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1. SUMMARY

Enterotoxigenic strains of Lselierichia coli that produce heat-stable enterotoxin
{STa).are a major cause of diarrheal disease worldwide. Resistance to diarrheal discase
in human infants and newborn animals has been attributed to a gradual turnover in
the dntestinal brush border membrane receptors to bacterial pili. In this study, we
demonstrated age-dependent variation in the density and affinity of the mouse ente-
rocyte receptors specific for STa, Flow cytometry and radiolabeled-$Ta (**1-§Ta) assays
were used as more reliable quantitative measures {or the characterization of STa-
enteroeyte receptor interaction, These assays indicated a stronger interaction of §7a
witlh its putative receptor on the enteroeytes of the 2-day-old I suckling mice than with
enteroeytes from l-week, 2-week and 2-month-old mice. Scatchard plot analysis of '1-
STa-receptor interaction suggested that STa-receptors exist at a higher number on ente-
rocytes from the 2-day-old mice than enterocytes of the older mice. Additionally,
receptors from the 2-day-old mice had a greater aflfinity for STa ligand than receptors
trom the older mice. Density of STa receptors on enterocytes and their alfinity to $Ta
may determine the extent of binding and severity of seeretory response. This may
further explain the increased susceptibility of newborn animals and human infants to
STa-mediated diarrheal discase,
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2. INTRODUCTION

Secretory diarrhea caused by enterotoxigenic Escherichia coli (ETEC Jis a major
cause of death a mm@x human infants and young animals in the ¢ developing countries
(Dreyfus et al.. 1984; S; wed et al., 1987, Vaandrager et al, 1993). Virulence factors
that cnable ?‘*‘."Ii;,‘_ strains 1o cause diarrheal disease during the first days of life
include specilic surface fimbriac. which mediate bacterial adherence (o intestinal
epithelial cells, and enterotoxins that stimulate intestinal secretion (Butler and
Clarke. 1994: Jaso-Fricdmann et al. 1992; Sack, 1980). It was found that colomization
by ETEC can be blocked cither by lack of fimbrial receptors, or presence of
receptor analogs in the mucous laver that inhibit binding to inte mim% u‘i%% suggesting
a key s*uié: of ETEC fimbriac in host specificit ity and age susceptibility in pigs (Dean,

1990). ETEC produce dilferent types ol enterotoxing heat-labile miqmimm (L
and im} types of heat-stable enterotoxins (STa and STh) {Saced and Greenber g8
1985 Sears and Kaper, 1996). STa-mediated diarrhea is more common and more severe
mn young animals and human infants (Cohen et al.. 1986; 1988: Rao ¢t al.. 1981 o Saced
et al., T9R7). §Ta is a cysteine-rich, nomimmunogenic, 18- or [9-amino acid peptide
with a molecular weight of 2kDa (Butler and Clar ke, 1994; Sears and Kaper, 1996). $Ta
has been found to increase puanylate cyclase activity and guanosine 3.5 -cyclic
monophosphate (¢GMP) concentration in 1he mammalian small intestinal cells
(Guandalini ct al.. 1982: Guerrant et al.. L980). The sequence of events which ends in
stimulation of intestinal fluid secretion and diarrhea is initiated by STa binding to a
specilic receptor located on the brush border membrane of the intestinal epithelial
cells of the host (Giannella ot al., 1983: Jaso-Friedmann et al, 1992), STa receptor
is belicved to be part of the extracellular motit of the brush border-associated
puanylyl cyclase (Schulz et al., 1990 Viandrager ¢t al., 1993 Wada ¢l al, 1994), The
STalfreceptor binding has been studied in human, pig and rat intestine. In all of
these species, an increase in brush border membrane-STa receptor density was
observed in the immature intestine (Cohen et al., 1986 1988: Jaso-Fricdmann et al..
1992). This coincides with the period of increased susceptibi ility o STa-induced
diarrheal discase that oceurs in carly life of humans and animals. Stevens of al. (1971,
have described two periods of increased porcine responsiveness to STa: during the first
week of Tife and dircetly alter we; wing. [t is not clear whether the su sceptibility o
ETEC-STa changes with age and if this change results from alterations in the density
and/or affinity of the enterocytes eeeptors that are specific Tor this enterotoxin, The
development of age-dependent resistance against. L'TEC diarrheal diseases was
observed in more than one species of animals. Moon and Whipp (1970) found that
STh is capable of indy ucing secrcetion in 7 j; ty-old pigs but not in 7eweek-old ones,
Previous studies on the effeet of age on i;s’: tnteraction between STa and its ;ﬁumi;w
receptor revealed that immature rat c;z num was much more sensitive o the see clory
effect of STa than adult jejunum. In this sty dy. we hypothesized that the suscepti Mizz;
of the 2-day-old mice that are used in the suckling mouse assay of ETEC.STa is
modulated by an increased number of STa rec eptors on their enterocytes, and that the
atfinity of these receptors to the STa tosin may be age-dependent. ¢ urrently, 1331 suck-
ling mouse model is the only reliable bioas ssay Tor ETEC-STa. Flow cytometry, " "1-STa
alfinity binding and indirect zmmmsuihmmu nee assays were utilized (o uimm: lerize
the nteraction of ETEC-STa with its putative receptor on enterocytes of different
age-groups of mice.
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MATERIALS AND METHODS
3.1. STa Purification

