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ABSTRACT 
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The small intestinal mucosal apical hydrolases are essential to the terminal 

digestion of enteral nutrients such as carbohydrates, proteins, fats and phosphates, and 

non-immune defense.  Weaning results in the complete replacement of fetal enterocytes 

with mature adult-type enterocytes and is typified by mucosal atrophy, crypt hyperplasia 

and compromised digestive and defensive functions.  Given these severe physiological 

changes, we hypothesize that the major apical small intestinal hydrolases will be 

differentially expressed, allowing for reprogramming and adaptation, in the early-weaned 

piglet.  Therefore, the objectives of this study were to examine changes in the digestive 

capacity, the catalytic kinetics, and abundances of protein and mRNA of the small 
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intestinal hydrolases, including alkaline phosphatase (IAP), lactase phlorizin hydrolase 

(LPH), sucrase-isomaltase (SI), maltase-glucoamylase (MGA) and aminopeptidase N 

(APN), in the early-weaned pigs in comparison with suckling pigs.  A total of 20 

Yorkshire piglets, 10 suckling (SU) and 10 early-weaned (WN) with an average initial 

body weight of about 3 kg at the age of 10 d, were used in this study.  Weanling piglets 

were fed a corn and soybean meal-based diet for 12 d.  Proximal jejunal samples from 

both groups were collected. Hydrolase kinetic experiments were conducted using the 

substrates of lactose (0-75 mM), sucrose (0-75 mM), maltose (0-75 mM), amylose (0-

100 mM), p-nitrophenyl phosphate (0-10 mM), and L-alanine-p-nitroanilide 

hydrochloride (0-16 mM).  Abundances of the target gene hydrolase protein and mRNA 

were analyzed by Western blotting and quantitative real time reverse transcription- 

polymerase chain reaction (RT-PCR), respectively, using ß-actin as a control.  Results 

from this study demonstrate that early weaning down-regulated (P < 0.05) the digestive 

capacity and expression of LPH while simultaneously increasing (P < 0.05) the digestive 

capacity and expression of SI and MGA.  Furthermore, weaning decreased (P < 0.05) the 

digestive capacity and expression of APN and IAP by 35 and 50%, respectively.  Thus, 

the early-weaning process differentially affected the expression of the apical membrane-

bound hydrolases of the small intestine.  The down-regulation of IAP highlights the 

reduced microbial detoxifying capacity of the newly weaned piglet and provides some 

insight into the cascade of immune related events that occur during the post-weaning 

transition period.  The reduced expression of LPH and the simultaneous up-regulation of 

SI, maltase, and MGA indicate the unique nature of the small intestinal reprogramming 

that occurs during weaning.  These results imply that the early weaning events help the 
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small intestine adapt to the transition to starch digestion.  Meanwhile, the down-

regulation of the APN expression may be partially responsible for the reduced efficiency 

of whole body protein utilization, and the pervasive localized immune responses 

observed in the small intestine of early-weaned piglets.  
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CHAPTER 1 

 

GENERAL INTRODUCTION AND LITERATURE REVIEW 

 

1.1 GENERAL INTRODUCTION 

 

This research focuses on the distinct adaptive and development changes associated with 

the small intestine during the neonatal suckling period and the immediate post-weaning 

phase in pigs.  The postnatal development of the mammalian gastrointestinal tract is a 

highly specialized, dynamic process that prepares the small intestinal epithelia for the 

digestion and absorption of colostrum and milk at birth and for the transition to solid 

diets at weaning (Henning, 1981; Buddington, 1993; Boudry et al, 2010).  After birth the 

placental supply of nutrients is lost and the piglet relies exclusively on enteral nutrition to 

make nutrients available to the cells of the body.   This results in two major 

developmental changes in rapid succession in the small intestine and at a larger level in 

the entire gastrointestinal tract.   

The first major postnatal development change that occurs is in preparation for the 

suckling of colostrum that the intestine is allowed for the transient absorption of intact 

proteins such as immunoglobins during the first 1-2 d of life in the pig (Henning 1981; 

Weström et al, 1985; Pacha, 2000; Boudry et al, 2010).  At this stage of intestinal 

development, the uptake of other biologically active compounds such as glucagon-like 

polypeptide (GLP-2), insulin-like growth factors (IGF) and other endocrine factors also 
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occurs (Kruse 1983; Blättler et al, 2001; Sangild, 2003; Brubaker et al, 2004; Burrin et al, 

2005). In suckling animals, gastric secretion capacity is lower and proteolytic digestion is 

incomplete or suppressed by maternal milk factors (Rao et al, 1993; Shen et al, 1998).  

Therefore, suckled hormones, growth factors, bioactive peptides, antimicrobials, and 

immunoglobins can survive the gut luminal digestive environment, and interact with 

intestinal enterocytes and/or are transferred across the mucosal epithelia to confer passive 

immunity to the neonate.   In addition, non-immune defense and mucosal-trophic stimuli, 

and the suckling of colostrum and milk provide an enteral source of nutritive elements 

such as peptides and amino acid derivatives that fuel energy production in the enterocyte 

(Davis et al, 1994; Wu et al, 1994; Stoll et al, 1998).  

At the same time the intestinal epithelia also represent the largest interface between 

the animal and the environment, and the permeability of the small intestine to suckled 

proteins also implicates the ingestion and exposure to microbes, their toxins, and other 

antigens.  This is also accompanied by a switch from a liquid milk-based diet to solid 

food intake.  Therefore, a second developmental change follows in rapid succession as 

the intestine adapts to enteral nutrition and enteral exposure by regulating the nutrient 

digestive and transport functions while simultaneously improving epithelial integrity and 

permeability (Baintner, 1986; Nankervis et al, 2001; Baintner, 2002). Although this 

weaning stage of gastrointestinal development has been shown to be preprogrammed 

(Neu et al, 1996; Kelly et al, 2000; Hansson et al, 2011), numerous factors can influence 

the pace of progression and the severity of the pathophysiological adaptive effects.   

Therefore, understanding the growth, development and function of the gastrointestinal 
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tract during the weaning period is important, since it has implications for understanding 

the digestive and nutritional maturation, physiological function and development, and the 

health and immunological status of the piglet. 

During the weaning period, the gastrointestinal tract and, in particular, the small 

intestine undergoes significant physical modifications and overall physiological 

modifications to the digestive, absorptive, endocrine, innate defensive, and immune 

functions also occur (Henning, 1981; Pacha, 2000; Boudry et al, 2010).   The physical 

changes in the small intestine in the neonatal piglet are attributable to three main factors.  

The first is an increase in intestinal blood flow (Nankervis et al, 2001).  Secondly, the 

transport and storage of colostrum, milk proteins and other peptides in the large 

vacuolated fetal enterocytes increases the mucosal cell volume (Burrin et al, 1992).  

Collectively this contributes to the classic increase in the total weight and surface area of 

the small intestine (Zhang et al, 1997).  The third factor is associated with the increase in 

the apoptotic and mitotic frequencies of the enterocytes in the intestinal crypt after 

weaning (Godlewski et al, 2007; Skrzypek et al, 2007).  During suckling, the crypt cell 

proliferation is slow, and as gradual weaning occurs, the transition to mature enterocytes 

can last between 21 to 28 days (Baintner et al, 2002; Skrzypek et al, 2007; Zabielski et al, 

2008).  During gradual weaning, the transition is achieved by a balance between the 

processes of cell proliferation and programmed cell death and/or apoptosis (Godlewski et 

al, 2005).   As pigs mature, the enterocyte lifespan decreases to approximately 7-10 days 

at 16 d of age in neonatal piglets fed liquid formula (Fan et al, 2001), which indicates 

that a reprogramming of the new enterocytes would have occurred during the weaning 
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transition period.  During commercial weaning, the transition to solid diets is more 

abrupt and the rate of mitosis and apoptosis increases dramatically in the crypt cells, 

which indicates firstly that an adaptive remodeling response of the intestinal mucosa is 

occurring, and secondly, that this process is uniquely different from gradual weaning 

(Marion et al, 2002; Godlewski et al, 2007; Zabielski et al, 2008).  The physiological 

severity of this change is representative of apoptotic increases that have outpaced the 

mitotic capability of the crypts to replace lost mature enterocytes, along with the 

triggering of localized immune responses (Godlewski et al, 2005; Godlewski et al, 2007).   

The physiological effects of the weaning-lag phenomenon are further magnified by low 

feed energy intake and the time taken for crypt enterocytes to become functionally 

mature.  Thus, there is a noticeable delay in the restoration of the protective barrier 

function and the nutritional functions of the epithelia.  In the literature, this tissue level 

response has been attributed to numerous factors such as changes in feed intake levels, 

dietary nutrient profile and bacterial exposure, to name a few.  Numerous practices have 

been recommended and adopted to minimize the physiological impact associated with 

weaning and simultaneously increase the production capacity in the swine industry.  

Among these practices are the feeding of liquid diets, the designing of diets made with 

highly digestible protein and carbohydrate sources and the implementation of segregated 

early weaning.  However, the digestive function associated with the widespread practice 

of abrupt early weaning, and the responses during the immediate weaning transition 

period remains largely uninvestigated.   
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Segregated early weaning (SEW) practices involve the removal of piglets from the 

sow within 10-14 d after farrowing.  This practice has been shown to protect piglets from 

the vertical transfer of bacterial and viral diseases such as Porcine Reproductive and 

Respiratory Syndrome (PRRS) that is easily contractible in the farrowing environment 

(Maxwell and Carter, 2001).  It has been shown that SEW also improves feed efficiency 

and allows for an increase in the number of litters per sow per year (Wilson 1995; Robert 

et al, 1999; Maxwell and Cater, 2001), and the maximal utilization of expensive 

farrowing systems (Veum and Odle, 2001).  Indirectly the reduction in the activation of 

the piglet’s immune system results in the likelihood of increased efficiency of nutrient 

utilization for growth.  However numerous factors such as changes in hormonal factors, 

gut permeability and immunological responses, and diet composition, all affect the 

ability of the weaning piglet’s gastrointestinal tract to adapt to the new weaning 

environment.  

When we consider the hormonal system of piglets at birth, the suckling of 

colostrum and milk buffers the functional immaturity of the neurohormonal system by 

supplying regulatory bioactive peptides and/or growth factors (Guilloteau et al, 2002).  

For example, high concentrations of insulin and insulin-like growth factor I (IGF-I) have 

been detected in sow’s colostrum and milk and are known regulators of gene expression 

(Svendsen et al, 1986).  More recently ghrelin has been identified in sow’s colostrum and 

has been associated with small intestinal motility development and IGF secretion (Xu et 

al, 2000; Peeters et al, 2003; Xu et al, 2005).  Milk-borne leptin has also been linked to 

the ability to improve growth and mitotic rates, and to reduce the permeability to large 
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protein molecules like bovine serum albumin in the small intestine of piglets (Casabiell 

et al, 1997; Estienne et al, 2000; Guilloteau et al, 2002; Wolinski et al, 2003).  Glucagon-

like polypeptide-2 (GLP-2) has been reported to reduce programmed cell death in 

neonatal piglets (Burrin et al, 2005) while improving epithelial barrier functions 

(Brubaker et al, 2004).  Additional studies have also demonstrated the ability of GLP-2 

supplementation to alter brush border membrane (BBM) nutrient transport and enzyme 

activities (Petersen et al, 2002; Burrin et al, 2003) in the neonatal piglet intestine.  By 

comparison, epidermal growth factor (EGF) is perhaps one of the most abundant factors 

in sow’s milk that persists in both quantity and activity after oral ingestion in the small 

intestine of neonatal piglets (Shen et al, 1998).  The supplementation of piglet diets with 

EGF has shown to improve gut epithelial cell proliferation and differentiation as well as 

intestinal alkaline phosphatase activity in the post-weaning piglet (Lee et al, 2008; 

Cheung et al, 2009).  Collectively these factors represent a fraction of the bioactive 

peptides that are ingested via a sow’s colostrum and milk.  Therefore, the process of 

weaning not only removes the access to milk and a liquid diet, but it also denies the 

piglet the biological effects of maternal bioactive peptides that prime and/or buffer the 

early stages of physiological development.   

On the other hand, early weaning is associated with a number of changes that 

precipitate stress responses in the piglet.  These responses are associated with the 

production of corticosteroid hormones that tend to affect the intestinal function and 

permeability in the weaning pig (Moeser et al, 2007).  At a regulatory level, the cortisol 

produced as a result of weaning stress promotes glycosylation events in rats and pigs, 
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which signals maturation in some of the BBM enzymes (Henning, 1981; Yeh et al, 1991).  

In addition, cortisol production has been associated with gut closure and reduced 

intestinal macromolecule permeability after birth (Teichberg et al, 1992).   However, 

while the precocious appearance of apical membrane (AM) enzymes such as sucrase-

isomaltase (SI) after cortisol expression is common in the weaning situation, there is 

conflicting evidence as to the role of cortisol in altering enzyme activity.  While 

Lebenthal et al (1999) was unable able to detect changes in SI activity after cortisol 

administration, cortisol production associated with the weaning transition is known to 

promote glycosylation events in rats and pigs (Henning, 1981; Yeh et al, 1991).  More 

recent research has demonstrated the importance of N-glycosylation events in the 

maturation and anchoring of aminopeptidase N (APN) enzymes in the BBM of pigs 

(Danielsen et al, 1983; Norén et al, 1997; Sjöström et al, 2000).  Thus, the hormonal 

effects preceding weaning and during the weaning transition period appear to have 

differential effects on small intestinal development, maturation, physiology and function.  

In the neonatal piglet, the small intestinal mucosa is permeable to macromolecules 

especially during the immediate period (the first 24-48h) following birth (Holland, 1990; 

Ballard et al, 1995; Gaskins et al, 1995; Pacha, 2000; Sangild, 2001).  On the 

commencement of suckling, the transport of large protein molecules is physiologically 

favored by paracellular transport across under developed tight junctions and transcellular 

transport, i.e. endocytosis, which is highly favored by the large vacuolated fetal 

enterocytes of the small intestine (Ballard et al, 1995; Pacha, 2000; Boudry et al, 2010).    

The suckling of colostrum assists in gut closure - a process when the permeability of the 
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intestinal mucosa to macromolecules begins to cease (Gaskins et al, 1995; Sangild, 2001).  

Although these processes play an important role in preventing the neonate from systemic 

uptake of antigenic macromolecules and pathogens that are not avoidable.  Therefore, 

microbial colonization of the small intestine and the education of the adaptive immune 

system of the neonate begin with the onset of enteral nutrition.  More recently studies by 

Boudry et al (2010) have demonstrated that weaning reduces the permeability of the 

small intestine, and more specifically, weaning reduces the transcellular uptake, i.e. 

endocytosis of macromolecules, in pigs when compared with suckling.  They go on to 

assert that this may, in fact, be more beneficial to preventing antigen overexposure as a 

result of enteral nutrition during weaning (Boudry et al, 2010).   

However, the changes in the barrier functions of the small intestine during weaning 

are also further complicated by two additional factors.  The first is the stress associated 

with the abrupt change in the physical environment, separation from the sow and a 

change in diets that are associated with the commercial weaning of piglets.  All of these 

factors contribute to an acute production of corticosteroids in response to the psycho-

social stress experienced as a result of weaning (Jones et al, 2001; Spreeuwenberg et al, 

2001; Boudry et al, 2004).  Physiologically, weaning stress has been shown to result in 

the increased expression of corticotrophin-releasing factor (CRF) receptors in the 

intestine of weaned piglets (Moser et al, 2007a; Smith et al, 2010).  This increased 

production of CRF receptors has been associated with the activation of mast cells, which 

recruits immune cells to the tissue site and triggers inflammatory responses during 

weaning (Moser et al, 2007b; Smith et al, 2010).  The net effect of stress and mast cell 
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activation contributes to the degradation of the small intestinal epithelia and the erosion 

of the barrier function of the intestinal epithelia during weaning.  The second factor that 

contributes to altered intestinal barrier function during weaning is a decrease in food 

intake.  The weaning of pigs at an early age is typified by a lag in growth and a reduction 

in feed intake (Wilson and Leibholz 1981; Hohenshell et al, 2000).  In addition to the 

factors that contribute to weaning stress, the newly weaned pig must also adapt to a 

change in the source of nutrition, overcome the neonatal suckling response, and adapt to 

a different behavioral feeding routine (Jensen 1992; Boe, 1993; Varley 1995).   This 

results in a decreased intake of nutrients and the classic weaning anorexia observed in pig 

production.  As the piglet begins to consume weaning diets, numerous dietary factors can 

further limit the recovery of the piglet from the weaning growth lag.  These factors 

include nutrient digestibility, nutrient availability and the antigenicity of dietary 

ingredients which might contribute to localized hypersensitivity reactions, to name a few.  

For example, the recovery of the small intestine is highly dependent on the availability of 

amino acids as a preferred metabolic fuel and biosynthetic precursors for the enterocytes 

of the intestinal tract (Wu et al, 1994; Stoll et al, 1998; Burrin et al, 2000). 

Collectively altered permeability that arises from microbial colonization, weaning 

stress and decreased nutritional intake all contribute to an increase in localized intestinal 

immune responses.  This response is characterized by the production of pro-

inflammatory cytokines such as interleukins 1 and 6 (IL-1, IL-6) and tumor-necrosis 

factor – alpha (TNF-α) (Lambert, 2009; Smith et al, 2010).  These paracrine-acting 

immune signaling molecules are produced in response to epithelial tissue damage, and 
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alter cell permeability, transport and apoptosis (McKay et al, 1999; Jin et al, 2008; Smith 

et al, 2010).  Therefore, the impact of weaning-stress, reduced feed intake, antigen 

colonization and exposure, immune responses, and diet composition collectively alter the 

barrier functions of the small intestine during weaning.  The resulting observed 

physiological responses of increased mucin production, intestinal villous atrophy and 

crypt hyperplasia signal an acute reprogramming response of the small intestine during 

the immediate post-weaning period.   However, an understanding of the changes 

associated with the apical membrane-bound (AM) enzymes of the small intestine during 

this period of time is lacking, and is also critical to developing nutritional strategies for 

promoting and maintaining intestinal health and barrier function during weaning. 

Currently piglet weaning regularly occurs between 14 and 21 d in North America, 

in off-site segregated early weaning production systems and there is an increasing 

tendency to wean as early as 10 to 12 d (Kerr et al, 1998; Maxwell and Carter, 2001; 

Main et al, 2004).  This was primarily due to the advent of better housing and 

management systems, and nutritional strategies and technologies such as specific phase 

feeding regimens (Maxwell and Carter, 2001).  Firstly, the advantage of SEW practices 

reduces the potential of disease transfer from the dam and, in essence, prevents the 

diversion of nutrients to immune activation and responses and focuses it on growth.  

These early weaning practices were adopted with the strategy of benefiting from 

relatively higher passive immunity acquired by early-weaned piglets that suckled 

colostrum.  In addition, the swine industry reported great success in reducing or 

eliminating a number of pathogens such as: Actinobacillus pleuropneumonia (APP), 



 

 

11 

 

Mycoplasmal pneumonia, Pasteurella multocida Type D, Transmissible gastroenteritis 

(TGE), pseudorabies (PRV) and Streptococcus suis (Alexander et al, 1980).  At the same 

time the recognition of antibiotics as growth promoters in weaning pig management and 

the larger swine production system has also been reported.  This resulted in common 

practices that included sub-therapeutic levels of antibiotics in swine diets.  However this 

practice has been associated with increased microbial resistance (Aarestrup et al, 2008) 

and has now resulted in changes in the antibiotic usage policy (Stein et al, 2006; 

Pettigrew et al, 2006).   Secondly, the tailoring of diets to enhance growth performance 

during the weaning period has also allowed for the successful implementation of early-

weaning practices.  For example, four phase-feeding regimens of solid diets that were 

designed based on extrapolated data from the body weight requirements of younger pigs 

has been reported by Maxwell and Carter (2001).  These phases of dietary regimens were 

based on the following dietary body weight considerations: segregated early-weaning 

(3.0-5.0 kg BW, duration of one wk); weaning phase 1 (5.0-7.0 kg BW, duration of one 

wk); weaning phase 2 (7.0-11.0 kg BW, duration of 2 wk); and weaning phase 3 (11.0-

23.0 kg BW, duration of 2-3 wk).  These diets included many animal protein sources such 

as spray-dried plasma protein and whey protein that either had the potential to introduce 

new diseases into swine production (as in cattle production), or were simply too 

expensive (Hansen et al, 1993).   Similarly the use of liquid feeding technology and 

practices during early-weaning has also resulted in the design of synthetic diets.  

However, this approach is plagued with a number of problems such as variability in 

nutrient content of diets, loss of vital crystalline amino acids during storage, variations in 

the homogeneity of the diet, and the use of highly specialized equipment (de Lange et al, 
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2006).  Due to the compounding challenges associated with reduced antibiotic usage and 

the prohibitive economics and safety of some designer piglet diets, the viability of the 

swine industry relies on the development and inclusion of safer and more economical 

feeding and production practices.  One example would be the replacement of animal-

based protein sources by cheaper and safer feed sources such as the dried distiller’s 

grains with solubles (DDGS).  Furthermore, the prohibiting of the inclusion of sub-

therapeutic levels of antibiotics has resulted in the investigation of zinc, copper and 

fructo-oligosaccharides as immune-modulating nutritive additives to standard diets.   The 

use of these approaches in the swine industry shifts and broadens the standard aim of the 

nutritional strategies employed.  Although growth performance will always, and should 

be important to the swine industry, there is a need for current nutritional strategies to also 

include approaches that investigate nutrition for improved gut physiological function, 

maintaining gut health, and improving digestive performance.  However, an 

understanding the nutritional and physiological responses at the time of weaning on 

standard corn and soybean meal-based diets is lacking in the literature, and is needed in 

order to adequately investigate comparisons.  Therefore, the focus of this research 

investigates whether the physiological changes in the small intestine as a result of 

weaning will adversely affect the functional expression of the major apical membrane 

enzymes.   
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1.2    LITERATURE REVIEW 

 

The intestinal tract is the largest physiological interface of enteral nutrients, antigens and 

microbes with hydrolytic enzymes, nutrient transporters, and immune cells in the 

mammal.  During the immediate post-weaning period, the immune system of the 

neonatal piglet is still immature and adaptive immunity mechanisms are still being 

developed.  Therefore, the physical barrier function that the small intestinal epithelia 

provides and the secretion and expression of mucin by goblet cells and other non-

immune innate defensive proteins by the other epithelial cells are critical to physical and 

biochemical protection of the intestine.  This is particularly important during weaning 

that is associated with changes in diets and exposure to a larger variety of pathogens.  

The presence of M-cells and enteroendocrine cells in the intestinal epithelia links to the 

innate and adaptive immune systems of the mammal and affords an additional layer of 

protection from pathogens as the immune system develops (Wijtten et al, 2011).  In 

addition, the enterocytes of the intestinal epithelium produce intestinal alkaline 

phosphatase (IAP), which hydrolyzes bacterial lipopolysaccharide endotoxins (Poelstra 

et al, 1997; Geddes et al, 1998).  This detoxifying action of IAP provides an endogenous, 

non-immune innate protection from luminal bacteria (Geddes et al, 1998), which is an 

important function during the immediate post-weaning period when there are substantial 

changes to intestinal permeability and villous atrophy.  Also, Malo et al. (2010) 

demonstrated that IAP preserves a normal homeostasis of the gut microbiota.  

Furthermore, the expression of IAP is known to be enterocyte differentiation-dependant, 

maintained by enteral nutrition, and is a marker of intestinal enterocyte maturity 
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(Goldberg et al, 2008).  The nutritional functions of IAP also include the hydrolysis of 

monophosphate esters (Carver et al, 1995; Fan et al, 1999), the formation of surfactant-

like particles that facilitate lipid transport (Zhang et al, 1996), and participation in 

luminal bicarbonate secretion to neutralize acidic gastric digesta (Akiba et al, 2007).  

Although it has been reported that there are changes in IAP activity in pigs at the ages of 

4-6 weeks (Miller et al, 1986), the activity and expression of IAP have not been 

examined in early-weaned pigs.  Thus, an understanding of changes in the gut IAP 

digestive capacity during weaning is needed to improve our knowledge of post-weaning 

gut physiology and to allow for recommendations to be made to weaning piglet rearing 

and nutritional strategies.  

At weaning, the transition from sow’s milk to a solid weaning diet also represents a 

substantial change in the nutritional carbohydrate profile that a piglet is fed.  Firstly, there 

is generally a reduction in the amount of lactose (milk sugar) available to the piglet in the 

weaning diet.  Secondly, there is an introduction of new sources of carbohydrates to the 

piglet in the weaning diet such as the highly polymerized starch amylose, and 

amylopectin as well as their intermediate digestive products, including maltodextrin, 

dextrin and maltose.  When we consider lactose we know that it is the most prevalent 

dietary disaccharide in sow’s milk.  Lactose is hydrolyzed by the BBM enzyme lactase-

phlorizin hydrolase (LPH) to glucose and galactose.  Both glucose and galactose are 

transported via the sodium-dependant glucose co-transporter 1 (SGLT-1) into the 

enterocyte where the latter is rapidly converted to glucose, with glucose moving across 

the basolateral membrane via the facilitated diffusive glucose transporter GLUT2, and 

being further shunted to the portal drained viscera, and used as metabolic fuel (Wright et 
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al, 1994; Ferraris, 2001; Yang et al, 2011).  In fact, lactase activity has been detected as 

early as during the fetal period and appears to increase in its activity during the 

immediate period prior to birth (Goda et al, 1999). There have been numerous reports 

indicating that the expression of lactase enzyme activity is highest at birth and rapidly 

decreases over time and substantially so after weaning (Montgomery et al, 1991; Goda et 

al, 1999).  It has also been well described in the literature that LPH is synthesized by 

villous enterocytes, with a noticeable expression first being detected at the base of the 

villous (Dudley et al, 1992), which is indicative of a change in physiological functions at 

the crypt-villous junction.  This observation raises an important concern for the 

expression of lactase as well as other BBM enzymes during weaning, since villous 

atrophy is a classic morphologic response during the post-weaning growth period.  In 

addition, the many isoforms of lactase are also known to be posttranslationally 

glycosylated as it matures to form a BBM glycoprotein of approximately 150 – 160 kDa 

on the small intestinal BBM (Naim et al, 1992; Dudley et al, 1996; Dai et al, 2000). 

