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ABSTRACT. The adherence of radiolabeled fimbriated (S 
7471 Q)F) and nonfimbriated (S 7471 N) Salmonella ty- 
phimurium to small intestinal rat enterocytes was exam- 
ined during postnatal development. The fimbriated strain 
invariably adhered in higher numbers than the nonfim- 
briated strain during all periods of development. The ca- 
pability of enterocytes to bind Salmonella increased signif- 
icantly during postnatal development and reached adult 
levels at weaning time (21 days of age). Bacterial adherence 
to enterocytes was similar if the cells were isolated from 
the proximal or the distal small intestine. Early weaning 
of pups did not affect the capability of enterocytes to bind 
Salmone!la. Pretreatment of isolated enterocytes from 
adult animals with rat's milk before exposure to Salmo- 
nella had no effect on the level of bacteria that adhered 
per enterocyte. Conversely, pretreatment of Salmonella 
with rats' milk before binding to enterocytes from adult 
animals also did not alter the level of bacteria adhered per 
enterocyte. These results suggest an age-dependent, post- 
natal development of available receptors for S. typhimu- 
rium on rat enterocytes. The acquisition of these receptors 
is not affected by mother's milk and is unaltered by early 
weaning. (Pediatr Res 24: 508-51 1, 1988) 

Infectious and noninfectious infantile diarrhea are leading 
causes of childhood morbidity and mortality especially in com- 
munities where malnutrition and deficient hygiene prevail (l,2). 
Studies in 15 developed and lesser developed countries indicated 
that Salmonella was the etiologic agent of acute diarrhea in 
children in 0.9- 18% of the cases and that Salmonella typhimu- 
rium was the strain most frequently isolated (2-4). The highest 
incidence of salmonellosis occurs in the second half of the first 
year of life (2,4), much more frequently in weaning and formula- 
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fed infants than in breast-fed infants (1, 5). This has been clearly 
shown to be an effect of mother's milk (1, 5) but it has also been 
suggested that variation in intestinal mucosal receptor activity 
for enteropathogens could be an important contributing factor 
to the age-related clinical pattern of intestinal infections (6). 

Adherence of bacteria to epithelial cells is generally recognized 
as a prerequisite for colonization as well as for the pathogenesis 
of enteric infections (7-10). Binding of bacteria to intestinal 
epithelium is considered to require specific interaction between 
bacteria and host cell surfaces (1 I). However, little is known 
about the molecular characteristics of the receptors for enteric 
bacteria. The intestinal epithelium undergoes major structural 
and functional transformations in their surface proteins and 
carbohydrates during postnatal development (12). It is conceiv- 
able that surface receptors for bacteria on the enterocytes also 
undergo developmental changes. Such transformations would 
have important effects on colonization by indigenous microflora 
as well as for the clinical pattern of intestinal infections in the 
neonatal period. 

As yet, there are no ontogenic studies on intestinal adherence 
of Salmonella typhimurium. A few studies have been reported 
on the postnatal development of adherence of Escherichia coli 
and ShigellaJlexneri to intestinal mucosal cells in animals (6, 
13-15). In the present study, we investigated the effect of post- 
natal development of the small intestine of rats on the adherence 
of fimbriated and nonfimbriated S. typhimurium which is a 
classic pathogen for the rat (1 6). Isolated enterocytes from differ- 
ent levels of the small intestine were used as target cells. In 
addition, the effect of early weaning of pups and the role of rat's 
milk on the adherence of S. typhimurium were examined. 

MATERIALS AND METHODS 

Animals. All experiments were performed using Sprague-Daw- 
ley rats. Pups were obtained from timed-pregnant females. The 
day of birth was considered as day 0. Unless otherwise stated, 
rats were allowed to nurse before weaning until the time when 
they were killed by decapitation at various ages specified below. 

