isolated mucosal cells and separate tubes containing FITC-labeled 

ETEC were transported to the FACSCAN unit (University of Alberta Heritage Building). 

Using acquisition software (SSC=345, FL1=329), FITC-ETEC and mucosal cells 

controls were measured before commencing the adhesion assay. Subsequent 

measurements were taken immediately following addition of FITC-ETEC (calculated as 

1.0 x 107 CFU/ml for each reaction) to tubes containing mucosal cells (Time 0) and at 5 

subsequent time points (Time 1 - 5  min, approximately 20,000 gated events) (Figure 1). 

Fluorescence intensity for each cell, indicative of the amount of bound FITC-labeled 

ETEC was measured by emission of FITC fluorescence light excited by the FACScan 

laser. To verify maximum binding, an additional timed control was measured containing 

mucosal cells combined with FITC-ETEC for an extended time period (approximately 

20-49 min.).

Statistics

All statistical analyses were completed using the SAS statistical package (Version 8.1, 

SAS Institute, Cary, NC). Results were presented as means ± SEM. For BW and FI, 

neutrophil assay, proliferation and phenotype, the effect of diet was determined by one-
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way ANOVA, blocked for litter. Adhesion assay data was analyzed with a repeated 

measures design. Kurtosis and skew were analyzed for proliferation and cytokine data. 

Values not considered normally distributed by kurtosis and skew were log transformed 

prior to statistical analysis and are indicated as log transformed in their respective tables. 

Immune and gut measures were also tested for linearity and quadratic relationships. 

Following the input for each analysis parameter (i.e. data = blood chemistry), this was 

accomplished by defining the level of B-glc (data = bglc) for each parameter that was 

obtained (merge blood chemistry bglc). Linear and quadratic relationships were 

determined by using proc glm with model y = B-glc B-glc*B-glc block/solution.

6.3 RESULTS

Weight and Feed Intake

There were no differences in initial or final BW or average daily gain (ADG) (Table 3). 

Wheat-fed piglets consumed significantly more diet (FI, g/d & g/kg BW) than piglets fed 

Barley, Candle, and B-glc diets. Diet did not influence piglet intestinal wet weight or the 

length of the small intestine (Table 3).

Blood Chemistry

Blood chemistry analysis revealed no significant effect of diet on the concentration of 

hemoglobin (g/L), mean corpuscular hemoglobin concentration (g/L), mean corpuscular 

hemoglobin (pg), or platelets (1Q9/L), on the hematocrit (L/L), or mean corpuscular- (fL) 

or mean platelet volumes (fL), on the percentage of red cell distribution width, 

neutrophils, lymphocytes, monocytes, eosinophils, or basophils, or the numbers of
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neutrophils, monocytes, or basophils (109/L) (Table 4). The blood chemistry values 

obtained in this study were within normal ranges, with the exception of eosinophils, 

which were found to be lower than the normal range in each of the diet groups studied 

(Table 4). Piglets fed Barley had a significantly higher concentration of white blood cells 

(109/L) and esosinophils (109/L) than wheat fed-piglets (Figure 2). B-glc-fed piglets had a 

significantly higher concentration of red blood cells (1012/L) than barley-fed piglets and 

significantly higher concentration of white blood cells (109/L) than Candle-fed piglets 

(Figure 2). The increase in white blood cells was likely due to an increase in the 

concentration of lymphocytes (109/L) in B-glc fed piglets (Figure 2). There was a direct 

linear relationship between dietary B-glc content and the concentration of red blood cells 

(p<0.005), the hematocrit (p<0.05), and the lymphocyte concentration (p<0.02). In B-glc- 

fed piglets, there was a significantly increased concentration of CD4 and CD45RA in 

blood (Table 5). This increase was illustrated by a linear relationship between dietary B- 

glc and the concentration of CD4 (p<0.005), CD45RA (p<0.005), and CD8  (p<0.05).

Neutrophil Function

Neutrophil burst, size and granularity did not differ significantly amongst diets (Table 6 ). 

Immunofluorescence

T cell distribution in PBL (Table 7), MLN (Table 8 ) and PP (Table 9) of CD2, CD3, 

CD4, CD8 , and CD25 was not altered by changing the B-glc content of the diet. The 

proportion of cells in PBL, MLN and PP that were Bcell+, immunoglobulin (Ig) A+, 

IgM+ and IgG+, as well as the proportion of PP Bcell+ cells were not significantly
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changed by diet. Cells from the monocyte population were also not significantly different 

in PBL, MLN or PP. The proportion of cells expressing the adhesion molecules CD lib,  

CD44 and CDw75 was not significantly different in any of the tissues studied. The mAb 

(Clone # 8 E6 ) used to detect CD3+ cells did not appear to detect CD3+ cells in this tissue 

(data not shown). As a consequence, it was not possible to determine the expression of 

the adhesion molecule CD44 on T lymphocytes. In PBL, when the percentage of T cells 

expressing CD45RA was calculated, there were a significantly higher percentage of 

CD8 + cells expressing this antigen in piglets fed the B-glc diet than in Candle-fed piglets 

(Figure 3). The proportion of CD8+CD45RA+ cells (p<0.02) and the percentage of 

CD8 + cells expressing CD45RA (p<0.01) increased in a direct relationship with the B- 

glc content of the diet. There was also a significant quadratic relationship in the 

proportion of CD2+ cells (p<0.02) in PBL. The proportion of CD2+ cells increased with 

increasing B-glc until the dietary concentration reached 35 g/kg (candle diet). 

Consumption of 74 g/kg (B-glc diet) resulted in a decrease in the proportion of CD2+ 

cells that to a similar level as the barley diet (17 g/kg B-glc). In MLN, there was a higher 

proportion of CD4+CD45RA+ (antigen naive) T lymphocytes (T cells) in animals fed the 

barley or Candle diet, as compared to wheat (Table 8 ). However, the percentage of CD4+ 

cells in MLN expressing the CD45RA antigen was only significantly higher in Barley-fed 

piglets compared to wheat-fed piglets (Figure 4). There was a significant quadratic 

relationship in the proportion of IgG+ (p<0.05), CDw75+ (p<0.05) and CD4+CD45RA+ 

(p<0.02) in MLN. The proportion of both IgG-t- and CDw75+ cells decreased with 

increasing B-glc until the dietary concentration reached 35 g/kg (candle diet). However, 

consumption of 74 g/kg (B-glc diet) resulted in an increase in the proportion of IgG+ and
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CDw75+ cells that were similar to wheat diet (6.4 g/kg B-glc). The proportion of 

CD4+CD45RA+ cells increased with increasing B-glc until the dietary concentration 

reached 35 g/kg (candle diet). Consumption of 74 g/kg (B-glc diet) resulted in a decrease 

in the proportion of CD4+CD45RA+ cells that to a similar level as the low B-glc wheat 

diet. Compared to all other groups there was a higher proportion of CD4+CD45RA+ T 

cells in the PP of the Candle-fed groups (Figure 5), however, the proportion of T cells in 

this immune tissue was very low (<1% of the isolated cells) (Table 9). There was also 

found to be a significant quadratic relationship in the proportion of CD8-CD25+ 

(p<0.02), total CD25+ (p<0.05), CD4+CD45RA- (p<0.02), CD4+CD45RA+ (p<0.02) 

and total CD4+ (p<0.05) in PP. The proportion of all of these cell populations increased 

with increasing B-glc until the dietary concentration reached 35 g/kg (candle diet). 

Consumption of 74 g/kg (B-glc diet) decreased the proportion of these cell populations.

Lymphocyte Proliferation

The rate of 3H-thymidine uptake by cells (from blood, MLN and PP) incubated in the 

absence of mitogens did not differ amongst diets (Table 10). Stimulation of immune cells 

from these tissues with PMAI, PHA, and PWM resulted in a rate of 3H-thymidine 

incorporation that was not significantly influenced by diet (Table 10). However, in 

comparison to barley-fed piglets, PBL incubated with LPS had an increased stimulation 

index in the other three dietary groups (Table 10). There was a significant quadratic 

relationship in incorporation of 3H-thymidine in unstimulated MLN cells (p<0.05). 

Proliferation of these cells increased with increasing B-glc until the dietary concentration 

reached 35 g/kg (candle diet). In animals consuming 74 g/kg (B-glc diet), there was a
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decrease in 3H-thymidine incorporation by MLN cells incubated in the absence of 

mitogen. There was also an inverse relationship (p<0.05) between dietary B-glc content 

and 3H-thymidine incorporation after PHA and PWM stimulation in PP lymphocytes.

Cytokine Production

Incubation of PBL with PHA, PMAI and LPS did not influence the production of IL-2, 

IL-4, IL-10, IFN-y or TNF-a (Table 11). However, there was a significantly higher 

production of IL-10 by PBL of wheat-fed piglets in response to stimulation with PWM. 

There was a significant quadratic relationship in the production of EL-10 in response to 

PWM stimulation (p<0.02). Production of this cytokine decreased with increasing B-glc 

until the dietary concentration reached 35 g/kg (candle diet). Production of IL-10 

increased in piglets fed 74 g/kg (B-glc diet) and was similar to IL-10 production in 

piglets fed 6.4 g/kg B-glc. In MLN, production of IL-2, IL-4, EL-10, IFN-y and TNF-a 

was not influenced by diet, nor by the type of mitogen used (Table 12). The production of 

all cytokines listed in the methods was performed. Only cytokines produced following 

stimulation with PHA, PWM PMAI or LPS are presented in Table 11 and Table 12.