Furthermore, over time differently tailored weaning diets that are supplemented with 

crystalline amino acids and very digestible whey protein sources containing significant 

levels of lactose have also been used to investigate changes in the expression of LPH in 

older weanling piglets (4-8 weeks) (Houle et al, 2000; Petersen et al, 2002; Vente-

Spreeuwenberg et al, 2003; Kuranuki et al, 2006; Lee et al, 2008; Tan et al, 2009). 

However, the decline in lactase activity has been shown to be independent of its substrate 

i.e., lactose inclusion levels in weaning diets, and appears to be largely regulated at the 

transcriptional level (Sakuma et al, 1996; Robayo-Torres et al, 2007; Järvelä et al, 2009).  

However, there is little evidence available on the potential roles of post-translational 
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modifications as well as trafficking and translocation in the expression of LPH activity in 

early-weaned piglets and piglets weaned on corn and soybean meal-based solid diets.   

Despite the known fact that the gut lactase activity decreases during the postnatal 

development in particularly in the weaning transition in pigs, it has been well 

documented that both crystalline lactose and lactose from dried whey or milk products 

are essential dietary carbohydrate sources for improving growth performance and 

efficiency of the whole body N retention in weanling pigs (Mahan, 1992; Nessmith et al., 

1997a; Kelly et al., 1999; Park et al., 1999; Cromwell et al., 2008).  Mahan and Newton 

(1993) further demonstrated that cornstarch was ineffective to replace lactose or dextrose 

in improving growth performance and efficiency of whole body N retention during the 

first two weeks of post-weaning growth in pigs. Naranjo et al. (2010) reported that both 

D-glucose and sucrose can effectively replace half of the lactose derived from dried whey 

permeate as highly digestible carbohydrate sources for improving growth performance of 

nursery pigs.  Nessmith et al. (1997b) reported that dietary supplementation of graded 

levels of crystalline lactose (0, 20, and 40%) linearly increased growth performance in 

the phase-I and phase-II early-weaned pigs.  In a large collaborative study, Cromwell et 

al. (2008) adopted the dietary supplementations of 20% and 15% lactose in the phase-I 

and phase-II weanling swine feeding, respectively, each lasting for one week when pigs 

were weaned between 15-20 days of age.  They further examined the effect of graded 

levels (0-10.0%) of lactose supplementation on phase-III weanling pig growth for two 

weeks and determined that 7.5% dietary lactose was optimal for phase-III weanling pig 

growth (Cromwell et al., 2008).  Krause et a. (1995; 1997) did not observe improvements 

in the adherent Lactobacillus counts in the ileum and the cecum in response to lactose 
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supplementation, suggesting that improving growth performance in association with 

lactose supplementation was not likely due to the prebiotic effect in weanling pigs.  

Under this context, it was shown that dietary supplementation of corn oil (6% vs. 0) 

could not mimic the effect of lactose supplementation for improving growth in weanling 

pigs (Cera et al., 1988), consistent with the notion that dietary oil and/or fat are not 

effective to replace the fraction of rapidly digestible carbohydrates needed in weanling 

pig diets. Hayhoe et al. (2012) observed a complete digestion of 10% dietary lactose at 

the fecal level in the weanling pigs.  However, the contribution of the microbial 

fermentation in the large intestine to the total tract lactose digestibility in weanling pigs 

could not be differentiated in the Hayhoe et al. (2012) study.  Clearly, an important 

question is if the declined residual intestinal lactase activity in weanling pigs is sufficient 

enough to digest dietary lactose included at commercial levels of weanling diets as a 

rapidly digestible carbohydrate in weanling pig diets.  One approach to answer this 

question is to examine changes in the digestive capacity of lactase as demonstrated by 

Weiss et al. (1997).  Thus, there is a need to investigate the effect of weaning on changes 

in the digestive capacity of lactase in the pig. 

As mentioned previously, weaning on solid diets introduces the piglet to different 

sources of carbohydrates such as starches, dextrin and maltose.  In the small intestine, the 

final phase digestion of -glycosidic bond-based starch to release glucose is achieved by 

the complementary actions of BBM maltase-glucoamylase (MGA) and maltase, and their 

activities are detectable as early as at birth (Nichols et al, 1998).  Therefore, MGA 

expression and activity may be indicative of the ability of the newly-weaned piglet to 

digest starch.  In addition, MGA also contributes to the maltase and isomaltase activities 
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of the small intestine (Nichols et al, 2000).  Maltase-glucoamylase is transcribed as a 

single polypeptide of approximately 225-250 kDa that is inserted into the BBM of the 

enterocyte (Noren et al, 1986; Nichols et al, 1998; Semenza et al, 2000).  As with most 

BBM enzyme proteins, MGA has been shown to exist in 2 isoforms that are differentially 

glycosylated, and with one potential isoform being in a free soluble state (Flanagan et al, 

1979; Karnsakul et al, 2002).  Additionally, Nichols et al (2000) demonstrated that MGA 

activity was highly correlated with villous atrophy and crypt hyperplasia in malnourished 

infants.  Few studies have been reported on the enhanced activity of maltase or the 

expression of MGA based on its mRNA expression data after weaning (Sangild et al, 

1995; Petersen et al, 2002; Marion et al, 2005).   However, there have been no studies 

that link the expression and activity patterns of MGA in the pig, or the weaning piglet.  In 

addition, the use of maltase activity measured by using maltose to report on MGA 

activity is confounded by the contribution of the other maltose-hydrolyzing enzymes on 

the BBM, i.e., maltase and sucrase-isomaltase (SI).  Therefore, the activity and 

expression of maltase-glucoamylase in the piglet remains uninvestigated and its 

contribution to the starch digestive capacity in the weaning piglet is unknown.   

As mentioned previously, sucrase-isomaltase (SI) is capable of hydrolyzing both 

maltose and sucrose into glucose, and glucose and fructose monomers, respectively, in 

the small intestine.  Sucrase-isomaltase is known to be transcribed as a single protein of 

approximately 250 kDa and is cleaved into two hydrolytic subunits before insertion into 

the BBM (Semenza et al, 2000).  The activity of SI is first noticeably expressed in the 

enterocytes at the crypt-villous junction and this activity increases as the enterocyte 

matures (Traber et al, 1992; Goda et al, 1999). In addition, SI accounts for approximately 
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80% of the maltase activity and 100% of the sucrase activity in the small intestine and 

increases substantially after weaning (Nichols et al, 1998; Semenza et al, 2001; Fan et al, 

2002).  It is widely reported in the literature that SI activity increases during weaning in 

several mammalian species (Galand 1989; Nichols et al, 1998).  Therefore, the detection 

of increased SI activity is commonly used as an intestinal maturation marker.  In addition, 

SI has been shown to be inducible by the hydrolytic product fructose when administered 

luminally in rats (Kishi et al, 1999).  Therefore, in piglets experiencing mucosal atrophy 

shortly after weaning, it is likely that SI activity may be depressed due to the loss of 

mature intestinal enterocytes.  Studies in piglets weaned between 7-14 days of age 

demonstrated that the activities of sucrase and maltase remained unchanged shortly after 

weaning (Kelly et al, 1991; Tang et al, 1999; Marion et al, 2005). However, these piglets 

were weaned on diets that contained highly digestible protein sources such as fishmeal 

and milk protein, that may contain numerous growth factors and other bioactive peptides 

that affect cell proliferation and differentiation as discussed previously.  Therefore, the 

effect of the physiological response to weaning on SI activity and expression remains to 

be clarified in the piglet fed low-cost corn and soybean meal based diets.  

Under this context, it should be pointed out that rapidly digestible dietary sources 

of carbohydrates are the top considered macronutrient factor in weanling pig nutrition 

(Stein, 2002).  Sufficient and rapid supply of D-glucose from diets is essential to ensure 

that blood glucose homeostasis is maintained for support of normal physiological 

functions such as providing vital metabolic fuel for brain and red blood cells, engaging in 

essential biosynthesis, and stimulating insulin surge to maintain whole body protein 

synthetic activities especially in the skeletal muscle (Newsholme and Leech, 1991; Yang 
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et al, 2011).  In addition, glucose is a signaling nutrient and rapid absorption of glucose 

from gut is essential to the translational control of the expression of cellular AA 

transporters (Yang et al, 2008; Roos et al, 2009; Adeola and Cowieson, 2011; Yang et al, 

2011).  Thus, speed of glucose absorption affects the speed of absorption of luminal AA 

into the portal blood circulation as essential building blocks and stimuli, further 

influencing the whole body protein synthesis and efficiency of N utilization in pigs (van 

Der Meulen et al., 1997; Yang et al, 2008; Yin et al, 2010; Drew et al, 2012).  Without 

adequate dietary source of rapidly digestible carbohydrates to provide glucose, whole 

body growth, health status, and efficiency of protein and AA utilization will be 

compromised in weanling pigs. 

Although it is well established that starch from major cereal grains is well digested 

at close to almost 100% in growing-finishing pigs that have a well developed starch 

digestive capacity (Lin et al, 1987), starch from major cereal grains is poorly digested in 

the weanling pig for several major biological reasons.  Firstly, starch with the majority as 

amylopectin and a minor portion as amylose in most cereal grains exists largely in semi-

crystalline layers in various sizes of granular storage via hydrogen bonds (Svihus et al, 

2005).  The underdeveloped gastric acid secretion during the weaning transition 

especially the early phase of weaning hampers a complete gelatinization of starch from 

cereal grains for an easy access and hydrolysis by α-amylase, which is partially 

responsible for poor cereal starch digestibility in the weanling pig (Svihus et al, 2005; 

Wiseman, 2006).  Steam cooking is effective to increase gelatinization of starch in cereal 

grains (Svihus et al, 2005).  Pluske et al, (2007) showed that formulation of highly 
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digestible diets based on cooked white rice improved growth and reduced colibacillosis 

in weanling pigs.  Secondly, although salivary and exocrine pancreatic total α-amylase 

digestive capacity, estimated at about 11-34 moles per kg live body weight per day in 21-

49 day old weanling pigs, does not reach their plateau levels until the grower phase, as 

reviewed by Fan (2003), total α-amylase digestive capacity seems not likely to limit 

starch digestion in weanling pigs.  Thirdly, activities the small intestinal mucosal phase 

of disaccharidase and starch digestive enzymes are greatly enhanced during weaning.  

Fan et al, (2002) reported that the proximal jejunal sucrase maximal specific activity, 

representing the expression of the sucrase-isomaltase complex, in the weanling phase 

reached the level of the grower phase.  While sucrose and maltose are typical substrates 

for sucrase, isomaltase, and maltase, maltase-glucoamylase is more specific to the 

hydrolysis of dextrin, maltodextrin and starch as well as of maltose into glucose (Nichols 

et al, 1998).  Examination of changes in the digestive capacity of the key mucosal phase 

of starch-digesting apical hydrolases in responses to weaning, as demonstrated by Weiss 

et al. (1997), will help under the roles of these apical hydrolases in the whole starch 

digestive pathway in the weanling pig.  Thus, the small intestinal mucosal phase of apical 

hydrolase activity may be the limiting steps in digestive utilization of starch in the 

weanling pig. 

In the small intestinal BBM, the family of oligopeptide digesting enzymes is collectively 

responsible for the terminal hydrolysis of oligopeptides to readily absorbable amino acids 

and di- and tri- peptides.  It is also well established both in vitro and in vivo studies that 

absorbed amino acids are preferentially first pass utilized by enterocytes and other portal-

drained visceral organs (Wu et al, 1996; Burrin and Reeds, 1997; Stoll et al, 1998).  
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Three major oligopeptidases, including, aminopeptidase A, dipeptidyl peptidase IV and 

aminopeptidase N (APN), are involved in the final stage of protein digestion that make 

luminal amino acids available for utilization in the small intestine and other organs and 

peripheral tissues.  Aminopeptidase N (APN) is ubiquitously expressed in a variety of 

tissues such as the liver, brain, kidney and the small intestine (Look et al, 1989; Kenny et 

al, 1989; Luan et al, 2007).  In the porcine small intestine, APN is transcribed as a protein 

of approximately 110 kDa.  In addition, APN preferentially hydrolyses neutral and basic 

N terminal amino acids from oligopeptides (Alpers et al, 1994; Hodin et al, 1995; 

Sjostrom et al, 2000).  Therefore, understanding changes in the expression of APN during 

weaning is critical to further understanding the biological mechanism responsible for the 

provision of neutral amino acids, i.e., the energy currency and biosynthetic precursors to 

the growth of enterocytes of the small intestine.  More recently APN has also been shown 

to participate in the localized immune responses in antigen presentation (Proost et al, 

2007; Gabrilovac et al, 2011) and regulation of inflammatory responses (Ansorge et al, 

2009).  This has significant implications for the small intestinal mucosa particularly due 

to the changes in permeability and the occurrence of localized intestinal inflammation at 

the time of weaning (MaCracken et al, 1999; Boudry et al, 2004; Pie et al, 2004; Smith et 

al, 2010). On the other hand, decreases in the gut mucosal phase of protein digestion 

capacity will lead to increased luminal proteins and oligopeptides available for bacterial 

fermentation in the distal region of the small intestine and in the large intestine.  

Evidence suggests that several potential pathogenic bacterial species are predominantly 

protein-fermenters (Le et al, 2005; Bauer et al, 2006).  Pieper et al, (2012) showed that 

fermentable protein induces distinctive changes in the large intestinal microbial ecology 
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compared with fermentable fibre in piglets.  The potential pathogenic bacterial 

subspecies of Clostridium and E. Coli are known to be capable of degrading essential AA 

Trp (Le et al, 2005).  Glycine has been documented to specifically enhance the 

proliferation and colonization of Clostridium perfringens but reduce Lactobacillus counts 

of ileum and cecum on the monogastric poultry (Dahiya et al, 2007).  Therefore, 

understanding how weaning affects the digestive capacity of APN and APN expression in 

the small intestine is critical to understanding how these changes would influence the 

supply luminal amino acids to the enterocyte, the immune and barrier functions of the 

intestinal epithelia, as well as the proliferation and colonization of pathogenic bacteria in 

the pig.   

The expression of these key BBM hydrolases in the small intestine is affected by 

numerous factors that include normal ontogenic developmental programming, nutritional 

status, nutritional regulation, immune status and environmental conditions to name a few.  

Within the small intestine, the role of nutrients in transcriptional and translational 

regulation and how this relates to the variety of cells in the mucosal population is far 

from being completely understood.  Similarities in the genetic architecture of intestinal 

genes and the associated regulatory regions have provided a much needed platform to 

understand the molecular events associated with the transcription, translation and 

maturation of these hydrolases and their respective profiles (Mitchelmore et al, 1998).  

The transcription factors caudal-associated homeobox protein 1 and 2 (Cdx1 and Cdx2) 

are helix-turn-helix proteins that are closely related to the development of the intestine in 

mammalian species (Beck, 2004) and the transcription of specific BBM hydrolases.   For 

example, the expression of enterocytic IAP is transcriptionally regulated via several well 
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clarified transcriptional factors that include the cdx1 (Alkhoury et al, 2005).  Cdx1 has 

been shown to bind to the promoter region of the IAP gene (Alkhoury et al, 2005) along 

with hepatocyte nuclear factor 4 (HNF-) (Olsen et al, 2005), the gut-enriched 

Kruppel-like factor (Hinnebusch et al, 2004), and the zinc finger binding protein-89 

(Malo et al, 2006) in the IAP gene transcription complex.  Although the transcriptional 

regulation of the IAP gene, like many other BBM hydrolases, is subjected to further 

modulations by nutritional changes (Goldberg et al, 2008), Cdx1 is known to positively 

enhance IAP gene transcription due to the formation of a viable transcription complex 

(Soubeyran et al, 1999; Alkhoury et al, 2005).  Thus, cdx1 ought to be highly expressed 

in differentiated villus enterocytes and may account for changes in IAP expression 

observed during weaning, when the mature villous enterocytes are lost.     

Cdx2 is also highly expressed in the small intestine (James et al, 1991; Silberg et al, 

2000) and has been shown to participate in the development of a viable LPH 

transcription complex (Suh et al, 1996; Chawengsaksophak et al, 1997; Tanaka et al, 

1998).  Furthermore, cdx2 has been show to regulate furin expression, which participates 

in the proteolytic post-translational maturation of LPH in enterocytes (Mesonero et al, 

1998; Gendron et al, 2006).  Similarly, cdx-2 has been identified as one of the key 

transcription factors of the SI transcription complex, along with HNF-α, and GATA-4 

(Boudreau et al, 2002; Bosse et al, 2007).  Further research has identified that the 

methylation of histone proteins in the SI gene facilitates the binding of the cdx-2 protein 

to the SI gene promoter region (Suzuki et al, 2008).  During the weaning transition 

period, it is well documented that lactase activity rapidly declines while sucrase activity 

increases.  Thus, the association of cdx2 with small intestinal development, as reported in 
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the literature, appears paradoxical given that it serves as a transcription factor for both 

LPH and SI (Lorentz et al, 1997; Guo et al, 2004; Fang et al, 2006).  Furthermore, given 

that the MGA gene shares a common ancestry to the SI gene, the regulation of the MGA 

gene transcription requires further investigation.  Very recent work by Mochizuki et al 

(2010) has demonstrated a key role for cdx-2 in binding to the cyclic adenosine 

monophosphate response element binding protein (CREBP) promoter region of the MGA 

gene.  Therefore, as our understanding of the physiological and immunological impact of 

weaning increases there is a need to further investigate the regulatory aspects of cdx2 in 

BBM hydrolase expression during the weaning transition period, as we employ and 

develop new nutritional strategies.  

 

 

 

1.3   RESEARCH RATIONALES, HYPOTHESES AND OBJECTIVES 

Research Rationales 

Neonatal porcine gut mucosa is featured with both vacuolated fetal and adult types of 

enterocytes, which can last for up to 19-26 days of age under suckling conditions.  

Segregated early weaning on a low-cost corn and soybean meal-based diet, that occurs at 

the age of day 10 for 12 days, will not only speed up the depletion of fetal enterocytes, 

but also provide a window of opportunity for researchers to look into how the host pig 

will incur adaptive changes in the gut mucosa by growing new phenotypes of enterocytes 

to reprogram and adapt gut functions.  During SEW, the small intestine will experience 

substantial changes in intestinal permeability, and a compromise of the barrier function 
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that arises as a result of weaning anorexia and localized pro-inflammatory immune 

responses.  At the tissue level, these changes are highlighted by intestinal villous atrophy 

and crypt hyperplasia.  The resulting pathophysiology during this period includes 

bacterial infection and weaning diarrhea. Changes in individual gut mucosal gene 

expressions, including the targeted apical hydrolase genes, are uniquely regulated and 

cellular and molecular events associated with these changes during SEW are yet to be 

elucidated for developing practical strategies in feeding the weanling pig. 

 

Research Hypothesis 

This thesis research investigates the following hypotheses: 

1. Early weaning reduces the non-immune innate protective capacity provided by 

the small intestinal apical alkaline phosphatase (IAP) to the host, via down-

regulation IAP expression at multiple cellular and molecular levels. 

2. Albeit of a dramatic decline in lactase expression controlled at multiple 

cellular and molecular levels during early weaning, the residual gut lactase 

digestive capacity remains to be sufficient for digesting dietary lactose.   Thus, 

lactose is still an important and practical rapidly digestible carbohydrate 

source in weanling pig diets. 

3. Early weaning enhances the overall gut mucosal phase of starch digestive 

capacity via up-regulating expression of the key starch digestive hydrolase 

genes at multiple cellular and molecular levels.  However, the rate-limiting 

step of the starch digestive pathway remains to be investigated in the gut 

mucosa that limits starch digestion and feed efficiency and leads to pathogenic 
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bacterial over-growth and infectious enteric diseases during the weaning 

transition in the pig. 

4. Early weaning negatively affects the gut mucosal aminopeptidase N digestive 

capacity by down-regulating its gene expression at multiple cell and molecular 

levels.  Thus limiting luminal free amino acid availability for gut mucosal 

growth, protein digestion and feed efficiency, and increasing the large 

intestinal bacterial fermentation of undigested dietary proteins and 

oligopeptides. This may lead to compromised gut immunity, over-growth of 

pathogenic bacteria and infectious enteric diseases during the weaning 

transition in the pig. 

 

Research Objectives 

To investigate in parallel the effect of early weaning on the following responses 

compared with the suckling situation: 

1. changes in the small intestinal digestive capacity of IAP, LPH, SI, maltase, 

MGA and APN; 

2. changes in the catalytic kinetics of proximal jejunal IAP, LPH, SI, maltase, 

MGA and APN associated with the tissue homogenate, intracellular fraction 

and the apical membrane; and 

3. changes in these target hydrolase gene mRNA and protein abundances as well 

as the two relevant key transcriptional factors cdx1 and cdx2 protein 

abundances in the proximal jejunum. 



 

 

28 

 

CHAPTER 2 

 

EARLY WEANING REDUCES SMALL INTESTINAL ALKALINE 

PHOSPHATASE EXPRESSION IN PIGS
1
 

 

2.1. ABSTRACT 

 

Expression of the small intestinal alkaline phosphatase (IAP) is enterocyte-differentiation 

dependent and plays an essential role in detoxification of pathogenic bacterial 

lipopolysaccharide endotoxin, maintaining luminal pH, organic phosphate digestion and 

fat absorption.  This study was conducted to examine the effect of early weaning on 

adaptive changes in IAP digestive capacity and IAP gene expression in comparison with 

suckling counterparts in pigs at ages of 10-22 d.  Weaning decreased (P < 0.05) IAP 

enzyme affinity by 26% and IAP maximal enzyme activity by 22% primarily in the 

jejunal region with the jejunum expressing 84-86% of the whole gut mucosal IAP 

digestive capacity [mol/(
 
kg body weightd)]. The majority (98%) of the jejunal mucosal 

IAP maximal activity was associated with the apical membrane and the remaining (2%) 

existed as the intracellular soluble IAP.  Weaning reduced (P < 0.05) abundance of the 

60-kDa IAP protein associated with the proximal jejunal apical membrane by 64%.  

Furthermore, weaning reduced (P < 0.05) relative abundance of the proximal jejunal IAP 

mRNA by 58% and this was in association with decreases (P < 0.05) in the abundances 

of cytoplasmic (by 27%) and nuclear (by 29%) origins of IAP caudal-associated 
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homeobox transcription factor 1.  In conclusion, early weaning decreased small intestinal 

IAP digestive capacity, IAP catalytic affinity, and the IAP gene expression and this may, 

in part, contribute to the susceptibility of early-weaned piglets to increased occurrence of 

enteric diseases and growth-check. 

1
This chapter has been published: Lackeyram D, Yang C, Archbold T, Swanson KC, Fan 

MZ.  Early weaning reduces small intestinal alkaline phosphatase expression in pigs. J 

Nutr.2010;140(3):461-8. 

 

2.2. INTRODUCTION 

 

Weaning is a critical stage of postnatal growth and gut development in mammals 

including rodents (Henning, 1981; Koldovsky, 1985), pigs (Fan, 2003) and humans 

(Buddington, 1994; Henning et al, 1994).  Early weaning (WN) transition is commonly 

associated with a growth-check (Maxwell et al, 2001), increased occurrence of enteric 

diseases and diarrhea (Gaskins et al, 1995) and decreased digestive capability (Fan, 2003) 

in nursery pig management.  Abrupt weaning is commonly associated with a period of 

low feed intake, contributing to alterations in the gut mucosal structure and functions in 

weaning piglets (Kelly et al, 1991; Pluske et al, 1997).  In addition to diets, social and 

stress factors due to separation from sows and housing in new environments collectively 

contribute to changes of the gut mucosa (Pluske et al, 1997; Bruininx et al, 2001).  

However weaning-associated gut mucosal atrophy involves variable expression patterns 

of digestive enzymes and other functional proteins in the small intestine such as 
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decreases in lactase activity (Kelly et al, 1991) as well as increases in maltase and 

sucrase activities (Marion et al, 2005), increases in both anti- and pro-inflammatory 

cytokine gene expression (Pié et al, 2004; Mei et al, 2005) and increases in citrulline and 

polyamine biosynthesis activities (Wu et al, 2000a; Wu et al, 2000b).  In newborn pigs, 

gut mucosa possesses both fetal and adult types of enterocytes, and during normal 

suckling the complete replacement of fetal enterocytes occurs at 19 d of age (Smith et al, 

1978; Smith et al, 1980).  Thus, WN not only depletes fetal enterocytes but also provides 

an opportunity to the host for growing a new phenotype of enterocytes in order to 

reprogram and adapt gut functions.  Furthermore, changes in individual gut mucosal 

genes are uniquely regulated and cellular and molecular events associated with these 

changes in the gut during the WN of pigs are yet to be elucidated. 

The expression of the small intestinal alkaline phosphatase (IAP) is enterocyte 

differentiation-dependent and IAP is regarded as a key marker enzyme when considering 

changes in the primary digestive and absorptive functions of the small intestine (Hodin et 

al, 1995).  Physiological functions of IAP include hydrolysis of monophosphate esters 

(Carver et al, 1995), transcellular solute transport (Gasser et al, 1987) and participation in 

the absorption of fat (Zhang et al, 1996).  More recently, IAP activity has been shown to 

increase bicarbonate secretion into the gut, thereby allowing for the neutralization of the 

acidic gastric digesta entering the small bowel while providing an optimal condition for 

IAP activity (Akiba et al, 2007).  Also, the gut mucosal defense role of IAP as an 

endogenous detoxification factor against luminal pathogenic bacterial lipopolysaccharide 

endotoxin is well recognized (Poelstra et al, 1997; Geddes et al, 2008) and this is 

maintained by enteral nutrition (Goldberg et al, 2008).  Thus, understanding changes in 
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gut IAP digestive capacity as well as cellular and molecular events regulating IAP gene 

expression during WN will improve our knowledge in gut physiology and allow 

strategies for improving nursery nutrition and growth. 