STa was produced and purificd 10 homogencity using the methods described by
Staples ¢t zzix {1980) and modified by Saced and (ﬁwni‘sm’ (1985).

Experimental Animals

Four different age groups (2-day, l-week, 2eweck, and 2-month-old) of Swiss
Webster mice were used in this experiment (8-10 mice in each group). The mouse room
had 13- M w ﬂpkh air changes per hour and was maintained at 22 £ 1°C temperature
with 45 4 2% relative humidity and a 12/12-h light/dark ceycle. Mice were cuthanized
by cther ;w::«;zhwi:i foltowed by cervical dislocation, and single cell suspensions of
enterocytes were prepared from cach group as described below,

3.3, Isolation of Suckling Mouse Enterocytes

E nlerocyles were isolated as described previously (Al-Majali ¢t al, 1998). The
population of cells harvested was monitored by periodic wet mount examination
through the whole procedure to assess the quantity and quality of the isolated entero-
evtes, Cell counts and cell viability were éf%x*x‘isé’ami%a* dye-exclusion using (.2% trypan
blue. Only cell suspensions that contained over 80% viable cells were used {or indirect
immunofluorescence, low eytometric analysis and "71-STa binding assay.

34, Indirect Immunofluorescence Assay

Intestinal eryostat sections were imcubated miix S0ul (100pg/ml of 10mM PRS)

[ HPLC-purificd STa for 45 minule at %? O Adter washing three times with PBS

i:i 7.4, shides were incubated at 37°C for wl:*s minute with 50ul of 1310 diluted

aiz Sta antibody produced o rabbits Slides were washed three times in PBS and

reincubated with 50ul of 12100 dituted anti-rabbit-lpgG-FI'TC-conjugated antibody

{KPL, Gaithershurg, MDY After adS-minute incubation shdes were rinsed in PBS and
examined ustng a Nikon labophot epi-fluorescence microscope