Ussing Chambers

In piglet jejunal sections, although there were no diet-induced differences in Ussing 

chamber measures (Table 13), there were significant linear increases in Isc (p<0.02) and 

PD (p<0.05) as the B-glc content of the diet increased. In the ileum, ManP (Figure 6 ) and 

G (Figure 7) were significantly higher in the piglets fed B-glc compared to all the other 

diets. ManP and G measures for the barley and Candle diet did not differ significantly
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from that of wheat (Table 13). A significant linear increase in ManP (p<0.02) and G 

(p<0.002) was found in ileal sections as the B-glc content of the diet increased.

Adhesion Assay

Adhesion of FITC-labeled ETEC to enterocytes was significantly influenced by diet. 

Compared to wheat diet, the rate of ETEC binding to isolated epithelial cells was 

significantly lower for cells from the Candle-fed piglets and significantly higher for 

piglets fed the barley diet. ETEC-binding to enterocytes from the B-glc fed piglets did 

not differ from wheat-fed piglets and was different from the other two groups (Figure 8 ).

6.4 DISCUSSION

Intake and Growth

Experimental diets were formulated to provide an equal amount of total protein (~ 26%) 

while increasing total B-glc content. Adjusting the dietary inclusion of B-glc with 

different grains resulted in differences in some other dietary components, particularly 

energy and fiber. Some of these differences between wheat and barley may explain why 

wheat-fed piglets had a slightly higher average FI (g/d & g/kg BW). However, there were 

no differences in final BW or ADG and diet did not influence piglet intestinal wet weight 

or the length of the small intestine. Previous studies have examined supplementation of 

B-glc derived from other sources. Similar to the current study, feeding oat-derived B-glc 

to piglets at higher levels (0.8-4.1%) did not negatively affect growth performance 

(Fortin et al. 2003). The optimal level of inclusion a commercial glucan from 

Sacchromyces cerevisiae (MacroGard-S™) (Schoenherr et al. 1994; Dritz et al. 1995; 

Decuypere et al. 1998) was much lower than levels used in the current study (between
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0.025 and 0.05 % w/w). In these studies young pigs significantly improved daily gain 

(Schoenherr et al. 1994; Dritz et al. 1995), feed efficiency (Schoenherr et al. 1994), FI 

(Dritz et al. 1995) and final BW (28 d) (Dritz et al. 1995). More recently, 

supplementation of 1,3/1, 6  B-glc (0.015% and 0.03%) to newly weaned piglets (4 wks) 

demonstrated marginal benefits for growth performance (Hiss & Sauerwein 2003).

Intestinal Permeability

The presence of indigestible saccharides in the piglet intestinal lumen has been shown to 

directly stimulate mucosal tissue and/or tight junctions (changes in both G and 

permeability) by an unknown mechanism (Mineo et al. 2002; Mineo et al. 2004). 

Whether enterocytes are influenced directly via the physical properties of B-glc, or 

indirectly, via SCFAs derived from B-glc fermentation (Velazquez et al. 1997) is 

unknown. Increases in distal ileal G and ManP has been shown previously in growing 

pigs supplemented with undigestible oligosaccharide prebiotics (topnambur powder and 

inactivated yeasts) (Breves et al. 2001). In the current study, ileal sections from piglets 

fed B-glc diets demonstrated a significantly higher ManP and G and both measures were 

shown to increase in a linear fashion as the B-glc content of the diet increased. Although 

this suggests that increasing the amount of B-glc in piglet diets may have influenced 

paracellular permeability, an increase in surface area would also increase manP. 

Therefore, changes in surface area would need to be excluded and an effect of B-glc on 

villus height would need to be observed before concluding that B-glc influences 

paracellular permeability. Increases in ManP, such as that which was shown in this study, 

would also be expected to increase antigen exposure and hence decrease the percentage
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of T cells expressing CD45RA. However this does not appear to be the case in PP and 

MLN cells obtained from B-glc-fed piglets, suggesting that such an increase did not 

change the exposure of antigens to GALT. These findings are further supported by the 

functional assays, in which lymphocyte incorporation of 3H-thymidine ex vivo 

(unstimulated) was not significantly different among diets. Therefore, at least in terms of 

immune function, an increase in ManP of the distal ileum in B-glc-fed piglets does not 

appear to be detrimental to young piglets. Additional studies are warranted for the 

implications of these findings on gut development and maturation of GALT.

Piglet Immune Function

Several receptors on macrophages, other leukocytes and non-immune cells that recognize 

B-glc have been described (reviewed in (Brown & Gordon 2003)), but only Dectin-1 has 

been clearly shown to have a role in mediating the biological response to B-glc. Dectin-1 

possesses a single carbohydrate recognition domain that recognizes carbohydrates 

containing B-1,3 and/or B-1,6 glue an linkages (Brown & Gordon 2003). B-glc receptor 

activity has also been reported on neutrophils, which is capable of binding B-glc, 

activating the neutrophil and thus triggering the oxidative burst (Brown & Gordon 2003). 

Improvements in neutrophil oxidative burst have been shown previously in humans (Ross 

et al. 1987; Zhang & Petty 1994). In this study, neutrophils isolated from healthy weaned 

piglets showed no diet-induced changes in neutrophil function (oxidative burst, size or 

granularity). This is consistent with a previous study in which pigs of a similar age fed B- 

glc (0.025 or 0.05% w/w) did not influence neutrophil function (Dritz et al. 1995) and 

supports that dietary B-glc has limited influence on neutrophil function.
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It is not clear how supplementation of piglets with dietary B-glc increased the 

concentration of peripheral red- and white blood cells, and lymphocytes. At least for red 

blood cells and lymphocyte number, the increase occurred in a linear fashion. There was 

also a significantly increased concentration of eosinophils in barley-fed piglets. 

Previously, feeding fructooligosaccharides to young calves was reported to result in 

higher peripheral blood leukocyte numbers, specifically eosinophils (Kaufhold et al. 

2000). However, these comparisons are difficult because of species differences and in the 

current study, the concentration of eosinophils was below the normal range (0.5-3.4 x 

109/L; Blood & Rodostits 1989). The finding that B-glc-fed piglets had a higher 

concentration of peripheral lymphocytes in circulation might influence the ability of these 

animals to respond to immune challenge, despite no change in the function of these cells.

Previously, the fiber content of the diet has been shown to significantly alter the 

proportion of T cells in GALT of other species (higher proportion of CD8 + in PP (Field 

et al. 1999) & higher proportion of CD4+ in MLN (Field et al. 1999; Lim et al. 1997). In 

the current study, expression of CD45RA on T cell populations was influenced by dietary 

B-glc. Naive T cells (CD4 & CD8 ) express the CD45RA antigen until they encounter and 

respond to an antigen, when results in alternative splicing of CD45 to switch to 

expression of CD45RO (Braakman et al. 1991). Increasing the dietary content of the B- 

glc was shown to increase the concentration of blood CD4 and CD45RA, as well as the 

percentage of CD8 + cells expressing the CD45RA antigen. There was also a direct 

relationship between the level of dietary B-glc and the concentration of CD4, CD8 , and
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CD45RA, as well as the proportion CD8+CD45RA+ cells and the percentage of CD8 + 

cells expressing CD45RA. Increasing the B-glc content of the diet also increased the 

proportion of T cells (CD2+) until the dietary concentration reached 35 g/kg (candle 

diet). Feeding a high level of B-glc appeared to negatively impact the proportion of T 

cells, as the proportion of these cells decreased to a similar level as the barley diet. These 

findings support the blood chemistry data and seem to suggest that a higher level of B-glc 

content in the diet not only increases the concentration of peripheral blood leukocytes, 

but specifically increases the number of naive T cells in the periphery. In MLN, provision 

of 35 g/kg of B-glc appeared to be the optimal level of inclusion for the proportion of 

CD4+CD45RA+ cells, which increased from 6.4 to 35 g/kg. This was also the case for 

the proportion of CD8-CD25+, total CD25+, CD4+CD45RA-, CD4+CD45RA+, and 

total CD4+ in PP. Feeding a high level of B-glc appeared to negatively impact the 

proportion of each of these cell populations. On the other hand, increasing dietary B-glc 

content from 6.4 to 35 g/kg decreased the proportion of IgG+ and CDw75+ cells in MLN, 

whereas feeding a very high level of B-glc did not negatively impact these proportions.

A previous study conducted in newly weaned piglets reported no differences between B- 

glc-supplemented groups in lymphocyte proliferation or antibody titres in response to 

vaccination with porcine reproductive and respiratory syndrome (Hiss & Sauerwein 

2003). In the current study, there was a limited influence of B-glc on 3H-thymidine 

incorporation and production of several cytokines following incubation with four 

different mitogens. Results indicated that compared to barley-fed piglets, those fed wheat, 

Candle, and B-glc-fed had a significant increase in the stimulation index of PBL
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following incubation with LPS. However, the physiological importance of this is 

questioned due to the low level of incorporation of 3H-thymidine in cells incubated with 

this mitogen. It may also be due to the slightly higher incorporation of 3H-thymidine in 

the absence of mitogen by PBL of barley-fed piglets. Increasing the B-glc content of the 

diet increased H-thymidine incorporation in MLN cells until the dietary concentration 

reached 35 g/kg. Feeding a high level of B-glc appeared to negatively impact the ability 

of these cells to incorporate 3H-thymidine. Therefore, the mechanism by which 

increasing levels of B-glc influence MLN lymphocytes ex vivo is uncertain and requires 

further study. In addition, inclusion of the highest level of B-glc appears to somehow pre

condition PP lymphocyte response to mitogen (PHA & PWM), which was shown by the 

inverse relationship between increasing dietary B-glc content and decreasing 3H- 

thymidine incorporation. There was also a significantly higher production of IL-10 by 

PBL of wheat-fed piglets in response to stimulation with PWM. Furthermore, production 

of this cytokine decreased with increasing B-glc until the dietary concentration reached 

35 g/kg. Feeding the highest amount of B-glc appeared to positively influence production 

of this cytokine, which was similar to IL-10 production in piglets fed low levels of B-glc. 