Enterocyte isolation. Small intestinal enterocytes were isolated 
as described previously (17) with slight modifications (18). 
Briefly, segments from the proximal intestine starting at the 
pyloms and from the most distal part of ileum (to the ileocecal 
valve) were processed simultaneously. The lengths of the seg- 
ments varied with the age of the rat: 14 cm in the 7 day old, 2 1 
cm in the 14 day old, 23 cm in the 16 day old, and 25 cm in 
other age groups. Each segment was excised and trimmed of fat 
and mesentery. The segment was split open longitudinally and 
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washed twice by gentle agitation in 5 ml of isolation buffer (see 
below). The segment was incubated for 2 min on a New Bruns- 
wick gyratory shaker at 400 rpm at 37" C. All glassware was 
siliconized and all incubations were canied out under 100% 
oxygen. The supernatant fluid was discarded and the intestinal 
segment was resuspended in fresh isolation buffer and incubated 
for another 10 min with shaking. This procedure was repeated 
twice and the supernatant fluids were collected combined and 
filtered through four layers of cheese cloth. The cell suspension 
was centrifuged for 2 min at 1500 rpm and the pellet was washed 
twice, resuspended in enough isolation buffer to make an appro- 
priate cell density (1 O5 to 1 06/ml) and quantitated microscopi- 
cally using a hemocytometer. The isolation buffer consisted of 
24.5 mM HEPES, 98 mM NaCl, 6 mM KCl, 2 mM KH~POI,  5 
mM sodium puruvate, 6 mM sodium fumarate, 5 nM sodium 
glutamate, 11.5 mM glucose, 2 UM glutamine, 0.2% (wt/vol) 
bovine serum albumin, 2% (vol/vol) amino acid mixture and 
1 % (vol/vol) essential vitamin mixture. The pH of the solution 
was adjusted to 7.4. All reagents were obtained from Sigma 
Chemical Company (St. Louis, MO) except the amino acid 
mixture (GIBCO, Grand Island, NY) and the vitamin mixture 
(M. A. Bioproducts, Walkersville, MD). The number of entero- 
cytes that were isolated from the proximal and distal intestine 
ranged from 2 x lo6 to 5 x lo7, even in the 7-day-old pups with 
shorter intestines. Phase contrast microscopy demonstrated that 
the size and morphologic appearance of enterocyte were similar 
in all of the ages studied. The enterocyte yield from the proximal 
and the distal intestine was similar. The integrity of enterocytes 
was determined by the Trypan blue exclusion test. More than 
90% of enterocytes excluded the dye throughout the experimen- 
tal period in all age groups studied. 

Bacteria. S. typhimurium strains S 7471 N, a nonfimbriated 
(fim-) FIRN biotype (19) and S 747 1 Q)F which is a transductant 
of S 747 1 N and phenotypically fimbriated (fim+) were used for 
the studies. Both strains were kindly provided by Dr. P. T. 
LoVerde of the State University of New York at Buffalo (20). 
Bacteria were grown in 10 ml Luria broth at 37" C under aerobic 
and static conditions for 36 h to promote fimbriae formation 
that was documented by electron microscopy using the shadow 
casting technique. The presence oftype 1 fimbriae was confirmed 
by its agglutination of rat, guinea pig, and human erythrocytes 
that was inhibitable by D-mannose or a-methyl-D-mannoside 
(21). For adherence studies, cultures were grown statically for 36 
h at 37" C in 10 ml Luria broth containing (8-3H) adenine (10 
IICi/rnl). The growth was followed by measuring with a Klett- 
Summerson colorimeter (no. 66 filter) the turbidity of the culture 
that was related to colony-forming units. The broth culture was 
centrifuged at 10,000 x g for 10 min. The pellet was washed 
twice in phosphate-buffered saline and finally resuspended in 
fresh isolation buffer. Incorporation of (8-3H) adenine was meas- 
ured in a Beckman KS 1800 liquid scintillation spectrometer. 
The usual specific activity of the radiolabeled bacteria was ap- 
proximately 1000 cpm/ 1-3 x lo6 bacteria. 

Adherence assay. The methodology used has been described 
previously (1 8). Briefly, a suspension of freshly prepared radio- 
labeled bacteria (0.5 ml) containing 1 x lo7 to 1 x lo9 colony- 
forming units was incubated with 0.5 ml freshly isolated entero- 
cytes at 37" C for 30 min in a plastic tube on a slowly rotating 
wheel. In each experiment a ratio of 500 bacteria per enterocyte 
was used. Separation of enterocyte bound bacteria from free 
bacteria was performed by filtration through a polycarbonate 
membrane filter (Nucleopore, 5 - ~ r n  pore size). The incubation 
tube was rinsed twice with PBS and the washings were filtered 
through the membrane. The membrane was then washed four 
times with PBS, transferred to a scintillation vial with 5.0 ml of 
scintillation fluid and counted in a scintillation spectrometer. 

Milk collection. After oxytocin injection, milk was collected 
from different rat dams according to previously described meth- 
ods (22). The milk was pooled and stored at -20" C until used 
for the experiments described below. 