3.5, Flow Cytometry Analysis

Futerocytes were prepared for staining i@}{ three additional washes with PBS, pH
7.2, containing 0.3% BSA. In a volume of 100pul, 107 enterocytes in PBS-BSA were
§§H1<h}§y«§ with S0pt of HPLC ;*iitiii& d STa iiiigm ml of 1[0mM PBS) for 45 mu’sui
370 After washing three times in PBS-BSA L enterocyies were resuspended in | ?i?;ii
{ PRS-BSAL Fifty-microliter of STa-specific antiscrum produced in rabbits was diluted
3 1010 PBS, added 1o the enterocvie suspension and incubated for 30 minute at 47CL
Cells were washe d three times with PBS-BSA and resuspended in 100u] of PBS-BSAL
Filtv-microliter of ym% anti-rabbit-leG-FITCeconjugated d!’:iti?ﬁi vy (KPL, Gaithers-
burg. MD) dituted 1: 100 in PBS was added to the enterocyte suspension and incubated
for 30 minutes on ice. Cells were washed three times with PBS-BSAL resuspended
in 1L.Oml of PBS. and kept on ice untl flow evtometrie analysis was performed, As
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a negative mm;mi. similar samples were incubated only with the seccondary FITC-
conjugated antibody and used to determine the threshold of specific staining. Flow cyto-
metric asmE}&zx was performed using the Epies ELITE flow eytometer (Coulter Elee-
tronmics, Hileah, FL. FITCstained cells were excited by using 13mW of 488nm a rgon
taser light. Calibration beads were run and the mean fluorescent mlensily was sel at a
fixed value, which was maintained throughout the experiment,

3.6, STa lodination

HPLC-purilicd STa was radioiodinated in 2 E“{,‘;M’iiim n%%xim‘c that contained
the following: STa. 100pg: 0, 2™ sodium phosphate (pH 7.2), 45ul; one lodo-bead®
{Pierce. Rockford, 1) Na-"1 (NEN, Boston. MA}& H}m(z amd 2% D- %*31:4:(;*«3
25ul After 18 nmw%w neubation al room tempernture, radiolabeled S5 {18
was separated Trom free Jodine using a Sep-Pack (418 ¢ artridge column {Waters
Associates, Milford, MAY The column was g'"sg‘z'wwzﬁ%am? with 10 mi HO0%, micthanol and
cquilibrated with 10ml distilled water. Stepwise clution of the 1.8 Ta was performed
with {1) 10ml of 0.1% tifluoroacetic acid (TF AYin 0% methanol (HPLC grade), (i)

WOml of 0.1% TFA 1n 60% methano! eluted. and (111} 10ml of 0.1% TFA in 100%
methanol.

3.7. Binding Assay

Reaction mixtures containing isolated mice entrocytes (2 x 10Y), PBS-BSA and
1-STa (20-640nM) were incubated in a final volume of 200 for 40 minute al 37°C
i a shaking water bath. Unbound "I-STa was removed from bound "1-STx by
vacuum filtration (Milli ipore Corp., Bedford, MA), using Lum. 2.5em GF/B glass
filters (Whatman, Maidstone, E ngland). Total binding was measured in a reaction

mixture that did not contain the unlabeled $Ta. whercas nonspecilic binding was
measured in a reaction mixture that contained the labeled $Ta ineludi g 1000-fold
excess of unlabeled STa. Specific binding was calculated by subtracting non-specific
binding from the total binding. All experimental points were determined in duplicate.
Specific binding data were used to s::nh ulate the apparent dissociation constants (K,)

and the maximum number of ST receplors (Bae.) associated with enterocyles
{Scatchard, 1949).

1. RESULTS
4.1, Indirect Immunofluorescence Assay

Indirect immunofluorescence study of enteroeytes from STa-susceptible mice
revealed the localization of intensely stained arcas mostly at the brush border mem-
brane region. Cryostat sections obtained from small ssxiﬁmim of 2-day-old suckling mice
Bowed an intensely fluorescent brush border membrane afier tre: atment with rabbit
nt-STa and anti-rabl i-1eG-FITC-conjugated antibodies {Fig. 1). Some fluorescence

as found in some focal areas inside the mucosa of the intestine. Fluorescence inten-
wié’s;:@ were wlzﬁiwi Alow in the intestinal sections and enterocyte smears oblained from

week and 2-week-old mice when compared with that of the 2-day-old suckling mice
suggesting 131&1 fluorescence intensity is inversely related to age.
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4.2. Flow Cytometry Analysis