Expression of enterocytic IAP is cell differentiation-dependent along the crypt-

villus axis (Hodin et al, 1995; Fan et al, 2001) and is regulated at the transcriptional level 

via several well clarified transcriptional factors, including the caudal-associated 

homeobox transcriptional factor (cdx1) that binds to the promoter region of the IAP gene 

(Alkhoury et al, 2005).  Hepatocyte nuclear factor 4 (Olsen et al, 2005), the gut-

enriched Kruppel-like factor (Hinnebusch et al, 2004), and the zinc finger binding 

protein-89 (Malo et al, 2006) are among other elucidated transcription factors present in 

the IAP gene transcription complex.  Transcriptional regulation of the IAP gene is 

subjected to further modulations by nutritional (Goldberg et al, 2008), inflammatory 

(Malo et al, 2006) and hormonal factors (Malo et al, 2004).  Intracellular biosynthesis of 

IAP protein occurs in the rough endoplasmic reticulum as high-mannose polypeptides 

(Semenza et al, 1986), which is likely limited by IAP mRNA availability and affected by 

luminal nutrient availability and hormonal factors (Yang et al, 2008).  Major events 

necessary for the biosynthesis and further processing of IAP protein include its 

posttranslational glycosylation in the Golgi apparatus (Semenza et al, 1986), sorting for 

its trafficking via distinct vesicular carriers for anchoring on the apical membrane (Le 

Bivic et al, 1990; Jacob et al, 2001) or for its degradation (Seetharam et al, 1980) via 

lysosome or ubiquitin-proteasome pathways (Yang et al, 2008; Hirasaka et al, 2008).  

While mature IAP can be assembled into surfactant-like particles and secreted into the 

lamina propria, lymphatic capillaries, serum, and the small intestinal lumen in particular 
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response to fat intake (Zhang et al, 1996), this enzyme protein is found predominantly on 

the apical membrane surface attached through a covalent phosphatidylinositolglycan 

linkage (Yedlin et al, 1981).  Weaning triggers dramatic nutritional, hormonal and 

inflammatory changes, thus IAP gene expression is likely affected at multiple levels by 

WN in the pig. 

Although changes in IAP activity were reported in pigs weaned at ages of 4-6 wk 

(Miller et al, 1986) and during postnatal development (Fan et al, 2002), major cellular 

and molecular events associated with IAP gene expression have not been examined in 

early-weaned pigs.  In neonatal pigs, small intestinal epithelial life span has been 

measured (Smith et al, 1978; Fan et al, 2001), and weaning-associated gut mucosal 

changes occur in two phases, i.e., an acute period immediately after weaning and 

followed by an adaptive phase after 5 d of weaning (Montagne et al, 2007).  Therefore, 

major objectives of this study were to examine adaptive changes in IAP digestive 

capacity and IAP gene expression associated with WN, including i) IAP activity kinetics, 

i.e., its maximal enzyme specific activity (Vmax) and enzyme affinity (Km), and IAP 

digestive capacity (Vcap) along the small intestinal longitudinal axis; ii) distribution of 

jejunal IAP protein abundance between the intracellular pool and the apical membrane; 

and iii) jejunal IAP mRNA abundance in association with the IAP transcriptional factor 

cdx1 protein abundance in early-weaned piglets in comparison with their corresponding 

suckling counterparts (SU). 
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2.3. MATERIALS AND METHODS 

 

2.3.1. Animals and treatment groups   

The following animal handling procedures were approved by the Animal Care 

Committee at the University of Guelph.  The piglets used in this study were cared for in 

accordance with the guidelines established by the Canadian Council of Animal Care 

(Canadian Council on Animal Care, 1993).  A total of 24 Yorkshire piglets, with a body 

weight (BW; mean ± SE) of 3.23 ± 0.13 kg randomly taken from 12 different sows at 10 

d of age, were obtained from the Arkell Research Station at the University of Guelph and 

used in this study.  The 12 piglets of the weaning group, including 6 barrows and 6 

females, were randomly taken from 6 different sow litters, moved off-site and weaned on 

a corn and soybean meal-based weaning diet for 12 d according to standard swine 

industry early weaning practices (Maxwell and Carter 2001).  The diet was formulated to 

meet all nutrient requirements for the pigs according to the National Research Council 

(1998) requirements.  The weaning diet contained (g/kg diet, on as-fed basis) corn meal 

(160), soybean meal (560), lactose (150), dextrose (81), corn oil (8.0), calcium carbonate 

(10.5), dicalcium phosphate (15.8), iodized salt (5.0) and antibiotics mixture (1.0) for 

providing 0.044 g lincomycin/kg diet.  The other set of 12 piglets, including 6 barrows 

and 6 females, were randomly obtained from 6 different sow litters, and were allowed to 

continue suckling with their sows as the suckling treatment group for 12 d.  The timing 

for tissue sample collection in this study was based on our previous report on the small 

intestinal epithelial life span in young pigs (Fan et al, 2001) and the expected adaptive 

changes in gut mucosa of weaning pigs (Montagne et al, 2007). 
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2.3.2. Sample collection and processing 

Piglets were sedated and maintained under anesthesia by inhalation of anesthetic 

isoflourane via a facial mask for the collection of the small intestinal samples (Burrin et 

al, 2000).  The abdomen was opened and the entire small intestine distal to the ligament 

of Treitz was removed and was immediately flushed with ice-cold saline containing 0.1 

mmol/L phenylmethysulfonyl fluoride (PMSF).  The segment of small intestine proximal 

to the ligament of Treitz was designated as the duodenum with the stomach being 

removed.  The mesentery-free small intestinal segment proximal to the ileo-cecal 

ligament was designated to be the ileum.  The remainder of the small intestinal segment 

was divided into 2 equal portions as the proximal and the distal jejunum.  All of the 4 

intestinal segments were weighed, and sampled from their middle regions and flash-

frozen in liquid nitrogen (Burrin et al, 2000).  The frozen samples were subsequently 

pulverized under liquid nitrogen using mortar and pestle and stored at -80°C.  For 

analyzing mucosal morphology, histology samples (15-cm segments) were taken from 

the middle portion of the proximal and the distal jejunal segments and stored in 80-mL 

vials containing 7.5 mmol/L phosphate-buffered formalin.  At the end of tissue sampling, 

piglets were euthanized by an intra-cardiac injection of sodium pentobarbital (50 mg/kg 

BW) (Lemieux et al, 2005). 

 

2.3.3. Gut mucosal morphology measurements 

The collected proximal and distal jejunal segments were further divided into short 

sections, placed in histology cassettes and stored in formalin.  Slides were prepared by 

the Department of Histology at the Ontario Veterinary College at the University of 



 

 

35 

 

Guelph.  Each slide contained 9 transverse sections from each pig and was stained with 

haematoxylin and eosin.  Measurements were obtained using a Leica DMR model light 

microscope (Leica Microscopy and Scientific Instruments Group, Heerburg, Switzerland) 

with a magnification of 5.0X.  Morphological images were obtained with a Cool Cam 

Spot camera (Diagnostic Instruments Inc., Sterling Heights, MI) and were recorded by 

using the Open Lab (version 2.0) imaging software program (University of Warwick 

Science Park, Coventry, UK).  Villus height, crypt depth and smooth muscle thickness 

from four resulting cross-sections were measured from each slide for each pig. 

Measurements were only taken from well-oriented groups of five villi within each cross-

section and a total of fifteen villi from each cross-section were used for crypt and villous 

measurements (Fan et al, 2001). 

 

2.3.4. Intestinal tissue homogenization and fractionation   

Specifically, about 1.3 g of pulverized and frozen intestinal tissue samples was thawed in 

an ice-cold homogenizing buffer (50 mmol/L D-mannitol and 0.1 mmol/L PMSF at pH 

7.4) at a ratio of 20 mL of the homogenizing buffer per gram of frozen intestinal tissue 

sample and homogenized using a polytron homogenizer.  The resulting homogenate 

samples were measured for their total volumes, and sampled for analyses of protein 

content and enzyme activity kinetics for calculating intestinal segmental and whole gut 

mucosal IAP digestive capacity as well as for Western blot analyses of IAP protein 

abundances. 

The proximal jejunal homogenate was further partitioned to obtain intracellular 

fraction and the apical membrane by Mg
2+

-precipitation and differential centrifugation at 
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4°C according to our previous procedures (Fan et al, 2004).  The remaining homogenate 

was centrifuged at 2,000 x g for 15 min.  The supernatant was mixed with 1 mol/L MgCl2 

to contain a final concentration of 10 mmol/L MgCl2, stirred for 15 min, and then 

centrifuged at 2,400 x g for 15 min.  The top foamy layer was discarded and the resultant 

supernatant was centrifuged at 19,000 x g for 30 min to pellet the crude apical membrane.  

The resulting supernatant samples, regarded as the intracellular fraction, were removed, 

measured for their total volumes and sampled for the analyses of their protein content 

and enzyme activity kinetics for calculating the proximal jejunal intracellular IAP 

digestive capacity as well as for Western blot analysis of the IAP protein abundance. 

The crude apical membrane pellets were re-suspended in a suitable volume of 

buffer (300 mmol/L D-mannitol at pH 7.4) and centrifuged at 39,000 x g for 30 min to 

generate the final apical membrane pellets.  These pellets were re-suspended in the same 

buffer to yield the apical membrane suspension samples before measuring their total 

volumes and sampled for the analyses of their protein content and enzyme activity 

kinetics for calculating proximal jejunal intracellular IAP digestive capacity as well as 

for Western blot analysis of the IAP protein abundance. 

In order to measure nuclear cdx1 protein abundance by Western blot analysis, the 

proximal jejunal nuclear protein was extracted using the CelLytic™ NuCLEAR™ 

extraction kit (Sigma-Aldrich, St. Louis, MO).  Approximately 100 mg of pulverized 

proximal jejunal tissue sample was homogenized in 1 mL of lysis buffer (50 mmol/L 

Tris-HCL, 10 mmol/L MgCl2, 15 mmol/L CaCl2 and 1.5 mol/L sucrose, pH 7.5) with 

0.01% of the protease inhibitor cocktail (Sigma-Aldrich) by using a handheld polytron 

homogenizer.  The homogenate was centrifuged at 11,000 x g for 20 min and the 
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supernatant, i.e., the cytoplasmic, was removed.  The crude nuclei pellet was re-

suspended in 150 µL of the provided extraction buffer with protease inhibitors, shaken 

for 30 min at 4
o
C and centrifuged at 20,000 x g for 5 min according the kit’s instructions.  

The supernatant, i.e., the nuclear protein fraction, was then removed, aliquoted and snap-

frozen in liquid nitrogen for later use in immunoblot procedures. 

 

2.3.5. Enzyme activity kinetic analyses   

Samples of the small intestinal homogenate and the partitioned proximal jejunal 

intracellular fraction and the apical membrane were analyzed for their protein contents 

using a commercial kit (Bio-Rad, Hercules, CA) and bovine serum albumin (fraction V) 

as the protein standard.  Enzyme activities for IAP were conducted according to our 

previously established procedures (Fan et al, 2002).  Potassium fluoride (2.0 mmol/L) 

was used in all IAP activity assays to inhibit acid phosphatase activity (Fan et al, 2002).  

Kinetics of IAP specific activities in the proximal jejunal tissue homogenate and the 

partitioned intracellular fraction and apical membrane samples were carried out at 37°C 

for 10 min in a final volume of 1 mL suspension containing 10 g of sample protein, 2.0 

mmol/L KF, 4.0 mmol/L MgCl2, and P-nitrophenyl phosphate (0–10.0 mmol/L) at pH 

10.5 (Fan et al, 2002). 

 

2.3.6. Immunoblot analyses   

The proximal jejunal homogenate (100 µL) intracellular fraction (400 µL) and apical 

membrane (100 µL) samples were diluted (1:3) and solubilized in a re-suspension buffer 

containing 25 mmol/L HEPES, 150 mmol/L NaCl, 0.20 mmol/L PMSF, 1% triton X-100 
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and 0.4 mg/mL each of aprotinin, leupetin, pepstatin A, N-tosyl-L-phenylalanine 

chloromethyl-ketone and N--p-tosyl-L-lysine ketone at pH 7.4.  Immunoblot analyses 

of the target IAP and cdx1 proteins and the housekeeping protein β-actin were conducted 

as previously reported (Lemieux et al, 2005).  Solubilized sample suspensions were 

boiled for 5 min, and 30 µg of sample proteins were loaded and separated using 10.0% 

SDS-PAGE.  Proteins were then transferred onto polyvinylidenedifluoride membranes 

(Bio-Rad) using a semidry transfer apparatus (Bio-Rad).  Immunoblot for IAP was 

performed using a rabbit anti-human IAP (60 kDa) polyclonal antibody (GeneTex, Inc., 

San Antonio, TX) based on a predicted gene homology in pigs of 90% NCBI gene blast 

analysis (pig EST CA778439.1 – NCBI) and 84% conserved protein sequence NCBI 

protein BLAST alignment.  Western blots were conducted under reducing conditions of 

SDS-PAGE (1:15,000 dilution in 6% skim milk powder), with a secondary rabbit anti-

human IgG antibody (Bio-Rad), conjugated with horseradish peroxidase and diluted to 

1:20,000 in 6% skim milk powder.  Immunoblot for cdx1 was performed using a mouse-

anti-human cdx1 (23 kDa) monoclonal antibody diluted to 1:20,000 in 6% skim milk 

powder (Novus Biologicals, Littleton, CO).  A mouse-anti-human β-actin (44 kDa) 

monoclonal antibody was diluted to 1:20,000 in 6% skim milk powder with a secondary 

mouse anti-human IgG antibody (Bio-Rad).  Blots were developed using the 

chemiluminescence kit CPS1 (Sigma-Aldrich).  Photographs of the membranes were 

taken using the Kodak Image Station 440, and densitometry was performed with Scion 

imaging software (Scion Corporation, Frederick, MD). 

 

2.3.7. Design of oligonucleotide primers   
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Primers for amplification of target and housekeeping genes were developed using Primer 

3 (Rozen et al, 2000) software and were designed to overlap at least two exon boundaries.  

IAP primers were designed based on pig ESTs (Z84038) (Wintero et al, 1996).  Primer 

sequences were as follows: 1) IAP [estimated product size – 105 bp] forward primer: 5’-

CTAAAGGGGCAGATGAATGG-3’; and reverse primer: 5’-

CACCTGTCTGTCCACGTTGT-3’; and 2) -actin [AY550069 (McNeel et al, 1999), 

estimated product size – 150] forward primer: 5-GGATGCAGAAGGAGATC-ACG-3; 

and reverse primer: 5-ATCTGCTGGAAGG-TGGACAG-3. 

 

2.3.8. RNA preparation and real time RT-PCR 

Total RNA was isolated from the proximal jejunal tissue samples using TRIzol reagent 

(Invitrogen Corporation, Carlsbad, CA).  The RNA quality was confirmed by 1% agarose 

gel electrophoresis, stained with 25 mmol/L ethidium bromide and had an 

OD260:OD280 ratio between 1.8-2.0.  RNA was treated with DNase (Invitrogen) and 

quantitative real time RT-PCR was performed in a Smart Cycler (Cepheid, Sunnyvale, 

CA) using a Quantitect SYBR Green RT-PCR kit (Qiagen Inc., Valencia, CA) according 

to the kit’s instructions. 

 

2.3.9. Calculations and statistical analyses   

The kinetic parameter estimates of alkaline phosphatase activity were obtained according 

to the Michaelis-Menten equation using the Fig. P curve fitting program (Fig. P, 1993, 

Biosoft, Cambridge, UK).  The Vcap of IAP associated with the intestinal segments, the 
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partitioned proximal jejunal fractions and the whole small intestine was calculated 

according to the digestive capacity definition by Weis et al, (1997):  

 

Vcap = [Vmax-duodenum x Weightduodenum x Proteinduodenum + Vmax-proximal-jejunum x Weightproximal-

jejunum x Proteinproximal-jejunum + Vmax-distal-jejunum x Weightdistal-jejunum x Proteindistal-jejunum + 

Vmax-ileum x Weightileum x Proteinileum] / (BW x 1440 min/d x 1000 x1000), 

where Vcap is the digestive capacity of the small intestinal mucosal IAP [mol/(kg body 

weightd)], Vmax is the maximal enzyme specific activity for all correspondingly labeled 

small intestinal segments and the further partitioned proximal jejunal fractions 

[μmol/(mg proteinmin)], Weight is fresh tissue weight for all correspondingly labeled 

intestinal segments (g), Protein is protein content in all correspondingly labeled intestinal 

tissues and the further partitioned proximal jejunal fractions (mg protein/g fresh tissue), 

and BW is body weight of corresponding individual piglet (kg). 

The ratio of the expression of the target gene IAP relative to the housekeeping gene 

-actin was calculated (Kleta et al, 2004) as: 

R = 2
-Ct (target – housekeeping)

, 

where R is the relative expression ratio value of the target gene; and Ct is the cycle 

number at the threshold at which both the target gene IAP and the housekeeping gene -

actin are amplified beyond the 30 fluorescence units.  Optimal real-time PCR efficiencies 

were acquired by amplification of dilution series of RNA according to the equation 10
(-

1/slope)
 and were consistent between IAP and -actin. 

Homogeneity of variances was examined and confirmed by the Levene’s test for 
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the endpoints, including histology, IAP protein and mRNA abundances and cdx1, using 

SAS (The SAS Institute, Cary, NC).  Differences in these endpoints between the SU and 

the WN groups were compared by ANOVA and the Pearson correlations were conducted 

by using General Linear Model of SAS.  Comparison of the kinetic parameter estimates 

for IAP activities was conducted by using the pooled t-test (Byrkit, 1987).  Where 

appropriate, data are presented as means  SE or pooled SEM.  P values < 0.05 were 

considered significant. 

 

2.4. RESULTS 

 

During the experimental period, the weaning pigs consumed 162.8 ± 11.3 g of the 

weaning diet per day.  Weaning pigs had lower (P < 0.05) daily body weight gains (55.8 

± 8.5 g, n = 12) than the SU (172.2 ± 8.9 g, n = 12).  Villous height in the proximal and 

the distal jejunum was less (P < 0.05) by 55 and 51%, respectively, in the weaning pigs 

vs. the suckling piglets (Table 2.1).  Conversely, crypt depth in these intestinal segments 

was increased (P < 0.05) by 128 and 98%, respectively, in the weaning piglets compared 

with the suckling piglets (Table 2.1).  Furthermore, the total mucosal thickness in both 

the proximal and the distal jejunal segments was reduced (P < 0.05) by 20% in the 

weaning pigs vs. the suckling pigs (Table 2.1). 

Kinetics and the digestive capacity of the IAP in the small intestinal segments of 

duodenum, proximal jejunum, distal jejunum and ileum in the weaning piglets are 

summarized in comparison with the suckling piglets (Table 2.2).  Weaning reduced (P < 

0.05) duodenal mucosal IAP Km, Vmax, and Vcap by 32, 19 and 51%, respectively, 
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compared with the suckling piglets (Table 2.2; Figure 2.1A).  In the proximal and the 

distal jejunal segments, weaning decreased (P < 0.05) mucosal IAP Km by 13 and 44%, 

Vmax by 16 and 28%, and Vcap by 13 and 21%, respectively, compared with the suckling 

piglets (Table 2.2; Figure 2.1B and 2.1C).  In the ileum, while mucosal Km and Vmax 

values were not significantly different between the weaning and the suckling groups, Vcap 

was reduced (P < 0.05) by 16% in the weaning group in comparison with SU (Table 2.2; 

Figure 2.1D), due to the greater (P < 0.05) ileal protein mass in the weaning piglets 

(388.44 ± 5.84 mg protein/kg BW) than in the suckling piglets (485.08 ± 9.29 mg 

protein/kg BW).  Furthermore, weaning reduced the total gut mucosal IAP Km by 26%, 

Vmax by 22%, and Vcap by 19%, respectively, compared with the suckling group. 

The proximal and the distal jejunal segments accounted for 84 and 86% of the 

whole gut mucosal IAP digestive capacity.  We next partitioned the distribution of IAP 

activity into the intracellular fraction and the apical membrane (Table 2.3).  The apical 

membrane-associated Vmax accounted for 98% of the IAP digestive capacity in the 

proximal jejunum in both the weaning and the suckling pigs (Table 2.3).  Weaning 

reduced (P < 0.05) the proximal jejunal IAP Km in both the intracellular fraction and the 

apical membrane by 48 and 49%, respectively, compared with the suckling piglets (Table 

2.3; Figure 2.2).  While weaning did not affect the proximal jejunal IAP Vmax in the 

intracellular fraction, it decreased (P < 0.05) the proximal jejunal IAP Vcap in the 

intracellular fraction by 17% due to the smaller (P < 0.05) intracellular protein mass in 

the weaning piglets (280.65 ± 3.06 mg protein/kg BW) than in the suckling piglets 

(317.31 ± 4.09 mg protein/kg BW).  Furthermore, weaning reduced (P < 0.05) the 

proximal jejunal IAP Vmax and Vcap in the apical membrane by 10 and 13%, respectively, 
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in comparison with the suckling piglets. 

Western blot analyses were conducted to investigate the relationship between IAP 

Vmax and IAP protein abundance in the partitioned proximal jejunal intracellular and the 

apical membrane fractions.  A 60-kDa IAP protein was identified in the proximal jejunal 

tissue homogenate, the intracellular fraction and the apical membrane (Figure 2.3).  

Weaning reduced (P < 0.05) IAP protein abundance relative to β-actin in the proximal 

jejunal homogenate, the intracellular pool and the apical membrane by 48, 53, and 64%, 

respectively, in comparison with the suckling group (Fig. 1).  There were positive 

correlations (P < 0.05) between the IAP Vmax and the IAP protein abundances in the 

proximal jejunal homogenate (r = 0.51; P = 0.023; n = 20), the intracellular pool (r = 

0.41; P = 0.032; n = 20), and the apical membrane (r = 0.52; P = 0.020; n = 20) in the 

suckling and the weaning piglets. 

In order to understand the contributions of IAP gene transcription and its mRNA 

abundance to IAP Vmax and protein levels, real time RT-PCR analyses were conducted to 

measure changes in the relative abundance of IAP mRNA in the proximal jejunum of 

both weaning and suckling piglets.  Weaning reduced (P < 0.05) the relative abundance 

of the proximal jejunal IAP mRNA (WN, 0.058 ± 0.011 vs. SU, 0.138 ± 0.013, in 

arbitrary units) by 58% in comparison with the suckling piglets.  Pearson correlation 

analyses indicated linear relationships (r = 0.41; P = 0.029; n = 20) between the IAP Vmax 

and the relative abundance of IAP mRNA in the proximal jejunum of both weaning and 

suckling piglets.  There were also linear relationships (P < 0.05) between IAP protein 

abundances in the proximal jejunal homogenate (r = 0.48; P = 0.047; n = 20), the 

intracellular fraction (r = 0.60; P = 0.005; n = 20) and the apical membrane (r = 0.49; P = 
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0.027; n = 20) and the relative abundance of IAP mRNA in the proximal jejunum of both 

the weaning and the suckling piglets. 

There were no significant differences in the abundances of the 23-kDa cdx1 

between the proximal jejunal cytoplasmic protein extract and the nuclear protein extract 

in both the weaning and the suckling groups (Figure 2.4).  However, weaning decreased 

(P < 0.05) the proximal jejunal cytoplasmic and the nuclear cdx1 protein abundances by 

27 and 29%, respectively, in comparison with the suckling piglets (Figure 2.4).  

Furthermore, there were very similar positive linear relationships (P < 0.05) between the 

relative abundance of IAP mRNA and the cytoplasmic (r = 0.60; P = 0.005; n = 20) and 

the nuclear (r = 0.61; P = 0.004; n = 20) cdx1 protein abundances in the proximal 

jejunum in the weaning and suckling piglets. 

 

2.5. DISCUSSION 

 

The major objectives of this study were to investigate the effect of WN in parallel with a 

normal suckling process on the small intestinal IAP maximal enzyme activity, digestive 

capacity, catalytic affinity, and IAP gene expression in the piglet.  Results from this study 

indicated that WN significantly reduced the small intestinal IAP digestive capacity and 

the maximal enzyme activity primarily in the jejunal region in the pig.  There is a scarcity 

of literature reports regarding the effect of weaning on IAP activity and gene expression.  

Our observations of decreased IAP Vmax and Vcap associated with WN are in contrast to 

the finding by Miller et al, (1986) who did not observe a weaning effect on IAP activity 

in piglets weaned at the ages of 3 and 5 wks.  Two factors may help explain the 
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discrepancy between this study and the study by Miller et al, (1986).  Firstly, there were 

differences in weaning ages and weaning duration between this study with piglets 

weaned at the age of 10 d for 12 d and the study by Miller et al, (1986) with piglets 

weaned at the age of 5 wk for 5 d.  Secondly, IAP Vmax values were measured in this 

study.  However, only one substrate concentration at 1.5 mmol/L of anilide phosphate 

was used for measuring IAP activity by Miller et al, (1986).  Thus, IAP specific activity 

far below the Vmax level was likely reported by Miller et al, (1986).  As demonstrated in 

Supplemental Fig. 1 and 2, IAP specific activity values that are measured below the Vmax 

level are affected by substrate concentrations used, which can not reflect changes in the 

IAP digestive capacity and IAP protein abundances. 

The results of IAP mRNA abundance in the proximal jejunum and Pearson 

correlation analysis suggest that WN decreased the Vmax and Vcap, in part, at the 

transcriptional level by reducing the steady state IAP gene mRNA abundance.  This 

observation is consistent with the notion that the expression of IAP is cell-differentiation 

dependent and is partially regulated at the transcriptional level (Hodin et al, 1995; Malo 

et al, 2006).  Western blot analysis identified the porcine IAP protein at about 60-kDa in 

both the intracellular fraction and the apical membrane of the proximal jejunum, which is 

a similar size of the IAP protein as reported in the human (Goldberg et al, 2008).  In 

postnatal developing rats, the jejunal IAP protein was identified to be the 65-kDa IAP 

isomer (Yeh et al, 1994).  Cell-free translation of the rat IAP encoding mRNA has yielded 

two IAP protein isoforms with 62 and 65 kDa (Engle et al, 1995).  In theory, the relative 

IAP protein abundances in the partitioned proximal jejunal intracellular fraction and the 

apical membrane, as analyzed by Western blotting, are the net balance between the 
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biosynthesis of IAP and IAP trafficking via distinctive vesicular carriers and/or IAP 

degradation (Semena et al, 1986; Le Bivic et al, 1990; Hirasaka et al, 2008).  For both the 

weaning and the suckling groups, the apical membrane-associated IAP Vmax accounted 

for the majority (98%) of the IAP activity in the proximal jejunum, suggesting a very 

small intracellular IAP protein pool in the cell.  Thus, the reduction in IAP protein 

abundance in the proximal jejunum associated with WN was largely due to decreased de 

novo synthesis of IAP protein, which needs to be further confirmed in future using in 

vivo IAP labeling and biosynthesis studies.  On the other hand, significant changes in IAP 

Km were also observed in the jejunal region in response to WN.  Postnatal decreases in 

jejunal IAP affinity from suckling to post-weaning were reported in the pig in our 

previous studies (Fan et al, 2002).  Changes in IAP Km, Vmax and its protein abundance in 

the partitioned proximal jejunal fractions collectively suggest that WN modified jejunal 

IAP protein to be lower in its affinity.  This change in IAP affinity is likely due to 

modifications that occurred in the posttranslational glycosylation of IAP protein, as 

discussed by Fan et al, (2002).  Thus, the reductions in the jejunal IAP Vmax and Vcap 

resulted from the combined effects of decreases in IAP protein abundances and IAP 

affinity.  On the other hand, it is known that the complete replacement of fetal 

enterocytes occurs at 19 d of age under normal suckling (Smith et al, 1978) and jejunal 

epithelial life span is 10 d in neonatal pigs (Fan et al, 2001).  Therefore, it can be 

concluded that WN decreased IAP digestive capacity by affecting IAP gene expression at 

the transcriptional and the posttranscriptional levels in newly replaced enterocytes.  

