
67 

CHANGES IN PIG INTESTINAL STRUCTURE 
AND FUNCTIONS AND RESIDENT 
MICROBIOTA INDUCED BY ACUTE 
SECRETORY DIARRHEA 

Gayatri Chandra,'·2 Monika Oli,'-Z Bryon W. Petschow,3 and 
Randal K. Buddington2* 

, Both authors contributed equally. 
2 Biological Sciences 
Mississippi State University 
Mississippi State, Mississippi 39762-5759 

3 Mead Johnson and Company 
Evansville, Indiana 47721 

1. ABSTRACT 

Diarrhea continues to be an important problem worldwide. Although the losses of 
fluid and electrolytes during diarrhea are well understood, much less is known about the 
impact on intestinal structure, function and resident microbiota. Therefore, we studied 
weanling pigs with acute diarrhea induced by cholera toxin. At peak diarrhea, body weight, 
small intestinal mass and absorptive surface area, and glucose transport capacities were 
lower; whereas, hematocrit, stool water content and activities of sucrase, maltase and lactase 
were higher. Total bacterial densities of lumenal contents from the small intestine, cecum 
and colon were reduced by up to 90%, especially lactobacilli; whereas, bacteria associated 
with the small intestinal mucosa were less affected. After 24 hr of oral rehydration therapy, 
glucose transport and aminooligopeptidase activity remained low and disaccharidase activi
ties were high. Although total bacterial densities had recovered, relative proportions of the 
different groups were disturbed. Present oral electrolyte solutions address water and ion 
losses but not changes in intestinal structure, functions and resident microbiota. The pig is 
a suitable model for studying the impact of diarrhea on the gastrointestinal ecosystem and 
will be useful for development of improved oral electrolyte solutions that accelerate recovery 
of the intestine . 
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2. INTRODUCTION 

Diarrhea continues to be a leading cause of mortality and morbidity worldwide, with 
infants and young childred at greatest risk. It is also one of the most common and devastating 
conditions afflicting young food animals and has been implicated in food borne diseases and 
zoonoses. I A wide variety of etiologic agents are known to cause diarrhea in humans and 
animal species. Cholera toxin (CT), the enterotoxin of Vibrio cholerae, is the causitive agent 
of cholera and is recognized for causing a prototype secretory diarrhea. The role of the toxin 
in activating adenylate cyclase and inducing secretion of ions and loss of water is well 
understood. The toxin also is used as an important tool for studies of gastrointestinal secretion 
and regulation of cell functions and subcellular mediators.2-4 

Whereas the associated disturbances of water and electrolyte balance caused by CT 
and other diarrheal agents are well established, much less is known about the impact of 
diarrhea on intestinal structure and functions, and resident micro biota. Corresponding with 
this, present oral electrolyte solutions (OES) are formulated to address dehydration and ion 
loss, not damage to the intestine or improvements in bacterial flora composition. 

Absorption of water and electrolytes by healthy intestine is associated with carrier 
mediated transport ofnutrients,5 and, in most cases, adding simple carbohydrates, monosaccha
rides or amino acids to OES improves absorption of water and electrolytes. What remains 
uncertain is the relationship between recovery from diarrhea induced changes in intestinal 
structure and functions and the efficacy ofOES. Such information is needed since patient health is 
dependent on intestinal recovery. Diarrhea induced shifts in densities and relative proportions of 
bacterial groups residing in different regions of intestine also are understood poorly but are known 
to be related to health and may be important determinants for risk of secondary infections. 

The above highlights the need to use comprehensive, multidisciplinary approaches 
to understand the impact of diarrhea on intestine. Because many of the methods used in such 
investigations require invasive procedures these studies require animal models. In light of 
the relevance of the pig for human gastrointestinal physiology,6 we evaluated intestinal 
structure and functions, and resident microbiota in pigs before and during secretory diarrhea 
induced by cholera toxin and after 24 hr of treatment using OES. We conclude with a section 
on future research and propose the use of ecological concepts to better understand diarrhea 
and approaches that will improve the efficacy of OES and accelerate recovery. 

