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It is presumed, but not proven, that enteropathogenic Escherichia coli (EPEC) causes secretory diarrhea by
altering ion transport in enterocytes. In this study we used the whole-cell, current clamp variant of the patch
clamp technique to demonstrate that EPEC infection of HeLa and Caco-2 human epithelial cells reduces cell
resting membrane potential. The observed reduction of resting membrane potential in HeLa cells results from
EPEC-mediated signal transduction to the host cell but is not dependent upon EPEC-mediated elevation of
levels of intracellular free calcium. These findings indicate that EPEC can directly alter the relative distribu-
tion of ions across epithelial host cell membranes. This may be relevant to the etiology of diarrhea caused by

EPEC infection.

Enteropathogenic Escherichia coli (EPEC) causes a diar-
rheal disease that is a leading cause of infant death in devel-
oping nations (26). However, the mechanisms by which EPEC
causes diarrhea are unknown. Clinical findings indicate that
EPEC-mediated diarrhea contains high levels of sodium and is
therefore classified as a secretory-type diarrhea (6, 16, 23).
Secretory diarrhea arises from either the secretion of ions into
the gut or the inability of the gut to absorb ions from the
luminal contents (4). Increased ion concentrations in the gut
will cause an increase in water content in the stool and, pos-
sibly, a diarrheal disease. Since EPEC does not produce toxins
(25), it is presumed that the direct interaction of EPEC with
intestinal epithelial cells either alters the ability of these cells
to transport ions from the gut lumen or triggers ion secretion
by these cells.

EPEC-infected human intestinal cells exhibit several distinc-
tive features. Histopathological findings indicate that EPEC
adheres to intestinal epithelial cells and forms microcolonies
on the apical cell surface (39). The membranes of enterocytes
and bound EPEC closely associate in a manner termed inti-
mate adherence. Intimately adherent EPEC rests upon a cup-
like pedestal, and microvilli are effaced, resulting in formation
of an attaching and effacing lesion.

In vitro studies support a multistage model for the interac-
tions of EPEC with epithelial cells that result in the observed
histopathological changes seen in vivo (21). The first stage
involves the initial adherence of EPEC to epithelial cells as
microcolonies via the bundle-forming pilus (13). The second
stage occurs when bound EPEC triggers host signal transduc-
tion pathways to initiate cytoskeletal rearrangements (30). The
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bacterial factors required for host cell signaling include secre-
tion of EaeB, also referred to as EspB, and other proteins via
a type III export system encoded by the sep genes (10, 19, 22).
EPEC signaling induces tyrosine phosphorylation of several
host proteins, including a predominant 90-kDa membrane pro-
tein (Hp 90). These phosphorylated proteins cluster directly
beneath the adherent EPEC (29). EPEC signaling also medi-
ates release of inositol phosphates (IP;) and calcium in the
host cell cytoplasm (7, 11). The third stage of interaction in-
volves EPEC-directed alterations of the host cell cytoskeleton
typified by filamentous actin focused beneath EPEC, intimate
adherence, and pedestal formation (9, 24). An EPEC outer
membrane protein, intimin, encoded by eaeA, mediates these
interactions by binding to Hp 90 and focusing cytoskeletal
rearrangements beneath the adherent bacteria (20, 32).
Findings from these in vitro studies have suggested possible
operating mechanisms that underlic EPEC-mediated diarrheal
disease. These include altered enterocyte ion transport result-
ing from host cell signal cascades triggered by IP; fluxes or by
elevated levels of intracellular free calcium (3, 7). However,
the necessary prerequisite finding, that EPEC does actually
alter ion distribution across cultured epithelial cell mem-
branes, has not been demonstrated. Therefore, to determine if
EPEC does alter the distribution of ions across individual host
cells, we measured the effect of EPEC on the resting mem-
brane potential (RMP) of infected HeLa and Caco-2 epithelial
cells. To determine the stage in EPEC epithelial cell interac-
tions at which alterations in RMP occur, we also examined
HelLa cells infected with EPEC mutants that are deficient for
signal transduction (eaeB and class four mutants [cfm]) or
intimate adherence (eae4). The RMP was determined via the
whole-cell, current clamp variant of the patch clamp technique.
This measurement represents the voltage at which there is no
net movement of positive or negative ions across the cell mem-
brane (33). Therefore, the RMP is the result of, and directly
reflects, the collective action of epithelial cell ion transport,
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TABLE 1. EPEC strains used in this study