Given the important roles of IAP, including detoxification of toxins, maintaining lumen 

pH, digesting organic phosphate and fat absorption, decreases in the IAP digestive 
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activity, digestive capacity, IAP catalytic affinity and the jejunal IAP protein and mRNA 

abundances, as revealed from this study, provide information on the mechanisms 

regulating IAP enzymatic capacity in the small intestine.  These findings could be useful 

in explaining the susceptibility of early-weaned piglets to increased occurrence of enteric 

diseases and growth-check. 

The decreased jejunal IAP gene transcription and IAP protein expression in 

response to WN might have been caused by hormonal and inflammatory factors.  

Epidermal growth factor is one of the milk-borne growth factors contributing to postnatal 

gut mucosal growth and development (Jaeger et al, 1990).  Several lines of evidence 

suggest that oral administration of epidermal growth factor improved gut mucosal cell 

proliferation and differentiation, (Jaeger et al, 1990; Cheung et al, 2009) and IAP activity 

(Lee et al, 2008) in the weanling piglet.  Weaning removes milk-borne epidermal growth 

factor from the gut lumen of weaning piglets, thus partially contributing to weaning-

associated villous atrophy and mucosal dysfunction including a normal expression of IAP.  

It has been well documented that weaning causes intestinal inflammation marked by the 

up-regulation of the pro-inflammatory cytokine genes such as tumor necrosis factor-

alpha and interleukin-6 (McCracken et al, 1999).  Furthermore, the pro-inflammatory 

cytokine tumor necrosis factor-alpha and interleukin-6 have been shown to inhibit IAP 

gene expression (Malo et al, 2004).  Thus, bowel inflammation associated with WN 

might have contributed to reduced IAP mRNA abundance observed in this study.  The 

lack of epidermal growth factor in the gut lumen and the increased bowel mucosal pro-

inflammatory cytokine levels may be responsible for the reduced jejunal IAP gene 

expression in the renewed enterocyte of the early-weaned piglet observed in this study. 
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The reductions in weaning-associated jejunal IAP gene transcription and IAP protein 

abundance were due to villous atrophy and increased crypt enterocyte population, which 

was likely further exacerbated by a decreased availability of enteral nutrition to the 

weaning pigs via nutrient-dependent mechanisms.  The daily feed intake of 163 g in the 

weaning pigs in this study was lower than the projected feed intake level of about 240 g/d 

(about 6% of the weaning pigs’ live BW averaged at about 4 kg) according to the 

National Research Council (1993).  It has been well documented that weaning piglets on 

soybean meal-based diets have decreased feed intake (Pluske et al, 1997).  Furthermore, 

gut mucosal villous atrophy and crypt hyperplasia during the weaning transition were 

also observed in this study and these had been shown to result from weaning-associated 

anorexia (McCracken et al, 1999).  Intestinal epithelial enterocytes are polarized cells 

that are dependent upon the enteral supply of trophic nutrients for cellular proliferation 

and differentiation and this has been well demonstrated in the study by Burrin et al, 

(2000) who established minimal levels of enteral nutrient requirements for the gut in the 

neonatal pig receiving total parenteral nutrition.  Enteral nutrients can increase enterocyte 

differentiation and IAP gene transcription and IAP protein expression via nutrient-

dependent manner via the following mechanisms.  First, enteral nutrients such as amino 

acids are essential energy substrates for providing metabolic fuels and for serving as 

precursors for intracellular protein synthesis during the epithelial proliferation and 

differentiation (Yang et al, 2008; Burrin et al, 1997).  Second, enteral nutrients such as 

trophic neutral amino acids are also signaling molecules and can stimulate the 

mammalian target of rapamycin-dependent signaling pathway (Yang et al, 2008), thereby 

increasing global synthesis of intracellular proteins including IAP protein and the IAP 
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gene cis transcriptional factor cdx1.  Cdx1 is known to positively enhance IAP gene 

transcription via interaction with IAP promoter in the formation of a viable transcription 

complex (Alkhoury et al, 2005).  Thus cdx1 ought to be highly expressed in 

differentiated villus enterocytes.  However, this is in contrast to the observation in the 

study by Silberg et al, (2000) showing that cdx1 was highly expressed in the crypt cell.  

The reduced cdx1 protein abundance in the jejunum from this study further supports the 

findings that cdx1 promotes enterocyte differentiation and IAP gene expression, as 

demonstrated by Alkhoury et al, (2005) and Soubeyran et al, (1999).  Two rodent studies 

have directly shown that adequate enteral nutrition is essential to the maintaining of the 

IAP gene expression (Hodin et al, 1994; Goldberg et al, 2008).  Therefore, inadequate 

enteral nutrient availability due to weaning-associated anorexia may be partially 

responsible for the down-regulation of jejunal IAP gene expression in the replaced 

enterocyte of the early-weaned pig.  Research should be conducted to attempt to up-

regulate intestinal IAP gene expression and its digestive capacity via dietary 

supplementation of gut trophic nutrients for improving weaning pig nutrition. 

In conclusion, WN decreased the gut IAP digestive capacity, maximal activity, and IAP 

enzyme affinity primarily in the jejunum at both the transcriptional and 

posttranscriptional levels in the renewed enterocyte of the pig.  Early-weaned piglets are 

vulnerable to enteric infections and are susceptible to developing diarrhea and growth-

check, which may, in part, be due to the compromised protective and functional roles of 

jejunal mucosal alkaline phosphatase. 
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TABLE 2.1.  Mucosal morphology
1
 in the jejunum of suckling and early weaning groups 

of piglets fed a corn and soybean meal-based diet
2
 

Item Suckling Weaning SEM 

 µm  

Proximal jejunal segment    

Villus height
 

501.5
 

223.6*
 

0.91 

Crypt depth
 

138.4
 

315.1*
 

0.59 

Villus height:crypt depth
 

3.8
 

0.8*
 

0.01 

Mucosal thickness
3 

639.9
 

512.0*
 

0.95 

Smooth muscle thickness
 

182.4 175.1 0.65 

Distal jejunal segment    

Villus height
 

499.8
 

246.1* 1.64 

Crypt depth
 

128.9
 

255.2* 0.60 

Villus height:crypt depth
3 

4.2
 

1.0* 0.01 

Mucosal thickness
 

628.7
 

501.4* 1.83 

Smooth muscle thickness
 

189.8 203.2 1.16 

1
Values are means and the pooled SEM, n = 12.  

2
Vitamin premix was included in the 

weaning diet to provide the following (mg/kg diet): retinyl palmitate (13.2), 

cholecalciferol (0.84), all-rac-α-tocopherol acetate (96.0), menadione (3.0), riboflavin 

(5.25), niacin, (22.5), d-pantothenic acid (15.0), vitamin B12 (0.026), thiamine (1.5), 

choline chloride (750.0), pyridoxine (2.25), d-biotin (0.08), and folic acid (0.45).  
2
The 

mineral premix was included in the weaning diet to provide the following (mg/kg diet): 

FeSO4
.H2O (152), ZnCO3 (95.9), MnSO4

.H2O (6.2), CuSO4
.5H2O (11.8), KI (0.6), and 
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Na2SeO3 (0.3).  
3
Mucosal thickness = villous height + crypt depth.  *Different from the 

suckling group, P < 0.05. 
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TABLE 2.2.  Small intestinal alkaline phosphatase enzyme affinity (Km), maximal 

enzyme activity (Vmax) and the digestive capacity (Vcap) in suckling and early weaning 

groups of piglets
1
 

Item Km 

mmol/L 

Vmax 

µmol/(mg protein•min) 

Vcap 

mol/(kg BW•d) 

Duodenum    

Suckling 8.36 ± 0.72 0.421 ±0.062 0.139 ± 0.010 

Weaning 11.06 ± 1.69* 0.342 ± 0.021* 0.068 ± 0.011* 

Proximal Jejunum   
 

Suckling 6.99 ± 0.79 0.509 ± 0.048 0.958 ± 0.029 

Weaning 7.87 ± 0.58* 0.432 ±0.032* 0.831 ± 0.018* 

Distal Jejunum    

Suckling 6.00 ± 0.92 0.511 ± 0.061 0.902 ± 0.032 

Weaning 8.64 ± 1.30* 0.374 ± 0.032* 0.714 ± 0.019* 

Ileum    

Suckling 7.46 ± 0.60 0.362 ± 0.044 0.212 ± 0.020 

Weaning 7.75 ± 0.67 0.349 ± 0.047 0.179 ± 0.021* 

Total small intestine 

Suckling 7.06 ± 0.44 0.454 ± 0.029 2.209 ± 0.077 

Weaning 8.87 ± 0.45* 0.353 ± 0.023* 1.790 ± 0.058* 

1
Values are parameter estimates ± SE, n = 10 measured in tissues from 10 piglets at 6 

different substrate concentrations.  
*
Different from the suckling group, P < 0.05, n = 10. 
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TABLE 2.3. Proximal jejunal intracellular and apical membrane-bound intestinal 

alkaline phosphatase enzyme affinity (Km), maximal enzyme activity (Vmax) and digestive 

capacity (Vcap) in suckling and early weaning groups of piglets
1
 

Item Km 

mmol/L 

Vmax 

µmol/(mg protein•min) 

Vcap 

mol/(kg BW•d) 

Intracellular fraction    

Suckling 1.44 ± 0.08 0.082 ± 0.001 0.018 ± 0.001 

Weaning 2.13 ± 0.05* 0.078 ± 0.001 0.015 ± 0.001* 

Apical membrane    

Suckling 1.25 ± 0.05 0.728 ± 0.011 0.938 ± 0.032 

Weaning 1.86 ± 0.07* 0.662 ± 0.009* 0.813 ± 0.021* 

1
Values are parameter estimates ± SE, n = 10 measured in tissues from 10 piglets at 6 

different substrate concentrations.  
*
Different from the suckling group, P < 0.05, n = 10. 
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Figure 2.1.  Kinetics of the small intestinal alkaline phosphatase activities of hydrolyzing 

P-nitrophenyl phosphate along the longitudinal axis in (A) duodenum, (B) proximal 

jejunum, (C) distal jejunum and (D) the terminal ileum in suckling and early weaning 

piglets.  Each point represents mean  SE, n = 10. 
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Figure 2.2. Kinetics of the partitioned proximal jejunal (A) intracellular and (B) apical 

membrane-bound alkaline phosphatase activities of hydrolyzing P-nitrophenyl phosphate 

in suckling and early weaning piglets.  Each point represents mean  SE, n = 10. 
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Figure 2.3. Proximal jejunal alkaline phosphatase (IAP) protein abundance in the 

mucosal homogenate, intracellular pool and the apical membrane in SU and WN piglets.  

Values are mean  SEM, n = 10.  
*
Different from the SU, P < 0.05. 
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Figure 2.4.  The caudal-associated homeobox transcriptional factor 1 (cdx1) protein 

abundance in the proximal jejunal mucosal (A) cytoplasmic protein extract and (B) the 

nuclear protein extract in SU and WN piglets.  Values are mean  SEM, n = 10.  

*
Different from the SU, P < 0.05. 
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CHAPTER 3 

 

EARLY WEANING DECREASES JEJUNAL LACTASE EXPRESSION IN PIGS 

WITH RESIDUAL DIGESTIVE CAPACITY SUFFICIENT FOR DIGESTING 

SUPPLEMENTAL LACTOSE 

 

3.1. ABSTRACT 

 

Expression of the small intestinal apical lactase-phlorizin hydrolase (LPH) decreases 

dramatically with biological mechanisms to be further elucidated during the weaning 

transition.  Paradoxically, lactose has been widely supplemented in weanling pig diets to 

optimize growth and efficiency of nitrogen utilization with functional roles to be clarified.  

This study was conducted to examine the effect of early weaning on the adaptive changes 

in lactase digestive capacity (Vcap) and gene expression in comparison with suckling pigs 

at ages of 10-22 d.  Weaning reduced (P < 0.05) LPH affinity by 34%, LPH maximal 

activity by 64% and LPH Vcap by 62%, primarily in the jejunum in expressing 94% of the 

whole gut mucosal LPH Vcap.  The residual guy LPH Vcap determined at 151.5 mmol D-

glucose/kg body weight (BW).d can still hydrolyse about 27g of lactose/kg.BW.d, 

accounting for about 46% of the projected voluntary feed intake in the weanling pig.  The 

majority (98%) of the jejunal mucosal LPH maximal activity was associated with the 

apical membrane and the remaining (2%) existed as the intracellular soluble LPH.  

Weaning reduced (P < 0.05) the proximal jejuna apical abundance of the 160-kDa LPH 

protein by 28%.  Furthermore, weaning reduced (P < 0.05) relative abundance of the 
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proximal jejunal LPH mRNA by 76% in association with decreases (P < 0.05) in the 

protein abundances of cytoplasmic (by 62%) and nuclear (by 55%) origins of caudal-

associated homeobox transcription factor 2 (cdx2).  In conclusion, early weaning 

decreased the small intestinal lactase Vcap, the maximal LPH activity, LPH catalytic 

affinity, and LPH gene expression at the levels of transcription, translation and post-

translational processing and modification.  However, the gut residual lactose Vcap is 

sufficient for digesting supplemented lactose and lactose is still a rapidly digestible 

carbohydrate for optimizing growth in the weanling pig. 

 

3.2. INTRODUCTION 

 

Weaning is a critical period of development that is usually characterized by diarrhoea, 

reduced feed intake, and reduced growth. The stress associated with early weaning has 

been shown to increase intestinal permeability (Moeser et al, 2007), and intestinal 

inflammation (Pié et al, 2004; Smith et al, 2010; Smith et al, 2011).  If left untreated, 

these physiological responses to weaning can further worsen the growth performance, 

morbidity and mortality of piglets during production (Zhang et al, 1997; Tang et al, 1999; 

Maxwell 2001).  Therefore, numerous management and nutritional approaches have been 

adopted to help ameliorate the physiological effects of weaning (Gaskins et al, 1995; 

Kelly et al, 1991).  These approaches include the supplementation of trophic amino acids, 

probiotics, prebiotics, vitamins and nutritional growth factors (Houle et al, 2000; 

Petersen et al, 2002; Sarelli et al, 2003; Lee et al, 2008; Tan et al, 2009). 

Lactose is the most prevalent dietary disaccharide present in sow’s milk and is the 
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major source of sugar for the suckling pig.  The enterocyte-specific brush-border 

membrane (BBM) enzyme lactase facilitates the digestion of lactose to glucose and 

galactose. Several studies in numerous species such as rats, mice, pigs and humans have 

demonstrated that the expression of the lactase enzyme and gene activity is highest 

immediately after birth and during the neonatal suckling period (Montgomery et al, 1991; 

Goda et al, 1999). Precursor and mature isoforms of lactase have been extensively 

studied and shown to be posttranslationally glycosylated (Naim et al, 1992; Dai et al, 

2000).  In addition, lactase expression has also been shown to steadily decrease with age 

and is regulated transcriptionally (Robayo-Torres et al, 2007; Järvelä et al, 2009).  

Further investigation has demonstrated that changes in the expression of the lactase gene 

transcription factors, including caudal-associated homeobox transcription factor 2 (cdx2), 

GATA, and HNF-α, may contribute to the developmental decrease of lactase expression 

(Troelsen et al, 1997; Fang et al, 2000; Boudreau et al, 2002; van Wering et al, 2002; 

Bosse et al, 2007).     

Intrinsically the neonatal small intestine features fetal enterocytes that persist for 

16- 21d and need to be replaced by the adult type of enterocytes for gut maturation 

(Smith and Peacock, 1980; Zabielski et al, 2008).  Weaning-associated gut mucosal 

changes occur in an acute period immediately after weaning and followed by an adaptive 

phase after 5 d of weaning (Montagne et al, 2007).  Thus, during weaning the small 

intestinal epithelia is reprogrammed to respond to the changing nutritional, 

immunological and physiological demands of the pig.  Nutritionally, enterocytes begin to 

express modified levels of apical hydrolases and/or isoenzymes for digesting different 

sources of nutrients, (Hodin et al, 1995; Sangild et al, 1995; Marion et al, 2005).  
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Immunologically, weaning also coincides with the transition period from maternal 

acquired passive immunity to active immunity (Jenkins et al, 2003; Butler et al, 2007).  

The weaning period also represents a massive physiological change in the digestive tract 

of the pig as the intestinal tract replenishes the intestinal epithelia with new enterocytes, 

immune cells, and secretory cells, while laying the necessary architecture for growth.  

Thus, early weaning represents an unique period of time when the small intestine can be 

reprogrammed to handle new sources of nutrients while capitalizing on the relatively 

higher level of passively acquired maternal immunity. 

The developmental and nutritional adaptation of the small intestine to solid diets 

supplemented with digestible protein sources, amino acids, and prebiotics has been 

widely reported in the literature (Park et al, 1999; Kelly et al, 1999; Houle et al, 2000; 

Petersen et al, 2002; Vente-Spreeuwenberg et al, 2003; Kuranuki et al, 2006; Lee et al, 

2008; Tan et al, 2009).  However, there is a need to investigate the changes in lactase 

activity and expression during the early weaning on low-cost corn and soybean meal-

based solid diets.  Furthermore, there is a need to understand how weaning induces the 

changes in individual gut mucosal genes at multiple cellular and molecular levels.  On 

the other hand, both crystalline lactose and lactose from dried whey or milk products are 

essential dietary carbohydrate for improving growth performance and efficiency of the 

whole body N retention in weanling pigs (Mahan, 1992; Nessmith et al, 1997).  Mahan 

and Newton (1993) further demonstrated that cornstarch was ineffective to replace 

lactose or dextrose in improving growth performance and efficiency of whole body N 

retention during the first two weeks of post-weaning growth in pigs. Krause et al. (1995; 

1997) did not observe improvements in the adherent Lactobacillus counts in the ileum 
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and the cecum in response to lactose supplementation, suggesting that improving growth 

performance in association with lactose supplementation was not likely due to its 

prebiotic effect in weanling pigs. Clearly, an important question is if the residual 

intestinal lactase activity in weanling pigs is sufficient enough to digest dietary lactose 

included at commercial levels of weanling diets as a rapidly digestible carbohydrate in 

weanling pig diets.  One approach to answer this question is to examine changes in the 

digestive capacity of lactase as demonstrated by Weiss et al. (1997).  Thus, there is a 

need to investigate the effect of weaning on changes in the digestive capacity of lactase 

in the pig. 

Therefore, the major objectives of this study were to examine adaptive changes in 

lactase digestive capacity Vcap and the lactase gene expression that is associated with 

early weaning, including i) changes in lactase activity kinetics, i.e., its maximal enzyme 

specific activity (Vmax), and enzyme affinity (Km), along the small intestinal longitudinal 

axis; ii) distribution of the jejunal lactase protein abundance between the intracellular 

pool and the apical membrane; and iii) changes in the jejunal lactase mRNA abundance 

in association with the lactase transcriptional factor cdx2 protein abundance in early-

weaned piglets (WN) in comparison with their corresponding suckling counterparts (SU). 

 

3.3. MATERIALS AND METHODS 

The animals and treatment groups used in the analysis of lactase phlorizn hydrolases are 

identical to those described in section 2.3.1.  The collection and processing of samples 

including mucosal morphology, intestinal tissue homogenization and fractionation of 

tissue were conducted as described in sections 2.32, 2.33 and 2.34 respectively.   
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3.3.1. Enzyme activity kinetic analyses  

After pulverization under liquid nitrogen, samples of the small intestinal homogenate and 

the partitioned proximal jejunal intracellular fraction and the apical membrane were 

analyzed for their protein contents using a commercial kit (Bio-Rad, Hercules, CA) and 

bovine serum albumin (fraction V) as the protein standard.  Enzyme activities for lactase 

were conducted according to previously established procedures (Koldovsky and 

Dahlqvist, 1969). Kinetics of lactase specific activities in the proximal jejunal tissue 

homogenate and the partitioned intracellular fraction and apical membrane samples were 

carried out at 37°C for 10 min in a final volume of 2.1 mL suspension containing 10 μg 

of sample protein and 2ml of glucose oxidase (Pointe Scientific, Inc Canton, MI) with 6 

levels of lactose (0-75mM).   

3.3.2. Immunoblot analyses 

The proximal jejunal homogenate (100 µL) intracellular fraction (400 µL) and apical 

membrane (100 µL) samples were diluted (1:3) and solubilized in a re-suspension buffer 

containing 25 mmol/L HEPES, 150 mmol/L NaCl, 0.20 mmol/L PMSF, 1% triton X-100 

and 0.4 mg/mL each of aprotinin, leupetin, pepstatin A, N-tosyl-L-phenylalanine 

chloromethyl-ketone and N--p-tosyl-L-lysine ketone at pH 7.4.  Immunoblot analyses 

of the target lactase, and cdx2 proteins and the housekeeping protein β-actin were 

conducted as previously reported (Lemieux et al, 2005).  Solubilized sample suspensions 

were boiled for 5 min, and 30 μg of sample proteins were loaded and separated using 6% 

SDS-PAGE. Proteins were then transferred onto polyvinylidenedifluoride membranes 

(Bio-Rad) using a semidry transfer apparatus (Bio-Rad).  Porcine lactase demonstrated a 
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92% homology with human LPH and a conserved protein sequence of 83% within key 

protein epitope regions when compared with human, rabbit and mouse proteins based on 

NCBI blast analysis (Accession XM_003359430).  Therefore immunoblots for lactase 

were performed using a mouse anti-human (160kDa) polyclonal antibody (Novus 

Biologicals, Littleton, CO) at a dilution of 1:5000 followed by an anti-mouse IgG 

antibody (Bio-Rad) diluted to 1:20,000 in 6% skim milk powder.  For cdx2 a rabbit anti-

human (37kDa) polyclonal (Novus Biologicals, Littleton, CO) at a dilution of 1:3000 and 

a secondary anti-rabbit IgG antibody (Bio-Rad), conjugated with horseradish peroxidase 

and diluted to 1:20,000 in 6% skim milk powder was used.  A mouse-anti-human β-actin 

(44 kDa) monoclonal antibody was diluted to 1:20,000 in 6% skim milk powder with a 

secondary mouse anti-human IgG antibody (Bio-Rad) and used as the housekeeping 

reference protein. Blots were developed using the chemiluminescence kit CPS1 (Sigma-

Aldrich).  Photographs of the membranes were taken using the Kodak Image Station 440, 

and densitometry was performed with Scion imaging software (Scion Corporation, 

Frederick, MD). 

 

3.3.3. Design of oligonucleotide primers 

Primers for amplification of target and housekeeping genes were developed using Primer 

3 (Rozen et al, 2000) software and were designed to overlap at least two exon 

boundaries. Lactase primers were designed based on pig EST (TC373016 – 92% 

homology human lactase (NM002299) (Mantei et al, 1988)).   Primer sequences were as 

follows for lactase [LCT - product size 146 bp] forward: 5’- 

ACGGTTCTGGAACATTTGCT-3’; and reverse 5’- AGAAATCACGCCACCTTGAC -
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3’.  Primer sequences for β-actin were developed from [AY550069 (McNeel et al, 1999), 

product size – 150] forward primer: 5′-GGATGCAGAAGGAGATC-ACG-3′; and 

reverse primer: 5′-ATCTGCTGGAAGGTGGACAG-3′. 

 

3.3.4. Real time RT-PCR and Calculations  

RNA preparation and real time RT-PCR for LPH was conducted as described in section 

2.3.8.  The calculations of the digestive capacity (Vcap) of LPH associated with the 

intestinal segments and the statistical analysis of all endpoints for LPH were calculated 

as described in section 2.3.9.  

 

3.4. RESULTS 

 

The kinetics and the digestive capacity of lactase in the small intestinal segments in the 

weaning piglets are summarized and compared with suckling piglets in Table 3.1.  

Weaning reduced (P < 0.05) duodenal mucosal lactase Km, Vmax, and Vcap, by 83, 69 and 

68% respectively, when compared with the suckling pigs (Table 3.1; Figure 3.1A).  In 

the proximal and distal jejunal segments, weaning decreased (P < 0.05) mucosal lactase 

Km, by 34 and 39%, Vmax by 46 and 77% and Vcap by 42 and 77%, respectively, compared 

with the suckling piglets (Table 3.1; Figure 3.1B and 3.1C).  In the ileum, weaning also 

reduced (P < 0.05) mucosal lactase Km, Vmax and Vcap by 16, 55 and 54%, respectively 

(Table 3.1; Figure 3.1D).  Overall, early weaning decreased the whole gut lactase Km, 

Vmax and Vcap by 34, 64 and 62%, respectively compared with suckling piglets (Table 3.1).  

Since the proximal and distal jejunal segments accounted for 92 and 93% of the whole 
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gut mucosal lactase digestive capacity in suckling and weaning piglets, respectively, we 

partitioned the proximal jejunal lactase activity into the intracellular and apical 

membrane pools (Table 3.2).  Weaning reduced (P < 0.05) the proximal jejunal lactase 

Km by 16 and 67%, Vmax by 62 and 61% and Vcap by 54 and 41%, in the intracellular and 

apical membrane pools, respectively, compared with suckling piglets (Table 3.2; Figure 

3.2).   

