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Weaning: What’s going on at the gut level?

Post-weaning Intestinal disorders are a major cause of 
mortality and production inefficiencies in swine. Therefore, 
a basic understanding of swine gastrointestinal health and 
factors that influence this are critical for the development 
of alternative strategies aimed at optimizing gut health in 
pigs. This paper will focus on critical defense mechanisms 
in the gut that protect against the harsh luminal environment 
and how weaning stress can impair this important barrier. 
Specific aspects of intestinal defense will be covered in 
detail as weaning-associated pathophysiology that adversely 
influences the integrity of the gastrointestinal barrier. The 
overall goal of this paper is to gain a better understanding 
of what dictates gut health in the pig at the time of weaning 
and what interventions are available to modulate gut health 
and defense to get weaned pigs started right.

The intestinal mucosa: Basic functions 
and anatomical organization
The surface area of the intestinal tract is greater than 
300 m2 representing the largest interface between the 
external environment and body. The intestinal epithelium 
that lines the mucosa is continuously exposed to harsh 
luminal conditions including pathogenic microorgan-
isms, toxins, enzymes, and dietary antigens. Therefore 
the epithelium must provide a selective barrier prevent-
ing luminal pathogens and antigens from crossing the 
epithelium and gaining access to underlying tissues and 
systemic circulation while at the same time facilitate ef-
ficient digestion and uptake of luminal nutrients and the 
absorption of large volumes of water on a daily basis. To 
accomplish this divergent role, the intestinal epithelium 
is polarized, meaning that it is divided into an apical 
and basolateral region by tight junctions situated at the 
apical portion of the lateral membrane of adjacent epithe-
lial cells (Figure 1). The apical membrane together with 
interepithelial tight junctions provides a continuous seal 
that serves as a barrier. This polarity allows the cell to 
compartmentalize ion transporters, to create a gradient 
across the cell that allows either absorption or secretion of 
electrolytes. For example, the Na+-K+ ATPase transporter 
is localized to the basolateral portion of the membrane of 
enterocytes, and generates an electrical potential across 
the cell that provides the energy to move other ions either 

into or out of the cell. The Na+-K+-ATPase maintains Na+ 
at relatively low intracellular concentrations (15 mEq of 
Na+ intracellular vs. 150 mEq of Na+ in plasma), which 
preferentially allows Na+ to enter the cell via a number of 
apical transporters on the apical membrane. Thus, these 
apical transporters (which include Na+-coupled sugar and 
amino acid transporters) use the electrochemical gradient 
set up by Na+-K+ ATPase. It is this transport activity that 
the cellular energy to drive the absorption of nutrients.

A further anatomic consideration is the organization of 
the mucosa into glandular crypts and villi (in the small 
intestine) or inter-crypt surface epithelium (in the colon) 
(Figure 2). The crypt-villus axis divides the epithelium 
into secretory epithelium and absorptive epithelium. The 
epithelium that performs these opposing functions is 
derived from stem cells located within the crypts. Newly 
formed epithelial cells migrate along the crypt-villus axis, 
maturing and acquiring differing functions until they are 
ultimately sloughed from the tip of the villus approxi-
mately 5 days after their creation. Paneth cells remain at 
the base of the crypt, and therefore do not take part in the 
migration of cells toward the surface. Overall, immature 
epithelium within the crypts performs predominantly 
secretory functions, whereas the more mature epithelium 
on the surface is predominantly involved in absorption. 
This becomes critically important in a number of diarrheal 
diseases that preferentially injure the surface epithelium, 
disrupting electrolyte and fluid absorption, while leaving 
secretion in the crypts to continue, often at increased levels 
because of toxic or inflammatory stimuli.