Decrease in level

Strain Adherence in 1P, _[Ca”]i HP 90 Cytoskeletal of transepithelial Decrease in
microcolonies release increase phosphorylation rearrangement resistance RMP“
E2348/69, parental EPEC + + + + + + +
10-5-1(1) eaeA::TnphoA + + - + +b — +
14-2-1(1) (cfm) sep2::TnPhoA + — ND¢ — — _ _
UMDS864 AeaeB + - ND - _ ND _

“ Determined in this study.

® The cytoskeletal rearrangements were limited and were not focused beneath the adherent bacteria.

¢ ND, not determined.

whether by means of ion channels or pumps. If EPEC affects
the movement of ions across the epithelial cell membrane,
changes in the RMP of cultured epithelial cells will occur.
Strains and culture conditions used. The EPEC strains used
in this study are as shown in Table 1. Human epithelial-like
HelLa cells (ATCC CCL2) and human enterocyte-like Caco-2
cells (ATCC HTB37) were grown on 12-mm-diameter cover-
slips as described previously (10-12). HeLa cells were used at
50 to 70% confluency 2 days after seeding, and Caco-2 cells
were used 4 to 6 days after seeding and grew in islets of 100 to
200 cells. Epithelial cells were either left untreated or infected
with preinduced EPEC. For some experiments, HeLa cells
were treated with drugs or incubated in the presence of both
preinduced EPEC and drugs, as indicated in Table 2. Infection
of HeLa or Caco-2 cells was performed as follows. EPEC
strains were preinduced for microcolony formation (31). Pre-
induced EPEC were diluted 1:2 with fresh minimal essential
medium (MEM) and added to epithelial cells. After 30 min,
nonadherent bacteria were removed by washing the monolay-
ers with MEM. Preinduced EPEC rapidly adhere to epithelial
cells as microcolonies and transduce signals or cause the ac-
cumulation of phosphotyrosine-containing proteins and fila-
mentous-actin under the adherent EPEC (data not shown and
reference 31). These EPEC-mediated signaling events were
observed as early as 5 min following the infection procedure.
Infected epithelial cells were used for patch clamp analysis 20
min to 2 h following infection. This study also used several
EPEC mutant strains with defects in their interaction with
cultured epithelial cells. EPEC signal transduction mutants

contain lesions either within the sep genes, termed cfm, or
within eaeB. These strains do not trigger Hp 90 phosphoryla-
tion or an elevation of IP; (10, 11, 29). Intimate adherence
mutants have a lesion within eaeA4, and although they trigger
Hp 90 phosphorylation and an elevation of levels of IP, they
are unable to focus Hp 90 and cytoskeletal rearrangements
beneath the adherent bacteria (29). These signal transduction
and intimate adherence mutants formed microcolonies follow-
ing preinduction, as did the parental EPEC, and exhibited the
phenotypes expected for these mutant strains (data not shown
and references 10, 11, and 29).

Patch clamp recording methods. Patch clamp recordings
from HeLa and Caco-2 cells were obtained by methods de-
scribed previously (18). We recorded RMPs with the whole-
cell variant of the patch clamp technique, using standard ex-
tracellular saline (SES) as a cell bathing solution and standard
internal saline to fill patch electrodes (15). The Ca**-free
extracellular solution had the same composition as SES except
for the omission of CaCl, and the addition of 3 mM EGTA
[ethylene glycol-bis(3-aminoethyl ether)-N,N,N',N'-tetraacetic
acid]. Recordings were obtained at room temperature (22 to
24°C) and completed within 1 h of cell removal from the
incubator. In the case of EPEC-infected HeLa or Caco-2 cells,
recordings were made with cells displaying at least one at-
tached microcolony. Caco-2 cells or EPEC-infected Caco-2
cells selected for analysis were from within islets consisting of
100 to 200 cells (12). We routinely evaluated the viability of
infected epithelial cells by trypan blue exclusion. No detectable
drop in the level of viability of HeLa or Caco-2 cells infected