Western blot analyses were conducted to investigate the relationship between 

lactase Vmax lactase protein abundance in the partitioned intracellular and apical 

membrane pools in the proximal jejunum.  A 160-kDa lactase protein was identified in 

the proximal jejunal tissue homogenate, the intracellular fraction and the apical 

membrane (Figure 3.3).  Weaning reduced (P < 0.05) the lactase protein abundance 

relative to β-actin in the proximal jejunal homogenate, intracellular pool and apical 

membrane pool by 28, 78 and 24%, respectively (Figure 3.3). The analyses of Pearson 

correlations between the proximal jejunal lactase Vmax and lactase protein abundances 

were positive (P < 0.05) in the homogenate (r = 0.964; P < 0.0001; n = 20), intracellular 

pool (r = 0.885; P < 0.0001; n = 20), and the apical membrane pool (r = 0.761; P < 

0.0001; n = 20) in the suckling and weaning piglets.   

Real time RT-PCR analyses were conducted to measure changes in the relative 

abundance of lactase mRNA and to understand the relationship between lactase mRNA 

expression to lactase Vmax and protein levels.  Weaning reduced (P < 0.05) the relative 

abundance of the proximal jejunal lactase mRNA by 76% (Figure 3.4).  Pearson 

correlation analyses indicated linear relationships (r = 0.815; P < 0.0001; n = 20) 

between lactase Vmax and mRNA abundance.  Similar linear relationships between lactase 
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protein abundances and mRNA abundance were also observed in the homogenate (r = 

0.858; P < 0.0001; n = 20), intracellular pool (r = 0.650; P = 0.0019; n = 20), and the 

apical membrane pool (r = 0.924; P < 0.0001; n = 20) in both weaning and suckling 

piglets.   

Weaning also decreased (P < 0.05) the relative protein abundance of the 37kDa 

cdx2 protein by 1.1 fold in the cytoplasmic pool and 1.7 fold in the nuclear protein pool 

respectively, in comparison with suckling piglets (Figure 3.5).  Furthermore there were 

positive linear relationships (P < 0.05) between the relative abundance of lactase mRNA 

and the cytoplasmic (r = 0.867; P < 0.0001; n = 20), and nuclear (r = 0.939; P < 0.0001; 

n = 20) cdx2 protein abundances in the proximal jejunum in weaning and suckling 

piglets.  

 

3.5. DISCUSSION 

 

The major objectives of this study were to investigate the effect of early weaning on low-

cost solid diets in parallel with suckling on lactase (LPH) catalytic affinity, maximal 

enzyme activity, digestive capacity (Vcap), and gene expression in the piglet.  Results 

from this study indicated that WN significantly reduced the LPH enzyme affinity, the 

digestive capacity and the maximal enzyme activity along the entire length of the small 

intestine.  This is in agreement with others who have examined the post weaning activity 

of LPH in pigs, and other mammals (Henning 1981; Montgomery et al, 1991; Marion et 

al, 2005).  However, the cellular and molecular mechanisms for the decrease in intestinal 

LPH activity are complex and still very much undefined.  Furthermore, research on this 
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topic has also been extended to the examination of LPH decline from a variety of 

standpoints such as, as a source of disease (Torniainen et al, 2009), compromised 

intestinal physiological functions (Schulzke et al, 2009), molecular biology of lactase 

(Robayo-Torres et al, 2007) and population genetic research (Montgomery et al, 2007). 

Although weaning dramatically reduced the small intestinal lactase maximal 

specific activity and the whole gut lactase Vcap compared with the suckling group, the 

residual whole gut lactase Vcap remained to be significant, being at 151.4 mmoles glucose 

per kg live body weight per day.  By our calculations, this declined whole gut lactase 

digestive capacity can still allow a maximal digestion of lactose at about 27 g per kg live 

body weight per day, accounting for about 46% of daily voluntary feed intake at about 5-

6% of their life body weight in the weanling pig.  In support of this view, Hayhoe et al. 

(2012) observed a complete digestion of 10% dietary lactose at the fecal level in the 

weanling pigs.  Thus, dietary lactose included at commercial levels of weanling diets is a 

rapidly digestible carbohydrate in weanling pig diets. Hence, dietary supplementation of 

an optimal level of lactose as a rapidly digestible carbohydrate in a cost-effective manner 

is imperative to maintain a high level of growth performance, efficiency of whole body N 

utilization, and health status in weanling pigs. 

The decrease of the LPH mRNA abundance in the proximal jejunum and the 

Pearson correlation analyses suggest that the decreased Vmax and Vcap observed during 

WN may in part be attributed to control at the transcriptional level.  This observation is 

also consistent with the notion that LPH expression is cell differentiation related (Hodin 

et al, 1995; Lebenthal et al, 1999) and regulated at the transcriptional level (Naim, 2001; 

Troelsen, 2005; Järvelä et al, 2009).  Western blot analysis identified the porcine LPH 
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protein at about 160-kDa in both the intracellular fraction and the apical membrane of the 

proximal jejunum, which is similar in size to the mature LPH protein reported in humans, 

mice, rats, rabbits and pigs (Naim 2001; Robayo-Torres et al, 2009).  The LPH 

glycoprotein is synthesized as a large-chain precursor of approximately 215-kDa in most 

mammalian species (Danielsen et al, 1984; Skovberg et al, 1984).  This precursor is 

subsequently cleaved, and matures in the golgi network en route to membrane insertion 

(Danielsen et al, 1984; Lottaz et al, 1992). The relative LPH protein abundances in the 

partitioned intracellular fraction and the apical membrane represent the net difference 

between the biosynthesis, trafficking and degradation of the enzyme (Naim et al, 1987; 

Jacob et al, 2001).   In both the suckling and weaning groups, the apical membrane-

bound LPH accounted for the majority (98%) of the catalytic activity in the proximal 

jejunum, which would suggest a relatively small intracellular LPH protein pool in the cell.  

Thus, the decline in the weaning group’s LPH protein abundance observed in the 

proximal jejunum would suggest decreased de novo synthesis of LPH protein.  This 

would need to be further confirmed by in vivo labeling and biosynthesis studies in the 

future.  Collectively the changes in the LPH Km, Vmax and protein abundance in the 

partitioned proximal jejunal fraction suggest that early weaning resulted in the 

modification of the LPH protein to be lower in its affinity.  This may in part be 

attributable to posttranslational glycosylation modifications that occur as the LPH 

glycoprotein matures (Lottaz et al, 1992).  This has been well documented, since the 

presence of O-linked gylcans has been shown to increase the activity of LPH (Naim et al, 

1992).  Thus, the reduced Vmax and Vcap observed during the weaning transition may are 

in part due to the combined effects of the decreases in LPH protein abundances and its 



 

 

70 

 

catalytic affinity.   

The decreased jejunal LPH gene transcription and LPH protein expression in 

response to weaning could be explained by numerous factors such as the hormonal, 

nutritional, and physiological implications of weaning.  In pigs, thyroid hormone ratio 

has been shown to decrease approximately 24 hrs after weaning (Brzezińska-

Slebodzińska et al, 1986; Freund et al, 1989; Carroll et al, 1998).  Changes in thyroid 

hormone during weaning were shown to be associated with lower LPH transcription via 

the decreased expression of GATA protein which constitutes the LPH transcriptional 

complex (Kuranuki et al, 2007).  Posttranslationally cortisone, insulin and thyroxine have 

also been shown to participate in glycosylation events that affect LPH activity (Nsi-

Emvo et al, 1987; Dai et al, 2002) and decreases in O-glycosylation (Naim et al, 1992; 

Biol-N’garagba et al, 2003), and decreased sialation (Chaudhry et al, 2008) have been 

shown to result in decreases in LPH activity.  Furthermore during weaning there is an 

increase in the presence of luminal proteases (Britton et al, 1988), and the decreases in 

LPH sialylation have been shown to make LPH more susceptible to luminal protease 

degradation (Kaur et al, 2006).  Thus, the hormonal responses to weaning affect LPH 

activity at the transcriptional, posttranslational and post maturational stages of LPH 

expression. 

Physiologically under normal suckling conditions, fetal enterocytes have been 

shown to persist for up to 21 days (Smith et al, 1978; Smith et al, 1980; Zabielski et al, 

2008), after which the jejunal epithelium is repopulated and the enterocyte life span 

averages approximately 10 d in neonatal formula-fed pigs (Fan et al, 2001).  Therefore, it 

can be concluded that the reprogramming of the small intestinal enterocytes as an 
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adaptive measure of weaning results in a greater turnover of LPH.  Weaning also 

removes the milk-borne epidermal growth factor from the diet of the piglet, and 

epidermal growth factor has been shown to improve intestinal mucosal integrity and 

epithelial cell proliferation (Jaeger et al, 1990; Lee et al, 2008; Cheung et al, 2009). 

Additionally, the reduction in LPH gene transcription and protein abundance during 

weaning can in part be explained by villous atrophy and increased crypt hyperplasia in 

the small intestine.  This is likely further exacerbated by the decreased enteral nutrition of 

weaning piglets.  In this study, weaning pigs consumed on average 163 g/d of diet, which 

was lower than the projected feed intake level of 240 g/d that is approximately 6% of the 

weaning pigs’ live body weight according to the National Research Council (NRC 1998).  

Thus, the changes in thyroid hormone, the lack of epidermal growth factor, the reduced 

enteral nutrition, and the physiological response to weaning in the small intestine all 

contribute to the reduced LHP gene expression in the renewed enterocyte population of 

the small intestine.   

At a transcriptional level, the reduction in the weaning-associated jejunal LPH gene 

mRNA levels can also be partially attributed to decreases in the transcriptional relative 

abundance of the cdx2 transcriptional factor protein observed in this study.  Cdx2 is 

highly expressed in the small intestine (James et al, 1991; Silberg et al, 2000) and is 

important for the development of a viable LPH transcription complex (Suh et al, 1996; 

Chawengsaksophak et al, 1997; Tanaka et al, 1998).  Furthermore, cdx2 has been show to 

regulate furin expression which participates in the proteolytic post-translational 

maturation of LPH in enterocytes (Mesonero et al, 1998; Gendron et al, 2006). In 

conclusion, weaning decreased the gut LPH digestive capacity, maximal activity and 
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LPH enzyme affinity primarily in the jejunum at both the transcriptional and 

posttranscriptional levels in the newly programmed enterocyte population of the 

weanling pig.  However, the residual gut lactose digestive capacity is sufficient to digest 

supplemented lactose in weanling pigs.   Lactose is a rapidly digestible carbohydrate for 

optimizing growth and efficiency of nitrogen utilization in the weanling pig.   
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TABLE 3.1.  Small intestinal lactase enzyme affinity (Km), maximal enzyme activity 

(Vmax) and the digestive capacity (Vcap) in the early weaning groups of piglets
1
 

Item Km 

mmol/L 

Vmax nmol/(mg 

protein•min) 

Vcap 

mmol/(kg BW•d) 

Duodenum    

Suckling 5.42± 0.85 28.59± 1.75 7.31± 1.27 

Weaning 9.91  1.67
*
 8.92  0.36

*
 2.37  0.27

*
 

Proximal Jejunum    

Suckling 5.79 ± 1.14 68.71 ± 3.98 151.98 ± 24.89 

Weaning 7.80 ± 1.50
*
 36.87 ± 3.50

*
 88.80 ± 23.87

*
 

Distal Jejunum    

Suckling 5.51 ± 0.61 92.12 ± 6.61 220.25 ± 44.70 

Weaning 7.64 ± 1.39
*
 21.05 ± 1.14

*
 50.97 ± 7.80

*
 

Ileum    

Suckling 16.51 ± 3.71 28.97 ± 5.64 18.29 ± 5.07 

Weaning 19.23 ± 3.91
*
 12.69 ± 1.16

*
 8.37 ± 2.17

*
 

Total small intestine    

Suckling 8.31  0.99 54.60  1.52 399.72  23.63 

Weaning 11.14  1.40
*
 19.88  0.97

*
 151.42  15.79

*
 

1
Values are parameter estimates ± SE, n = 10 measured from tissues from 10 piglets at 6 

different substrate concentrations.  
*
Different from the suckling group, P < 0.05, n = 10. 
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TABLE 3.2. Proximal jejunal intracellular and apical membrane-bound lactase enzyme 

affinity (Km), maximal enzyme activity (Vmax) and the digestive capacity (Vcap) in 

suckling and early weaning groups of piglets
1
 

Item Km 

mmol/L 

Vmaxnmol/(mg 

protein•min) 

Vcap 

mmol/(kg BW•d) 

Intracellular fraction    

Suckling 19.43 ± 1.13 44.69 ± 0.17 16.85 ± 1.54 

Weaning 22.47 ± 1.20 17.02 ± 0.09
*
 7.64 ± 6.77

*
 

Apical membrane    

Suckling 5.66 ± 0.17 363.93  3.13 134.96  21.71 

Weaning 9.47 ± 0.15
*
 143.23  2.19

*
 79.87  29.41

*
 

1
Values are parameter estimates ± SE, n = 10 measured from tissues from 10 piglets at 6 

different substrate concentrations.  
*
Different from the suckling group, P < 0.05, n = 10. 

 



 

 

75 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.  Kinetics of the small intestinal lactase activities of hydrolyzing lactose along 

the longitudinal axis in (A) duodenum, (B) proximal jejunum, (C) distal jejunum and (D) 

the terminal ileum in suckling and early-weaned piglets.  Each point represents mean  

SE, n = 10. 
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Figure 3.2.  Kinetics of the partitioned proximal jejunal (A) intracellular and (B) apical 

membrane-bound lactase activities of hydrolyzing lactose in suckling and early-weaned 

piglets.  Each point represents mean  SE, n = 10. 
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Figure 3.3.  Proximal jejunal lactase protein abundance in the mucosal homogenate, 

intracellular pool and the apical membrane in suckling and early-weaned piglets.  Values 

are mean  SEM, n = 10.  
*
Different from the suckling group, P < 0.05. 
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Figure 3.4.  Proximal jejunal lactase mRNA abundance in suckling and early-weaned 

piglets.  Values are mean  SEM, n = 10.  
*
Different from the suckling group, P < 0.05. 
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Figure 3.5.  The caudal-associated homeobox transcription factor 2 (cdx2) protein 

abundance in the proximal jejunal mucosal (A) cytoplasmic protein extract and (B) the 

nuclear protein extract in suckling and early-weaned piglets.  Values are mean  SEM, n 

= 10.  
*
Different from the suckling group, P < 0.05. 
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CHAPTER 4 

 

EARLY WEANING INCREASES THE SMALL INTESTINAL SUCRASE-

ISOMALTASE AND MALTASE-GLUCOAMYLASE EXPRESSION IN PIGS 

 

4.1. ABSTRACT 

 

The nutritional transition during weaning involves the adaptation of the small intestine to 

hydrolyse larger amounts of disaccharides to hydrolyze, such as sucrose, maltose as well 

as different sources of starch, including amylopectin and amylose.  Small intestinal 

sucrase-isomaltase (SI) and maltase-glucoamylase (MGA) are brush border membrane 

enzymes responsible for the terminal digestion of sucrose, maltose and maltodextrin 

starch, and represent a more mature intestinal phenotype.   Despite the intestinal atrophy 

associated with weaning, SI activity increases during traditional weaning and MGA 

activity is detectable as early as 2 weeks of age.  This study was conducted to examine 

the effect of early weaning on the digestive capacity and gene expression of SI and MGA 

in comparison with suckling pigs at the ages of 10-22 d.  Weaning increased (P < 0.05) 

the whole gut SI and MGA digestive capacity by 67, 27 and 18% for sucrose, maltose 

and amylose primarily in the jejunal region expressing 95% of the whole gut mucosal SI 

and MGA digestive capacity.  In the proximal jejunum, weaning increased (P < 0.05) the 

enzyme affinity by 22%, 23% and 12%, and the maximal enzyme activity by 62%, 28% 

and 14% for sucrase, maltase and maltase-glucoamylase respectively. The majority (98%) 

of the jejunal mucosal SI and MGA maximal activity was associated with the apical 
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membrane and the remaining (2%) existed as the intracellular soluble fraction.  Weaning 

increased (P < 0.05) the relative abundance of the 265-kDa SI protein associated with the 

proximal jejunal apical membrane by 66%.  Furthermore, weaning increased (P < 0.05) 

the relative abundance of the proximal jejunal mRNA by 0.9 and 2.4 fold for SI and 

MGA, respectively despite the decreases (P < 0.05) in the cytoplasmic (by 62%) and 

nuclear (by 55%) abundance of the caudal-associated homeobox transcription factor 2 

(cdx2).  We conclude that early weaning increases the small intestinal digestive capacity 

and catalytic affinity of SI, maltase, and MGA via a complex cdx2-independent 

transcriptional mechanisms, and post-translational modifications.  This study also 

highlights the ability of the small intestine in the early-weaned piglet to rapidly adapt to 

solid starch-based diets. 

 

4.2. INTRODUCTION 

 

The period of time immediately after weaning is characterized by a reduction in feed 

intake, a lag in growth and the onset of post-weaning diarrhoea (Henning 1981; Kelly et 

al, 1991; Henning et al, 1994). Physiologically, weaning has been shown to increase the 

permeability of the small intestinal mucosa (Smith et al, 2010), and is associated with 

localized intestinal inflammation (Koch et al, 2009).  During the weaning period, the 

naive adaptive immunological status of the piglet is constantly being conditioned as it is 

exposed to numerous new antigens (Jenkins et al, 2003; Butler et al, 2007). The practice 

of segregated early weaning (SEW) limits the vertical transfer of disease from the sow to 

the piglet, and enhances growth performance and production (Kelly et al, 1991; Bruininx 
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et al, 2001; Maxwell et al, 2001). In addition, early weaning has been shown to favour a 

healthier and more rapid maturation of the small intestine since piglets weaned at an 

earlier age benefit from greater passive immunity (Tang et al, 1999; Lallès et al, 2007).  

However, there are very few reports that go beyond post-weaning body growth, mucosal 

growth, and enzyme activity (e.g., Tang et al, 1999; Vente-Spreeuwenberg et al, 2003; 

Tan et al, 2009), that investigate how the expression of brush border enzymes in the 

small intestinal mucosa is affected by early weaning (Marion et al, 2005).   

In addition to changes in immunity, the anatomical and physiological changes to 

the small intestine during weaning result in a variable expression of apical membrane 

(AM) enzymes (Koldovsky 1985; Kelly et al, 1991; Buddington 1994; Pluske et al, 

1997).  At the end of the weaning period, the digestive physiology of the small intestine 

is characterized by a lactose-independent decline in the activity of lactase phlorizin 

hydrolase (Vente-Spreeuwenberg et al, 2003; Montgomery et al, 2007; Kuranuki et al, 

2007). A simultaneous increase in the expression of the sucrase-isomaltase (SI) in the 

apical membrane is also observed, which confers the ability to digest sucrose and maltose 

to fructose and glucose monomers (Gray et al, 1979; Semenza et al, 1989; Goda et al, 

1999).  The expression of SI is first detectable in enterocytes at the crypt-villous junction 

and appears to be tied to enterocyte maturation events since it remains undetectable in 

crypt cells (Traber et al, 1992; Goda et al, 1999).  This phenomenon also represents a 

transition in the genetic reprogramming of enterocytes during weaning as the fetal 

population of enterocytes are depleted and replaced by the adult type enterocytes (Smith 

et al, 1978; Montagne et al, 2007; Zabielski et al, 2008).  Conversely, the ability to utilize 

maltose and starch, conferred by maltase-glucoamylase (MGA) is detectable from birth 
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(Nichols et al, 1998).  Also as early as 2 weeks in life the pancreas is capable of 

producing trypsin, α-amylase and peptidase as an adaptive measure to dry food intake 

(Marion et al, 2003).  Taken together, it is likely that the newly weaned piglet may be 

able to utilize starch, and more so, high amylose and maltose diets.  Therefore, MGA 

activity may contribute significantly to the nutrition of the piglet, especially in the 

immediate post-weaning period.  Numerous studies have reported on the enhanced 

activity of maltase, or the expression of MGA based on mRNA expression after early 

weaning (Sangild et al, 1995; Petersen et al, 2002; Marion et al, 2005). However the use 

of maltase activity and digestion data to describe this is confounded since SI also 

contributes to maltase activity.  Thus, the digestive capacity and expression of MGA for 

starch during and after early weaning remains to be investigated.  

The supplementation of weaning diets, and the nutritional adaptation of the small 

intestine to diets supplemented with crystalline amino acids, digestible protein sources 

and prebiotics have been widely reported in the literature (Kelly et al, 1991; Park et al, 

1999; Houle et al, 2000; Petersen et al, 2002; Vente-Spreeuwenberg et al, 2003; Kuranuki 

et al, 2006; Lee et al, 2008; Tan et al, 2009).  However, the baseline function and 

expression of the small intestinal enzymes responsible for the digestion of dietary starch 

during early weaning on unsupplemented vegetable-based diets needs to be further 

investigated.   Therefore, this study investigates the changes in the activity and 

expression of SI and MGA during early weaning on low-cost corn and soybean meal 

diets.  Thus, the major objectives of this study were to examine adaptive changes in SI 

and MGA digestive capacity and gene expression that are associated with early weaning, 

including i) the activity kinetics, i.e., its maximal enzyme specific activity (Vmax) and 
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enzyme affinity (Km), and digestive capacity (Vcap) along the small intestinal longitudinal 

axis; ii) distribution of jejunal SI protein abundance between the intracellular pool and 

the apical membrane; and iii) jejunal SI and MGA mRNA abundance in association with 

the key transcriptional factor cdx2 protein abundance in early-weaned piglets (WN) in 

comparison with their corresponding suckling counterparts (SU). 

 

4.3. MATERIALS AND METHODS 

 

The animals and treatment groups used in the analysis of sucrase isomaltase (SI) and 

maltase-glucoamylase (MGA) are identical to those described for intestinal alkaline 

phosphatase in section 2.3.1.  The collection and processing of samples including 

mucosal morphology, intestinal tissue homogenization and fractionation of tissue were 

conducted as described in sections 2.32, 2.33 and 2.34 respectively.   

 

4.3.1. Enzyme activity kinetic analyses 

Samples of the small intestinal homogenate and the partitioned proximal jejunal 

intracellular fraction and the apical membrane were analyzed for their protein contents 

using a commercial kit (Bio-Rad, Hercules, CA) and bovine serum albumin (fraction V) 

as the protein standard.  Enzyme activities for sucrase isomaltase and maltase-

glucoamylase were conducted according to previously established procedures adapted 

from (Koldovsky and Dahlqvist, 1969). Kinetics of sucrase, maltase and maltase-

glucoamylase specific activities in the proximal jejunal tissue homogenate and the 

partitioned intracellular fraction and apical membrane samples were carried out at 37°C 
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for 10 min in a final volume of 2.1 mL suspension containing 10 μg of sample protein 

and 2ml of glucose oxidase (Pointe Scientific, Inc Canton, MI) with 6 levels of sucrose 

(0-75mM), 6 levels of maltose (0-75mM) and 6 levels of amylose (0-100mM). 

 

4.3.2. Immunoblot analyses   

The proximal jejunal homogenate (100 µL) intracellular fraction (400 µL) and apical 

membrane (100 µL) samples were diluted (1:3) and solubilized in a re-suspension buffer 

containing 25 mmol/L HEPES, 150 mmol/L NaCl, 0.20 mmol/L PMSF, 1% triton X-100 

and 0.4 mg/mL each of aprotinin, leupetin, pepstatin A, N-tosyl-L-phenylalanine 

chloromethyl-ketone and N--p-tosyl-L-lysine ketone at pH 7.4.  Immunoblot analyses 

of the target sucrase isomaltase, and cdx2 proteins and the housekeeping protein β-actin 

were conducted as previously reported (Lemieux et al, 2005).  Solubilized sample 

suspensions were boiled for 5 min, and 30 μg of sample proteins were loaded and 

separated using 6% SDS-PAGE. Proteins were then transferred onto 

polyvinylidenedifluoride membranes (Bio-Rad) using a semidry transfer apparatus (Bio-

Rad).  Porcine SI demonstrated 85% homology with human SI and a predicted conserved 

protein sequence of 80% within key protein epitope regions when compared with human 

and mouse SI proteins based on NCBI blast analysis (Accession XM_003483269).  

Therefore immunoblots for sucrase isomaltase were performed using a rabbit anti-human 

(265 kDa) polyclonal antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA) at a 

dilution of 1:2000, and immunoblots for cdx2 was done using a rabbit anti-human 

(37kDa) polyclonal (Novus Biologicals, Littleton, CO) at a dilution of 1:3000.  No 

human, mouse, rat or rabbit porcine reactive antibody for MGA was available, therefore 
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no western blots were conducted for MGA.  For both sucrase isomaltase and cdx2 a 

secondary anti-rabbit IgG antibody (Bio-Rad), conjugated with horseradish peroxidase 

and diluted to 1:20,000 in 6% skim milk powder was used.  A mouse-anti-human β-actin 

(44 kDa) monoclonal antibody was diluted to 1:20,000 in 6% skim milk powder with a 

secondary mouse anti-human IgG antibody (Bio-Rad) and used as the housekeeping 

reference protein. Blots were developed using the chemiluminescence kit CPS1 (Sigma-

Aldrich).  Photographs of the membranes were taken using the Kodak Image Station 440, 

and densitometry was performed with Scion imaging software (Scion Corporation, 

Frederick, MD).   

   

4.3.3. Design of oligonucleotide primers  

Primers for amplification of target and housekeeping genes were developed using Primer 

3 (Rozen et al, 2000) software and were designed to overlap at least two exon 

boundaries. Sucrase primers were designed based on pig EST (TC342219 – 92% 

homology human sucrase isomaltase (NP001032) (Wu et al, 1992)).  Primer sequences 

were as follows for sucrase isomaltase: [SI- product size 127bp] forward 5’-

TGGAAACCGAGCAGATTCTT-3’and reverse 5’-ATTCCTCTTTTGCCAGTTGC-3’.  

Maltase-glucoamylase primers were designed based on pig EST (TG440194 – 100% 

homology human maltase-glucoamylase (NM_004668.2 based on sequenced PCR 

products (Petersen et al, 2002)).  Primer sequences were as follows for maltase-

glucoamylase: [MGA- product size 147bp] forward 5’ CTGAAGGTTGGCTCTTCTGG-

3’ and reverse 5’ TCAAAGGGTTTGCATCACTG-3’.  Primer sequences for β-actin 

were developed from [AY550069 (McNeel et al, 1999), product size – 150] forward 
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primer: 5′-GGATGCAGAAGGAGATC-ACG-3′; and reverse primer: 5′-

ATCTGCTGGAAGGTGGACAG-3′. 