Although anti-inflammatory properties are suggested, differences were small in 

magnitude and future studies are warranted to study the implications of these findings.

Gut Response to ETEC

In order for piglets to become infected with K8 8 + ETEC and display the clinical 

manifestations of diarrhea (Sarmiento et al. 1988), the bacteria must first adhere to the 

small intestine. This is accomplished by means of proteinaceous, filamentous appendages

-219-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



on the bacterial surface, called pili or fimbriae (Thoms et al. 1989). The K8 8  antigen is 

contained on this fimbrial structure and exists in at least three different antigenic forms 

with different adhesive specificities for brush border membrane components (Laux et al. 

1986). In this study, FITC-labeled ETEC bound very rapidly to freshly isolated mucosal 

cells and absolute binding was close to 100% within 1 min. However the rate of intensity 

of binding (number of ETEC/cell) displayed a more gradual increase over time, which 

was influenced by diet (Figure 8 ). The higher rate of binding of ETEC to mucosal cells 

from barley-fed piglets suggests that diet can influence the ability of mucosal cells to 

bind ETEC. This effect appeared to be related to some attribute of the barley diet other 

than the B-glc content, since binding intensity was not directly related to the B-glc 

content of the diet. The physiological significance of these findings is difficult to 

determine. A major component that differed between these diets was total fiber (198.8 

g/kg barley vs 141.4 g/kg Candle), especially Neutral Detergent Fiber (118.1 g/kg barley 

vs 42.81 g/kg Candle). K8 8  ETEC adhesins bind to glycoproteins and glycolipids (Jin & 

Zhao 2000) of various sizes in both intestinal mucus and brash border membranes 

(Grange & Mouricourt 1996). Therefore, it is possible that the fiber content of the diet 

influenced expression of glycoproteins and/or glycolipids in isolated mucosal cells. 

Alternatively, the abrasive properties of fiber, which have been shown to alter intestinal 

mucus composition (Tungland & Meyer 2002) may have influenced the proportion of 

glycoproteins and/or glycolipids in the overlying mucus layer. However, this was not 

likely the case as the mucosal cell isolation methods were designed to remove mucus.

Summary and Conclusion
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Feeding diets with varying B-glc content (6.4 g/kg -73.7 g/kg) do not alter the growth 

rate of young piglets, nor do they influence the ability of systemic neutrophils to produce 

free radicals. The failure to see in vitro changes in neutrophil function may have resulted 

from an inability of B-glc to directly interact with immune cells in vivo. The beneficial 

effects of B-glc that have been reported in vitro may differ from in vivo studies do to 

metabolism of B-glc in the colon and thus not entering the circulation. Although feeding 

B-glc was shown to increase ileal ManP and G, changes in surface area would need to be 

considered before one could confidently conclude that feeding B-glc influences 

paracellular permeability. The B-glc content of the diet did not directly relate to the rate 

of E. coli binding to isolated enterocytes, but the higher rate of binding when additional 

B-glc were added to the Candle diet requires future study in an in vivo model. The 

finding that piglets fed the highest level of B-glc had an increase in blood lymphocytes, 

specifically antigen-nai've T cells, suggests that these animals may have an increased 

number of newly synthesized cells and perhaps a greater capacity to respond to immune 

challenge. However, this requires future study and the mechanisms remain unknown. In 

conclusion, feeding 74 g/kg B-glc by supplementing B-glc to the Candle diet decreased 

the proportion of peripheral T cells (CD2+), the proportion of naive T cells 

(CD4+CD45RA+) in MLN, and T cell populations in PP (CD8-CD25+, CD4+CD45RA-, 

CD4+CD45RA+, total CD25+ and CD4+). However, supplementation of B-glc appeared 

to positively influence MLN B cells by increasing the proportion of IgG-i- and CDw75+ 

cells. In addition, the decreased incorporation of 3H-thymidine in unstimulated MLN 

cells and the increased production of IL-10 by PBL in response to PWM stimulation 

suggests potential benefits of feeding piglets a diet supplemented with B-glc.
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T A B L E  1 Composition o f Experimental diets
Ingredient (g/kg) 1 -  Wheat 2 - Barley 3 -  Candle 4 -  B-glc

Grain 537 512 485 485
SOYBEAN MEAL (48%) 150 150 150 150
CASEIN 106 131 158 158
FAT 100 100 100 100

TALLOW 55.56 55.56 55.56 55.56
SUNFLOWER OIL 37.21 37.21 37.21 37.21

LINSEED OIL 7.23 7.23 7.23 7.23
LIMESTONE 6.00 6.00 6.00 6.00
DICALCIUM PHOSPHATE (21%) 24.0 24.0 24.0 24.0
SALT 2.50 2.50 2.50 2.50
SWINE PC G/F VITAMIN PREMIX1 1.00 1.00 1.00 1.00
PC SWINE TRACE MINERAL 
PREMIX2

2.00 2.00 2.00 2.00

CYSTEINE 1.20 1.20 1.20 1.20
VITAMIN B-12 1.67 X 10'b 1.67 X 10'b 1.67 X 10* 1.67 X 10 b
SUPPLEMENT 70.0 70.0 70.0 70.0

CASEIN 4.82 4.82 4.82
CANDLE CRUDE STARCH 12.4 12.4 12.4

NON-NUTRITIVE FIBER 52.8 52.8 52.8
VISCOFIBER'M 70.0

Total 1000 1000 1000 1000
1 The vitamin premix contained: 3.8912% Protein, 0.99% Fat, 2.701 % Moisture, 86.002 kcal/kg DE, 82.0002 kcal/kg ME, 25.7937% Calcium, 0.225% 
Phosphorus, 0.0765% Av Phosphorus, 0.1282% Magnesium, 0.0328% Sodium, 642.2313 mg/kg iron, 7000014.2 IU/kg Vitamin A, 700014.2 IU/kg 
Vitamin D3, 20000.0117 IU/kg Vitamin E, 1500.0179 mg/kg Vitamin K, 40.0001 mg/kg Biotin, 399.9008 mg/kg Folic Acid, 20000.0117 mg/kg Niacin, 
7499.9741 mg/kg Pantothenic Acid, 533.9845 mg/kg pyridoxine, 3000.0051 mg/kg riboflavin, 580.5812 mg/kg thiamine, 10 mg/kg Vitamin B 12
2 The trace mineral premix contained: 0.99% fat, 0.001% moisture, 86 kcal/kg DE, 82 kcal/kg ME, 15.1874% Calcium, 0.0729% Magnesium, 0.0283% 
Sodium, 4.756% Sulfur, 351 mg/kg cobalt, 5000 mg/kg Copper, 749.3 mg/kg Iodine, 75365.1328 mg/kg Iron, 25020 mg/kg Manganese, 150 mg/kg 
Selenium, 75024 mg/kg Zinc, 100.001 g/kg Choline
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TABLE 2 Chemical composition of B-glc experimental diets calculated from proximate analysis of individual dietary 
ingredients given in Appendix (Table 1).

1 - Wheat 2 - Barley 3 -  Candle 4 -  Candle + B-glc 
supplement

DE kcal/kg 3702 3560 3740 3740
ME kcal/kg 3510 3364 3580 3580
Crude Protein (g/kg) 260.3 260.7 260.7 260.7
Crude Fat (g/kg) 121.1 119.3 118.5 118.5
ADF (g/kg) 17.01 27.93 45.97 84.52
NDF (g/kg) 98.19 118.1 42.81 54.93
Total fiber (g/kg) 168.0 198.8 141.5 139.4
Total B-glc (g/kg) 6.416 17.25 35.53 73.69
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TABLE 3. BW, FI & intestinal indices of piglets fed diets differing in B-glc content
Group Wheat (n=7) Barley (n=8) Candle (n=8) Bglucan (n=8)

Initial BW1,# 5 9 8 0 2 ±  4 24 6226  ±  130 6435 ±  270 6513 ± 2 4 1

Final BW, g 7421± 138 7 4 7 0  ± 144 7 4 1 4 ± 196 7 3 5 0 ± 259
ADG3, g 1441 +  314 1245 ± 141 979  ±  295 837 ± 4 0 1
FI4, g/d 252b5 ±  11 177a ±  20 158a ±  24 166a ±  26

FT, g/kg BW 37b ±  1 25a ±  3 2 3 a ±  3 23a ±  4

Intestinal Weight, g 3 8 0 .4  ±  18 319.3  ± 2 0 283.8  ±  22 320.6  ±  39

Intestinal Length, cm 1031 ± 2 7 939 .8  ±  16 973.1 ± 4 8 999.9 ± 55

1 Body Weight
2 Values presented as mean ± SEM
3 Average Daily Gain

1 4 Feed Intake
^  5 Means within a row that do not share a common letter are significantly different (p<0.05)
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TABLE 4. Blood chemistry measures of piglets at 35 days of age and fed diets differing in B-glc
Group Normal Range Wheat (n=7) Barley (n=8) Candle (n=8 ) Bglucan (n=8 )

HGB1 100-160 g/L2 1203 ±  2 117 ± 4 123 ± 3 127 + 4
RBC1 5.0-8.0 x 10,2/L 6a4± 0.08 6a ±  0.2 7ab ±  0.08 7b ± 0.2
M CV1 50-68 fl 5 9 + 1 57 ±  0.9 57 ±  1 56 ±  1
MCH1 17-21 pg 19 ± 0 .2 18 ± 0 .3 18 ± 0 .4 18 ±  0.3
MCHC1 300-340 g/L 318 + 1 322 ±  1 320 ± 2 321 ± 2
RDW 1 n.a. (%) 17 ± 1 20 ±  1 20 ± 2 19 ± 1
HCT1 n.a. (L/L) 0.4 ±  0.005 0.4 ±0.01 0.4 ±  0.01 0.4 ±  0.01
PLT1 n.a. (109/L) 454 ± 5 6 387 ±  22 482 ±  48 371 ± 4 7