The functional structure of the colon is similar, including 
the location of stem cells and immature epithelial cells 
within crypts, and migration of immature cells progres-
sively out of the crypts. However, there are no villi in the 
colon. Instead, there is simply intercrypt surface epithe-
lium, which performs similar absorptive functions as the 
small intestine. In addition, the array of transporters in 
the colon differs. Because the colon is in most species the 
principal site of fluid and electrolyte absorption, this ar-
rangement would seem to put the colon at a disadvantage 
because of the lack of surface area imparted by villi, yet 
the colon is capable of compensating for fluid loss in the 
crypts, suggesting that its ability to absorb fluid is not 
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adversely affected by the lack of villi. This may be in part 
because the greatest contribution to increased absorptive 
capacity is the presence of epithelial microvilli, which are 
present throughout the gastrointestinal tract. In addition, 
the colonic epithelium is less ‘leaky’ than small intestinal 
epithelium as a result of close apposition of tight junctions, 
suggesting there is less back flow of fluid into the lumen in 
the colon following absorption.

Sup-epithelial components such as the ENS and immune 
cells are intimately involved in regulation of secretion 
and absorption under normal and pathophysiologic pro-
cesses in the gastrointestinal tract. The ENS consists of 
an extensive network of nerve cells that play a critical 
role in intestinal ion transport. The ENS is composed of 
two major plexuses, the myenteric plexus (between the 
two muscle layers) and the submucosal plexus, which 
interconnect and regulate motor and sensory neural input, 
respectively. The ENS can receive central input from 
the central nervous system via the parasympathetic and 
sympathetic branches of the autonomic network while 
also operating independently from the central nervous 
system. Chemical mediators of the ENS consist of a mul-
titude of neurotransmitters; however, Ach and VIP are 

the major neurotransmitters released by enteric nerves 
that stimulate epithelial secretion. Norepinephrine is the 
predominant neurotransmitter released by nerves that has 
pro-absorptive effects by activating α-2 receptors on en-
terocytes and nerves. The neural effect of this mediator is 
principally inhibitory. The ENS is activated by numerous 
toxic, endocrine, and inflammatory mediators, resulting 
in intestinal secretion, and thus plays an important role 
in many diarrheal diseases. One important mechanism 
by which activation of the ENS stimulates secretory pro-
cesses is via localized neural reflex arcs. The reflex arc 
consists of sensory nerves and interneurons that transmit 
to motor nerves that are mainly VIP and cholinergic. 
Sensory nerves in the intestinal mucosa are stimulated 
by bacterial toxins, products of infected epithelial cells, 
or inflammatory stimuli to regulate secretion by afferent-
interneuron-secretomotor reflex arcs. Several bacterial and 
viral toxins (e.g. Clostridium difficile toxin A, Rotavirus 
viral entrotoxin NSP4) activate secretomotor reflex arcs 
contributing to fluid secretion and diarrheal disease.1

Another vital component of the intestinal mucosa is im-
mune cells capable of mounting a response to invading mi-
croorganisms or their toxins. In terms of innate immunity, 

Figure 1: The gastrointestinal barrier
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the principal cell population comprises of neutrophils, 
which are normally resident within the lamina propria, but 
which can also be rapidly recruited from the circulation. 
Once the epithelium is activated by injury or microor-
ganisms, neutrophils migrate toward the epithelium, and 
ultimately across the epithelial cell monolayer between 
tight junctions. This is beneficial to the host in that the 
phagocytosis of organisms or toxins can occur rapidly, 
but may be detrimental because neutrophils may harm 
gastrointestinal tissues either by release of mediators such 
as reactive oxygen metabolites, or by physically injuring 
epithelial cells as they migrate across the mucosa. Mast 
cells also reside in subepithelial and lamina propria tissues 
and serve as a critical first line of defense at the epithelial 
barrier. Mast cells are located in close proximity to enteric 
neurons, blood vessels, and epithelial cells and when acti-
vated release a variety of secretory and proinflammatory 
mediators including histamine, prostaglandins, 5HT, and 
proteases that are central to several diarrheal diseases.