 

4.3.4. Real time RT-PCR and Calculations  

RNA preparation and real time RT-PCRs for SI and MGA were conducted as described in 

section 2.3.8.  The calculations of the digestive capacity (Vcap) of sucrase, maltase and 

maltase-glucoamylase associated with the intestinal segments and the statistical analysis 

of all endpoints for SIM and MGA were calculated as described in section 2.3.9.  

 

4.4. RESULTS 

 

The kinetics and digestive capacity of sucrase, maltase and maltase-glucoamylase in the 

small intestinal segments and are summarized in Table 4.1, Table 4.2, and Table 4.3 

respectively.  Weaning increased (P < 0.05) duodenal sucrase Km, Vmax, and Vcap, by 27%, 

2.5 fold and 2.4 fold respectively, when compared with suckling pigs (Table 4.1; Figure 

4.1A).  In the proximal and distal jejunal segments, weaning increased (P < 0.05) 

mucosal sucrase Km, by 20 and 24% , Vmax, by 91 and 33% and Vcap by 1.1 fold and 35%, 

respectively compared with suckling piglets (Table 4.1; Figure 4.1B and 4.1C). In the 

ileum weaning also increased (P < 0.05) mucosal sucrase Km, Vmax and Vcap by 36%, 1.1 

fold and 1.9 fold, respectively (Table 4.1; Figure 4.1D).  Similarly, weaning increased 

(P < 0.05) duodenal maltase Km, Vmax, and Vcap, by 35, 19 and 21% respectively, in 

comparison with suckling pigs (Table 4.2; Figure 4.2A).   In the proximal and distal 

jejunum, weaning increased (P < 0.05) the maltase Km, by 24 and 31%, Vmax, by 35 and 
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22%, and Vcap, by 26 and 23%, respectively (Table 4.2; Figure 4.2B and 4.2C). In the 

ileum, weaning correspondingly increased (P < 0.05) the Km, Vmax and Vcap by 26, 32 and 

38%, respectively (Table 4.2; Figure 4.2D).  Weaning also similarly affected the enzyme 

kinetics of maltase-glucoamylase when compared with suckling pigs.  In the duodenum, 

weaning increased (P < 0.05) duodenal maltase-glucoamylase Km, Vmax and Vcap by 10, 8 

and 13%, respectively (Table 4.3; Figure 4.3A).  In the proximal and distal jejunum, 

weaning increased (P < 0.05) the Km, by 10 and 14%, the Vmax, by 17 and 11% and the 

Vcap by 28 and 12%, respectively (Table 4.3; Figure 4.3B and 4.3C).   However, in the 

ileum weaning did not affect (P > 0.05) the Km, Vmax and Vcap in comparison with 

suckling pigs (Table 4.3; Figure 4.3D).    

The kinetics and digestive capacity of sucrase and maltase and maltase-

glucoamylase in the partitioned proximal small intestinal intracellular and apical 

membrane pools are summarized in Table 4.4, Table 4.5, and Table 4.6, respectively.  

Weaning increased (P < 0.05) the proximal jejunal sucrase Km by 25 and 18%,  Vmax by 

28 and 94%, and Vcap by 42% and 1.1 fold, in the intracellular and apical membrane 

pools respectively, compared with suckling piglets (Table 4.4; Figure 4.4).  Weaning 

also increased (P < 0.05) the proximal jejunal maltase Km by 24 and 29% and the Vmax by 

40 and 32% in the intracellular and apical membrane pools respectively, when compared 

with suckling piglets (Table 4.5; Figure 4.5). However, weaning only increased (P < 

0.05) the Vcap by 27% in the apical membrane pool, and did not affect (P > 0.05) the 

digestive capacity of the intracellular pool when compared with suckling pigs (Table 4.5; 

Figure 4.5).    Weaning had no effect (P > 0.05) on the intracellular maltase-

glucoamylase Km, Vmax and Vcap when compared with suckling pigs.  However weaning 
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did increase the Km by 10%, Vmax by 21%, and Vcap by 42%, in the apical membrane pool 

of the proximal jejunum, when compared with suckling piglets (Table 6; Figure 4.6).   

Western blot analyses indicated that weaning increased (P < 0.05) sucrase protein 

abundance relative to β-actin, in the proximal jejunal homogenate, intracellular pool and 

apical membrane pool by 35, 83 and 66%, respectively (Figure 4.7). The analyses of 

Pearson correlations between the proximal jejunal sucrase Vmax and sucrase protein 

abundances were positive (P < 0.05) in the homogenate (r = 0.0.886; P < 0.0001; n = 20), 

intracellular pool (r = 0.811; P < 0.0001; n = 20), and the apical membrane pool (r = 

0.942; P < 0.0001; n = 20) in the suckling and weaning piglets.   

Real time RT-PCR analyses demonstrated that weaning increased (P < 0.05) the 

relative abundance of the proximal jejunal sucrase mRNA by 1.9 fold (Figure 4.8).  

Pearson correlation analyses indicated linear relationships (r = 0.946; P < 0.0001; n = 20) 

between sucrase Vmax and mRNA abundance.  Similar linear relationships (P < 0.05) 

between sucrase protein abundances and mRNA abundances were also observed in the 

homogenate (r = 0.839; P < 0.0001; n = 20), intracellular pool (r = 0.923; P < 0.0001; n 

= 20), and the apical membrane pool (r = 0.903; P < 0.0001; n = 20) in both the weaning 

and suckling piglets.  Similarly, weaning increased (P < 0.05) the relative abundance of 

the proximal jejunal maltase-glucoamylase mRNA by 3.4 fold (Figure 4.9).  There were 

linear relationships (P < 0.05) between maltase-glucoamylase protein abundances and 

mRNA abundance in the homogenate (r = 0.836; P < 0.0001; n = 20), intracellular pool 

(r = 0.862; P < 0.0001; n = 20), and the apical membrane pool (r = 0.913; P < 0.0001; n 

= 20) in both the weaning and suckling piglets. 

Weaning also decreased (P < 0.05) the relative protein abundance of the 37kDa 
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cdx2 protein by 1.1 fold in the cytoplasmic pool, and 1.7 fold in the nuclear protein pool 

respectively, in comparison with suckling piglets (Figure 3.5).  Furthermore, there were 

negative linear relationships (P < 0.05) between the relative abundance of sucrase mRNA 

and the cytoplasmic (r = -0.802; P < 0.0001; n = 20), and nuclear (r = -0.877; P < 0.0001; 

n = 20) cdx2 protein abundances in the proximal jejunum of the weaning and suckling 

piglets. Similar negative linear relationships (P < 0.05) were observed between the 

relative abundance of maltase-glucoamylase mRNA and the cytoplasmic (r = -0.824; P < 

0.0001; n = 20), and nuclear (r = -0.891; P < 0.0001; n = 20) cdx2 protein abundances in 

the proximal jejunum of the weaning and suckling piglets.  

 

4.5. DISCUSSION 

 

The major objectives of this study were to investigate the effects of early weaning (WN) 

on low-cost solid diets in parallel with suckling on SI and MGA catalytic affinity, 

maximal enzyme activity, digestive capacity and gene expression in the piglet.  Results 

from this study indicated that WN significantly increased the enzyme affinity, the 

digestive capacity and the maximal enzyme activity along the entire length of the small 

intestine when compared with SU pigs. The increased activity of SI and MGA as part of 

normal physiological development, and after weaning at 21-28d has been previously 

reported in the literature in different mammalian species (Galand, 1989; Traber et al, 

1992; Nichols et al, 1998).  In the case of early-weaned piglets, similar changes in 

maltose hydrolysis have been reported by Kelly et al (1991), which is in agreement with 

the observations of this study.  However, after 7 d post-weaning Kelly et al (1991), 



 

 

91 

 

reported lower sucrose hydrolysis in comparison to sow-reared counterparts.  The main 

explanation for the discrepancy in sucrose hydrolysis observed between Kelly’s (1991) 

data, and our observations is that our analysis was conducted at the end of 10d post-

weaning as opposed to 7d.  The significance of this time period in the weaning animal is 

noteworthy for two reasons.  Firstly, SI appears to be closely tied to enterocyte 

maturational events as the mRNA is first detectable at the crypt-villous junction and is 

undetectable in crypt cells, (Traber et al, 1992; Goda et al, 1999).  Secondly, the life span 

of small intestinal enterocytes has been shown to decrease from 21d in the fetal pig 

(Montagne et al, 2007; Zabielski et al, 2008) to 10 d in the weaned pig (Fan et al, 2001).  

Therefore, the sucrose hydrolysis activities reported in this study are most likely 

predominantly coming from enterocytes of the post-weaned adult phenotype, in which SI 

is more prevalently expressed.   

The results of the SI and MGA mRNA abundance in the proximal jejunum and 

Pearson correlation analysis suggest that weaning increased the Vmax and Vcap of sucrase, 

maltase and maltase-glucoamylase at the transcriptional level by increasing the steady 

state mRNA abundances of each gene respectively.  This observation is in part consistent 

with the notion that SI and MGA are partially regulated at the transcriptional level 

(Yorita et al, 2009).  Western blot analysis identified the porcine SI protein at about 265-

kDa in both the intracellular and apical membrane of the proximal jejunum, which is 

similar in size to the protein reported in pigs, human, rats and mice respectively (Noren 

et al, 1986; Nichols et al, 1998; Quezada-Calvillo et al, 2002; Nichols et al, 2002).  For 

both the WN and SU groups both the apical membrane-bound sucrase and maltase Vmax 

accounted for the majority (98%) of the hydrolytic activity observed in the proximal 
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jejunum of this study, which is suggestive of a smaller intracellular protein pool.  

However, the increase in the SI protein abundance in the proximal jejunum associated 

with both the intracellular and apical membrane is indicative of increasing de novo 

synthesis of the SI protein in response to weaning.  In addition significant increases in the 

affinity (Km) of both SI and MGA enzymes were observed in response to weaning. Post-

weaning changes in the Km of SI and MGA have been reported in previous studies, and 

these changes have been shown to persist through adulthood (Noren et al, 1986; Galand 

et al, 1989; Gunther et al, 1998; Fan et al, 2002).  The changes in both SI and MGA 

enzyme affinities can be attributed to changes associated with the post-weaning 

glycosylation patterns for each enzyme (Naim et al, 1988; Lee et al, 1990).  It is widely 

known that the postnatal maturation of the small intestine is affected by hormones, 

maturational factors, and other nutritional factors (Henning, 1981).  Further 

developmental observations such as those by Yeh et al, (1994) demonstrated that there 

was a greater tendency for glycosylation to occur during weaning in comparison with 

suckling in rats. In addition the administration of corticosteroids to suckling rats has been 

shown to up-regulate the glycosyltransferase gene expression at the transcriptional level, 

and promote the activity of fucosyltransferase activity (Mahmood et al, 1985; Yeh et al, 

1991; Biol-N’garagba et al, 2003). Similarly insulin appears to be linked with 

fucosylation events in immature enterocytes, and has been shown to stimulate the 

expression of SI and other BBM enzymes (Malo et al, 1983; Buts et al, 1998).  More 

recently, O-glycosylation has been shown to be critical to a carbohydrate-mediated 

mechanism of intracellular trafficking that is critical for the expression of small intestinal 

SI, peptidases and other proteins associated with intestinal cell differentiation (Hein et al, 
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2009; Lee et al, 2010).  Therefore, the changes in Km and Vmax and the SI protein 

abundance in the partitioned proximal jejunal fractions collectively suggest that weaning 

modified the SI and MGA enzyme proteins to be higher in its affinity.   Therefore, the 

increases in the jejunal SI and MGA Vmax and Vcap most likely resulted from the 

combined effects of increases in enzyme protein abundances and enhanced enzyme 

affinities.   Given that the complete replacement of fetal enterocytes can take as many as 

19-21d (Montagne et al, 2007; Zabielski et al, 2008), and the neonatal enterocyte life 

span  is 10d in the weaned pig (Fan et al, 2001), it can be concluded that weaning 

enhanced SI and MGA expression at both the transcriptional and posttranscriptional 

levels.   

The increased jejunal SI and MGA gene transcription and SI protein expression in 

response to early-weaning in this study is well in keeping with the findings of Marion et 

al (2005).  Despite the level of feed intake, Marion et al (2005) demonstrated that early 

weaning resulted in an increase of the mRNA of both SI and MGA.  However numerous 

studies including the work of Marion et al, (2005) have demonstrated that weaning 

between 7-14 days of age did not affect the activities of sucrase or maltase immediately 

after weaning (Kelly et al, 1991; Tang et al; 1999).  One explanation for this may be 

related to the incorporation of dairy products and fish meal as highly digestible protein 

sources in the weaning diets of the aforementioned studies, which may have partially 

ameliorated the impact of weaning.  Milk-borne growth factors, such as epidermal 

growth factor promotes intestinal cell proliferation and differentiation (Jaeger et al, 1990; 

Lee et al, 2008; Cheung et al, 2009), and highly digestible proteins sources provide a 

preferred source of energy for intestinal enterocytes (Stoll et al, 1998).  Therefore, the 
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transition from fetal to more phenotypically mature enterocytes may be buffered or 

delayed by the bioactivity and nutritional contribution of these dietary ingredients.  

Another factor to take into consideration is that weaning is associated with mild intestinal 

inflammation (Pié et al, 2004).  The increased expression of pro-inflammatory cytokines 

such as TNF-α and IL-6 has been demonstrated to decrease the biosynthesis of SI 

(Ziambaras et al, 1996).  In this study, weaning on solid, corn and soybean meal diets 

resulted in an increase in the expression of SI and MGA mRNA relative abundances, SI 

protein abundances, and an increase in the hydrolytic capacity of sucrose, maltose and 

amylose.  The daily feed intake of 163g in the weaning pigs in this study was lower than 

the anticipated feed intake of about 240 g/d (approximately 6% of the weaning pigs’ live 

body weight averaged at 4kg) according to the National Research Council (1998). 

However despite this lower feed intake, and similar to Marion et al, (2005), the replaced 

enterocytes of the early-weaned pig exhibit a more mature phenotype by its capability to 

digest starch, maltose and sucrose.  Taken together, this highlights the importance of key 

factors, such as the biological timing of genetic expression in post-natal enterocyte 

development, and the variety of hormonal, nutritional and environmental factors that 

influence the ability of the small intestine to adapt to weaning.   

Caudal homeodomain transcription factor 2 (cdx2) has been associated with small 

intestinal development and also with the expression of intestinal enzymes such as LPH 

and SI (Lorentz et al, 1997; Guo et al, 2004; Fang et al, 2006).  Cdx-2 has been identified 

as one of the key transcription factors of the SI transcription complex, along with HNF-α, 

and GATA-4 (Boudreau et al, 2002; Bosse et al, 2007).  Further research has identified 

that the methylation of histone proteins in the SI gene facilitates the binding of the cdx-2 
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protein to the SIF1 SI gene promoter region (Suzuki et al, 2008).  Very little is known 

about the regulation of the MGA gene, however, very recent work by Mochizuki et al, 

(2010) has also demonstrated a key role for cdx-2 in binding to the CREBBP promoter 

region of the MGA gene.  In addition, cdx-2 is important for the expression and 

maturation of LPH (Suh et al, 1996; Chawengsaksophak et al, 1997; Tanaka et al, 1997), 

which is vital to the nutritional function of suckling pigs.  In this study, weaning 

decreased the expression of cdx-2 protein abundances in both the cytoplasm and the 

nucleus, when compared with suckling pigs.  In the weaning situation, this raises an 

interesting paradox, since the decreased cdx-2 protein abundances may in part support a 

decrease in LPH expression, but not an increase in SI or MGA expression.  There are 

three partial lines of evidence that could contribute to an explanation of this observation 

during weaning.  Firstly, weaning is associated with numerous hormonal changes that 

originate from both physical and emotional stress, and physiological development.   The 

production of glucocorticoids has enhanced the expression of genes in intestinal crypt 

cells by either enhancing the transcription or stability of the enzyme protein.  More 

specifically, glucocorticoids enhance the binding capability of proteins to the promoter 

regions of numerous genes in crypt cells, thereby making them more efficiently 

transcribed (Quaroni et al, 1999).  Lebenthal et al (1999), reports on the precocious 

appearance of SI after cortisol expression, however there is no evidence that cortisol is 

capable of changing SI activity.  In addition, glucocorticoids as well as insulin tend to 

promote glycosylation and fucosylation of AM enzymes, and in particular SI, thereby 

making it more active and more resistant to proteolytic degradation (Buts et al, 1990; 

Biol-N'garagba et al, 2003).   
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Furthermore, GLP-2 has been shown to enhance SI and MGA gene expression with 

no effect on LPH (Petersen et al, 2002).  More interestingly Kitchen et al, (2000) 

demonstrated that GLP-2 was able to increase SI gene expression without an increase in 

cdx-2 gene expression.  Taken together, this outlines an unique weaning hormonal 

mechanism for enhancing SI and MGA expression in a cdx2-independent manner.   

Secondly, diets high in carbohydrate have been shown to increase the expression and 

acetylation of the SI and MGA genes (Homma et al, 2007; Yorita et al, 2009; Mochizuki 

et al, 2010).  The acetylation that occurs on specific histones is key to the recruitment of 

the transcriptional complex of the SI and MGA genes (Yorita et al, 2009).  Thus, the 

switch to solid carbohydrate diets during weaning nutritionally regulates the transcription 

of the SI and MGA genes, thereby making them more likely to be expressed.  A third 

reason why SI and MGA expression and cdx-2 protein expression might not positively 

correlate with each other can be accounted for in part by the complexity associated with 

the transcriptional complex formation and post-transcriptional expression.  The ability of 

cdx-2 to bind to the transcriptional complex of SI is regulated by phosphorylation, and 

the expression of p-38 MAP kinase pathway results in cdx-2 being phosphorylated and 

capable of forming the SI transcriptional complex (Houde et al, 2001).  However these 

pathways are differentially regulated by hormones, such as glucocorticoids and growth 

factors such as EGF.  Therefore it is likely that unique transcriptional events may yet 

provide insight into cdx-2 expression during weaning.    In addition, post-translationally, 

the stability and resistance of SI and MGA to degradation is partly mediated by the 

enhanced expression of galectins after weaning (Niepceron et al, 2004).  Galectins have 

been shown to preferentially bind to SI proteins at the apical membrane thereby offering 
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protection of the enzyme against exposure to bile, pancreatic enzymes, microbial 

enzymes and other pathogens (Danielsen et al, 2008; Thomsen et al, 2009). Given this 

information we conclude that early weaning may be capable of regulating the expression 

of SI and MGA via a cdx-2 independent mechanism.   

In conclusion, early weaning increased the small intestinal digestive capacity, 

maximal specific activity, and enzyme affinity of SI and MGA in the jejunum of piglets 

at both the transcriptional and posttranscriptional levels.  In addition to the production 

value of early weaning to the swine industry, we suggest that early-weaned animals are 

capable of adapting to, and deriving nutrition from solid starch-based diets. 
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TABLE 4.1.  Small intestinal sucrase enzyme affinity (Km), maximal enzyme activity 

(Vmax) and the digestive capacity (Vcap) in suckling and early weaning groups of piglets
1
 

Item Km 

mmol/L 

Vmax 

nmol/(mg protein•min) 

Vcap 

mmol/(kg 

BW•d) 

Duodenum    

Suckling 32.85 ± 1.15 4.93 ± 0.16 1.31 ± 0.12 

Weaning 24.14  0.75
*
 17.46  0.29

*
 4.46  0.21

*
 

Proximal Jejunum    

Suckling 32.97 ± 1.08 34.68 ± 0.46 76.72 ± 2.89 

Weaning 26.61 ± 0.59
*
 66.09 ± 0.48

*
 159.17 ± 3.25

*
 

Distal Jejunum    

Suckling 34.79 ± 0.64 50.85 ± 0.23 121.59 ± 1.57 

Weaning 26.22 ± 0.89
*
 67.78 ± 0.58

*
 164.13 ± 3.99

*
 

Ileum    

Suckling 36.44 ± 1.20 10.64 ± 0.27 6.72 ± 0.49 

Weaning 23.44 ± 0.63
*
 21.67 ± 0.26

*
 19.57 ± 0.55

*
 

Total Small intestine    

Suckling 35.28  0.1.31 28.41  0.18 209.92  2.87 

Weaning 24.87  0.44
*
 42.01  0.20

*
 350.87  3.26

*
 

1
Values are parameter estimates ± SE, n = 10 measured in tissues collected from 10 

piglets at 6 substrate concentrations.  
*
Different from the suckling group, P < 0.05, n = 10.  
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TABLE 4.2.  Small intestinal maltase enzyme affinity (Km), maximal enzyme activity 

(Vmax) and the digestive capacity (Vcap) in suckling and early weaning groups of piglets
1
 

Item Km 

mmol/L 

Vmax 

nmol/(mg protein•min) 

Vcap 

mmol/(kg BW•d) 

Duodenum    

Suckling 5.5 ± 0.57 14.41 ± 0.28 3.68 ± 0.20 

Weaning 3.59  0.36*
 

17.10  0.33*
 

4.54  0.11*
 

Proximal Jejunum    

Suckling 4.79 ± 0.48 40.79 ± 0.29 105.13 ± 1.62 

Weaning 3.64 ± 0.27* 55.11 ± 0.81* 132.71 ± 1.75* 

Distal Jejunum    

Suckling 5.60 ± 0.33 29.82 ± 0.57 71.30 ± 1.34 

Weaning 3.85 ± 0.41* 36.22 ± 0.62* 87.72 ± 1.54* 

Ileum    

Suckling 5.10 ± 0.39 6.99 ± 0.28 4.41 ± 0.13 

Weaning 3.79 ± 0.32* 9.22 ± 0.23* 6.09 ± 0.16* 

 Total SI    

Suckling 5.62  0.51 24.69  0.39 185.82  3.15 

Weaning 3.75  0.37* 29.42  0.73* 236.53  3.49* 

1
Values are parameter estimates ± SE, n = 10 measured in tissues collected from 10 

piglets at 6 substrate concentrations.  
*
Different from the suckling group, P < 0.05, n = 10.  
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TABLE 4.3.  Small intestinal maltase-glucoamylase enzyme affinity (Km), maximal 

enzyme activity (Vmax) and the digestive capacity (Vcap) for hydrolyzing amylose in 

suckling and early weaning groups of piglets
1
 

Item Km 

mmol/L 

Vmax 

nmol/(mg protein•min) 

Vcap 

mmol/(kg BW•d) 

Duodenum    

Suckling 23.29 ± 1.29 1.77 ± 0.03 0.45 ± 0.02 

Weaning 20.89  0.86* 1.91  0.06* 0.51  0.05* 

Proximal Jejunum    

Suckling 21.83 ± 1.09 1.73 ± 0.05 3.82 ± 0.35 

Weaning 19.72 ± 0.76* 2.03 ± 0.02
*
 4.89 ± 0.17

*
 

Distal Jejunum    

Suckling 21.08 ± 0.52 1.72 ± 0.06 4.11 ± 0.39 

Weaning 18.15 ± 0.43
*
 1.90 ± 0.02

*
 4.60 ± 0.16

*
 

Ileum    

Suckling 23.62 ± 0.95 1.45 ± 0.05 0.92 ± 0.09 

Weaning 22.81 ± 0.63 1.43 ± 0.05 0.94 ± 0.10 

Total SI    

Suckling 22.57  0.61 1.67  0.02 9.35  0.48 

Weaning 20.47  0.70
*
 1.82  0.02

*
 11.06  0.29

*
 

1
Values are parameter estimates ± SE, n = 10 measured in tissues collected from 10 

piglets at 6 substrate concentrations.  
*
Different from the suckling group, P < 0.05, n = 10.  
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TABLE 4.4. Proximal jejunal intracellular and apical membrane-bound sucrase enzyme 

affinity (Km), maximal enzyme activity (Vmax) and the digestive capacity (Vcap) in 

suckling and early weaning groups of piglets
1
 

Item Km 

mmol/L 

Vmax nmol/(mg 

protein•min) 

Vcap 

mmol/(kg BW•d) 

Intracellular soluble    

Suckling 34.97 ± 1.08 5.81 ± 0.70 5.85 ± 1.01 

Weaning 26.18 ± 0.85
*
 7.43 ± 0.81 8.42 ± 1.28

*
 

Apical Membrane    

Suckling 30.90 ± 0.42 40.45  1.13 69.47  4.73 

Weaning 25.28 ± 0.30
*
 78.44  1.77

*
 141.39  3.84

*
 

1
Values are parameter estimates ± SE, n = 10 measured in tissues collected from 10 

piglets at 6 substrate concentrations.  
*
Different from the suckling group, P < 0.05, n = 10.  
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TABLE 4.5. Proximal jejunal intracellular and apical membrane-bound maltase enzyme 

affinity (Km), maximal enzyme activity (Vmax) and the digestive capacity (Vcap) in 

suckling and early weaning groups of piglets
1
 

Item Km 

mmol/L 

Vmax 

nmol/(mg protein•min) 

Vcap 

mmol/(kg BW•d) 

Intracellular soluble    

Suckling 5.45 ± 0.27 12.70 ± 0.61 16.56 ± 1.29 

Weaning 4.12 ± 0.43 17.81 ± 0.24* 19.61 ± 1.45 

Membrane bound    

Suckling 4.51 ± 0.08 389.92  1.18 90.53  0.92 

Weaning 3.21 ± 0.13* 516.51  1.05* 115.17  1.31* 

1
Values are parameter estimates ± SE, n = 10 measured in tissues collected from 10 

piglets at 6 substrate concentrations.  
*
Different from the suckling group, P < 0.05, n = 10.  