M PV1 n.a. (fL) 8 ± 0 .3 8 ± 0 .2 8 ± 0 .3 8 ± 0 .3

W BC1 11.0-22.0 x 109/L 12a ± 1 16b±  1 13a± 1 17b ± 2

Lymphocyte 4.2-13.6 x 109/L 8a±  1 l l ab± 1 9a± 1 13b± 2

Neutrophil 3.0-10.0 x 109/L 4 ±  1 5 ±  1 3 ± 0 .5 4 ±  1

Monocyte 0.2-2.2 x 109/L 0.3 ±  0.04 0.5 ±0 .1 0.3 ±  0.04 0.5 ± 0 .2

Eosinophil 0.5-2.4 x 109/L 0.06a ±  0.01 0.1b ±  0.02 0.05a ±  0.005 0.07ab±0.01

Basophil 0-0.4 x 109/L 0.07 ±  0.01 0.1 ± 0 .0 2 0.1 ± 0 .05 0.2 ± 0 .1

Lymphocytes n.a. (%) 68 ± 5 67 ± 3 69 ± 4 73 ± 3

Neutrophils n.a. (%) 29 ± 5 28 ± 3 27 ± 3 23 ± 4

Monocytes n.a. (%) 2 ± 0 .2 3 ±0.7 3 ± 0 .4 3 ± 0 .4

Eosinophils n.a. (%) 0.5 ± 0 .1 0.6 ±  0.08 0.4 ±  0.06 0.5 ± 0.1

Basophils n.a. (%) 0.5 ±  0.04 0.8 ±0 .1 1 ± 0 .5 0.9 ± 0.3
1 HGB-Hemoglobin, RBC-Red Blood Cells, MCV-Mean Corpuscular Volume, MCH-Mean Corpuscular Hemoglobin, MCHC-Mean 
Corpuscular Hemoglobin Concentration, RDW-Red Cell Distribution Width, HCT-Hematocrit, PLT-Platelets, MPV-Mean Platelet 
Volume, WBC -  White Blood Cells
2 Ranges obtained from (Blood & Rodostits 1989), values that were not given are indicated with n.a.

3 Values presented as mean ± SEM
4 Means within a row that do not share a common letter are significantly different (p<0.05)
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TABLE 5. Immune Cell Populations Blood Concentrations of piglets fed diets differing in B-glucan content
Group Wheat (n=7) Barley (n=8) Candle (n=8) Bglucan (n=8)

IgA l . l 1 + 0.4 0 . 8  ± 0 . 2 0.7 ±0.1 1.4 ±0.6
IgM 1.7 + 0.5 2.0 ± 0.4 1.5 ±0.3 2 . 8  ± 1 . 1

IgG 1.5 + 0 . 2 2.0 ±0.3 1.5 ±0.4 2.3 ±0.5
B cell 1 . 2  ± 0 . 2 1.8 ±0.3 1.2 ±0.3 2.0 ± 0.5
CD3 0 . 1  ± 0 . 1 0 . 1  ± 0 . 1 0 . 2  ± 0 . 1 0 . 2  ± 0 . 2

CD45RA 3.9a2 ± 0.6 5.4ab ± 0.7 4.2a ± 0.7 6.9b± 1.3
CD4 1.4a ±0.1 1 .6 a± 0 . 2 1.7a± 0.3 2.3b ± 0.3
CD8 1 . 0  ± 0 . 1 1.5 ±0.3 1.4 ±0.3 2.3 ± 0.7

1 Values presented as mean concentration (109/L) ± SEM
2 Means within a row that do not share a common letter are significantly different (p<0.05)

to
to
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TABLE 6. Neutrophil Burst, Size and Granularity measures of piglets (35 days of age)
Group Wheat (n=7) Barley (n=8) Candle (n=8) Bglucan (n=8)

Burst
0 min. 4 1 ±  1 12 ± 9 6 ±  2 5 ±  1
5 min. 51 ±  14 61 ±  12 68 ±  15 54 ± 1 5
Fold inc. (0-5 min.) 16 ± 4 15 ± 4 15 ± 3 12 ± 3
10 min. 183 +  36 245 ±  29 222 ± 38 193 ± 3 8
Fold inc. (0-10 min.) 62 ±  12 65 ±  13 55 ±  10 51 ±  9
Fold inc. (5-10 min.) 5 ±  1 5 ±  1 4 ± 0 .5 5 ±  1

15 min. 303 ±  47 386 ± 4 1 341 ± 5 1 322 ±  48
Fold inc. (0-15 min.) 111 ±  22 100 ± 20 86 ±  18 90 ± 2 0
Fold inc. (10-15 min.) 2 ± 0 .3 2 ±  0.1 2 ± 0 .1 2 ±0 .1
Size
0 min. 4 4 1 + 9 436 ± 14 425 ± 9 419 ± 10
5 min. 463 ±  16 467 ±  12 466 ± 1 1 450 ± 10
10 min. 474 ±  16 481 ±  10 473 ±  12 468 ± 9
15 min. 487 ±  13 475 ±  12 487 ± 1 1 479 ± 8
Granularity
0 min. 290 + 28 314 ± 21 299 ±  26 302 +  23
5 min. 272 ± 1 7 278 ± 15 278 ±  16 276 ± 17
10 min. 271 ± 2 0 280 ± 1 8 271 ±  17 278 ± 20
15 min. 281 ± 2 4 272 ±  19 282 ±  24 287 ± 25
1 Values presented as mean fluorescence ± SEM, there were no significant differences among dietary treatments
(P<0.05)
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Table 7. Lymphocyte Distribution in PBL of pi ;lets
Antibody Wheat (n=7) Barley (n=8) Candle (n=8) Bglucan (n=8)

IgA 13’ ±5 8  ± 1 9 ± 2 9 ± 3
IgM 2 0  ± 6 18 ± 3 16 ± 2 20 ±4
IgG 19 + 2 18 ± 3 17 ± 3 18 ±3
CDw75 14 + 2 1 0  ± 2 15 ± 1 1 2  ± 1

CDllb 1 ± 0.4 1 ± 0.4 1 ±0.4 2  ± 1

CD4+CD25+ 3 ±0.5 2 ±0.4 3 ± 1 4 ± 1
CD8+CD25+ 1 ± 0 . 2 1 ± 0.4 1 ± 0.3 2  ± 1

CD4+CD45RA+ 6  ± 1 1 + 2 7 ± 1 7 ± 1
CD4+CD45RA- 13 ± 1 9 ± 1 1 2  ± 1 1 1  ± 1

% CD4RA+ 31 ±3 36 ±5 35 ±3 36 ±4
CD8+CD45RA+ 5 ± 1 5 ± 1 8  ± 3 10 ±3
CD8+CD45RA- 8  ± 1 7 ± 1 9 ± 1 8  ± 2

% CD8 RA+ 39 ± 3a2 44 ± 5ab 42 ± 4a 49±5b
CD4+ 17 ± 1 15 ±2 19 ±2 18 ± 1

CD8+ 1 2  ± 1 13 ±2 15 ±2 17 ± 4
CD4/CD8 ratio 1 ± 0 . 1 1 ± 0 . 2 1 ± 0 . 2 2 ±0.4
RA+ 46 + 6 50 ±5 47 ±5 53 ±4
CD25+ 13 ±2 13 ±2 14 ± 1 14 ±2
CD44+ 91 ±5 92 ±2 95 ± 1 90 ±5
Monocyte+ 9 ± 2 9 ± 2 8  ± 2 1 + 2
B cell+ 14 ± 1 16 ± 2 13 ±3 15 ±2
CD2+ 30 ±4 40 ±5 49 ±5 42 ±4

1 Values presented as cell population percentage ± SEM
2 Means within a row that do not share a common letter are significantly different (p<0.05)
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Table 8. Cell Phenotyping from MLN Lymphocytes
Antibody Wheat (n=7) Barley (n=8) Candle (n=8) Bglucan (n=8)

IgA 2 2 1 ± 2 18 ± 2 17 ±3 22 ±3
IgM 41 ±3 38 ±3 37 ±3 41 ± 5
IgG 42 ±3 36 ±3 33 ±3 40 ±4
CDw75 32 ±2 24 ±2 23 ±3 28 ± 4
CDllb 4 ± 1 3 ± 1 3 ± 1 4± 1
CD4+CD25+ 6  ± 1 6  ±0.4 7 ± 1 6  ± 1

CD8+CD25+ 2  ± 0 . 2 2 ±0.3 3 ±0.3 2 ±0.3
CD4+CD45RA+ 6 a2± 1 1 0 b± 1 1 0 b± 1 8 ab± 1

CD4+CD45RA- 24 ±3 2 2  ± 2 26 ± 2 23 ±2
% CD4 RA+ 21 ±3a 31 ± 3b 27 ± 2ab 27 ± 3ab
CD8+CD45RA+ 9 ± 1 11 ± 1 9 ± 1 1 0  ± 1

CD8+CD45RA- 1 0  ± 1 1 0  ± 1 1 2  ± 1 1 0  ± 1

% CD8  RA+ 47 ±2 51 ±2 43 ±4 51 ± 2
CD4+ 31 ± 3 32 ±2 35 ±2 31 ±3
CD8+ 17 + 2 2 0  ± 1 19 ±2 19 ± 1
CD4/CD8 ratio 2  ± 0 . 2 2  ± 0 . 1 2  ± 0 . 1 2  ± 1