Statistical methods. Adherence was expressed as the mean 
number of bacteria bound per enterocyte +SD. Analyses of 
variance was used to determine if there were difference among 
the various groups. Student's t test was used to determine the 
significance of difference between the means of two different 
groups. A p value of <0.05 was considered significant. 

RESULTS 

Adherence of S. typhimurium to rat enterocytes. Table 1 shows 
that the number of fimbriated bacteria adhered per enterocyte 
was significantly higher than the number of adhered nonfim- 
briated bacteria in all age groups p < 0.00 1. Similar results were 
obtained with enterocytes from the proximal and distal small 
intestine. The number of adhered fimbriated bacteria increased 
significantly up to 30 days of age. In 7-day-old pups, the number 
of fimbriated bacteria adhered was 1.7 k 1.1 per enterocyte in 
the proximal intestine and 2.6 k 1.4 in the distal intestine. This 
level was three times higher in 14-day-old animals and five to 
six times higher in 21-day-old animals both in the proximal and 
the distal intestine. In adult animals, the number of fimbriated 
bacteria adhered was nine times higher in the proximal intestine 
and seven times higher in distal intestine compared to 7-day-old 
pups. There was no significant difference in the number of 
bacteria adhered to enterocytes isolated from the 30-day-old pups 
and the adult animals. 

Effect of early weaning. Pups that were 16 days old were 
weaned prematurely by removing the pups from their mothers 
and simultaneously introducing powdered laboratory food as 
described previously (22). They were killed on the 19th day of 
age together with controls (breast-fed littermates). Enterocytes 
were isolated and adherence was studied under standard condi- 
tions. Table 2 shows that there was no significant difference in 
the number of bacteria adhered to enterocytes isolated from early 
weaned animals compared to controls from two separate litters 
of about 10 pups each. 

Treatment of enterocytes or bacteria, with rat's milk. Entero- 
cytes from adult animals or Salmonella were separately treated 
with rat's milk in vitro to see if there were factors in the rat milk 
that interfered with the adherence of S. typhimurium to entero- 
cytes and which could result in an apparent lower number of 

Table 1. Adherence of S. typhimurium to isolated small 
intestinal enterocytes in rats of d~fferent ages 

Adherence* 

Proximal intestine Distal intestine 
Age group 
(no. expt.) Fim+t Fim-$ Fim+ Fim- 

7 days 1.7 + 1.1 0.4 f 0.6 2.6 + 1.4 1.4 + 1.5 
( 6 )  
14 days 4.4 + 2.55 1.0 + 1.5 8.9 + 1.35 1.2 + 1.5 
(6) 
16 days 7.9 + 1.7 1.4 f 1.3 9.6 f 4.1 0.9 + 0.9 
( 5 )  
21 days 11.1 + 5.211 5.0 + 5.6 13.5 + 3.9 3.7 + 3.9 
(4) 
30 days 16.3 + 7.2 2.7 f 0.8 19.9 + 4.2 2.5 + 1.8 
(5) 
Adult 14.0 + 5.3 4.4 + 3.0 19.6 + 9.6 3.5 + 2.8 
(10) 

* Mean no. of bacteria bound per enterocyte f SD for the number of 
experiments indicated. Each experiment was run with triplicate samples. 

t Fimbriated strain, S 747 1 Q)F. 
$ Nonfimbriated strain, S 747 1 N. 
5 Significant difference ( p  < 0.01) between 7 and 14 days. 
11 Significant difference ( p  < 0.001) between 14 and 21 days. Analyses 

of variance showed a significant difference exist between ages (F = 17.8, 
p < 0.001) and strains (F = 142.9, p < 0.001). 
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Table 2. Effect of early weaning on adherence of Salmonella 
typhimurium (Fim+) to isolated enterocytes from proximal 

small intestine of rats 
Adherence* 

Animal (No. expt.) Litter It (No. expt.) Litter 2$ 

Early weaned? (4) 5.8 f 2.0 (5) 8.0 + 0.8 
Control (4) 8.7 f 5.6 (5) 9.1 +. 1.6 

* Mean no. of bacteria bound per enterocyte f SD for the number of 
experiments indicated. Each experiment was run in triplicate. 

t Pups were weaned at 16 days of age by separating them from their 
mother and introducing them to solid foods. Pups were killed on the 
19th day of life and enterocytes were isolated. Adherence of S. typhi- 
murium to enterocytes was studied under standard conditions. 

3 Pups were weaned at 15 days of age to allow for more time of 
exposure to solid food. Weaning was performed as outline above. 