TABLE 2. HeLa cell incubation protocols used in this study

First incubation (37°C)

Second incubation (37°C) Patch clamp recording (22-24°C)

Experimental treatment

Medium Durgtion Medium Durgtion Bath sgline Durgtion
(min) (min) solution (min)”

No treatment MEM 60 SES 60
EPEC MEM and EPEC 30 SES 60
EPEC mutants MEM and mutants 30 SES 60
EPEC supernatant Filtered supernatant of 30 SES 60

EPEC-containing

medium
Ouabain MEM and ouabain 60 SES and ouabain 60
Ouabain plus EPEC MEM and ouabain 30 MEM, ouabain, and EPEC 30 SES and ouabain 60
Thapsigargin MEM and thapsigargin 60 SES and thapsigargin 60
Thapsigargin plus EPEC MEM and thapsigargin 30 MEM, thapsigargin, and EPEC 30 SES and thapsigargin 60
BAPTA-AM MEM and BAPTA-AM 60 SES and BAPTA-AM 60
BAPTA-AM plus EPEC MEM and BAPTA-AM 30 MEM, BAPTA-AM, and EPEC 30 SES and BAPTA-AM 60
0Ca’*-BAPTA-AM Ca’"-free MEM and 60 Ca’"-free ES and 60

BAPTA-AM BAPTA-AM
0Ca**-BAPTA-AM plus EPEC Ca?*-free MEM and 30 Ca?*-free MEM, BAPTA-AM, 30 Ca?*-free ES and 60

BAPTA-AM and EPEC BAPTA-AM

¢ All patch clamp recordings were completed within 60 min of cell removal from the incubator.
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FIG. 1. Effect of incubation with wild-type EPEC and EPEC mutant strains
on the RMP of HeLa cells in SES, as recorded by whole-cell patch clamp
methods. Patch electrodes were filled with standard internal saline. Mean RMPs
were obtained from HeLa cells incubated with normal culture medium (n = 23
cells), EPEC-containing medium (n = 13 cells), cfm-containing medium (n = 13
cells), eaeA-containing medium (n = 11 cells), or eaeB-containing medium (n =
14 cells). A final group of 10 cells was incubated in the filtered supernatant from
wild-type EPEC-containing culture medium. Only mean RMPs obtained after
infection with either wild-type EPEC or eaeA strains were significantly lower
than that of the control (P < 0.001, ANOVA, asterisks). Data are expressed as
means *+ standard errors of the means.

with EPEC strains was observed under the experimental con-
ditions used in this study.

EPEC depolarizes HeLa and Caco-2 cell membranes. HelLa
cells which exhibited at least one attached wild-type EPEC
microcolony had a significantly lower mean RMP than was
observed in cells incubated in MEM alone (Fig. 1). The mean
RMP for untreated HeLa cells was —51 = 2.4 mV (n = 23
cells), and the mean RMP for EPEC-treated cells was —25 =+
1.2 mV (n = 13 cells, P < 0.001, by analysis of variance
[ANOVA]). Incubation of HeLa cells with the supernatant
from preinduced EPEC cultures failed to elicit a drop in RMP
relative to control values. The mean RMP for 10 HeLa cells
treated with EPEC supernatant was —48 = 3.0 mV (Fig. 1).
This indicates that the EPEC-mediated drop in RMP was not
due to the alteration of medium composition by bacterial
growth or the elaboration of bacterial components into the
medium.