3. MATERIALS AND METHODS 

3.1. Animals and Their Care 

Suckling crossbred standard 20 da old farm pigs were obtained from a commercial 
producer, transferred to a fully enclosed facility and weaned to a solid diet that was 
formulated without antibiotics (Baby Pig Pellets; Milk Specialties, Dundee, IL). At 25 da of 
age, diarrhea was induced using cholera toxin (15 Ilg/kg). Secretory diarrhea started 3 to 4 
hr after administering the toxin and lasted less than 12 hr. Pigs were treated using a 
commercial OES (Mead-Johnson, Evansville, IN) to replace ions and fluid during and after 
onset of diarrhea; they were allowed access to solid diet. 

3.2. Sampling 

Animals were studied in healthy condition, at peak diarrhea and 24 hr after onset of 
diarrhea and oral rehydration therapy (ORT). Blood samples were collected for routine 



Changes in Pig Intestinal Structure 771 

hematology immediately before the animal was euthanized (Buthanasia; I mllS kg; IV). The 
small intestine was removed and its length was measured in a relaxed state, after which it 
was divided into 3 sections (proximal, mid and distal) of equal length. Twenty cm segments 
were removed from the midpoint of each section. A portion of each section was used to assess 
structural characteristics and the impact of diarrhea based on histologic observations oftissue 
structure and measurements of regional dimensions (weight, surface area without accounting 
for amplication due to villi and microvilli, mucosal mass). Activities of 4 brush border 
hydrolases [lactase (LAC), sucrase (SUC), maltase (MAL), aminooligopeptidase (AOP)], 
and rates of glucose tranport by intact tissues7•8 were used as indicators of intestinal 
functions. 

Sample sites for bacteriology included lumenal contents and mucosal scrapings of 
mid small intestine and contents of cecum and distal colon. Microbiology samples were 
transferred to an anaerobic chamber where serial dilutions were prepared and plated on 
general and selective media for enumeration of total anaerobes, total aerobes, Enterobacte
riaceae, lactobacilli and bifidobacteria.9- 11 

4. RESULTS AND DISCUSSION 

In the following sections, we present our results for changes of intestinal structure, 
functions and resident bacteria caused by CT. 

4.1. Intestinal Dimensions, Structure, and Functions 

Diarrhea caused a decline in intestinal mass, as well as surface area and length (Fig. 
I). Whereas after 24 hr ofORT, surface area was comparable to that of healthy pigs, intestinal 
weight remained low. There was a corresponding reduction in villus dimensions at peak 
diarrhea with evidence of some damage at the tips. Our findings conflict with previous 
reports that intestinal structure is not compromised by cholera infection. 12 

Despite declining intestinal mass, specific activities of the 3 disaccharidases in
creased and when integrated with intestinal dimensions, capacities of the entire length of 
small intestine to hydrolyze lactose, maltose and sucrose were highest at peak diarrhea (Fig. 
2). In contrast, acute and chronic diarrheas with mucosal damage often are accompanied by 
sharp declines in brush border disaccharidase activities,13 which would result in lower 
hydrolytic capacities of the entire intestine. 

Patterns of response differed for rates for glucose transport normalized to tissue 
weight and AOP specific activity; both were unchanged. As a result, total intestinal capacities 
to transport glucose and hydrolyze peptides were lower at peak diarrhea. After 24 hr ofORT, 
total intestinal disaccharidase activities remained high. AOP activity and glucose transport 
capacities continued to decline (Fig. 2). Implications for recovery and relations with dietary 
loads that can be processed are unclear. 

The reasons for different responses of disaccharidases relative to AOP and glucose 
transport are unknown. It is possible they are related to changes in enterocyte proliferation 
and turnover. Because various brush border proteins are not all expressed at the same time 
as enterocytes migrate up the villi, any distrubance of enterocyte lifespan is likely to 
influence the relative proportions of different proteins. Additional information about rates 
of enterocyte proliferation during diarrhea and the recovery process are needed for a better 
understanding of the impact of diarrhea. 
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Figure 1. Dimensions ot the small intestine before (H = healthy) and during (P = peak) diarrhea and after 24 
hr of treatment using OES (R = recovery). Values are expressed relative to body weight. 