The binding of STa to its putative receptor was studicd using flow cytometric
analysis. A histogram showing significantly increased fluorescence intensity was asso-
ciated with the 2-day-old suckling mice enterocyles that were stained with rabbit anti-
STa and anti-rabbit-lgG-FITC-conjugated antibodies. Only weak fluorescence was
demonstrated in similarly prepared and processed samples from the T-week and 2.
week-old mice. No fluorescence was observed on processed enterocyies from any age
groups when no STa was added. The staining results of freshly isolated enterocytes from
different age groups of suckling mice are shown in Fig. 2

4.3. Effect of "1-STa Concentration on Binding

Binding assays with enterocytes from each age group were performed to charac-
terize the assoctation of STa with its putative receptor on the enterocvte surface. The
binding of ""1-8Ta to enterocytes from each group of mice was saturable, and reached
a plateau {Fig. 3). The specific binding of "I-STa to enterocytes from 2-day-old mice
was about 2-fold higher than the specific binding of "*1-.STa 0 enterocytes obtained
from 1=, 2-week, and Z-month old mice. Non-specific binding in the 2-dav-old group
enteroeytes accounted for only 4-8% of total binding whereas non-specific binding for
enterocytes from the Toweek, 2oweek, and Z-month old mice accounted for 40-50% of
the total binding.

4.4. Stoichiometry of '"“1-§Ta Binding to the Different Age Group of
Mice Enterocytes

Scatchard analysis of specific binding data suggest the existence of a single class
of STa receptors associated with enterocvtes from different age groups. Caleulation of
dissociation constants (K} and maximum number of receptors (B,,..) suggesied higher

R
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Figure 2. Representative flow cvtometrie histograms Trom different age groups of mice. A control, no S1a
toxin was added; B: Enterocytes from 2-day-old mice: O Enterocytes from Laweck-old mice: 1 2aweck-old
mice, Enterog whoere incubated with ST rabbit 2008 s sorum, and stained with anfirabibit-1gG-FHC
conjugated antibodies, Similar trends were obtained upon repeating the exporinent,
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Figure 3. Specific binding of "1-8Ta w enterocyies obtained from different age groups of mice in the pres.
ence of increasing concentrations of LS. @-

B, enteroovies from 2-dayeold suckling mice: 8
ealeroeyies from Daveck-old suckling mice, 4. .. ., 4. enterocvies from Tweck-old mice; and e,
enterpeytes Trom adult 2-montheold) mice. Nonspeeitie binding was determined in incubation mixures
containing LS Ta and a 1000-fold excess of unlabeled STa, Similar trends were obtained apon repeating
the experiment. Inset represents Scatchard plot for the 2aday-old enterocyies, Scatchard plot analyses for
the specific binding dala of the different age groups are shown in Table |
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Table L Binding properties of 718 Ta to eateroeytes Trom mice of dilferent age groups”

i bwling {rianciatiog conianl ST recoptor domsity
{1841 {riddimg proteing
¥ (3.4
148 i1 %
1 $L40

aftinity and receptor density for 8Ta in the 2-day-old suckling mice enteroceytes than
other age groups. ;‘xhz~wup o1 iéiﬁ“ﬁ.‘*%ii’&’ of the 2-dav-old suckling mice was 20-fold
higher than that of the Teweek, 2-week- and Z2month-old mice (Table 1) The dissoci-
1 constant of STa receptor of enteroeytes obtamed from 2-day-old suckling mice
Y was %{3«&359;.1 fower than that obtained {rom 2eweek and 2amontb-old mice. The
K of the Taveck-old suckling mice (1280M) was 2-fold higher than that of the 2-day-
old suckling mice. ""1-8Ta binding properties are shown in Table 1,
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DISCUSSION

the age-dependent u%%ai;amv to diarrheal discase caused by enterotoxigenic
Fsciierichia coli (FTECY was firstCreported i pigs. Moon and Whipp (19701, found that
some strains of ETEC cause seeretory diarrhea only in neonatal pigs under two weeks
old, whereas, other strains have the ability to cause diarrhea o neonatal and older pigs.
[Eonterotoxing are among iEw most important virulence factor of ETEC and are con-
sidered the impncediate mediator of diarrhea { {‘w’hw ef al, TUSK: Scars and Kaper, 1996),
High doses of STa were found to affect the scerctory response in ligated intestinal loops,
and addition of STb (o STa-treated loops iner ‘gm.é this sceretory response. Although
differences may exist in the sensitivily of neconatal and adult hosts to bacterial entero-
toxins, little is known about changes of enterotoxin receptor affinity and densily in the
lirst woeoks alter birth,