RA+ 61 ±4 62 ±4 57 ±4 62 ±4
CD25+ 29 ±4 26 ± 2 25 ±3 25 ±2
CD44+ 85 ±4 84 ±3 83 ±3 80 ±3
Monocyte+ 17 ±3 16 ± 2 18 ± 2 18 ± 2
B cell+ 35 ±3 36 ±2 31 ± 3 36 ±3
CD2+ 35 ±7 32 ±5 30 ±4 29 ±4
1 Values presented as cell population percentage ± SEM
2 Means within a row that do not share a common letter are significantly different (p<0.05)
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TABLE 9. Cell Phenot; 
Antibody

p̂ing from PP of piglets 
Wheat (n=7) Barley (n=8) Candle (n=8) Bglucan (n=8)

IgA l l 1 ± 3 14 ±3 16 ±4 13 ±3
IgM 59 + 6 57 ±5 56 ±5 58 ±4
IgG 45 + 5 45 ±5 50 ±4 48 ±4
CDw75 40 ± 4 41 ±4 47 ±4 46 ±3
CDllb 1 ± 0 . 1 1 ± 0 . 1 1 ±0.4 1 ± 0 . 2

PP Bcell 5 ± 2 7 ± 1 8  ± 3 5 ± 1
CD4+CD25+ 1 ±0.1 1 ± 0 . 2 1 ± 0.3 1 ±0.3
CD8+CD25+ 1 ± 0 . 2 1 ± 0 . 1 2± 1 1 ±0.3
CD4+CD45RA+ 0.2a2 ± 0.04 0.2a ± 0.04 0.4b ± 0.1 0.3a ± 0.06
CD4+CD45RA- 1 ± 0 . 1 2 ±0.4 2  ± 1 1 ±0.3
% CD4RA+ 13 ± 2 15 ±2 16 ±3 18 ± 3
CD8+CD45RA+ 1 ± 0 . 1 1 ± 0 . 2 1 ±0.4 1 ± 0 . 2

CD8+CD45RA- 2 ±0.3 3 ±0.5 3 ± 1 2± 1
% CD8  RA+ 23 ±1 29 ±2 29 ±2 29 ±3
CD4+ 2  ± 0 . 2 2 ±0.4 3 ± 1 2 ±0.4
CD8+ 3 ±0.3 4 ± 1 5 ± 2 3 ± 1
CD4/CD8 ratio 1 ± 0.04 1 + 0 . 1 1 ± 0 . 1 1 ± 0 . 1

RA+ 89 ±2 84 ±3 89 ±3 87 ±3
CD25+ 6  ± 1 8  ± 1 11 ±3 6  ± 1

CD44+ 15 ±2 16 ± 2 21 ±5 17 ±2
Monocyte+ 6  ± 1 7 ± I 10 ± 3 9 ± 2
B cell+ 30 ± 5 31 ± 4 37 ±3 33 ±4

1 Values presented as cell population percentage + SEM
2 Means within a row that do not share a common letter are significantly different (p<0.05)
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Table 10. 3H-Thymidine Uptake by PBL, MLN and PP of piglets fed diets varying in B-glc content
Tissue (mitogen) - Measure Wheat (n=7) Barley (n=8) Candle (n=8) Bglucan (n=8)

PBL (none) DPM1 1454 ± 354 20331475 1423 1347 13061181
PBL (PHA) DPM 161240 ±45367 208257124511 253114141395 2363731 19114

SI2 2 . 0  ± 0 . 2 2 .0 1 0 . 1 2.310.1 2.310.1
PBL (PMAI) DPM 129715 + 31478 158263 1 15882 119090122008 138534129196

Log transformed3 SI 1.910.2 1.910.1 1.910.2 1.910.1
PBL (PWM) DPM 140518 + 32055 1551491 19865 194464127620 1662871 14630

Log transformed SI 2 .0 1 0 . 2 1.910.1 2 .2 1 0 . 1 2 . 1  ± 0 . 1

PBL (LPS) DPM 60301 1676 407411013 44541971 5095 11204
Log transformed SI 0.5m 10.1 0 .2 a± 0 . 2 0.5b±0.1 0.5b± 0.1

MLN (none) Log transformed DPM 2.510.05 2.510.1 2.810.1 2.610.1
MLN (PHA) DPM 196343121323 208262124959 1958721 16541 174720129988

SI 663 193 7481 194 3701106 420 1 91
MLN (PMAI) DPM 1591181 11362 194803 1 19829 16749819661 1607461 18106

Log transformed SI 2.710.03 2.810.1 2.410.1 2.510.1
MLN (PWM) DPM 1707461 17724 160081127505 190357112261 187444 1 25264

SI 573 193 5641155 3741 120 447184
MLN (LPS) DPM 11311494 10481410 240711081 13511501

Log transformed SI 0.3 10.2 0.310.1 0 .2 1 0 . 2 0.310.2
PP (none) Log transformed DPM 2.410.1 2.410.2 2.410.1 2.310.1
PP (PHA) Log transformed DPM 3.210.2 3.2 10.2 2.910.1 2.810.1

Log transformed SI 0 . 8  1 0 . 2 0.810.2 0.510.1 0.510.1
PP (PMAI) DPM 79892131929 67142128048 67798 128026 40041112460

Log transformed SI 2 . 2  1 0 . 2 2 .1 1 0 . 2 2 .2 1 0 . 2 2 .0 1 0 . 2

PP (PWM) Log transformed DPM 3.1 +0.2 2.910.2 2.810.1 2.610.1
Log transformed SI 0.7 10.2 0.5 10.3 0.410.1 0.310.1

PP (LPS) Log transformed DPM 2.710.2 2.7 10.2 2.710.2 2.410.1
Log transformed SI 0.310.1 0.3 10.2 0.310.1 0 .1 1 0 . 1

1 Reported in Decays per Minute ± SEM
2 Reported as mean Stimulation Index (calculated as DPM stimulated/DPM unstimulated)
3 Kurtosis and Skew were analyzed and values that were not considered normally distributed were log transformed.
4 Means within a row that do not share a common letter are significantly different (p<0.05)
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TABLE 11. Cytokine Production by PBL in piglets fed diets of differing B-glc content
Cytokine Mitogen Wheat (n=7) Barley (n=8) Candle (n=8) Bglucan (n=8)

IL-4 PMAI 36 ± 8 1 21 ± 4 26 ± 6 2 0  ± 6

Log transformed PHA 1.5 ±0.1 1 . 8  ± 0 . 1 1.7 ±0.1 1.7 ±0.1
IL-2 PMAI 9063 ± 1613 10097± 1117 7281 ±796 8274 ± 1656

PHA 1238 ±443 1508 ± 268 1639 ± 282 1574 ±338
IL-10 (Log transformed) 2 PMAI 1 . 2  ± 0 . 1 1.2 ±0.03 1.3 ±0.1 1.3 ±0.1

Log transformed PHA 1 . 1  ± 0 . 1 1 . 0  ± 0 . 1 1 .0 ± 0 . 1 1.0 ±0.05
Log transformed PWM 1.5 ±0.1 1.3 ±0.04 1.3 ±0.1 1.5 ±0.1
Log transformed LPS 1.4 ±0.1 1.4 ±0.1 1.3 ±0.1 1 . 2  ± 0 . 1

IFN-y PMAI 2728 ± 875 3782± 1017 3105± 1349 3355 ± 1000
PHA 444 ± 193 1254 ± 455 1105 ±502 971 ±444
PWM 517 ±279 982 ± 304 882 ± 247 405 ± 95

TNF-a PHA 2 1  ± 6 28 ±7 28 ± 6 30 ±7

1 Values presented as mean ± SEM, there were no significant differences among dietary treatments (P<0.05)
2 Kurtosis and Skew were analyzed for cytokine data and values that were not considered normally distributed were log 
transformed.
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TABLE 12. Cytokine Production by MLN in piglets fed diets differing in B-glc content
Cytokine Mitogen Wheat (n=7) Barley (n=8) Candle (n=8) Bglucan (n=8)

IL-4 PMAI 161 4 1 1615 2419 191 4
PHA 114140 76118 78118 78114

IL-2 PMAI 88591 1388 6661 11098 88231 1423 86491 1638
PHA 905 1222 13101458 13881381 12961310

IL-10 PHA 2617 1813 2215 2414
IFN-y (Log transformed) 2 PMAI 3.310.1 3.310.1 3.210.1 3.210.1

-233

PHA 6661256 367 190 407 1 143 4931171
Log transformed PWM 1.810.3 1.910.3 2 . 1  1 0 . 2 1.910.2

1 TNF-a (Log transformed) PHA 1 . 1  1 0 . 1 1.110.04 1 .2 1 0 . 1 1 .2 1 0 . 1

1 Values presented as mean ± SEM, there were no significant differences among dietary treatments (P<0.05)
3 Kurtosis and Skew were analyzed for cytokine data and values that were not considered normally distributed were log 
transformed.
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Table 13. Permeability and Electrical Measures of intestinal loops in USSING chambers (35 days of age)
Dietary Group Wheat (n=7) Barley (n=8) Candle (n=8) B-glc (n=8)

ManP (nm/cm/hr)
Jejunum 11.851 ± 2.3 13.55 + 2.2 11.36+1.4 10.85 + 2.0

Ileum 7.72“2± 1.0 1 1 .2 0 ab± 1 . 6 7.92“ ±1.7 16.64b±4.0
G (A/cm2)
Jejunum 19.20 ± 1.5 19.71 + 3.8 24.16+1.2 23.22+ 1.6

Ileum 22.54a±2.1 20.43“ ±1.6 25.35“ ± 1.9 27.43b ± 6.4
Isc (uA/cm2)