4.3. Hematology 

Changes in hematocrit and serum sodium and glucose concentrations before, during 
and after diarrhea were monitored to assess dehydration, ion loss and stress. Furthermore, 
sodium and glucose concentrations might provide insights about coupled transport functions 
essential for restoration of fluid and electrolyte status. Hematocrit was higher at peak diarrhea 
and was accompanied by 3.5% higher Na+ levels (Table I). After 24 hr ofORT, hematocrit 
and Na+ values were closer to normal. Blood glucose values also were higher at peak 
diarrhea, but declined after 24 hr of treatment using OES. 

4.4. Microbiology 

The importance of GI bacteria in health and disease was recognized during the last 
century and has been reviewed extensively.14,15 The GI tract includes 300 to 500 species of 
bacteria which coexist in a steady state ecosysteml 6,17 and provides the host with vitamins, 
enables the utilization of indigestible nutrients and confers resistance to opportunistic and 
invasive pathogens. 18,19 In our present study, we confirm that diarrhea perturbs the ecosys
tem, as reported by Gorbach et al.20 Prolonged antibiotic treatment or changes in diet are 
known to cause shifts in abundance and relative proportions of different bacterial groups. 14 

Microbiology results for the present study are summarized in Fig. 3 and Table 2. In 
addition to obvious regional differences, 4 points about the impact of diarrhea need to be 
emphasized. First, bacterial densities in lumenal contents were lower at peak diarrhea. This 
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Figure 2. Total intestinal brush border hydrolytic and glucose transport capacities before (H = healthy) and 
during (P = peak) diarrhea and after 24 hr treatment using OES (R = recovery). Values are expressed relative 
to body weight. 

can be explained by the secretion of fluids, which dilutes lumenal contents and thereby 
reduces bacterial densities on a wet weight basis. The exception to this was the increase or 
lack of decline in Enterobacteriaceae. Although the reasons remain uncertain, it might be 
related to higher lumenal oxygen tension and pH during diarrhea (present studies), which 
would provide an environment that would favor growth of enterics with short generation 
times. Responses were even more apparent 24 hr after diarrhea onset. 
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Table 1. Hematocrit (%), serum sodium (mmolll) and glucose (mg/dl) for 
pig before (healthy) and during (peak) diarrhea and after 24 hr of 

treatment using OES (recovery). Values represent means ± so 

Hematocrit 
Sodium 
Glucose 

Healthy 

41 ±2 
143 ± 5 
119 ± 15 

Condition 

Peak 

53 ± 3 
147 ± 5 
177 ± 37 

Recovery 

38 ± 4 
145 ± 5 
136 ± 17 

Second, populations ofbacteria associated with mucosa of small intestine were more 
resistant to, or not affected by, diarrhea. This probably was related to the lack of serious 
mucosal damage. In addition, bacteria which are adherent to the mucosa or present in the 
intervillus spaces and crypts probably are protected somewhat from the gut flushing caused 
by diarrhea. 

Third, although total bacterial densities were near to, or slightly higher than, those 
of healthy pigs 24 hr after start of ORT, relative abundances of different groups still were 
disturbed. Notable was the continued high densities of aerobes and Enterobacteriaceae. 
Fourth, shifts in relative proportions of various groups may have important health relations. 
Specifically, Bifidobacterium sp. and Lactobacillus sp. are considered as beneficial groups 
and have been used as sensitive indicators of host health. 18.21 In all sampled sites of healthy 
pigs, densities oflactobacilli exceeded those of Enterobacteriaceae (Fig. 3), which includes 
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Figure 3. Densities of different bacterial groups in different regions of gastrointestinal tract, before (H = 
healthy) and during (P = peak) diarrhea and after 24 hr treatment using OES (R = recovery). 
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Table 2. Percentage oftotal anaerobes represented by total aerobes, lactobacilli 
and Enterobacteriaceae in small intestine (lumen and mucosa), cecum and colon 

of pigs before (H) and during (P) diarrhea and after 24 hr of treatment using OES (R) 