In this study. the presence of STa receptors on enlerocytes obtained from mice
of different age groups was demonstrated using flow eytometry and indirect immu-
nofluorescence assays. The absence of Huorescence in the control group.where no toxin
was added suggested o spealic mteraction between STa and its putative receptor, The
significant increase in the fluorescence intensity i the 2-day-old suckling mice entero-
evies, which were treated with STac rabbit ant-5Ta, and anti-rabbit-1pG-FITC conju-
gated antibodics. must have been due to an inerease i either the receptor number or the
aftinity of 514 1o these H‘&'af‘ﬁii\i‘*& (T 30 Simidar results were obtiined using indirect
suminoiluorescence stammge (g 1) For further tnvestigation of STa-receptor stoi-
chiometry, "1-STa binding affinity to STa-receptors on the mice-enterocytes was per-
formed, The "71-8Ta binding aflinity data suggested that a significanty higher number of
Stareceptors was preseat on the enterocyies of the 2-dav-old mice group than older mice
(Pig. 30 The number of the STa receptors on the enterocyies of the Taweek 2-week and
Zomonth-old mice was sigmficantly Tower tmn that of the 2-dav-old mice (Table 1),
Uinlike previous reports in pigs {Jaso-Frice %m ann ol al, 19923 our data
mercase i the Sy

sugpests an
receptor alliniy in the 2-dav-old suckling mice (Table 1) This
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age-dependent affinity of STa receptors may be due to conformational or structural
changes in the extracellular domain of the guanylate cyclase ;“;mi{ in. Further investiga-
tion is needed to elucidate this age-dependent alfinity. Binding of "1-$Ta to mice intesti-
nai cells was shown to be rapid. specific. saturable. temperature dependent, and belongs
to a single class of receptors. 1t is unclear why STa receptors exist in a larger number on
enterocytes from neonatal animals, 1 s possible that the STa receptor functions as a
receptor for growth promoting peptide(s) and that an increased number of receptors for
this peptide would be needed in the intestine of the neonate. 1t is noleworthy that,
recently, we studicd the effect of dictary insulin on the response of suckling mice entero-
cytes to STa. Insulin was found to up-regulate this response (Al-Majali ¢t al.. 1998). It is
likely that multiple factors contribute (o the increased susceptibility of newborn animals
to ETEC. This predilection might be variably expressed on the basis of permissive host
Lactors.including brush border membrane changes that may be induced by dictary anti-
gens, stress. or by environmental factors. The high susceptibility to ETEC might be aug-
mented or more fully expressed in response to host or environmental factors, In addition,
this report deseribes the use of flow eytometry (o study the interaction of STa with its
putative receptor. Conventional fluorescent microscopy analysis results only in inaccu-
rate estimates of humwwnw intensity due to the scoring protocol used (+++ 4 for high
uorescent intensity, +: Tor relatively low fluorescent intensity). U sing flow cvtometry,
studying the STa/ um;‘*zim interaction was possible through accurate determination of
the intensity of fluorescence on enterocytes of the different age groups of suckling mice.
In summary, we have demonstrated using indirect flow cviometry immunofluorescence,
and '“1-STa binding assays that. in suckling mice, STa-receptor numbers and affinity are
age-dependent. STa-reeeptor numbers and alfinity were higher in the 2- day-old mice
suckling mice than older mice. These results may further explain the inc reased suscepti-
bility ol immature and voung animals to S Ta-mediated diarrheal discase. This model will
be utilized in future studies for further mvestigations of the mechanism of STa-mediated
diarrheal discase in humans and animals.
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