INFECTION AND IMMUNITY, Apr. 1972, p. 606611
Copyright © 1972  American Society for Microbiology

Vol. 5, No. 4
Printed in U.S.A.

Association of Escherichia coli with the Small
Intestinal Epithelium

I1. Variations in Association Index and the Relationship Between Association
Index and Enterosorption in Pigs

HANS U. BERTSCHINGER,! HARLEY W. MOON, anpD SHANNON C. WHIPP

National Animal Disease Laboratory, Veterinary Sciences Research Division, Agricultural Research Service,
Ames, Iowa 50010

Received for publication 10 January 1972

The association between small intestinal epithelium and enteropathogenic
Escherichia coli (EEC) was studied in ligated intestinal loops of pigs and rabbits.
The association indexes (degree of association) for each of two porcine EEC strains
varied widely among pigs and independently of each other. Significant litter-to-litter
variations in association indexes among colostrum-deprived newborn pigs were
interpreted to be the result of congenital resistance to association with specific EEC
in some pigs. Since enterosorption occurred in loops with low association indexes,
it was not necessary for EEC to establish a high association index for them to cause
enterosorption in ligated intestinal loops. Two strains of EEC which are entero-
pathogenic for humans caused enterosorption in ligated loops in pigs 3 weeks old or

less but not in 6-week-old pigs.

The accompanying paper reported that entero-
pathogenic Escherichia coli (EEC) have a greater
tendency to associate, i.e., occur in a layer con-
tiguous to brush border along villi from tip to
base, with porcine small intestinal epithelium
than nonenteropathogenic E. coli (NEEC; 1).
Vibrio cholerae has a similar association with
intestinal epithelium, and there is evidence that
intimate association between vibrio and host
cell is necessary if the vibrios are to cause fluid
accumulation in ligated intestinal loops, i.e.,
enterosorption (4). The ability to produce entero-
sorption was host-specific in certain situations
(5, 11). Porcine EEC caused enterosorption in
pig intestinal loops, whereas EEC from calves,
lambs, and humans did not. Human EEC caused
enterosorption in rabbit intestinal loops; EEC
from calves, lambs, and pigs did not. This speci-
ficity could result from qualitative differences in
the enterotoxins produced by EEC of different
origins (13). However, rabbit intestine was more
sensitive than pig intestine to an enterotoxin
produced by a pig EEC (8). Host influence is
also evident in pig intestine which develops te-
sistance with age to the enterosorption caused by
some porcine EEC (9).

If association between bacterial and host cells
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is necessary for EEC to cause enterosorption, as
for V. cholerae, the host specificity of entero-
sorption that is caused by EEC in intestinal loops
may result from species-specific association be-
tween EEC and intestinal epithelium. In addition,
age resistance of pig intestine might be caused by
lack of such association in older pigs. The objec-
tive of this study was to see whether such host
specificity and age resistance can be explained as
a failure of EEC to associate with intestinal
epithelium in these situations. During the study,
extensive variation in association among pigs
exposed to the same EEC was encountered, and
the study was expanded to include some sources
of variation.

MATERIALS AND METHODS

Bacteria. The porcine EEC strains used were 263
|serotype 08:K87(B) 88a,b(L):H19] and 431 [sero-
type 0101:KU460(A):NM] which associated with
porcine intestinal epithelium and the porcine NEEC
strain 123 (serotype 043:K-:H28) which did not
(1). The human EEC strains used were B7A (serotype
0148:K?:H28) and B2C (serotype 06:K?:H16). Both
of the latter strains were provided by Formal et al.
(3) and were known to cause enterosorption in ligated
small intestinal loops of rabbits (rabbit loops). Bac-
terial and enterotoxin inocula were prepared as previ-
ously described (1, 8).

Animals. Suckling pigs 1 to 6 weeks old from two
herds, N and T, were used. In addition, fasting
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hysterectomy-produced, colostrum-deprived (HPCD)
pigs were exposed during the first 12 hr after hysterec-
tomy as described (1). Hysterectomies were done
when it was judged that the dams would farrow in the
succeeding 24 hr; however, the exact gestational
ages of HPCD pigs were not known. The rabbits
used were 9-week-old New Zealand Whites.