Table 3. Effect of rat milk on adherence of S. typhimurium to 
enterocvtes from small intestine of  adult rats 

- 

Adherence* 

Group Proximal Distal 
(no. expt.) intestine intestine 

A. Pretreatment of enterocyte 
With milkt 10.2 f 3.8 10.8 f 3.6 

(4) 
Without milk 13.5 + 9.0 15.5 f 4.7 

(4) 

B. Pretreatment of bacteria 
With milk$ 10.8 f 2.1 

(6) 
Without milk 11.8 f 2.3 

(6) 

adhered bacteria. Table 3 shows that pretreatment of 106 enter- * Mean numberofbacteriaboundperenterocyte f SDforthenumber 

ocytes .0 ml) with 50 p1 rat milk for min at 4" c did not of experiments indicated. Each experiment was run in triplicate. 

affect the number of bacteria adhered. Similarly, pretreatment t lo6 (1  ml) of freshly prepared enterocytes from adult rat were 

of bacteria with rat milk in the same ratio of volume also did incubated with 150 p1 rat milk and another sample of enterocytes from 

not change the adherence of bacteria to the enterocytes. the same preparation was incubated with the isolation buffer to serve as 
controls (without milk) for 10 min on a slowly rotating wheel at 4" C. 
Enterocytes were washed twice with the isolation buffer and adherence 

DISCUSSION of fim+ S. typhimurium (S 7471 9F) was studied under standard 

The present study demonstrates that fimbriated S. typhimu- 
rium adheres to isolated rat enterocytes in significantly higher 
numbers than nonfimbriated counterparts in all age groups 
studied. These results agree with our previous study (18) and 
earlier studies of adherence of S. typhimurium to surface integ- 
uments of Schistosoma that demonstrated that type 1 fimbriae 
mediated the adherence (20). Golderman and Rubinstein (24) 
also found that mannose sensitive adhesions in Salmonella facil- 
itated adherence to intestinal mucosa in mice. 

Our study also demonstrates an age-dependent increase in 
binding of S. typhimurium to rat enterocytes. The number of 
adhered bacteria was low in 7-day-old pups, then increased 
gradually and significantly with age and reached adult levels at 
weaning suggesting maturational events in the enterocytes. 

Marked developmental changes, e.g. physiologic processes, 
mucosal proteins and carbohydrates, digestive enzymes, and 
intestinal flora occur in the gastrointestinal tract during postnatal 
maturation in the rat (25, 26). In the first 2 wk of life, the small 
intestinal epithelium is immature both structurally and function- 
ally (25, 26). During the 3rd wk, a rapid maturation process 
takes place. At 4-5 wk of age, the adult levels of enzymes and 
patterns of membrane biochemistry are apparent. Surface prop- 
erties of small intestinal epithelial cells and microvillus mem- 
branes of rats have been studied using various lectins as probes 
(12). These studies indicated maturational changes in reactive 
surface carbohydrate terminals. It is conceivable that receptors 
responsible for bacterial adherence undergo similar develop- 
mental changes. 

Postnatal ~evelopment of the rat small intestine is character- 
ized by increased mass, DNA, and a-glucosidases and decreased 
lactase content approximately 17-2 1 days of age (23,25). Forced 
early weaning of breast-fed pups with powdered laboratory food 
has been shown to result in precocious increase of intestinal 
length as well as increase of maltase and sucrase and decrease in 
lactase activities after only 2 days (23). This has been attributed 
to a change in the diet associated with weaning. However, the 
segmental mucosal weight, DNA, and protein contents showed 
parallel increases in both early weaned and control pups, sug- 
gesting preprogramed control of these parameters rather than 
dietary effects (23). Studies with prolonged nursing of rats also 
supported the hypothesis that a combination of dietary and 
genetic factors affect intestinal development (23). Our results on 
the binding of S. typhimurium to small intestinal cells from 
forced early weaned pups, however, did not show significant 

conditions. 
$ 109 (1  ml) of freshly harvested 3H-labeled Salmonella (fim+) were 

incubated with 150 pl rat milk and another sample of Salmonella from 
the same harvest was incubated with the isolated buffer to serve as control 
(without milk) for 10 min on a slowly rotating wheel at 4" C. Bacteria 
were washed twice with the isolation buffer and adherence of the milk 
incubated and control Salmonella to enterocytes freshly prepared from 
adult rats were studied under standard conditions. 

difference compared with those in small intestinal cells from 
control litter mates. These data suggest that the development of 
binding capacities to S. typhimurium in isolated enterocytes is 
inherently preprogramed and that dietary changes play an insig- 
nificant role, if any, in the acquisition of this ability. 