 

 

103 

 

TABLE 4.6. Proximal jejunal intracellular and apical membrane-bound maltase-

glucoamylase enzyme affinity (Km), maximal enzyme activity (Vmax) and the digestive 

capacity (Vcap) for hydrolyzing amylase in suckling and early weaning groups of piglets
1
 

Item Km 

mmol/L 

Vmax 

nmol/(mg protein•min) 

Vcap 

mmol/(kg BW•d) 

Intracellular soluble    

Suckling 22.96 ± 0.21 0.62 ± 0.16 1.16 ± 0.69 

Weaning 22.44 ± 0.60 0.71 ± 0.14 1.46 ± 0.40 

Membrane bound    

Suckling 20.46 ± 0.81 5.25  0.06 2.67  0.59 

Weaning 18.52 ± 0.49* 6.61  0.07* 3.79  0.51* 

1
Values are parameter estimates ± SE, n = 10 measured in tissues collected from 10 

piglets at 6 substrate concentrations.  
*
Different from the suckling group, P < 0.05, n = 10.  
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Figure 4.1.  Kinetics of the small intestinal sucrase activities of hydrolyzing sucrose 

along the longitudinal axis in (A) duodenum, (B) proximal jejunum, (C) distal jejunum 

and (D) the terminal ileum in suckling and early weaning piglets.  Each point represents 

mean  SE, n = 10. 
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Figure 4.2.  Kinetics of the small intestinal maltase activities of hydrolyzing maltose 

along the longitudinal axis in (A) duodenum, (B) proximal jejunum, (C) distal jejunum 

and (D) the terminal ileum in suckling and early weaning piglets.  Each point represents 

mean  SE, n = 10. 
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Figure 4.3.  Kinetics of the small intestinal maltase-glucoamylase activities of 

hydrolyzing amylose along the longitudinal axis in (A) duodenum, (B) proximal jejunum, 

(C) distal jejunum and (D) the terminal ileum in suckling and early weaning piglets.  

Each point represents mean  SE, n = 10. 
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Figure 4.4.  Kinetics of the partitioned proximal jejunal (A) intracellular and (B) apical 

membrane-bound sucrase activities of hydrolyzing sucrose in suckling and early weaning 

piglets.  Each point represents mean  SE, n = 10. 
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Figure 4.5.  Kinetics of the partitioned proximal jejunal (A) intracellular and (B) apical 

membrane-bound maltase activities of hydrolyzing maltose in suckling and early 

weaning piglets.  Each point represents mean  SE, n = 10. 
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Figure 4.6. Kinetics of the partitioned proximal jejunal (A) intracellular and (B) apical 

membrane-bound maltase-glucoamylase activities of hydrolyzing amylose in suckling 

and early weaning piglets.  Each point represents mean  SE, n = 10. 
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Figure 4.7.  Proximal jejunal sucrase protein abundance in the mucosal homogenate, 

intracellular pool and the apical membrane in suckling and early weaning piglets.  Values 

are mean  SEM, n = 10.  
*
Different from the suckling piglets, P < 0.05. 
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Figure 4.8.  Proximal jejunal sucrase mRNA abundance in sucking and early weaning 

piglets.  Values are mean  SEM, n = 10.  
*
Different from the suckling piglets, P < 0.05. 
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Figure 4.9.  Proximal jejunal maltase-glucoamylase mRNA abundance in sucking and 

early weaning piglets.  Values are mean  SEM, n = 10.  
*
Different from the suckling 

piglets, P < 0.05. 
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CHAPTER 5 

 

EARLY WEANING REDUCES THE SMALL INTESTINAL  

AMINOPEPTIDASE N EXPRESSION IN PIGS 

 

5.1. ABSTRACT 

 

Early weaning is associated with a period of low feed intake, and mucosal atrophy that 

results variable expression patterns of apical membrane enzymes (AM).  Amino acids are 

the major source of energy for intestinal enterocytes and their enteral availability is key 

to our understanding of ingredient choices in diets, and ameliorating the impact of 

weaning.  Aminopeptidase N (APN) participates in the final hydrolysis of proteins by 

cleaving neutral amino acids from oligopeptides during the terminal phase of digestion in 

the small intestine.  This study examines the effect of early weaning on the adaptive 

changes in APN digestive capacity and gene expression in comparison with suckling pigs 

at the ages of 10-22 d.  Weaning decreased (P < 0.05) the whole gut APN digestive 

capacity by 29% primarily in the jejunal region, expressing 96% of the whole gut 

mucosal APN digestive capacity.  The majority (97%) of the jejunal mucosal APN 

maximal activity was associated with the apical membrane and the remaining (3%) 

existed as the intracellular soluble fraction.  Weaning reduced (P < 0.05) the abundance 

of the 110-kDa APN protein associated with the proximal jejunal apical membrane by 

55%, and also reduced (P < 0.05) the relative abundance of the proximal jejunal APN 

mRNA by 26%.  We conclude that early weaning decreased the small intestinal APN 
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digestive capacity through collectively reducing apical APN abundance and the 

transcriptional downregulation of the APN gene expression in the jejunal mucosa.  Thus, 

these results suggest the reduction in the APN digestive capacity in association with early 

weaning is regulated at the levels of APN transcription, translational control and post-

translational modifications in the pig. 

 

5.2. INTRODUCTION 

 

The gastrointestinal tract undergoes significant physiological changes during weaning in 

many mammalian species such as rodents (Henning, 1981), pigs (Fan, 2003) and humans 

(Buddington, 1994; Henning et al, 1994).  During the weaning transition, the changes in 

the housing environment, the social environment, and the dietary sources of nutrition, 

contribute to the stress experienced by piglets (Pluske et al, 1997; Bruininx et al, 2001).  

This combined effect results in the characteristic weaning associated anorexia that is 

typified by a growth delay of newly weaned piglets (Kelly et al, 1991; Maxwell et al, 

2001) and changes in the mucosal architecture such as villous atrophy and crypt 

hyperplasia (Kelly et al, 1991; Pluske et al, 1997).  Therefore, managing weaning piglets 

after abrupt weaning presents very distinct challenges when it comes to addressing 

decreased feed intake and understanding the digestive capability of the piglet (Maxwell 

et al, 2001).    Weaning-associated mucosal atrophy involves the variable expression of 

digestive enzymes such as decreases in lactase expression (Kelly et al, 1991), and 

simultaneous increases in sucrase and maltase expression (Marion et al, 2005).  The 

second distinct challenge associated with abrupt weaning is managing the increased 
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occurrence and predisposition to enteric diseases and diarrhea (Gaskins et al, 1995).  The 

weaning process is associated with increased localized intestinal inflammation, and 

results in the production of pro-inflammatory cytokines which further contribute to the 

apoptosis of villous enterocytes (Pié et al, 2004; Mei et al, 2005).  The compromise of 

the small intestinal mucosal barrier of the small intestine predisposes the piglet to 

infection such as bacterial diseases such as enterotoxic E. coli (Poelstra et al, 1997), and 

transmissible gastroenteritis virus (TGEV) (Nam et al, 2010).  In the neonatal piglet, the 

small intestinal epithelia are comprised of phenotypically fetal and adult enterocytes 

(Smith et al, 1978; Smith et al, 1980).  In the newly weaned piglet the gut mucosa 

undergoes hyper-proliferation of adult type enterocytes primarily in the crypt regions, as 

a mechanism to replace the depleted fetal enterocytes population (Hedemann et al, 2003; 

Montagne et al, 2007; Zabielski et al, 2008).  In addition as piglets mature the enterocyte 

lifespan decreases from 19-21 days in newborn piglets (Zabielski et al, 2008), to 

approximately 7-10 days in 28 d old pigs (Fan et al, 2001).  Therefore, weaning allows 

the small intestinal mucosa to adapt to the accompanying changes in the environment, the 

intestinal microbiota, and enteral nutrition.  However the small intestinal changes 

associated with early weaning and the nutritional adaptation of the mucosa to solid diets 

remain largely uninvestigated in pigs. 

Understanding nitrogen utilization in swine production is a critical consideration in 

dietary regimens, especially since there is a substantive decline from approximately 83% 

during the suckling period, to as low as 60% during weaning (Maxwell et al, 2001; Fan et 

al, 2006).  In the small intestine APN is expressed as both soluble and membrane-bound 

isoforms which are found circulating in the plasma, and on the apical membrane 
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respectively where it serves as an ectopeptidase that releases N terminal amino acids 

from oligopeptides (Hodin et al, 1995; Sjostrom et al, 2000).  Aminopeptidase N (APN) 

isoenzymes are ubiquitously expressed in many tissues, organs and cells such as the liver, 

kidney, brain, and small intestine (Look et al, 1989; Kenny et al, 1989; Luan et al, 2007).  

In addition to the digestion of oligopeptides, APN plays an important physiological role 

in immune functions in two specific ways.  Firstly, APN participates in the trimming of 

antigenic peptides that are later used by antigen presenting cells to educate the immune 

system (Proost et al, 2007; Gabrilovac et al, 2011).  Secondly, APN participates in the 

regulation of the localized inflammatory responses of tissues by removing amino acids 

from numerous biologically active peptides such as cytokines (Ansorge et al, 2009).   

Weaning has been shown to increase intestinal permeability (Moeser et al, 2007), and 

intestinal inflammation (Pié et al, 2004; Smith et al, 2010; Smith et al, 2011).  Both these 

factors further affect the growth performance, morbidity and mortality of piglets during 

production (Zhang et al, 1997; Tang et al, 1999; Maxwell 2001).  Therefore, 

understanding the expression patterns of APN during weaning can provide valuable 

information about the nutritional and immune functions of the neonatal piglet.  However, 

APN also serves as a biologically vulnerable physiological feature of mammalian species 

in two specific contexts.  Firstly APN participates in the metastasizing events of many 

cancers, and has been identified as a key target in tumor management (Wickström et al, 

2011).  Secondly, the APN peptide serves as a major receptor for the coronavirus family 

(Delmas et al, 1992), which are the highly contagious causative agents of porcine 

epidemic diarrhea virus (PEDV) and transmissible gastroenteritis virus (TGEV) in pigs 

(Nam et al, 2010).  While the practice of segregated early weaning benefits from higher 
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passive maternal-acquired immunity and limits the vertical transfer of disease from sow 

to piglet (Maxwell et al, 2001; Jenkins et al, 2003; Butler et al, 2007), the mucosal 

expression of APN protein during early weaning remains to be investigated.  Thus, 

understanding changes in mucosal APN digestive capacity, as well as mucosal expression 

will improve our knowledge of the nutritional and immunological functions associated 

with early weaning gut physiology, and allow strategies for improving piglet nutrition, 

growth and performance. 

Therefore, the major objectives of this study were to examine adaptive changes in 

aminopeptidase digestive capacity and the gene expression that are associated with early 

weaning, including i) aminopeptidase N activity kinetics, i.e., its maximal enzyme 

specific activity (Vmax) and enzyme affinity (Km), and aminopeptidase N digestive 

capacity (Vcap) along the small intestinal longitudinal axis; ii) distribution of jejunal 

aminopeptidase N protein abundance between the intracellular pool and the apical 

membrane; and iii) jejunal aminopeptidase N mRNA abundance in early-weaned piglets 

(WN) in comparison with their corresponding suckling counterparts (SU). 

 

5.3. MATERIALS AND METHODS 

 

The animals and treatment groups used in the analysis of aminopeptidase N (APN) are 

identical to those described in section 2.3.1.  The collection and processing of samples 

including mucosal morphology, intestinal tissue homogenization and fractionation of 

tissue were conducted as described in sections 2.32, 2.33 and 2.34 respectively.   
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5.3.1. Enzyme activity kinetic analyses   

Samples of the small intestinal homogenate and the partitioned proximal jejunal 

intracellular fraction and the apical membrane were analyzed for their protein contents 

using a commercial kit (Bio-Rad, Hercules, CA) and bovine serum albumin (fraction V) 

as the protein standard.  Enzyme activities for APN were conducted according to our 

previously established procedures (Fan et al, 2002). Kinetics of APN specific activities in 

the proximal jejunal tissue homogenate and the partitioned intracellular fraction and 

apical membrane samples were carried out at 37°C for 20 min in a final volume of 5 mL 

suspension containing 10 μg of sample protein and 100µl of L-alanine-P-nitroanilide 

hydrochloride substrate solution at 6 levels (0-16mM). 

 

5.3.2. Immunoblot analyses   

The proximal jejunal homogenate (100 µL) intracellular fraction (400 µL) and apical 

membrane (100 µL) samples were diluted (1:3) and solubilized in a re-suspension buffer 

containing 25 mmol/L HEPES, 150 mmol/L NaCl, 0.20 mmol/L PMSF, 1% triton X-100 

and 0.4 mg/mL each of aprotinin, leupetin, pepstatin A, N-tosyl-L-phenylalanine 

chloromethyl-ketone and N--p-tosyl-L-lysine ketone at pH 7.4.  Immunoblot analyses 

of the target APN protein and the housekeeping protein β-actin were conducted as 

previously reported (Lemieux et al, 2005).  Solubilized sample suspensions were boiled 

for 5 min, and 30 μg of sample proteins were loaded and separated using 6% SDS-PAGE. 

Proteins were then transferred onto polyvinylidenedifluoride membranes (Bio-Rad) using 

a semidry transfer apparatus (Bio-Rad).  Porcine APN demonstrated a 91% homology 

with human APN and an 89% homology with mouse APN, and a conserved protein 
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sequence of 89% within key protein epitope regions when compared with human, rabbit 

and mouse proteins based on NCBI blast analysis (Accession AK345090.1).  

Immunoblots for APN were performed using a goat anti-mouse (110kDa) polyclonal 

antibody (R&D systems, Inc. Minneapolis, MN) at a dilution of 1:3000 followed by an 

anti-goat IgG antibody (Bio-Rad) diluted to 1:20,000 in 6% skim milk powder.  Blots 

were developed using the chemiluminescence kit CPS1 (Sigma-Aldrich).  Photographs of 

the membranes were taken using the Kodak Image Station 440, and densitometry was 

performed with Scion imaging software (Scion Corporation, Frederick, MD). 

 

5.3.3. Design of oligonucleotide primers   

Primers for amplification of target and housekeeping genes were developed using Primer 

3 (Rozen et al, 2000) software and were designed to overlap at least two exon 

boundaries. Aminopeptidase primers were designed based on pig APN mRNA sequence 

NM_214277 (Delmas et al, 1994).   Primer sequences were as follows for 

aminopeptidase N [APN - product size 136 bp] forward: 5’- 

TGTGACCCGAAGATTCTCCT -3’; and reverse 5’- CTTGATGTTGGCCTTGGTCT -

3’.  Primer sequences for β-actin were developed from [AY550069 (McNeel et al, 1999), 

product size – 150] forward primer: 5′-GGATGCAGAAGGAGATC-ACG-3′; and 

reverse primer: 5′-ATCTGCTGGAAGGTGGACAG-3′. 

 

5.3.4. Real time RT-PCR and Calculations  

RNA preparation and real time RT-PCR for APN was conducted as described in section 

2.3.8.  The calculations of the digestive capacity (Vcap) of APN associated with the 
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intestinal segments and the statistical analysis of all endpoints for APN were calculated 

as described in section 2.3.9.  

 

5.4. RESULTS 

 

The kinetics and the digestive capacity of aminopeptidase N in the small intestinal 

segments in the weaning piglets are summarized and compared with suckling piglets in 

Table 5.1. Weaning reduced (P < 0.05) duodenal mucosal aminopeptidase N, Km, Vmax, 

and Vcap, by 40, 36 and 32% respectively, when compared with suckling pigs (Table 5.1; 

Figure 5.1A).  In the proximal and distal jejunal segments, weaning decreased (P < 0.05) 

mucosal aminopeptidase N Km, by 39 and 50%, Vmax by 29 and 41%, and Vcap by 27 and 

46%, respectively, compared with suckling piglets (Table 5.1; Figure 5.1B and 5.1C).  

However, weaning did not affect (P < 0.05) the ileal mucosal aminopeptidase N Km, Vmax 

and Vcap (Table 5.1; Figure 5.1D).  The partitioned proximal jejunal aminopeptidase N 

intracellular and apical membrane-bound activity is summarized in Table 5.2.   Although 

weaning did not affect (P > 0.05) the intracellular proximal jejunal Km, the apical 

membrane Km was reduced by 13%.  In addition, weaning reduced (P < 0.05) the 

proximal jejunal aminopeptidase N Vmax by 14 and 24%, and Vcap by 17 and 15%, in the 

intracellular and apical membrane pools respectively, compared with suckling piglets 

(Table 5.2; Figure 5.2).   

Western blot analyses were conducted to investigate the relationship between 

aminopeptidase N Vmax, and aminopeptidase N protein abundance in the partitioned 

intracellular and apical membrane pools in the proximal jejunum.  A 110-kDa 
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aminopeptidase N protein was identified in the proximal jejunal tissue homogenate, the 

intracellular fraction and the apical membrane (Figure 5.3).  Weaning reduced (P < 0.05) 

the aminopeptidase N protein abundance relative to β-actin in the proximal jejunal 

homogenate, intracellular pool and apical membrane pool by 34, 21 and 55%, 

respectively (Figure 5.3). The analyses of Pearson correlations between the proximal 

jejunal aminopeptidase N Vmax and aminopeptidase N protein abundances were positive 

(P < 0.05) in the homogenate (r = 0.795; P < 0.0001; n = 20), intracellular pool (r = 

0.736; P = 0.0018; n = 20), and the apical membrane pool (r = 0.811; P < 0.0001; n = 20) 

in the suckling and weaning piglets.   

Real time RT-PCR analyses were conducted to measure changes in the relative 

abundance of aminopeptidase N mRNA and to understand the relationship between 

aminopeptidase N mRNA expression to aminopeptidase N Vmax and protein levels.  

Weaning reduced (P < 0.05) the relative abundance of the proximal jejunal 

aminopeptidase N mRNA by 26% (Figure 5.4).  Pearson correlation analyses indicated 

linear relationships (r = 0.723; P = 0.0011; n = 20) between aminopeptidase N Vmax and 

mRNA abundance.  Similar linear relationships between aminopeptidase N protein 

abundances and mRNA abundance were also observed in the homogenate (r = 0.823; P < 

0.0001; n = 20), intracellular pool (r = 0.775; P < 0.0001; n = 20), and the apical 

membrane pool (r = 0.847; P < 0.0001; n = 20) in both the weaning and suckling piglets.   

 

5.5. DISCUSSION 

 

The major objectives of this study were to investigate the effect of early weaning on low-
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cost solid diets in parallel with suckling on aminopeptidase N (APN) catalytic affinity, 

maximal enzyme activity, digestive capacity, and gene expression in the piglet.  Results 

from this study indicated that WN significantly reduced the APN digestive capacity and 

the maximal enzyme activity along the entire length of the small intestine.  There is very 

little reported in the literature that examines the expression of aminopeptidase N in the 

early-weaned piglet.  Our observations of decreased APN Vmax and Vcap associated with 

early weaning are in contrast to the findings of Marion et al, (2005), who found that APN 

activity was increased after early weaning.  The major difference between this study and 

the study of Marion et al (2005) that may account for the discrepancy observed in APN 

Vmax and Vcap is primarily the weaning diet.  In the study by Marion et al (2005), weaning 

piglets were fed a liquid sow replacement formula that contained dairy products and high 

fat content, with the primary intention to investigate if feed intake level would affect 

apical membrane (AM) enzyme expression.  In this study weaning piglets were fed a 

corn and soybean meal-based solid diet that was not supplemented with any additional 

animal protein or animal fat sources so as to understand the BBM physiological response 

to the process of weaning. As a comparison to the piglets in Marion et al’s (2005) study 

that were weaned on a highly digestible protein and high fat diet, it is well known that 

dairy products contain growth factors such as epidermal growth factor (EGF) which 

contributes to postnatal gut mucosal growth and development (Jaeger et al, 1990).  

Epidermal growth factor has been shown to improve gut epithelial cell proliferation and 

differentiation, and also intestinal alkaline phosphatase activity in the post-weaning 

piglet (Lee et al, 2008; Cheung et al, 2009). Collectively the weaning regimen in 

Marion’s study (2005), may have buffered the physiological impact of early weaning 
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substantially, and this would explain why no differences in villous height were observed 

during 3-14 days post weaning when compared with the 21d old sow-reared piglet group.  

Similarly, no changes were observed in the crypt depth between any of the suckling, sow-

reared or post-weaning treatment groups, which is anomalous to the classic weaning 

crypt hyperplasia observed in many weaned mammalian species (Henning, 1981; 

Hampson, 1986; Montgomery et al, 1991; Kelly et al, 1991; Buddington et al, 1994; 

Maxwell et al, 2001).   Hedemann et al, (2003) demonstrated that weaning increased the 

mitotic counts of intestinal cells primarily in the crypts.  Hedemann et al, (2003) also 

went on to demonstrate that this hyper-proliferation of the crypts began 3d post-weaning, 

which also coincided with the lowest Vmax of APN and the gradual recovery of the small 

intestinal mucosa.  Collectively this confirms that APN expression is dependent on 

enterocyte maturation.   

The decrease in APN mRNA abundance in the proximal jejunum and the Pearson 

correlation analysis suggest that weaning decreased the Vmax and Vcap at the 

transcriptional level by reducing the amount of steady state APN gene mRNA available 

for translation.  This observation is also supported by the observation that APN is 

primarily expressed on the apical membrane of upper enterocytes of the villous.  Thus, 

the decrease in expression of APN is also physiologically attributed in part to the 

decrease in the mature enterocytes in the intestinal epithelium due to weaning related 

villous atrophy (Kelly et al, 1991; Pluske et al, 1997).  Western blot analysis identified 

the porcine APN protein at about 110 kDa in both the intracellular fraction and the apical 

membrane of the jejunum (Sjöström et al, 2000; Luan et al, 2007).     The translocation of 

soluble intracellular APN protein onto the brush border membrane has been 
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demonstrated to increase after weaning in rats (Reisanauer et al, 1992).  In this study, the 

majority (97%) of the APN activity in the small intestinal jejunum originated from the 

apical membrane-associated fraction.  Therefore, the reduction in APN protein 

abundance in the proximal jejunum after weaning may be due to a decrease in the de 

novo synthesis of APN protein after weaning or a byproduct of villous atrophy.    

However this will need to be clarified by further in vivo APN labeling and biosynthesis 

studies.         

An unique finding of this study is that early weaning resulted in an increase in the 

APN enzyme affinity (Km), which is different from the post natal changes in APN affinity 

from suckling to post-weaning in our previous studies (Fan et al, 2002).   Changes in 

APN Km, Vmax and protein abundance in the partitioned proximal jejunal fractions 

collectively suggest that weaning modified the jejunal APN protein to be higher in its 

affinity as an adaptive measure.   Weaning is known to result in greater post-translational 

modifications to intestinal glycoproteins, and in particular, differential glycosylation of 

mucosal glycoproteins (Biol-N’garagba et al, 2003).  The stress and subsequent cortisol 

production associated with the weaning transition further promotes glycosylation events 

in rats and pigs (Henning, 1981; Yeh et al, 1991).   N-glycosylation sites and events are 

highly expressed in the maturing APN protein in pigs (Danielsen et al, 1983), were as O-

glycosylation events are associated with the anchoring of APN to the BBM in pigs, 

humans and rats (Norén et al, 1997; Sjöström et al, 2000).  Although early weaning may 

promote the post-translational enzyme maturation events of APN, reductions in the 

jejunal APN Vmax and Vcap were observed.  There are three important events related to 

weaning that contribute to this observation.  Firstly, weaning allows for the complete 
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replacement of the fetal enterocyte population and decreases the enterocyte life span 

from 19-21d for fetal enterocytes (Zabielski et al, 2008), to approximately 7-10d for 

adult-type enterocytes in 28 day old piglets (Fan et al, 2001).  Given that APN is 

expressed on the apical BBM of upper villous enterocytes, the weaning reprogramming 

of the mucosa inevitably results in a decrease in APN expression.  Secondly, it is well 

known that weaning piglets on soybean meal-based diets decrease feed intake (Pluske et 

al, 1997).  Enteral nutrients such as amino acids serve as essential sources of energy for 

enterocytes, and also are precursors for protein synthesis events that aid in epithelial 

recovery, growth and differentiation (Burrin et al, 1997; Yang et al, 2008).  Furthermore, 

adequate or high enteral nutrient intake was shown to stimulate increased APN activities 

(Vmax), but not APN mRNA abundances which is indicative of either enhanced enzyme 

maturation or enzyme stability (Marion et al, 2005).   Therefore, in this study the 

weaning-associated anorexia may in part contribute to the reduced expression of APN in 

the intestinal mucosa of the weaning piglet.  Thirdly, APN is ubiquitously expressed in 

many epithelial cell types, and also in macrophages and dendritic cells in the intestine 

(Ansorge et al, 2009). Intestinal APN has been shown to regulate the expression and 

production of pro-inflammatory cytokines via the proteolytic ability to trim antigenic 

peptides (Bank et al, 2008).  Weaning causes a marked increase in the pro-inflammatory 

cytokine expression in the small intestine, such as TNF-α and interleukin-6 (McCracken 

et al, 1999; Pié et al, 2004), and increases the mucosal permeability (Moeser et al, 2007).   