Exposure. When both association and entero-
sorption were to be studied, ligated jejunal loops in
pigs or rabbits were exposed to 3 X 108 E. coli cells
in 1 ml of broth as described (1), and the animals
were necropsied 3 hr later. Pigs in which only entero-
sorption was studied were necropsied 18 hr after ex-
posure.

Necropsy. Enterosorption was evaluated as de-
scribed (7). The association index was determined
by microscopy examination of duplicate frozen
sections stained with either fluorescent antibody
against E. coli or with Toluidine Blue as described (1).
An association index of 25 means there were numerous
E. coli contiguous to brush border at the bases of
villi; whereas, an index of 1 means there were no E.
coli at the bases of villi and that E. coli were not
contiguous to the brush border. Total viable E. coli
counts were performed, and paraffin sections of
Formalin-fixed tissues were prepared and examined
as described (1).

RESULTS

Three hours postexposure, the number of
viable E. coli which belonged to the strain
inoculated varied from 0.2 X 10°to 7.1 X 10° per
loop in both pigs and rabbits, regardless of the
strain of E. coli inoculated, and there were no
consistent strain or host differences within this
range. Bacteria other than the strain inoculated
were frequently recovered from loops in suckling
pigs but never from HPCD pigs.

The NEEC strain 123 did not cause entero-
sorption in any pig loops and, as described (1),
this strain tended to be randomly distributed in
the intestinal lumen, resulting in low (<10) or

TaBLE 1. Association indexes for three porcine
Escherichia coli strains in ligated intestinal
loops of suckling pigs obtained from

two herds
|
- Association
No. of A
E. coli Source of noe index
strain pigs
Pigs Loops | Mean | Range
263 Herd N 10 20 17.1 | 8-25
Herd T 6 12 29 | 1-6
431 Herd N 10 20 6.5 | 1-20
Herd T 6 12 3.7 | 1-8
123 Herd N 10 20 5.1 | 1-12
Herd T 6 12 23|14
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TABLE 2. Association indexes for three porcine and
one human Escherichia coli strains in ligated
intestinal loops of newborn fasting

HPCD" pigs
X ‘ No. of l Association index
Et.rg?g | Litter ' ‘
‘ ‘ Pigs i Loops ‘ Mean ‘ Range
\ A 1 2 ‘ 25.0 25-25
| B 2 1 4 122 9-16
263 | C 6 12 67 2-16
[ D 4 ‘ 8 5.8 2-16
. E 4 8 | 18.9 12-25
|
A 1 2205 16-25
31 B 2 4 ' 228 16-25
D 3 6 . 23.3 20-25
E 3 6 175 12-25
A 12 9 3-16
123 B 2 4 140 8-16
D 1 | 2 8.5 6-9
E 1 6.0
C 6 ! 12 7.8 1-12
B7A D 12 | 9.0 9-9
E 11 21 120 12-12

¢ Hysterectomy-produced, colostrum-deprived.

intermediate (>10 <20) association indexes in
all pigs (Tables 1 and 2). The association indexes
for this strain were higher in HPCD than in
suckling pigs.

Variations in association indexes. Indexes for
porcine EEC in suckling pigs from herd N were
higher than in those from herd T. In pigs from
herd N, indexes were higher for EEC strain 263
than for EEC strain 431 and NEEC strain 123.
Association indexes of EEC in herd T varied in
the same range as those for the NEEC strain 123
(Table 1). Indexes for each strain varied widely
among pigs the same age from the same herd and
between loops in the same pig. The distribution
of EEC in sections from suckling pigs with inter-
mediate association indexes (>10 <20) was
frequently irregular; i.e., some villi had a layer of
EEC continguous to brush border, whereas
others in the same section did not.