We also examined the effect of EPEC on the RMP of the
enterocyte-like Caco-2 cell line. As with HeLa cells, EPEC
reduced the RMP of Caco-2 cells to half of its normal value.
The mean RMP for untreated Caco-2 cells was —38.4 * 2.0
mV (n = 12 cells), while the mean RMP for EPEC-treated
cells was —19.6 = 1.5 mV (n = 11 cells, P < 0.001, ANOVA).

Signal transduction by EPEC causes the observed depolar-
ization of epithelial cell membranes. In order to determine
what stage in the interaction of EPEC with epithelial cells
leads to the observed reduction of RMP, we used Hela cells
infected with EPEC mutants deficient for intimate adherence
(eaeA) or signal transduction (cfm or eaeB). HeLa epithelial
cells were selected, since they have been extensively character-
ized in terms of EPEC-mediated signal transduction and cy-
toskeletal rearrangements (9-11, 22, 31) and in terms of their
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electrophysiological properties (34-36). The eaeA mutant de-
polarized HeLa cells to the same degree as wild-type EPEC
(mean value, —28 *= 2.2 mV, n = 11 cells, P > 0.05 with
wild-type data, ANOVA). In contrast, RMPs recorded from
HeLa cells infected with either the eaeB (mean value —45 = 4
mV, n = 14) or cfm mutants (mean value, =52 £ 6 mV, n =
13 cells) did not differ significantly from control values (P >
0.05, ANOVA) (Fig. 1). Therefore, the observed reduction in
RMP requires the EPEC-mediated signaling of HeLa cells by
EaeB and possibly other secreted proteins.

We treated HeLa cells with 0.1 mM ouabain to demonstrate
that specific inhibition of an ion transport protein could lead to
a reduction in the RMP comparable to that mediated by
EPEC. Ouabain is a member of a family of glycosides used in
cardiac therapy which binds to and inactivates the Na*/K*
ATPase of eucaryotic cells (17). The Na*/K* ATPase plays an
essential role in maintaining transmembrane gradients of po-
tassium and sodium ions in animal cells (38). Incubation of
HeLa cells with ouabain reduced the HeLa cell RMP to —26 +
1.8 mV (n = 16 cells), a value similar to that produced by
EPEC infection (P > 0.05, ANOVA). When HeLa cells were
incubated in the presence of both ouabain and EPEC, cell
RMP dropped by an extent slightly greater than was seen with
either treatment alone. The mean RMP was —20 * 1.7 mV
(n = 12 cells, P < 0.05 with ouabain only or EPEC only data,
ANOVA). The effects of these two treatments on RMP were
therefore only weakly additive. Nevertheless, it is unlikely that
residual pump activity persisted at the concentration of
ouabain employed (1), suggesting that the EPEC-mediated
reduction in RMP is not simply due to the inhibition of the
Na*/K* ATPase.

Calcium is not a mediator of HeLa cell depolarization by
EPEC. In order to explore possible mechanisms for EPEC-
mediated HeLa cell depolarization, we investigated the possi-
ble role of the EPEC-mediated rise in the level of free intra-
cellular calcium (2, 3, 7). EPEC-mediated elevations in levels
of free intracellular calcium were blocked by loading HeLa
cells with the membrane-permeable calcium chelator BAPTA-
AM [1,2-bis(2-aminophenoxy)ethane-N,N,N’-tetraacetic acid
acetoxy methylester, 100 pM] prior to infection with EPEC.
The loading of HeLa cells with BAPTA-AM resulted in a small
reduction in the HeLa cell RMP (see Fig. 3) when measured in
medium containing normal levels of Ca?* or in calcium-free
media supplemented with 3 mM EGTA (0Ca**) (Table 2).
EPEC infection of BAPTA-AM-loaded HeLa cells in either
Ca®" or Ca®"-free medium resulted in significant further de-
polarizations (P < 0.05, ANOVA) (see Fig. 3). To confirm that
BAPTA-AM effectively buffered elevations in intracellular free
calcium, we measured calcium levels in BAPTA-AM-treated
HeLa cells by fluorescence calcium imaging (Fig. 2). HeLa
cells were loaded with the cell-permeant calcium indicator fura
2-AM (Molecular Probes, Inc., Eugene, Oreg.) by a 90-min
incubation in 5 uM fura 2 solution at 22 to 24°C. Fura 2-AM-
loaded cells were incubated at 37°C during monitoring of free
intracellular calcium, [Ca®*];, which was determined by the
ratio of fluorescence signals at 334- and 380-nm wavelengths
(14). These cells were then loaded with BAPTA-AM, and the
effectiveness of this reagent was assessed. As shown in Fig. 2,
BAPTA-AM effectively buffered the rise in intracellular free
calcium triggered in HeLa cells by the application of histamine
(27). Therefore, chelation of intracellular or both intracellular
and extracellular calcium did not block the depolarizing influ-
ence of EPEC on HeLa cell membranes.