The net result of weaning-associated intestinal inflammation is apoptosis and enterocyte 

shedding which contributes to the characteristic weaning villous atrophy.  This atrophy 

removes mature enterocytes which express APN from the mucosa.  Therefore, inadequate 
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enteral nutrient availability, the reprogramming and replacement of the intestinal mucosa, 

and the atrophy associated with mucosal inflammation during weaning collectively 

contribute to the reduced Vmax and Vcap of APN observed during weaning.  In conclusion, 

this study demonstrates that weaning decreased the small intestinal APN digestive 

capacity, maximal specific activity primarily in the jejunum at both the transcriptional 

and posttranscriptional levels in the new enterocyte population of the weaned piglet.  
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TABLE 5.1.  Small intestinal aminopeptidase N enzyme affinity (Km), maximal enzyme 

activity (Vmax) and the digestive capacity (Vcap) in the early weaning groups of piglets
1
 

Item Km 

mmol/L 

Vmax 

µmol/(mg 

protein•min) 

Vcap 

mol/(kg BW•d) 

Duodenum    

Suckling 0.97± 0.09 0.15 ± 0.02 0.034± 0.003 

Weaning 0.58  0.04
*
 0.09  0.005

*
 0.023  0.002

*
 

Proximal Jejunum    

Suckling 1.50 ± 0.20 0.21 ± 0.04 0.45 ± 0.02 

Weaning 0.91 ± 0.04
*
 0.15 ± 0.009

*
 0.33 ± 0.03

*
 

Distal Jejunum    

Suckling 1.99 ± 0.05 0.37 ± 0.007 0.93 ± 0.03 

Weaning 1.00 ± 0.05
*
 0.22 ± 0.01

*
 0.50 ± 0.03

*
 

Ileum    

Suckling 1.04 ± 0.097 0.15 ± 0.01 0.089 ± 0.002 

Weaning 0.97 ± 0.05 0.17 ± 0.02 0.105 ± 0.001 

Total small intestine 

  Suckling 1.38 ± 0.08 0.22  0.01 1.19  0.08 

  Weaning 0.87  0.03
*
 0.16  0.005

*
 0.84  0.04

*
 

1
Values are parameter estimates ± SE, n = 10 measured from tissues from 10 piglets at 6 

different substrate concentrations.  
*
Different from the suckling group, P < 0.05, n = 10. 
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TABLE 5.2. Proximal jejunal intracellular and apical membrane-bound aminopeptidase 

N enzyme affinity (Km), maximal enzyme activity (Vmax) and the digestive capacity (Vcap) 

in suckling and early weaning groups of piglets
1
 

Item Km 

mmol/L 

Vmax 

µmol/(mg 

protein•min) 

Vcap 

mol/(kg BW•d) 

Intracellular fraction    

Suckling 1.50 ± 0.052 0.07 ± 0.002 0.03 ± 0.0001 

Weaning 1.42 ± 0.047 0.06 ± 0.002
*
 0.025 ± 0.0001

*
 

Apical membrane    

Suckling 2.43 ± 0.06 0.37  0.01 0.69  0.013 

Weaning 2.12 ± 0.03
*
 0.28  0.01

*
 0.59  0.01

*
 

1
Values are parameter estimates ± SE, n = 10 measured from tissues from 10 piglets at 6 

different substrate concentrations.  
*
Different from the suckling group, P < 0.05, n = 10. 
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Figure 5.1.  Kinetics of the small intestinal aminopeptidase N activities of hydrolyzing 

L-aniline-P-nitroanilide hydrochloride along the longitudinal axis in (A) duodenum, (B) 

proximal jejunum, (C) distal jejunum and (D) the terminal ileum in suckling and early 

weaned piglets.  Each point represents mean  SE, n = 10. 
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Figure 5.2.  Kinetics of the partitioned proximal jejunal (A) intracellular and (B) apical 

membrane-bound aminopeptidase N activities of hydrolyzing L-aniline-P-nitroanilide 

hydrochloride in suckling and early weaned piglets.  Each point represents mean  SE, n 

= 10. 
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Figure 5.3.  Proximal jejunal aminopeptidase N protein abundance in the mucosal 

homogenate, intracellular pool and the apical membrane in suckling and early weaned 

piglets.  Values are mean  SEM, n = 10.  
*
Different from the suckling group, P < 0.05. 
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Figure 5.4.  Proximal jejunal aminopeptidase mRNA abundance in suckling and early 

weaned piglets.  Values are mean  SEM, n = 10.  
*
Different from the suckling group, P 

< 0.05. 
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CHAPTER 6 

 

GENERAL DISCUSSION AND CONCLUSIONS 

 

During the neonatal period the growth rate of the piglet is the highest when compared to 

any other period of development, and the adaptability of the small intestine is paramount 

to the survival, nutrition, and health status of the piglet.  This is highlighted by the 

adaptation to enteral nutrition i.e. sow’s milk, immediately after birth, and a further 

adaptation to solid diets at the time of weaning.  The ability of the digestive tract to 

physiologically adapt during the weaning-transition period is dependent on a complex 

array of factors which include: weaning stress, feed intake, weaning age, and diet 

composition and form.  In the small intestine, these factors impact the balance of four 

important physiological functions i.e. barrier functions, localized immune responses, 

nutrient digestion, and nutrient transport.  The altering of physiological functions 

contributes to, and comprises the classic reported post-weaning pathophysiology of crypt 

hyperplasia, villous atrophy, a delay in body weight gain, post-weaning multi-wasting 

syndrome, and diarrhea.  However the cellular and molecular mechanisms that contribute 

to the pathophysiology of weaning need to be further elucidated in order to develop 

effective strategies to improve weaning piglet nutrition. Given these observations 

reported in the literature we hypothesized that the industry practice of early weaning 

would result in a differential expression of apical membrane-bound enzymes.  Therefore 

this research investigated whether the physiological changes that arise due to 

reprogramming of the enterocytes and the replacement of fetal enterocytes in the small 
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intestine as a result of early weaning will adversely affect the functional expression of the 

small intestinal apical membrane enzymes. Overall, our results suggest that early 

weaning differentially affected the functional expression of the apical small intestinal 

brush-border membrane enzymes during the weaning transition period.  This research 

contributes key findings about the intestinal apical hydrolases that should be considered 

when designing diets that provide nutrition for physiological function as well as for 

dietary requirements in the weaning pig. 

At birth, the small intestine adapts to enteral nutrition and maintains gut health and 

gut functions by promoting intestinal cell proliferation (Rhoads et al, 1997), and rapidly 

decreasing intestinal permeability to macromolecules by stabilizing gut mucosal tight 

junctions (Li et al, 2009).  The immune response is further minimized by inhibiting 

apoptosis (Larson et al, 2007) and further controlling the autophagy process (Larson et al, 

2007; Chen et al, 2008).  These responses at the beginning of enteral nutrition are further 

complemented by the trophic effects of growth promoters and the anabolic nutrient 

effects of amino acids such as glutamine in sow’s milk (Wu et al, 1998).  On the other 

hand, weaning on solid diets excludes trophic factors contained in sow’s milk previously 

available to the small intestinal epithelia, and depending on the diet composition, and the 

form of the diet, this may further reduce the availability of amino acids that serve as a 

source of metabolic energy for enterocytes.  The resulting lack of nutrition observed 

during the immediate post-weaning period has been shown to affect the closure and 

effective development of mucosal tight junctions, which in turn increases the 

permeability of the small intestinal mucosa to larger molecules (Li et al, 2009).  The 

changes associated with the consumption of diets from new sources results in an increase 
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in the variety of microbes that the intestinal mucosa is exposed to after food intake.  In 

addition, the ingestion of new diets changes the localized enteral environment and selects 

for the proliferation of different microbial populations.  This results in a shift away from 

the typical lactobacillus colonies commonly found in the suckling mucosa to colonies 

that contain larger proportions of E. coli subspecies that promote enterocyte apoptosis 

and mucosal shedding (Boudry et al, 2002).  To further complicate the deteriorating 

permeability of the small intestine, recent work by Smith et al, (2010) have demonstrated 

that the presence of stress associated with weaning also impairs the development of the 

mucosal barrier function in piglets.  Thus, the resulting changes in altered intestinal 

mucosal permeability results in the exposure of the small intestine to a plethora of 

antigens that may be from microbial, food-borne, or nutrient specific sources.  This sets 

the stage for localized immune responses which in turn promotes the autoimmune 

process which targets and degrades intestinal epithelial cells.  Any resulting degradation 

of the small intestinal epithelia had a direct impact in the digestive capability of the small 

intestine, and then any undigested nutrients become substrates for microbial fermentation 

and microbial population proliferation. 

Although there are no prescribed sequences of events that outline the degradation 

of the intestinal mucosal permeability, the resulting changes during weaning leads to 

increased localized immune responses (Pie et al, 2004; Malo et al, 2004).  Overall the 

resulting increases in the autophagy, apoptosis, and cell shedding in the mucosa as a 

result of poor nutrition, environmental stress, and immune responses collectively 

characterize the mucosal villous atrophy observed during weaning.  As a means to keep 

this complex process in check, the small intestine produces intestinal alkaline 
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phosphatase (IAP), which is capable of enhancing fat absorption, digesting organic 

phosphates, adjusting the localized luminal pH, and detoxifying bacterial 

lipopolysaccharides (Goldberg et al, 2008).  In order to understand the impact of weaning 

on the non-immune innate protective capacity provided by the small intestine during 

early weaning we firstly investigated the intestinal alkaline phosphatase protective 

capacity and expression.  Results from this research indicated that weaning significantly 

reduced the jejunal IAP digestive capacity (Table 6.1) and the maximal enzyme activity 

(Table 6.2) that arose from reduced enzyme affinity (Table 6.3), and decreased de novo 

synthesis of IAP protein and reduced IAP gene transcription (Tables 6.4).  It is also likely 

that decreased enteral nutrition associated with weaning may have contributed to the 

reduced cdx1 protein abundances observed via the classic down regulation of the mTOR 

pathway.  Lower abundances of cdx1 may potentially prevent the formation of viable 

transcription complexes for the IAP gene, thereby altering its transcription.  This research 

highlights the impact of the decrease in the gut digestive capacity of IAP as a 

contributing factor to the susceptibility of the early-weaned piglet to increased 

occurrences of enteric diseases, and the resulting growth-check.  As an ameliorative 

measure further research would be needed to investigate the up-regulation of intestinal 

IAP gene expression and its digestive capacity via the following strategies: breeding and 

genetics programs, biotechnology approaches for expressing IAP as a novel enzyme feed 

supplement or the dietary supplementation of gut trophic nutrients for improving 

weaning pig health status that enhance IAP expression. 

The shift in diet during weaning represents a shift from a milk-based diet to 

primarily a (plant) starch-based diet this is also high in easily digestible protein. It is well 
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established in the literature that there is a post-weaning decline in lactase (LPH) activity 

in pigs, and other mammals (Henning 1981; Montgomery et al, 1991; Marion et al, 2005).  

The current practice of including high quantities of lactose as a carbohydrate source 

obtained from purified crystalline sources or milk whey isolates has shown to improve 

growth performance and whole body N utilization in early weaning piglets (Mahan et al, 

1992; Nessmith et al, 1997b; Cromwell et al, 2008).  These improvements have also been 

attributed to a potential prebiotic effect of lactose in weaning diets (Pollman et al, 1980; 

Pierce et al, 2007).    In order to examine the role of lactose to the improvements in piglet 

growth performance we investigated the digestive capacity and expression of the lactase 

in the post weaning small intestine. This study highlights the decreased digestive 

capacity for lactose and the complexity of post-weaning LPH expression.  The calculated 

lactose intake of weaning piglets in this study was approximately 16 g of lactose per Kg 

BW per day.  However, in this study the calculated lactase digestive capacity was 

approximately 27g glucose per kg BW.d, indicating that lactose is still a highly digestible 

carbohydrate source in piglets and allows for up to 46% of the dietary feed intake to be 

comprised of lactose.  This research highlights that the weaning intestinal capacity to 

digest lactose is still very high in piglets and at current industry inclusion levels (10 – 

20%), most of the dietary lactose would be rapidly hydrolysed as a source of dietary 

glucose energy for weaning piglets.   

The reduced LPH digestive capacity (Table 6.1) observed could also in part 

attributed to decreases in LPH activity (Table 6.2), and affinity (Table 6.3).  The latter is 

likely due to the posttranslational glycosylation modifications that occur as the LPH 

glycoprotein matures during weaning (Lottaz et al, 1992).   Additionally, the reductions 
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in the relative abundances of LPH enzyme protein and mRNA (Table 6.4) may in part be 

related to reductions in the protein abundances of the cdx2 transcription factor protein 

that is critical for the development of viable LPH transcription complexes in the cell (Suh 

et al, 1996; Chawengsaksophak et al, 1997; Tanaka et al, 1998).  Therefore the control of 

lactase expression in the reprogrammed weaned piglet intestine appears to be affected at 

both the transcriptional and post-translational levels.   Despite the complexity associated 

with lactase expression in weaning piglets, the newly weaned piglet is capable of 

hydrolyzing lactose as a major carbohydrate energy source, and within production 

settings this residual activity may be sufficient to hydrolyse almost all of the 

supplemented lactose.  Therefore, lactose is still a practical source of rapidly digestible 

carbohydrate in the weaning pig, and may even be a limiting inclusion factor in piglet 

nutrition, growth and performance.  On the other hand, another question that this research 

poses is the extent of the prebiotic effect of lactose inclusion in weaning diets.  This 

disparity is well documented in the literature where lactose supplementation did not 

improve lactobacillus counts (Krause et al, 1995; 1997; Pierce et al, 2005) and warrants 

further investigation into the health of the microbial ecology in the small and large 

intestine.   

In the post-weaning intestine, the re-programmed post-weaning enterocytes exhibit 

both a shorter life span of approximately 10 days in the neonatal pig (Fan et al, 2001), 

and a different expression pattern of carbohydrate digesting enzymes other than LPH.  

The two main carbohydrate digesting enzymes in the small intestine i.e. sucrase-

isomaltase (SI) and maltase-glucoamylase (MGA) are responsible for the production of 

hydrolyzed glucose from dietary starch.  During the post-weaning period an increase in 
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the expression of SI has been reported in pigs (Gray et al, 1979; Semenza et al, 1989; 

Goda et al, 1999), and MGA has been detected at birth in humans (Nichols et al, 1998).  

Starch digestion is extensively studied in swine production, and it is well established that 

starch digestion increases as the pig matures.  However our current understanding of SI 

and MGA expression in the post-weaning pig is limited by the following confounding 

factors.  Firstly, reported SI activities have predominantly been tested with maltose.  This 

value is inflated since it does not exclude the hydrolytic contribution from MGA.  

Secondly, the maltase-glucoamylase activity of the MGA enzyme has not been tested in 

weaning piglets and data has been restricted to mRNA relative abundances (Marion et al, 

2005).  Molecular evidence alone indicates that starch digesting enzyme expression 

increases post weaning (Marion et al, 2005).  However an understanding of the innate 

rate-limiting step in starch digestion in the small intestine in the weaning situation still 

remains to be investigated.  In order to address these questions, we examined the 

digestive capacity for SI by using sucrose, MGA by using amylose and maltose as 

contributed by both SI and MGA by using maltose. Results from this research indicated 

that early weaning significantly increased the sucrase-isomaltase (SI) and maltase-

glucoamylase (MGA) digestive capacity towards starch.   

For weaning pigs in this study, the calculated SI digestive capacity for sucrose was 

approximately 63.2g of glucose per kg BW per day, which is well above the projected 

60g/kg BW per day of voluntary feed intake of weaning pigs.  Therefore at this stage of 

weaning sucrose becomes a very digestible carbohydrate source in piglets.  Similarly the 

calculated capacity for digesting maltose in this study was approximately 42.6g of 

glucose per kg BW per day in weaning pigs.  This value indicates that maltose also 
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becomes a very digestible carbohydrate source in weaning piglets.  Since maltase 

hydrolysis is contributed by both SI and MGA it is interesting to note that the calculated 

projected capacity for maltose hydrolysis is lower than that for sucrose hydrolysis.  

Numerous factors can be attributed to this observation, especially since weaning 

increased both the SI and MGA digestive capacity (Table 6.1) by increasing the maximal 

enzyme activity and improving the enzyme affinity along the length of the small intestine 

when compared to suckling pigs (Table 6.2 and 6.3).  Increasing abundances and 

increasing de novo synthesis of SI enzyme protein SI mRNA abundance could also in 

part account for these improvements in the digestive capacity for sucrose and maltose in 

weaning piglets (Table 6.1).  Since a porcine reactive antibody was not available for 

MGA, we can only speculate that there may be some improvements in maltose digestion 

as a result of the massive 442% increase in MGA relative mRNA abundance during 

weaning (Table 6.4).  One reason that the projected digestive capacity for maltose may 

be lower than sucrose is that SI has been shown to contribute about 80% of the neutral 

maltase hydrolytic activity where as MGA contributes the remaining 20% (Nichols et al, 

2003).    In addition, the maltose affinity of SI was shown to be weaker than the affinity 

of MGA for maltose in humans (Sim et al, 2010) and results from this study indicate that 

the increased relative expression of the SI gene was only 42% of the MGA gene  in 

weaning pigs (Table 6.4).  This work highlights the need to further examine, elucidate 

and study the activity kinetics of porcine SIM and MGA for maltose as a means to 

explain the enhanced digestive capacity for the disaccharides sucrose and maltose during 

the weaning transition.     

When we examined the MGA capacity for digesting amylose in this study, the 
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calculated projected capacity for digesting amylose was approximately 2 g glucose per 

kg BW per day for weaning pigs.  The increased MGA digestive capacity (Table 6.1) 

could in part be due to improvements in MGA activity (Table 6.2), and affinity (Table 

6.3), and dramatic increases in the relative abundances of MGA mRNA (Table 6.4).  

However, despite these dramatic increases in mRNA abundances, the hydrolytic capacity 

of MGA for amylose in this study may be a rate limiting step in the mucosal phase of 

terminal starch digestion.  Future studies should also examine the activity kinetics of 

MGA using malto-dextroses or polycose which are more reflective of the variety of 

starches available for hydrolysis in the intestinal luminal phase during weaning on solid 

diets. 

It is widely reported that the transcription factor cdx2 has been associated with 

small intestinal development and also with the expression of intestinal enzymes such as 

LPH and SI and MGA (Lorentz et al, 1997; Guo et al, 2004; Fang et al, 2006; Mochizuki 

et al, 2010).  In this study weaning decreased the expression of cdx-2 protein abundances 

in the cytoplasm and nucleus of small intestinal cells.  This raises important questions 

about the importance of the role of cdx-2 protein in the transcription of the intestinal 

carbohydrate digesting enzymes SI, MGA and LPH.  Undoubtedly this discrepancy in the 

expression patterns between SI, MGA, and LPH indicates the complexity associated with 

small intestinal enzyme expression mechanisms.  Potential mechanisms that would need 

to be further investigated would include the following three aspects,  firstly the impact of 

weaning stress and the production of glucocorticoids allude to a post-weaning hormonal 

mechanism for enhancing SI and MGA expression in a cdx2 independent manner 

(Kitchen et al, 2000).  Secondly the nutritional regulation of the transcription of 
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carbohydrate genes could also provide new information since high carbohydrate diets 

have been shown to increase the acetylation of the SI and MGA genes (Homma et al, 

2007; Yorita et al, 2009; Mochizuki et al, 2010).  Lastly, the formation of a functional 

transcriptional complex is quite complicated, and involves numerous transcription factors 

and is dependent on protein-to-protein interactions and protein-to-DNA interactions.  

Therefore phosphorylation (Houde et al, 2001), and glycosylation reactions that affect 

post transcriptional modifications to transcriptional complex proteins would also need to 

be examined during the post-weaning period.     Thus, the findings of this research on SI 

and MGA demonstrate that the upregulation of the expression of these enzymes occurs 

after early weaning, and this expression is controlled at multiple levels in the weaning 

pig small intestine.  This research also highlights that MGA is most likely the limiting 

step in the digestive utilization of starch in the weaning pig. 

The drastic decrease in post-weaning nitrogen utilization in piglets is well 

documented in the literature (Maxwell et al, 2001; Fan et al, 2006).  In order to 

investigate the impact of weaning on luminal free amino acid availability for gut mucosal 

growth, protein digestion and feed efficiency we examined the digestive capacity and 

expression of mucosal APN.  The preference of the small intestinal enterocytes to utilize 

amino acids as a source of energy is widely reported in the literature (Stoll et al, 1998; 

Burrin et al, 2003; Chen et al, 2009).  APN cleaves neutral amino acids from 

oligopeptides and also trims amino acids from antigenic peptides in order to make it 

easier to present the antigen to the immune system, thereby facilitating the best possible 

immune response (Proost et al, 2007; Gabrilovac et al, 2011).  In addition, APN 

participates in the regulation of the localized immune response by removing amino acids 
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from cytokines and thereby limiting the extent and duration of the immune response 

(Ansorge et al, 2009).   On the other hand, the APN peptide has been shown to serve as a 

receptor for porcine epidemic diarrhea virus (PEDV) and transmissible gastroenteritis 

virus (TGEV) in pigs (Delmas et al, 1992; Nam et al, 2010).  Therefore, an 

understanding of the changes in mucosal APN expression during the post-weaning period 

provides insight into the immune response capacity and disease vulnerability as well as 

the protein digestive capacity of the small intestine.   

Results from this research indicate that early weaning reduced the small intestinal 

APN digestive capacity (Table 6.1) in this study.  This may have been attributed to 

decreases in the maximal specific activity of APN (Table 6.2) and decreased de novo 

synthesis of APN protein and reduced APN gene transcription (Tables 6.4). The decrease 

in expression of APN can be physiologically attributable to the decrease in the mature 

enterocytes in the intestinal epithelium due to weaning related villous atrophy (Kelly et al, 

1991; Pluske et al, 1997).  Whether the reduction in APN protein abundance in the 

proximal jejunum after weaning is due to a decrease in the de novo synthesis of APN 

protein after weaning or a byproduct of villous atrophy will need to be clarified by 

further in vivo labeling and biosynthesis studies. A unique finding of this study is that 

early weaning resulted in an adaptive improvement in the APN enzyme affinity (Km) for 

the substrate (Table 6.3).  This is perhaps due to the post-translation modifications (Biol-

N’garagba et al, 2003) such as glycosylation events that are promoted by stress responses 

and cortisol production (Henning, 1981; Yeh et al, 1991).    However during the post-

weaning period it would appear that any benefits observed in APN enzyme affinity was 

insufficient to improve the digestive capacity in the small intestine.  This is probably due 
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to the extent of mucosal atrophy that occurs during the post-weaning period as 

precipitated by a combination of mucosal inflammation, inadequate nutrition, and genetic 

reprogramming of the intestinal mucosa. Another potential explanation for the 

differences in the enzyme affinity of APN may be due to the difference between 

enterocyte-expressed versus monocyte-expressed APN.  During weaning the localized 

immune response recruits monocytes and other inflammatory cells to the intestinal 

mucosa (Pié et al, 2004).  Monocytic APN has been shown to function as part of a 

signaling pathway (Santos et al, 2000), where as intestinal APN performs digestive 

functions.  Thus, it is likely that the shift in APN enzyme affinity may in part be 

attributable to the increased immune response associated with weaning.  Despite this 

increased affinity in APN kinetics, the reduction in the mucosal phase of protein 

digestion capacity reduces the luminal free amino acid availability for gut mucosal 

growth.  This study raises an important question about the current practice of design 

weaning diets to include high proportions of digestible protein and crystalline neutral 

amino acids.  Given this industry practice and the reduced capacity to digest protein in 

the small intestine, a larger proportion of protein becomes available for bacterial 

fermentation.  This raises additional concerns about the proliferation of pathogenic 

bacteria in the gut, the effect of protein fermentation metabolites on the health status of 

the gut (Windey et al, 2012), and environmental production and odor concerns associated 

with intensive livestock production (O’Shea et al, 2011).  

At the broadest level the implications of this research demonstrate the need for a 

broader consideration of the physiological factors that are affected during the critical 

period of weaning.  This research reinforces a new concept of designing diets that 
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provide nutrition for physiological function in addition to dietary requirements, and 

designing diets that more accurately reflect the digestive capability of the small intestine 

in the weaning pig. Given the reductions in protective IAP capacity, reductions in protein 

digestion and the limiting role of MGA in starch digestion in the weaned pig our current 

practices of formulating starch-based high protein diets need to be revisited in order to 

develop economical and useful diets for swine production. 

In order to feed for both function as well as dietary requirement during the weaning 

period, dietary designs and regimens should incorporate information that address other 

pathophysiological processes associated with weaning. The processes addressed would 

include strategies to alleviate intestinal permeability, promote innate defense mechanisms, 

reduce localized mucosal immune responses and promote intestinal health.  These factors 

are increasingly more important given the changing guidelines that further limit the use 

of animal protein sources in diets, and the reduction/elimination of antibiotics from food 

animal production. Therefore, nutritional strategies and approaches that attempt to 

address both nutritional requirements and improved physiological and immune functions 

during weaning can potentially contribute to both the well being and health status of the 

weaned piglet, and the productivity of the swine production industry.   
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TABLE 6.1.  Summary of changes in the digestive capacity (Vcap) of the apical 

membrane hydrolases in the proximal jejunum of early-weaned piglets in comparison 

with suckling piglets
1
 

Enzyme Homogenate 

% 

Intracellular 

% 

Apical membrane 

% 

Alkaline Phosphatase -13 - 16 - 13 

Lactase - 42 - 55 - 41 

Sucrase + 107 + 43 + 103 

Maltase + 26 + 18 + 27 

Maltase-glucoamylase + 28 + 25 + 42 

Aminopeptidase N  - 26 - 17 - 15 

1
Values are percentage changes in Vcap, where (-) represent % decreases and (+) 

represent % increases in the Vcap of the apical membrane hydrolases. 
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TABLE 6.2.  Summary of changes in the maximal enzyme activity (Vmax) of the apical 

membrane hydrolases in the proximal jejunum of early-weaned piglets in comparison 

with suckling piglets
1
 

Enzyme Homogenate 

% 

Intracellular 

% 

Apical membrane 

% 

Alkaline Phosphatase -16 - 5 - 10 

Lactase - 46 - 62 - 61 

Sucrase + 91 + 28 + 94 

Maltase + 26 + 40 + 33 

Maltase-glucoamylase + 17 + 15 + 26 

Aminopeptidase N  - 29 - 14 - 24 

1
Values are percentage changes in Vmax, where (-) represent % decreases and (+) 

represent % increases in the Vmax of the apical membrane hydrolases. 
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TABLE 6.3.  Summary of changes in the enzyme affinity (Km) of the apical membrane 

hydrolases in the proximal jejunum of early-weaned piglets in comparison with suckling 

piglets
1
 

Enzyme Homogenate 

% 

Intracellular 

% 

Apical membrane 

% 

Alkaline Phosphatase -13 - 50 - 49 

Lactase - 35 - 16 - 67 

Sucrase + 19 + 25 + 18 

Maltase + 24 + 24 + 29 

Maltase-glucoamylase + 9 + 2 + 10 

Aminopeptidase N  + 39 + 5 + 13 

1
Values are percentage changes in Km, where (-) represent % decreases and (+) 

represent % increases in the Km of the apical membrane hydrolases. 
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TABLE 6.4.  Summary of changes in the relative protein abundances and mRNA 

abundances of the apical membrane hydrolases in the proximal jejunum of early-weaned 

piglets in comparison with suckling piglets
1
 

 

Enzyme 

 

Homogenate 

% 

 

Intracellular 

% 

Apical 

 membrane 

% 

 

mRNA 

% 

Alkaline 

Phosphatase 

 

- 48 

 

- 53 

 

- 64 

 

- 58 

Lactase - 28 - 78 - 24 - 75 

Sucrase + 34 + 84 + 66 + 190 

Maltase N/A N/A N/A + 442 

Maltase-

glucoamylase 

 

N/A 

 

N/A 

 

N/A 

 

+ 442 

Aminopeptidase N  - 34 - 8 - 55 - 39 

1
Values are percentage changes in protein and mRNA abundances where (-) represent % 

decreases and (+) represent % increases in the relative protein or mRNA abundances. 
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