Jejunum 12.50 + 2.5 9.084+ 1.3 17.60 + 3.6 52.30 + 25
Ileum 12.92 + 3.5 21.13 + 9.8 10.44 + 5.1 13.21+4.1

PD (mV)
Jejunum 0.664 + 0.14 0.375 ± 0.084 0.764 + 0.18 1.836 + 0.74

Ileum 0.540 + 0.14 1.050 + 0.48 0.395 + 0.18 0.638 ± 0.23
Forskolin (A Isc)

Jejunum 38.19 + 8 . 6 39.47 ± 7.8 52.74+ 11 43.50 + 9.2
Ileum 26.99+ 1.8 37.17+17 45.32 + 8.1 34.37 ± 15

1 Values presented as mean + SEM
2 Significant comparisons at the 0.05 level are indicated with different letters
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Figure 1. Flow Cytometry Printout of Adhesion Assay. A) Analysis of ETEC-FITC control with no mucosal cells B) Analysis of 
Mucosal Cells only C) Analysis of mucosal cells immediately following addition of ETEC-FITC D) Analysis of mucosal cells 1 min. 
following addition of ETEC-FITC.
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Figure 2. Blood chemistry concentrations of piglets (n=8) fed diets of increasing B-glc concentration. Normal ranges obtained from
(Blood & Rodostits 1989). Indicated as mean cell concentration (109/L) with error bars representing SEM. Concentrations that do not
share a common letter are significantly different (p<0.05).
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Figure 3. PBL immune cell phenotype expression of piglet CD45RA on T cells. Phenotypes given as mean with error bars
representing SEM. Phenotypes that do not share a common letter are significantly different (p<0.05).
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Figure 4. MLN Immune cell phenotype expression of piglet CD45RA on T cells. Phenotypes given as mean with error bars
representing SEM. Phenotypes that do not share a common letter are significantly different (p<0.05).
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Figure 5. PP Immune cell phenotype expression of piglet CD45RA on T cells. Phenotypes given as mean with error bars representing
SEM. Phenotypes that do not share a common letter are significantly different (p<0.05).
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Figure 6. Intestinal ManP measured in Ussing Chambers of piglet intestinal sections fed diets varying in B-glucan content. Indicated
as mean mannitol flux (nm/cm/hr) with error bars representing SEM. Fluxes that do not share a common letter are significantly
different (p<0.05).
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Chapter 7 -  SUMMARY AND FUTURE CONSIDERATIONS

7.1 SUMMARY

To summarize the major hypotheses and findings from this thesis:

1, It was hypothesized that oral inoculation with live Enterotoxigenic Escherichia coli 

(ETEC) to weaned piglets will result in reproducible clinical symptoms of mild infection. 

In Chapter 3, infection trials resulted in a great deal of variability in the severity of illness 

and it was not possible to develop a reproducible model of ETEC infection in newly 

weaned piglets.

2. It was hypothesized that an in vivo loop model would demonstrate the early signs of 

ETEC infection.

The increased mannitol permeability (ManP) and conductance (G) that was found in 

tissues that were exposed to ETEC suggested that early signs of infection occurred and 

that there was an influence on tight junction integrity. Therefore, the early stages of 

ETEC infection were detected in this model. Immune results obtained in Chapter 3 

demonstrated that the surgical procedure did not influence peripheral blood phenotype or 

the ability of these cells to incorporate 3H-thymidine (ex vivo and following mitogen 

stimulation). Mesenteric Lymph Nodes (MLN) were also isolated post-surgery and were 

shown to incorporate 3H-thymidine at an appreciable rate. Results presented in this 

chapter support the use of the in situ surgical model for determining the influence of 

dietary nutrients on the early stages of ETEC infection.
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4. It was hypothesized that piglet innate immune defense at 35 days is more developed 

than at 2 1  days.

In Chapter 4, the ability of neutrophils to respond faster or at greater magnitude to a 

challenge in vitro by increasing their oxidative burst did not differ between 21 and 35 

days of age. It can be concluded that this immune function appears to be well developed 

at weaning.

5. It was also hypothesized that piglet adaptive immune defense at 35 days is more 

developed than at 2 1  days.

Several immune parameters were used in Chapter 4 to measure adaptive immune function 

in young piglets. This study contributes to the literature by characterizing the changes 

that occur in this tissue with age, specifically decreases in antigen naive cells (Cluster of 

Differentiation (CD) 45RA+) and the increase in the immature population of PPBcell+ 

cells. The observed increases in lymphocyte incorporation of H-thymidine in peripheral 

blood lymphocytes (PBL; to phytohemagglutinin (PHA) and pokeweed mitogen (PWM) 

and MLN (to PHA, PWM and lipopolysaccharide (LPS)) suggests that adaptive immune 

function increases with age in these animals in both blood and a tissue in close proximity 

to the intestine. This was further supported by an increased rate of interleukin (EL)-2 

production in stimulated MLN. Phenotype data also supports the hypothesis of an 

increase in adaptive immune function with age, as MLN had an increased proportion of 

total B cells and Immunoglobulin (Ig) A+ cells, whereas PBL had an increased 

proportion of T and B cell expression of an adhesion molecule (CD44). Taken together, 

these results suggest an improvement in adaptive immune function with age.
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6 . It was hypothesized that supplementation of dietary glutamine (gin) to newly weaned 

piglets would improve innate immune defense.

The increases in neutrophil granularity of gin-fed piglets in Chapter 5 suggest an 

improvement in innate immune defense. However, since no influence on oxidative burst 

was found in these animals, the physiological relevance with respect to infection defense 

is not clear.

7. It was also hypothesized that supplementation of dietary gin to newly weaned piglets 

will improve adaptive immune defense.

In Chapter 5, it was demonstrated that feeding gin influences several components of the 

adaptive immune system. In MLN, there was a significantly higher response (stimulation 

index) to PWM and LPS in gin-fed piglets, while PP lymphocytes of gin-fed piglets had a 

significantly higher response to PHA (3H-thymidine) and to LPS (stimulation index). 

Feeding gin resulted in a lower production of Thl-type cytokines following stimulation 

with PHA, in PBL, and a lower production of both Thl (IL-2) and Th2 (IL-4) cytokines 

in MLN compared to cells from ctl-fed animals. Although feeding gin to piglets resulted 

in only minor changes on the proportion of the major immune cell populations in these 

tissues, there were significantly lower proportions of antigen naive cells in PBL and 

MLN of gin-fed piglets. Although there is considerable literature which has demonstrated 

the ability of oral gin to influence immune function in immunosuppressed conditions, 

relatively few were seen in the current study. This may have been influenced by species
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differences in the current study. In addition, all piglets were healthy and consuming diets 

that contained an adequate amount of gin, which may have blunted the effects of gin on 

immune function.

8 . It was hypothesized that isolated intestinal loops challenged with ETEC from gin- 

supplemented piglets will maintain intestinal barrier function and functional integrity.

Measurement of luminal to serosal mannitol flux demonstrated that feeding gin to newly 

weaned piglets did not influence intestinal barrier function in ETEC inoculated loops. 

However, gin did influence intestinal ion movement in ETEC-inoculated loops. Results 

in Chapter 5 demonstrated that provision of dietary gin resulted in a significantly lower 

potential difference (PD) and short-circuit current (Isc) in ETEC-inoculated loops. While 

gin has been shown to stimulate ion absorption previously (Rhoads 1991), the results of 

the present study demonstrated that feeding gin could influence these in vitro 

measurements. Future studies are warranted to determine the mechanisms by which gin 

influences ion movement, whether by increasing absorption, preventing secretion, or 

influencing expression of proteins in mucosal cells.

9. Supplementation of dietary barley-derived beta-glucan (B-glc) will improve innate 

immune defense.

In Chapter 6 , there was no effect of feeding different levels of B-glc on the ability of 

peripheral blood neutrophils to produce free radicals when stimulated in vitro. This 

finding in an animal feeding model is inconsistent with studies in the literature, where B-
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glc benefited innate immune function when neutrophils and macrophages were incubated 

with B-glc in vitro or provided intravenously.

10. Supplementation of barley-derived B-glc can improve adaptive immune defense.

In PBL, the percentage of CD8 + cells expressing CD45RA was significantly higher in 

wheat and Candle-fed piglets. Piglets consuming the high B-glc diet had a higher 

concentration of white blood cells and lymphocytes. The physiological effect of a higher 

leukocyte concentration (within the normal range) requires further study. The results of 

Chapter 6  did not support an effect of feeding B-glc on immune function.

11. Supplementation of barlev-derived B-glc can benefit gut development in newly 

weaned piglets

In Chapter 6 , tissues of piglets fed the diet high in B-glc demonstrated a higher ileal 

mannitol flux and conductance in the B-glc group. Although this might be considered a 

negative effect with respect to bacterial defense, there were no changes in the proportion 

of antigen mature cells in PP or MLN, which would be expected if there was a change in 

gut barrier function. Additionally, no differences were found in the ability of immune 

cells from B-glc fed piglets to respond to mitogens. This suggests that these changes in 

permeability did not result in significant antigen exposure to GALT.
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12. Supplementation of diets varying in fiber and B-glc composition influences the ability 

of isolated enterocvtes to bind fluorescein isothiocvanate- (FITC) labeled Escherichia 

coli.

The ETEC adhesion assay described in Chapter 6  demonstrated that there was not an 

inverse relationship between the b-glc content of the diet and the rate of E. coli binding to 

isolated enterocytes. The higher rate of binding to labeled E.coli by epithelial cells from 

piglets fed the barley diet may have resulted from the presence of a dietary nutrient other 

than B-glc. Also of interest was the higher rate of binding when B-glc was added to the 

Candle diet. This requires future study in an in vivo model. However, it must be stressed 

that this in vitro assay eliminates the contribution of luminal factors such as gut 

microorganisms, immune cells and the protective mucus layer. Therefore, these findings 

need to be followed up in a more physiological in situ model, such as the one described in 

Chapter 3.