The role of calcium was also examined with the drug thap-
sigargin. Treatment of HeLa cells with thapsigargin (2 wM)
depletes the intracellular Ca®™ stores of these cells by inhibit-
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FIG. 2. Preincubation with BAPTA-AM-suppressed histamine-induced fluxes in [Ca*]; in HeLa cells. [Ca?*]; was monitored as the ratio of fluorescent signals
detected at 334- and 380-nm wavelengths (I334/1380). Prior to BAPTA-AM loading, two 50-s applications of 1 mM histamine (H) to the cells each resulted in rapid
and reversible increases in the fluorescence ratio, indicating increases in [Ca?*];. Following loading of these cells with BAPTA-AM (horizontal bar), the application
of histamine evoked negligible changes in [Ca?*];. The plotted fluorescence ratio signal represents the mean ratio for 20 cells in the microscope field.

ing the intracellular Ca>* pumps and preventing the seques-
tration of Ca®* to intracellular stores (27). HeLa cells treated
with thapsigargin in medium containing a normal amount of
calcium exhibited a slight drop in RMP (Fig. 3). Incubation of
thapsigargin-treated HeLa cells with EPEC resulted in a signi-
ficantly greater reduction in RMP compared with HeLa cells
treated with thapsigargin alone (Fig. 3). This depolarization
was not significantly different from that seen in cells exposed to
EPEC alone, indicating that thapsigargin treatment did not
prevent EPEC-mediated depolarization in HeLa cells.

Finally, eaeA mutants do not cause an elevation in levels of
intracellular free calcium, nor do they cause the calcium-de-
pendent drop in the level of transepithelial resistance observed
in polarized epithelial monolayers (7, 37). As stated previously,
the eaeA mutant did cause a drop in RMP in infected HeLa
cells. Taken collectively, these results indicate that the drop in
RMP observed in EPEC-treated cells is not mediated by cal-
cium-dependent signal transduction pathways or by calcium-
mediated cytotoxicity (reviewed in reference 28).

This study provides the first direct evidence that EPEC in-
fection alters the distribution of ions across the cell membrane
of both HeLa and Caco-2 human epithelial cells, reducing the
RMP to about half its normal value. In principle, EPEC-me-
diated depolarization could result directly from an influx of
positive ions or from an efflux of negative ions across the epi-
thelial cell membrane. Alternatively, EPEC may act indirectly
by inhibiting metabolically driven pumps which maintain the
large transmembrane concentration gradients for K, Na™,
and CI™, upon which the resting potential ultimately depends.
Any marked fall in resting potential greatly reduces the elec-
trochemical gradient available for Na™ entry into the epithelial
cell. In the context of an intact gut epithelium, this change
would lead to accumulation of Na™ and water in the gut lumen.
This would result in the formation of a profuse, sodium-rich
diarrhea, as is seen clinically in EPEC infections. The depo-
larizing effect of EPEC infection was similar in magnitude to
that caused by exposure of HeLa cells to the Na*/K* ATPase-
blocking drug ouabain. It is of interest that diarrhea is a com-

mon side effect of clinically used ouabain analogs and may
indeed be the only gastrointestinal symptom of cardiac glyco-
side toxicity (17).