The association indexes for either porcine
EEC strain also varied in HPCD pigs (Table 2).
Those for strain 263 in some pigs varied in the
same range as for the NEEC strain 123. Indexes
from the 34 loops exposed to strain 263 (Table 2)
were analyzed statistically (hierarchal or nested
analysis) with the following results: 62.9% of the
total variation occurred among litters, 30.7%
among pigs within litters, and 6.3, among loops
within pigs. Differences among litters and among
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pigs within litters were statistically significant
(P < 0.01).

Association indexes for the two porcine EEC
strains varied independently within individual
HPCD pigs. For example, in litters B and D
(Table 2), indexes for strain 431 were high ( >20)
or intermediate, whereas for strain 263 in dif-
ferent loops from the same pigs they were low or
intermediate. The four pigs in litter E and one pig
in litter D had an unusual pattern of partial
association. In these, strain 263 occurred in
layers contiguous to brush border at the bases of
the villi, as the association index emphasizes
bacterial at the villous base (1), it was high to
intermediate in these pigs. However, there were
very few bacteria associated with the upper
portions of the villi (Fig. 1). Some crypts in these
sections were filled with strain 263. In the same
pigs, strain 431 was distributed along the villi as
usual.

Association index and enterosorption. The as-
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sociation indexes in two loops exposed to human
EEC strain B7A and two more exposed to strain
263, in each of the same three rabbits, ranged
from 1 to 3 and 1 to 2, respectively. Neither strain
caused enterosorption in rabbits during the 3-hr
exposure time used to determine association
indexes. However, strain B7A did cause entero-
sorption in 26 of 30 rabbit loops exposed for
18 hr, whereas strain 263 did so in only 10 of 33
such loops.

Live bacterial suspensions of human EEC
strains B7A and B2C caused enterosorption in
pigs 3 weeks old or less, but not in 6-week-old
pigs. Enterotoxins from these strains also caused
enterosorption in pigs, and part of this toxicity
remained after heating at 100C for 15 min
(Table 3). Unheated enterotoxic preparations
(Table 3) contained the following numbers of
rabbit jejunal loop units (6) per ml: strain 263,
three; strain B7A, four; and strain B2C, one.
However, in contrast to pig loops, rabbit loops

FiG. 1. Unusual distribution of pig EEC strain 263 at the bases of villi, in contrast to the usual association of
this strain with epithelium all aloag villi. From fluorescent antibody-stained frozen section of ligated jejunal loop in
newborn colostrum-deprived pig prepared 3 hr postexposure 10 E. coli.
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TABLE 3. Enterosorption in pig intestinal loops caused by living Escherichia coli and cell-free
E. coli enterotoxins

‘ Inoculum
Pigs
1 Living E. coli strain Enterotoxin® from E. coli strain
|
] ! \ 263 B7A \ B2C Con-
Age | No' 265 BiA B ' 123 trol
| | i Unheated | Heated® | Unheated i Heated | Unheated ‘ Heated |Saline
| ' :
| | !
HPCDe¢ \ 17 17/347 15/16/ ND¢ | 0/19] ND ND ND | ND ND ND ND
5 days 8 8/8 7/8 | 6/8 | 1/8 ND ND ND ND ND ND ND
3 wks 1 11/11 ! 4/6 | 5/7 . ND 4/4 0/4 7/7  3/4 6/6 4/4 0/4
| ’ (36.2)/ 0) @47.1) | (11.2) | (30.0) | (13.8) | (0)
6wks | 4 88 08 08 08 ND | ND ND ND | ND | ND | ND

« Each loop was injected with 7 ml of enterotoxin or saline.

b Heated at 100 C for 15 min.

¢ Hysterectomy-produced, colostrum-deprived fasting pigs, exposed for 3 hr during the first 12 hr
after hysterectomy. All other pigs were sucklings, exposed for 18 hr.

¢ Number of loops with enterosorption over number tested.

¢ Not done.

/ Mean fluid volume (milliliters) per loop is in parentheses.