Breast-feeding of infants has been universally documented to 
protect infants against gastroenteritis as well as other infections 
(1, 5). This is especially important for populations living in poor 
hygienic conditions with heavy microbial exposure through con- 
taminated food and water. The level of specific immunoglobulins 
in breast milk is an important protective factor. For example, 
breast milk with specific IgA antibodies against Vibrio cholera 
lipopolysaccharide and enterotoxin was shown to have protective 
effects against cholera (27). However, breast-feeding does not 
seem to prevent intestinal colonization with E. coli (28) or V. 
cholera (27). Rat milk contains IgA and IgG, but not IgM from 
the first day of lactation (29). As yet, their specific effects in 
protection against Salmonella infection have not been evaluated. 
Nonspecific factors, such as lactofemns, lysozyme, and lactoper- 
oxidase in breast milk are also considered to be protective against 
infections (5). Receptors analogous to those in epithelial cells for 
certain bacteria such as Pneumococci and Haemophilus influ- 
enzae (5, 30) have been demonstrated in human milk and 
suggested to have protective functions. The present study dem- 
onstrated that pretreatment of enterocytes or Salmonella in vitro 
with rat's milk did not significantly change the level of adherent 
bacteria to adult enterocytes. This indicates an absence or inef- 
fectiveness of factors in rat's milk which interferes with the 
binding of S. typhimurium to adult enterocytes under the exper- 
imental conditions. It is therefore unlikely that such factors 
would prevent the adherence of S. typhimurium to enterocytes 
of newborn pups in vitro, and that the lower numbers of bacteria 
adhered to enterocytes in the neonatal period could be ,accounted 
for by the consumption of milk. Animal studies have suggested 
developmental changes of adherence levels to intestinal mucosa 
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or isolated intestinal cells for various strains of E. coli and 
Shigella Jlexneri (6, 13, 15). Thus, E. coli (RDEC- I) ,  a rabbit 
enteropathogenic bacterium did not adhere to rabbit intestinal 
brush border membranes before 2 1 days of age. The adherence 
then increased and eventually reached adult levels at 35 days of 
age (6). Studies of adherence of E. coli 0 1 1 l/B 4 to the mucosa 
of closed intestinal loops of rabbits and rats showed higher 
adherence levels to the intestines of immature compared with 
those from adult animals (1 5). However, studies of the adherence 
of enterotoxinogenic E. coli 0 128 to guinea pig small intestinal 
cells did not show any differences in animals of various ages 
(13). However, using the same model system, the adherence to 
colonic cells was found to be low in the newborn, but reached 
adult values at 1 wk of age (13). Inasmuch as the adherence of 
E. coli 0 128 is considered to be mediated by mannose-containing 
receptors available on the ileal surface in guinea pigs both in 
newborn and adult animals, these results contrasted with the age- 
dependent occurrence of mannose-specific small intestinal recep- 
tors demonstrated for E. coli 0 1 1 1/B 4 in rabbits and rats (1 5). 
Our study suggests that the availability of mannose-specific recep- 
tors for S. typhimurium is gradually developed or unmasked 
during postnatal maturation of small intestinal enterocytes in 
the rat. 

Although the significance of these animal data in terms of 
human disease is not known at present, adherence to epithelial 
cells is recognized to be a prerequisite for many pathogenic 
bacteria to cause acute infection in humans (9, 10). Recently it 
has been shown in human studies that adherence alone may 
result in damage to the intestinal epithelium, e.g. enteroadherent 
E. coli was associated with ultrastructural changes in microvillus 
membranes of small intestinal cells (31). Reports have also 
emphasized adherence to intestinal mucosa by certain strains of 
E. coli as one factor in the pathogenesis of protracted diarrhea 
in infancy (3 1). Human studies have also indicated that bacterial 
binding sites on epithelial cells are not available immediately 
after birth but can be demonstrated after a few days. Thus, lower 
numbers of Streptococci adhered to oral mucosal cells (33) and 
Staphylococci to nasal mucosa (34) in infants during the first 
48 h of life than in adults. 

The present study has indicated that the number of available 
binding sites for S. typhimurium on isolated small intestinal rat 
enterocytes increases with age and is apparently preprogrammed. 
Age-dependent differences in affinity of enterocytes and other 
epithelial cells for bacteria have important implications for both 
pathobiology and pathophysiology. Such changes in enterocyte 
properties may contribute to the developmental characteristics 
of the normal intestinal colonization as well as to the age- 
dependent clinical pattern of bacterial intestinal infections. 
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