The adaptive immune response is carried out by the 
regulated presentation of antigens to lymphocyte popu-
lations that are also present within the lamina propria. 
Cells involved in the process are M cells located within 
the epithelium, which process and present antigen, and 
clustered populations of lymphocytes, particular in Peyer’s 
patches located principally in the submucosa at the anti-
mesenteric border of the ileum. This process results in 

Figure 2: Anatomic and functional organization of 
intestinal villi
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the sub-acute response to specific antigens, typically 
from microorganisms or their toxins, and supersedes the 
innate immune response because subacute responses are 
far more targeted.

Gut mucosal defense: Components of 
the gastrointestinal barrier
The Intestinal barrier can be divided into three major 
components: (1) an extrinsic barrier which includes phys-
iochemical barriers such as the mucus-bicarbonate layer, 
secretion of antimicrobial peptides, a well-developed 
commensal microbiota and secretory IgA.; (2) an intrinsic 
barrier comprised of the tight junctions between epithelial 
cells whose role is to regulate the barrier function (perme-
ability) of the epithelium; and (3) an immunologic barrier 
which involves lymphoid tissue aggregates such as the 
Peyer’s patches and follicle associated epithelium that are 
responsible for immune induction and for the continuous 
uptake of luminal antigens and presentation to the immune 
system establishing immunologic tolerance (Figure 3). 
Also included in the immunologic barrier are components 
of innate immunity such as neutrophils, mast cells, and 
macrophages that reside in underlying tissues and can be 
rapidly recruited when stimulated.

Consequences of impaired intestinal 
barrier function
The tight junctions localized between intestinal epithelial 
cells are responsible for establishing and maintaining a 
resistance barrier that restricts large molecules (antigens, 
toxins, etc) contained within the lumen from freely tra-
versing the epithelium. When the tight junctions are dam-
aged, the gut epithelium becomes leaky (increased perme-
ability). This in turn allows the transmigration of luminal 
microorganisms, toxins, and antigenic substances into 
subepithelial tissues triggering inflammatory processes in 
the underlying lamina propria tissues. Furthermore, once 
the epithelial barrier has been breached, these pathogenic 
agents can freely enter the systemic circulation resulting 
in septicemia and multiple organ disease. Impairment 
in barrier function may predispose pigs to select enteric 
disorders. For example, the pathogenesis of F18 E coli 
edema disease requires a permeable intestinal epithelium 
to facilitate the absorption of shiga like toxin 2e which is 
responsible for the clinical manifestations.2

Factors that influence intestinal barrier 
integrity in weaned pigs
Several factors in swine production can modulate health of 
intestinal barrier function. These include weaning stress, 
infectious pathogens, and to a lesser extent nutrition.
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Weaning stress
In production, swine are faced with multiple stressors 
which predispose pigs to disease through largely unknown 
mechanisms. The stress response is a normal physiologic 
response that is critical to the survival of the animal. 
However, when the stressor(s) overwhelms the ability of 
the animal to cope, disease results. There is an increasing 
body of scientific literature demonstrating the effects of 
stress on intestinal barrier function. Most studies have 
been conducted with rodents and demonstrate that when 
animals are faced with either acute or chronic stress, 
intestinal permeability is increased. Studies at NC State 
have begun to investigate mechanisms of stress-induced 
intestinal disease in pigs using a weaning stress model. 
From these studies it was shown that the stress triggered by 
weaning induces a breakdown in intestinal barrier func-
tion characterized by increased intestinal permeability 
and mucosal inflammation.6,7 Studies investigating the 
basic mechanisms of this response revealed a complex 
interplay between local stress mediators such as corti-
cotrophin releasing factor (CRF) and intestinal mucosal 
immune cells. In addition, studies at NC State show early 
weaning (weaning at 15-21 days of age) predisposes pigs 

to the development of long-term defects in mucosal bar-
rier function as early weaned pigs displayed increased 
intestinal permeability compared with late-weaned pigs 
(weaning at 23-28 days of age) when measured as far out 
as seven weeks post weaning. Therefore, it appears that 
the age at which the pig undergoes a stress can dictate the 
long-term development of the mucosal barrier.