FiG. 2. Pig EEC strain 431 with association index of 2 in ligated jejunal loop of a suckling pig resistant to
association with this strain. Enterosorption occurred frequently in loops with such low association indexes. From
Aluorescent antibody-stained frozen section prepared 3 hr postexposure to E. coli.
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did not have enterosorption after exposure to
heated enterotoxins from strains B7A or B2C.
Strain B7A tended to be randomly distributed in
the central intestinal lumen. In contrast to strain
B7A, the porcine EEC strains frequently had
intermediate to high association indexes (Table 2).
However, when all pig loops exposed to porcine
EEC strains 263 and 431 for 3 hr (Tables 1 and 2)
were considered, there was a total of 59 loops in
which enterosorption occurred. In 22 of these 59
loops with enterosorption (12 exposed to strain
263 and 10 exposed to strain 431), the association
index was low (<10) (Fig. 2). There were no
consistent differences in the association indexes
for strain 431 in suckling pigs of different ages
(Table 1). Association indexes for the human
EEC in suckling pigs were not determined.

DISCUSSION

Previously, we observed high association
indexes between porcine EEC and pig small
intestinal villous epithelium and low indexes for
NEEC (1). As more pigs were included in similar
experiments reported here, considerable variation
in association between EEC and epithelium were
observed. Qualitative variations were observed.
In some pigs, EEC strain 263 was associated with
epithelium at the bases of villi and in crypts
(Fig. 1), in contrast to the usual distribution of
EEC along villous epithelium. Quantitative
variations were demonstrated as differences in
association indexes for the same EEC in different
pigs. For example, in some pigs (Tables 1 and 2),
association indexes for EEC strains 263 and 431
were no greater than those for NEEC strain 123.
Variations in association indexes among HPCD
litters and pigs were statistically significant and
consistently greater than variation among loops
within these pigs. Thus, it is unlikely that the
variations were caused by the technique, and we
conclude that the variations recorded reflect in
vivo variations.

Since variations occurred, resulting in low to
intermediate association indexes in some unfed
HPCD pigs less than 12 hr old, we assume that
these pigs were congenitally resistant to associa-
tion with certain porcine EEC. Variations for a
single EEC in HPCD pigs were greater among
litters than among pigs within litters and greater
among pigs within litters than among loops within
pigs. Thus, we suggest that variations in associa-
tion indexes may have been the result of genet-
ically controlled differences in the ability of
intestinal epithelium to associate with EEC.
Evidence for genetic differences in resistance to
enteric E. coli infections in pigs has been reported
by others (12, 14). The exact gestational ages of
the HPCD pigs were unknown, and slight varia-
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tions in gestational age may have contributed to
variations in association indexes in HPCD pigs.

Another possible source of variations in as-
sociation indexes is antibody. Freter has shown
that specific antibody inhibits association between
V. cholerae and intestinal epithelium in rabbits
(4). If one assumes the HPCD pigs were devoid
of antibody (2), then antibody did not cause the
variations in these pigs. However, some antibody
can occur in newborn colostrum-deprived pigs
(10) and thus cannot be unequivocally dismissed
as a possible source of congenital resistance to
association in HPCD pigs.

Association indexes for all three procine strains
and particularly for strain 431 tended to be lower
in suckling than in HPCD pigs (Tables 1 and 2).
Although these differences may have been the
result of chance alone, antibody from milk may
have contributed to low association indexes in
some suckling pigs although they were weaned
the day before tests were done. For example,
passive protection against experimental cholera
was detectable in mice 3 days after they were
weaned from cholera-immune mothers (15). In
addition, suckling pigs may have acquired active
immunity.

It would be useful if resistance to association
could be applied in attempts to inhibit coloniza-
tion of small intestine by EEC. However, re-
sistance to association with EEC strains 263 and
431 varied independently within the same pig or
litter (Tables 1 and 2). Thus, whatever the cause(s)
of the spontaneous resistance, it was strain-
specific. There are numerous serotypes of E. coli
which cause enteric colibacillosis in pigs. Thus, it
would be difficult to control the disease by en-
hacing or selecting for such resistance in an at-
tempt to inhibit colonization by all pig EEC.