Previous studies exploring the effects of EPEC on cultured
epithelial cell electrophysiology measured transcellular resis-
tance across polarized monolayers (5, 37). The reported reduc-
tion in the level of polarized monolayer resistance differs from
the decrease in HeLa and Caco-2 cell RMP in two respects.
First, eaeA mutants failed to cause a fall in the level of trans-
epithelial resistance yet were identical to wild-type EPEC in
their ability to depolarize HeLa and Caco-2 cells. Second, the
fall in the level of transepithelial resistance was seen only after
prolonged incubation with EPEC organisms, while EPEC-me-
diated depolarization occurred as early as 30 min after bacte-
rial attachment to HeLa cell membranes. These differences
suggest that distinct signal transduction mechanisms may un-
derlie the EPEC-mediated fall in the level of transepithelial
resistance and in membrane potential. The drop in the level of
transepithelial resistance requires the EPEC-mediated rise in
the level of intracellular free calcium (37) and probably reflects
activation of Ca®>"-dependent membrane conductances or cal-
cium-mediated cytotoxicity (2). These processes are apparently
not essential for EPEC-mediated cell depolarization. Our con-
clusion is supported by the finding that chelation of intracel-
lular calcium with BAPTA-AM failed to protect HeLa cells
against EPEC-mediated depolarization.

Our studies with EPEC mutants indicate that neither the
initial attachment nor the intimate adherence of bacteria to
host cells was itself sufficient to trigger EPEC-mediated depo-
larization. Similarly, the fall in resting potential could not be
attributed to the elaboration of EPEC products into culture
medium or the depletion of culture medium by the microor-
ganisms. Rather, mutants which do not trigger signal transduc-
tion, including Hp 90 phosphorylation and IP; fluxes, were
selectively unable to depolarize HeLa cells. Both of these sig-
nal transduction pathways could, in principle, influence the
transport of ions across cell membranes.

Patch clamp techniques have been used previously to exam-
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FIG. 3. EPEC-induced depolarization of HeLa cells was not blocked by
pretreatment of HeLa cells with BAPTA-AM (100 wM), a chelator of intracel-
lular Ca®*, or with thapsigargin (2 wM), an inhibitor of intracellular Ca®*
pumps. Incubation in BAPTA-AM-containing medium with a normal level of
Ca®" (n = 9 cells) or without Ca®>* (n = 6 cells) itself significantly depolarized
HelLa cells, compared with values for untreated cells (n = 23 cells, P < 0.001,
ANOVA, single asterisks). However, coincubation of HeLa cells with media
containing both wild-type EPEC and either BAPTA-AM with Ca®* (n = 8 cells)
or BAPTA-AM without Ca®>* (n = 8 cells) resulted in significantly greater
depolarizations than were seen in cells treated with BAPTA-AM alone (P <
0.05, ANOVA, double asterisks). Similarly, incubation with thapsigargin-con-
taining medium (n = 13 cells) also depolarized HeLa cells (P < 0.001, ANOVA,
single asterisk). Coincubation of HeLa cells with medium containing both thap-
sigargin and EPEC (n = 11 cells) induced greater depolarization than was
observed in cells treated with thapsigargin alone (P < 0.05, ANOVA, double
asterisks). The mean depolarizations seen after coincubation of EPEC and
BAPTA-AM in normal or calcium-free medium were significantly larger than
that seen following treatment with EPEC alone (P < 0.05, ANOVA). Coincu-
bation with thapsigargin and EPEC resulted in a depolarization not significantly
different from that seen after exposure to EPEC alone.

ine the pathogenic actions of bacterial toxins (8). However, this
study is the first example of applying this method to examine
the direct interaction of live pathogenic bacteria with individ-
ual host cells. By utilizing this technique, we have shown that
EPEC mediates a drop in epithelial cell RMP, thereby identi-
fying a potential pathogenic mechanism which may contribute
to diarrhea.
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