Small Intestine 

Lumen Mucosa Cecum Colon 

Total Aerobes H 25 40 6.3 1.3 
P 10 25 13 13 
R 32 50 16 7.9 

Lactobacilli H 4.0 10 2.0 0.2 
P 0.3 1.0 1.6 2.5 
R 4.0 6.3 3.2 2.5 

Enterobacteriaceae H 0.08 7.9 0.016 0.006 
P 4.0 3.2 2.5 1.6 
R 7.9 16 1.6 4.0 
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a large number of pathogens. At peak diarrhea, this relationship was reversed with Entero
bacteriaceae exceeding lactobacilli. After 24 hr ofORT, densities oflactobacilli were similar 
to those of healthy pigs and comparable to those of Enterobacteriaceae. The reciprocal 
relationship between lactobacilli and Enterobacteriaceae may reflect an inhibitory influence 
oflactobacilli through production of bact eric ins, organic acids or other metabolic properties. 
Therefore, selective stimulation of lactobacilli, with a concurrent reduction of Enterobacte
riaceae, may promote health and confer resistance to secondary infections. Bifidobacteria, 
which are a significant component of the human fecal flora, rarely were detected in samples 
from any region of gut from experimental pigs. This may have been related to a combination 
of the recent weaning of the experimental pigs and the diarrhea, both of which are known 
to reduce densities of bifidobacteria. 17 

5. CONCLUSIONS AND PERSPECTIVES 

Acute diarrhea induced by cholera toxin causes changes in intestinal structure and 
functions and perturbs normal densities, distribution and relative proportions of resident 
enteric micro biota. Although 24 hr of treatment, using OES, restored fluid and electrolyte 
status, full recovery of intestinal structure and functions and resident bacteria was not 
observed by this time. We suggest the pig is an appropriate animal model for studying the 
impact of intestinal diarrhea. It should prove useful for evaluating treatments and studying 
new or emerging diarrheal diseases. Efforts to gain additional insights in these areas will be 
enhanced by further studies in the following areas. 

Although both acute and chronic forms of diarrhea are of equal importance to health, 
there is little known about the impact on the intestine. The pig is an appropriate model for 
such studies because of its anatomic and physiologic similarities to the human and the need 
to use invasive techniques. A number of etiologic agents that cause diarrheas in animals are 
known to have relevance to humans. A partial listing is presented in Table 3. The different 
agents and associated diarrheas can be classified as to location of diarrhea (small or large 
bowel), duration (acute or chronic) and how it is mediated (lysis, secretory). 

There is increasing interest in the use of compounds that selectively encourage the 
growth of beneficial bacteria. 18•22 Such "Prebiotics" substances or nutriceuticals also may 
improve the efficacy of OES. In preliminary studies, adding a short chain fructooligosac
charide to OES accelerated recovery of intestinal structure and functions. In addition, there 
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Table 3. Selected pathogens that cause diarrhea in humans and/or animals. 

Infectious for 

Group of pathogen Name Children Animals 

Virus Rotavirus y y 
Norwalk like viruses y 
Corona virus y 

Bacteria E. coli (var. strains) y y 
Salmonella and y y 
Campylobacter y y 
Clostridium difficile y y 
Aeromonas. Plesiomonas y 
Serpulina y 

Protozoans Giardia lamblia y 
Cryptosporidium parvum y y 
Isospora y y 

was a selective increase in densities of lactobacilli, with a concurrent decline in Enterobac
teriaceae. 

In addition to its role in hydrolzying and absorbing foodstuffs. the intestine has 
extensive immune and endocrine functions. Although cross talk between the immune and 
endocrine systems is involved in causing certain diarrheas as an adaptive mechanism to rid 
the intestine of pathogens and toxins, the impact of diarrhea on these functions is unclear. 
Of importance is the role of the intestine as a barrier to invasion. particularly since 
disturbances ofthe intestinal mucosa and associated immune system can compromise animal 
health and resistance to disease. 

Finally, studies of diarrhea can benefit from a multidisciplinary approach. Although 
the microbial ecosystem has been considered previously. we are unaware of any studies that 
have considered adequately the complex. but interesting. relations among diet, intestinal 
structure and functions, and resident microbiota. Evaluating data using ecological concepts. 
particularly disturbance theory and those derived from stream ecosystems, is likely to 
provide valuable insights about interactions between diarrheal agents and the host, and 
subsequent recovery. 
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