Porcine EEC produce heat-labile (LT) and heat
stable (ST) enterotoxins (6). Rabbit loops are
more sensitive than pig loops to LT, and pig
loops are more sensitive than rabbit loops to ST
(6, 7). The enterotoxins from human EEC
strains B7A and B2C were partially heat-labile
when tested in pig loops (Table 3). In contrast to
pig loops, rabbit loops did not have enterosorp-
tion after exposure to heated enterotoxins from
these strains. From this, we conclude that the
human EEC strains B7A and B2C produced both
LT and ST.

Living bacteria of strains B7A and B2C caused
enterosorption in pigs 3 weeks old or less but not
in 6-week-old pigs. Such resistance with age to
enterosorption that was caused by certain living
strains isolated from pigs designated as class 2
EEC was characteristic of pig intestine (8). None
of the human EEC strains which Gyles and
Barnum (5), and Smith and Halls (11) tested in
pigs 3- and 7- to-12-weeks-old, respectively,
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caused enterosorption. During the first 3 weeks of
life, pigs developed progressive resistance to the
effects of enterotoxins prepared from porcine
EEC; ie., the dose of toxin per unit of body
weight required to produce diarrhea increased
with age (J. B. Stevens, M. S. thesis, University
of Guelph, Ontario, 1971). We assume this re-
sistance to toxin with age at least partially ex-
plains the failure of living human EEC strains
B7A and B2C as well as the class 2 pig EEC
mentioned above to cause enterosorption in 6-
week-old pigs.

Enterosorption occurred frequently in pig
loops in which the association indexes for EEC
were as low as those for NEEC in the same pigs.
The possibility that enterosorption might reduce
the association index was considered. However,
this seems unlikely because in previous work
(Fig. 6 of reference 1) the association index did
not decrease during fluid accumulation from 1.5
to 6 hr postexposure. In addition, association
indexes for strain B7A in rabbit loops, where it
causes enterosorption in 18-hr tests, were low.
For these reasons, we conclude that the associa-
tion between host epithelium and EEC which
resulted in intermediate to high association
indexes and which characterized the differences in
histological distribution between EEC and NEEC
in this and our previous study (1) is not a pre-
requisite for enterosorption induced by living
EEC. Thus, host specificity and age resistance of
EEC-induced enterosorption in pig intestine can-
not be explained as a failure of EEC to establish
high association indexes.

The observation that living EEC can cause
enterosorption in loops without a high associa-
tion index is apparently in contrast to those
made on experimental cholera. Freter presented
evidence that ‘“‘adsorption” of vibrios to mucosa
(association) is necessary if vibrios are to cause
enterosorption in rabbit loops (4). However,
direct comparisons between our results and those
of Freter cannot be made, as the techniques used
to quantitate association were different. In com-
paring his photographs (Fig. 1 of reference 4) and
morphological descriptions of vibrios in rabbits
with ours for EEC in pigs (Fig. 2 and 3 of refer-
ence 1 and Fig. 2 of this report), we would have
calculated low or intermediate association in-
dexes for the vibrios. However, his observations
were made from washed and ours from un-
washed loops. Thus, ‘“adsorption” of the nature
and degree reported by Freter for V. cholerae
may have occurred in loops exposed to EEC that
had low association indexes in the study reported
here. This question could be resolved if a tech-
nique for consistently removing nonadsorbed
EEC from pig loops were developed and if the
techniques used by Freter for rabbit intestine
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could be successfully applied to rabbit intestine
exposed to human EEC.

High association indexes are not necessary for
EEC to produce enterosorption in loops where
the washout effects of intestinal motility are
eliminated. However, the ability of EEC to
develop high association indexes is probably an
attribute of virulence which enables them to
colonize the enterotoxin-sensitive small intestine
of intact pigs more readily than NEEC. Varia-
tions in resistance of pigs to such association may
be a reason for differences in susceptibility of
pigs to enteric colibacillosis.
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