Infectious pathogens
Certain swine infectious pathogens impair mucosal barrier 
function through both direct and indirect mechanisms. 
Enteric agents can alter the integrity of the tight junctions 
directly via the release of specific enterotoxins. For example, 
Clostridium difficile Toxin A and Rotavirus enterotoxin 
NSP4 target and degrade tight junction proteins resulting 
in increased permeability and susbsequent activation of 
inflammatory processes in the lamina propria.1 Salmonella 
typhimurium induces barrier disruption and diarrhea by 
eliciting a marked inflammatory response characterized 
by neutrophil recruitment and transmigration through the 
tight junctions into the lumen. Some enteric pathogens can 
induce intestinal barrier injury via indirect mechanisms. 
For example, enterotoxigenic E coli is not known to have 

Figure 3: Major components of the gastrointestinal barrier
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a direct influence on mucosal architecture, however hy-
persecretion and fluid loss as a result of it toxins can result 
in barrier disruption primarily as a result of loss of fluid 
volume and hypo-perfusion of the intestinal mucosa.5 The 
latter response is the mechanism of E coli septicemia in 
piglets as bacteria and their products are rapidly absorbed 
through an impaired gut barrier and enter into systemic tis-
sues. Regardless of the mechanism, once the in the intestinal 
barrier is breached secondary infections by opportunistic 
pathogens can further exacerbate intestinal disease.

Nutrition
Feed ingredients and luminal nutrients can affect mucosal 
barrier function through several mechanisms. However, 
there are relatively few studies specifically assessing im-
pacts of nutrition on mucosal barrier properties in pigs. 
However, recent studies at North Carolina State University 
(NC State) have demonstrated the role specific dietary 
factors on intestinal barrier function in the weaned pig. 
One study addressed the impact of dietary Fe levels in 
post-weaning diets on intestinal barrier function in pigs.3 
Results from this study revealed that high dietary Fe (500 
ppm) triggers intestinal inflammation, mucosal damage, 
and increased permeability. This study also showed that 
feeding low-Fe diets (50 ppm) to weaned pigs produced 
similar defects in intestinal barrier function indicating that 
a precise balance of dietary Fe is required for optimal gut 
barrier health. In another study at NC State, it was shown 
that inclusion of spray dried porcine plasma (SDPP) into 
weaning diets had beneficial effects on intestinal barrier 
function and intestinal inflammation (unpublished data). 
Other dietary factors which can alter the intestinal barrier 
function in swine are not well-known but likely play a role 
in intestinal barrier health. For example, feed ingredients 
that significantly alter the intestinal microbiota (antibiot-
ics, probiotics, and prebiotocs) can alter intestinal barrier 
function through direct effects on intestinal epithelial 
cells (stabilizing tight junctions, competitive exclusion 
of pathogenic bacteria, etc) and through modulation of 
the intestinal immune system. Recent attention has been 
directed towards the use of various probiotics to improve 
intestinal health in pigs but results have been inconclusive. 
However, Roselli et al showed that Lactobacillus sobrius 
was protective against enterotoxigenic E Coli-induced 
tight junction disruption in an in vitro porcine intestinal 
cell culture system.4 Other potential nutritional factors 
modulating barrier function in the pig intestine that have 
received attention include specific amino acids (glutamine 
and arginine) and polyunsaturated fatty acids (PUFA’s).

Summary
The intestinal mucosal barrier is a critical line of defense 
against a harsh luminal environment. Therefore, health of 
the intestinal barrier is of paramount importance to pig 
health. Many infectious agents and stressors associated 
with swine production trigger disruptions in the intestinal 
barrier leading to increased susceptibility to disease. De-
velopment of management strategies to preserve mucosal 
barrier function in the pig are needed.
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