7.2 FUTURE CONSIDERATIONS

Piglet Development

Early weaning of piglets is not only strenuous to the piglets’ immune system, but the 

resulting growth lag and occasional illness is also problematic to the industry. Therefore, 

a great deal of effort has been used to specially design weaning diets to maximize growth. 

More recently, piglet diets are being designed to improve immune function as well. 

Unfortunately, there have been few experimental studies of immune function in swine, 

possibly due to the cost and the limited number of swine-specific immune markers that
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are commercially available. Chapter 4 contributes to the literature by providing a link 

between the changes to immune cell subpopulations and function that occur during the 

early weaning period. Of interest to comparative immunology are the reasons why piglets 

have evolved differently from other species in function and immune cell populations, 

specifically the double positive CD4CD8 T cells. This ability of this unique population to 

deliver both helper and cytotoxic/suppressor signals is a novel concept in immunology 

and warrants further investigation. There are also differences in the lymphocyte migration 

patterns of piglets compared to other species. The reasons for these differences in 

morphology are not known, but activated lymphocytes entering the circulatory system 

more quickly might enable piglets to respond more quickly when antigens are 

encountered. Swine producers define an optimal time of weaning in order to minimize 

losses and optimize growth. Perhaps a novel concept would be to consider an optimal 

time of weaning, based on immune development/maturation. Results presented in this 

thesis show an improvement in adaptive immune function between 21 and 35 days of 

age. This suggests that early weaning places a piglet at an additional risk and provides 

support for delaying the time of weaning in piglets.

Immunonutrients

The ability of naturally occurring nutrients, the immunonutrients, to influence immune 

function has received a great deal of attention in recent years. However, this should come 

as no surprise as humans have been benefiting from these abilities for centuries by 

consuming these nutrients in the foods they eat. This was long before the advent of 

pharmaceuticals and immunomodulators designed to improve immune function.
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Gin is an amino acid of many names, having been referred to as conditionally essential 

(Lacey & Wilmore 1990), an immunonutrient (Field et al. 2000), a life-saving nutrient 

(Preiser & Wemerman 2003), a magic bullet (Duggan 1998), and the gas pedal (but not 

the Ferrari: Rhoads 2004). Based on the abundance of experimental studies, it is 

generally accepted that the amino acid gin has an influence on immune function. The gut 

is a major gin consumer, utilizing almost all that is absorbed from the lumen (Wu 1998) 

while extracting circulating gin from the bloodstream (Souba 1993). Thus, the extent to 

which dietary gin can influence peripheral immune sites requires more attention. This is 

especially important in light of the findings from Chapter 5 in which feeding gin was 

shown to influence peripheral immune cell function and maturation (neutrophil 

granularity, cytokine production, CD45 expression). Unfortunately, it was not possible to 

determine the mechanisms for these peripheral effects in the present study. The ability of 

gin to influence ion transport in ETEC-inoculated intestinal loops was also demonstrated 

in Chapter 5. Gin has been shown to stimulate ion transport in infected intestinal tissues 

of piglets in vitro (Rhoads et al. 1991). The current study supports this finding in a more 

physiological model. Based on the results presented in this thesis, provision of gin in the 

diet of healthy piglets would enable the immune systems of these animals to respond 

more effectively to pathogenic challenge and may maintain absorption during enteric 

infections.

The history associated with B-glc is equally interesting, as these have come full circle 

from being considered as a major anti-nutritional factor, to being proposed as an
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immunonutrient (based on ex vivo supplementation). Despite the abundant evidence from 

in vitro studies, it appears that increasing the B-glc content of the weaning piglet diet has 

limited effects on the immune system. However, the majority of these in vitro immune 

studies assume that this compound will reach the immune cells, and there is no evidence 

to suggest that b-glc enter the body intact. Future studies are warranted to examine the 

extent to which B-glc can contact the immune tissues and cells of GALT. If specific 

reagents are not available for identifying B-glc, designing a method that would enable 

quantification of B-glc or their metabolites in immune tissues might answer these 

questions. It would also be interesting to determine whether the structure of the B-glc 

themselves (i.e. 1,3/1,4 vs 1,3/1,6 ) are responsible for some of the observed effects. From 

the results shown in Chapter 6 , the concentration of B-glc in the diet influences the 

concentration of peripheral immune cells in a direct manner by a yet to be determined 

mechanism. Determining the B-glc metabolites which cross the gut barrier and influence 

peripheral immune function may reveal some interesting findings. Results from Chapter 6  

also demonstrated that the distal ileum is a site of major importance in the mode of action 

of B-glc. The immune cell populations in the adjacent PP were also characterized at this 

site, as was their ability to incorporate 3H-thymidine ex vivo and when stimulated with 

several mitogens. It also seems hardly coincidental that this is also the site colonized by 

microorganisms, actively producing short-chain fatty acids (SCFA) by fermentation. A 

new focus for B-glc studies would be to further characterize the interactions between the 

luminal microflora, the mucosa, and the underlying GALT tissues in this area of the gut.

ETEC and Gut Development

-258 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Antibiotics are efficient in reducing mortality from clinical disease and most starter diets 

formulated for swine contain antibiotics (Patience & Thacker 1989). Major efforts to 

overcome infectious diseases have focused on the development of stronger antibiotics to 

defeat resistant pathogenic microorganisms (Kawakami 2003). However, the agriculture 

industry is facing increased pressure to cut back on antibiotic use. One of the potential 

applications of the findings of this thesis would be to suggest nutrients that might benefit 

the developing immune system so as to reduce the need for antibiotics. In Chapter 6 , 

mucosal cells isolated from barley-fed piglets were shown to bind ETEC with a greater 

intensity than all of the other groups. Also, mucosal cells from B-glc-fed piglets had a 

higher binding intensity than Candle group and these diets differed only in the added B- 

glc supplement. However, what could not be determined were the dietary components 

responsible for these influences. The diet-induced changes in ETEC binding do suggest 

that it might be possible to formulate diets that would minimize the ability of ETEC to 

bind to mucosal cells in vivo. While addition of B-glc to the diet may not have prevented 

binding, defining whether dietary fiber or potentially other nutrients influences ETEC 

binding requires further study. There were also encouraging results in this thesis that 

dietary gin influences ion movement in ETEC-exposed mucosal tissues. This suggests 

that it may be possible to include gin in the diet of young piglets, not only for prevention 

of ETEC infections, but as a potential therapy if they do become ill However, a more 

detailed analysis of expression of intracellular mediators and tight junction proteins 

following ETEC exposure is warranted in future studies.

Neonatal Models
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In considering the results and ideas generated in this thesis, it must be stressed that the 

findings may be considered for species other than swine. Many of these studies were 

conducted not only to advance the knowledge of swine immune function, but also with 

the concept of using pigs as a model for human infants. There are many similarities 

between these two organisms and pigs possess several advantages to mice, which are the 

most frequently used experimental model. Although utilization of gin in infant formulas 

has not received universal acceptance, it has been suggested that some of the results of 

recent pediatric clinical gin trials may change this (Rhoads 2004). There already exists 

physiologic rationale to support the addition of dietary fiber to infant formulas (Correa- 

Matos et al. 2003) and this research could be extended to include B-glc as a potential 

source of fiber.

Practical Considerations

The complex field of swine nutrition has evolved from the more conventional “feed and 

weigh” studies to a more detailed analysis of the metabolic and cellular consequences of 

diet and specific nutrients. Reduced costs of synthetic amino acids means that more 

options will be available for balancing diets, and the dependency on conventional protein 

sources such as soybean meal and canola meal will diminish, as will the costly waste of 

excess nutrients (Patience & Thacker 1989). One of the goals of this thesis was to design 

evidence-based recommendations for inclusions of specific levels of immunonutrients 

into conventional diets of weanling piglets. Now that scientific evidence is available for 

the use of these nutrients, the challenge is attempting to incorporate this knowledge into 

common practice. A potential obstacle is that producers must consider cost benefits in
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making their decisions. However, recent events in agriculture have resulted in an 

increased consumer awareness of the importance of well-defined dietary ingredients. 

Therefore, the natural properties of immunonutrients already provide an appealing option 

to producers. The challenge will be to provide evidence that the cost investment with 

such nutrients results in added gains (i.e. increase in growth, reduced mortality, reduced 

morbidity). Evidence has been presented in this thesis that inclusion of gin in piglet diets 

can benefit immune function and potentially protect against infections. However, 

questions remain about the optimal level of inclusion of gin, which was selected at 4.4% 

w/w based on previous studies, mostly conducted in stressed animals. With no previous 

frame of reference for inclusion of Barley-derived 1,3/1,4 B-glc, several increasing 

increments were formulated to determine an effect. Although there were limited findings 

with these nutrients, additional studies are necessary before ruling out the benefits for 

inclusion of B-glc in swine diets. In addition, the number of animals used in these trials 

was relatively small from a production perspective and the feeding period was relatively 

short. Therefore, additional trials, with different inclusion rates and/or combinations of 

these nutrients and conducted for longer periods of time would be necessary to convince 

producers to use immunonutrients such as gin and B-glc in swine diets.
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APPENDIX

TABLE t .  Proximate analysis of major feed ingredients for dietary B-glucan supplementation trials
Sample %

Moisture
% B- 
Glucan1

%
Starch

%
Protein

%
Lipids

%
Ash

% soluble 
dietary fiber

% insoluble 
dietary fiber

% total 
dietary fiber

Candle Barley2 3.14 7.25 71.90 9.4 0.83 0.57
Barley 8.75 3.30 48.98 13.59 2.18 3.74
Soybean 7.86 0.23 5.59 46.89 2.73 7.12
Wheat 9.72 1.13 53.61 17.01 2.45 2.61
Candle Fiber 
Concentrate 54.52 12.77 6.46 0 0.73 55.07 17.32 72.39
Candle Crude Starch n.a. n.a. 72 2 n.a. n.a.

1 -  Except for % Moisture, all values are on a dry weight basis
2 -  Candle Barley, Lot # 04503, 31 % pearled grain flour, 80% pass through a 250 um screen
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TABLE 2. Antibody profile of Chapters 3, tested in PBL [(species and clone number in brackets)mAb used in this assay were 
purchased from Serotec LTD. (Oxford, England) with the exception of CD3, CD8 , CD25, and TCR, which were purchased from 
VMRD (Pullman, WA)].
Single 
Label Ab

FITC
(Rabbit anti-Mouse
IgG)

TCR1
(Mouse 86D)

CD81
(Mouse PT8 IB)

CD31
(Mouse 8E6)

Mono/Macro/Neut1
(Mouse MIL-2)

B cell1
(Mouse Ig light chain K139 3E1)

Double 
Label Abl

CD41
(Mouse MIL17)

CD41
(Mouse MIL 17)

CD41
(Mouse MIL 17)

CD8
(Mouse PT81B)

CD8
(Mouse PT81B)

CD3
(Mouse 8E6)

Double 
Label Ab2

CD45Ra4
(Mouse MIL 13)

CD254
(Mouse PGBL25A)

CD84
(Mouse PT81B)

CD45Ra4
(Mouse MILO)

CD254
(Mouse PGBL25A)

TCR4
(Mouse 86D)

Ab conjugated with F(ab’)2 Rabbit anti mouse IgG:FITC STAR9B
Ab conjugated with F(ab’ ) 2  Rabbit anti rat IgG:FITC STAR17
Ab conjugated with F(ab’ ) 2  Rabbit anti rat IgG:FITC STAR17B
Ab conjugated with F(ab’ ) 2  Rabbit anti mouse IgG:RPE STAR12A

to

»
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TABLE 3. Antibody profile of Chapters 4 and 5, tested in PBL, MLN and PP [(species and clone number in brackets)mAb used in
this assay were purchased from Serotec LTD. (Oxford, England) with the exception of CD3, CD8 , CD25, and Peyer’s Patch B cell, 
which were purchased from VMRD (Pullman, WA)]._________________________________________________________________
Peripheral Blood Lymphocytes
Single
Label
Ab

FITC
(Rabbit anti- 
Mouse IgG)

PE
(Rabbit anti- 
Mouse IgG)

IgA1
(Mouse 
K61 1B4)

IgM1
(Mouse K52- 
1C3)

Mono/Macro/Neu
t'
(Mouse MIL-2)

B cell1
(Mouse Ig light 
chain K139 3E1)

CD251
(Mouse
PGBL25A)

CD2a
(Rat MAC80)

Double
Label
Abl

CD22
(Rat MAC80)

CD443
(Rat MAC329)

CD31
(Mouse 8E6)

CD31
(Mouse 8E6)

CD443
(Rat MAC329)

CD41
(Mouse MIL17)

CD81
(Mouse PT81B)

Double
Label
Ab2

CD34
(Mouse 8E6)

CD34
(Mouse 8E6)

CD44
(Mouse MIL17)

CD84
(Mouse PT8 IB)

B cell4
(Mouse Ig light chain K139 
3E1)

CD45Ra4
(Mouse MIL13)

CD45Ra4
(Mouse MILD)

Mesenteric Lymph Nodes
Single FITC B cell1 IgA1 IgM1 CD31 CD41 CD81
Label (Rabbit anti-Mouse (Mouse Ig light chain K139 (Mouse (Mouse K52- (Mouse 8E6) (Mouse MILD) (Mouse PT36B)
Ab IgG)

U.D
3E1) K61 1B4) 

r>r
1C3)

r n s 1 r̂ ri-j2
Abl (Mouse MIL17) (Mouse PT8 IB) (Mouse MIL17) (Mouse PT81B) (Rat MAC80)
Double Label 
Ab2

CD45J&f 
(Mouse MIL 13)

CD45Ra
(Mouse MILD)

CD25
(Mouse PGBL25A)

CD25
(Mouse PGBL25A)

CD3
(Mouse 8E6)

Peyer’s Patches
FITC B cell1 PP B cell1 IgA1 IgM* Mono/Macro/Neut CD22
(Rabbit anti- (Mouse Ig light (Mouse BB6- (Mouse (Mouse K52- (Mouse MIL-2) (Rat MAC80)
Mouse IgG) chain K139 3E1) 10A10) K61 1B4) 1C3)

...... ........... .....

CD31
(Mouse 8E6)

Single
Label
Ab

Abl (Rat MAC329) (Mouse MILD) (Mouse PT81B)
Double Label 
Ab2

B cell
(Mouse Ig light chain K139 3E1)

CD45Ra
(Mouse MILD)

CD45Ra
(Mouse MIL 13)

TAb conjugated with F(ab’)2 Rabbit anti mouse IgG:FITC STAR9B
Ab conjugated with F(ab’ )o Rabbit anti rat IgG:FITC STAR 17
Ab conjugated with F(ab’ ) 2  Rabbit anti rat IgG:FITC STAR17B
Ab conjugated with F(ab’ ) 2  Rabbit anti mouse IgG:RPE STAR12A
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TABLE 4. Antibody profile of Chapters 6 , tested in PBL, MLN and PP [(species and clone number given in brackets)mAb used in 
this assay were purchased from Serotec LTD. (Oxford, England) with the exception of CD3, CD25, and Peyer’s Patch B cell, which 
were purchased from VMRD (Pullman, W A ) ] . _________________________________________,
Peripheral Blood Lymphocytes and Mesenteric Lymph Nodes

IgA1
(Mouse K61 1B4)

Single Label 
Ab

FITC
(Rabbit anti-Mouse 
IgG)

IgM FITC
(Goat anti-Porcine 
IgM)____________

B c e lF
(Mouse Ig light chain K139 
3E1)

PE
(Rabbit anti-Mouse 
IgG)

IgM1
(Mouse K52- 
1C3)

Mono/Macro/Neut
1

(Mouse MIL-2)
Single Label 
Ab

CDw75
(Mouse anti-Human 
LN-1)

CD31
(Mouse 8E6)

CD251
(Mouse PGBL25A)

C D llb 1
(Mouse MIL4)

CD2
(Rat MAC80)

Double Label 
Abl

CD44:F
(Rat MAC329)

CD251
(Mouse PGBL25A)

CD45RA:F
(Mouse MILD)

CD45RA:F (Mouse 
MILD)___________

Double Label 
Ab2

CD3
(Mouse 8E6)

CD4:PE
(Mouse MIL17)

CD8-.PE
(Mouse MIL-12)

CD4:PE
(Mouse MIL 17)

CD8:PE (Mouse MIL-12)

Peyer’s Patches
Single Label 
Ab

FITC
(Rabbit anti-Mouse 
IgG)

IgM FITC
(Goat anti-Porcine 
IgM)

PE
(Rabbit anti-Mouse 
IgG)

IgA1
(Mouse K61 1B4)

IgM1
(Mouse K52- 
1C3)

Mono/Macro/Neut
l
(Mouse MIL-2)

Single Label 
Ab

CDw752
(Mouse anti-Human 
LN-1)

B cell1
(Mouse Ig light chain K139 
3E1)

CD31
(Mouse 8E6)

C D llb 1
(Mouse MIL4)

PP B cell1
(Mouse BB6-10A10)

Double Label 
Abl

CD44:F
(Rat MAC329)

CD25
(Mouse PGBL25A)

CD25
(Mouse PGBL25A)

CD45RA:F
(Mouse MILD)

CD45RA:F (Mouse 
MILD)___________

Double Label 
Ab2

CD3^
(Mouse 8E6)

CD4:PE
(Mouse MIL17)

CD8:PE
(Mouse MIL-12)

CD4:PE
(Mouse MILD)

CD8:PE (Mouse MIL-12)

Ab conjugatec with F(ab’)2 Rabbit anti mouse IgG:FITC STAR9B
Ab conjugated with Rat anti mouse IgM heavy chain:FITC 

3 Ab conjugated with F(ab’ ) 2  Rabbit anti rat IgG:FITC STAR17
Ab conjugated with F(ab’ ) 2  Rabbit anti mouse IgG:RPE STAR12A



TABLE 5. Amino Acid composition of Teklad high protein casein (Cat. # 160030) 
used to formulate piglet diets.

Amino Acid Percentage Amino Acid Percentage
Leucine 8 . 0 Alanine 2.7

Isoleucine 5.0 Arginine 3.3
Lysine 7.0 Aspartic Acid 6 . 1

Phenylalanine 4.4 Glutamic Acid 19.6
Threonine 3.8 Glycine 1 . 6

Tryptophan 1 . 0 Histidine 2.5
Valine 6 . 0 Proline 9.2

Methionine 2.3 Serine 4.8
Cystine 0.25 Tyrosine 4.6
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incubator (6 hrs)
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Figure 1. Schematic representation of in vitro K88 ETEC Adhesion Assay
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Figure 3. Feeding Design for Chapter 6 -  Influence of dietary B-glucans
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Figure 4. K88 ETEC Concentration Curve. The curve represents the mean values of two separate ETEC cultures (n=2) which were 
used in generating this curve. Samples were taken from the main culture at 30 min intervals and the Absorbance of each sample was 
determined. Plate counts were performed on each of the timed samples. The amount of ETEC (CFU/ml) was then plotted versus the 
Absorbance. The concentration of subsequent cultures of ETEC was determined by reading absorbance and finding the corresponding 
concentration from the curve.


