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Abstract. CACO-2 BBE was used to determine the re- Introduction

sponse of a gastrointestinal epithelium to tumor necrosis

factoro (TNF). Incubation of CACO-2 BBE with TNF  Chronic gastrointestinal diseases, such as ulcerative co-
did not produce any effect on transepithelial resistancditis and Crohn’s disease, are characterized by increasec
(TER) within the first 6 hr but resulted in a 40-50% penetration of inflammatory white blood cells into the
reduction in TER and a 30% decreasegn(short circuit  lamina propria and submucosa of the small and large
current) relative to time-matched control at 24 hr. Thebowel (Elson, 1996). Studies have shown evidence for
decrease in TER was sustained up to 1 week followingncreased mRNA and protein levels for TNF in colonic
treatment with TNF and was not associated with a sig-biopsy specimens from these patients (Murch et al.,
nificant increase in the transepithelial flux of*C]-p-  1993; Breese et al., 1994) as well as evidence that the
mannitol or the penetration of ruthenium red into theintestinal permeability of these patients and their first
lateral intercellular space. Dilution potential and trans-degree relatives is increased (Hollander et al., 1986;
epithelial >°Na* flux studies demonstrated that TNF- Malin et al., 1996). Furthermore, in vitro studies from
treatment of CACO-2 BBE cell sheets increased theother laboratories have demonstrated cytokine-induced
paracellular permeability of the epithelium to Nand  alterations in ion transport and immunological properties
CI". The increased transepithelial permeability did notof gastrointestinal epithelial cells (Colgan et al., 18%%
associate with an increase in the incidence of apoptosidvicKay, Croitoru & Perdue, 1996; Madsen et al., 1996).
However, there was a TNF-dependent increas€li}-[ However, with regard to TNF these studies either con-
thymidine labeling that was not accompanied by acluded that this cytokine was without effect on the bar-
change in DNA content of the cell sheet. The increase irrier properties of the epithelium under study (Madara &
transepithelial permeability was concluded to be across$tafford, 1989) or had effects attributable to a cytotoxic
the tight junction because: (i) 1 mnapical amiloride response to TNF and not a physiological regulation of
reduced the basolateral to apical flux®Na'", and (i)  transepithelial permeability (McKay et al., 1996).

dilution potential studies revealed a bidirectionally in- Earlier studies from our laboratory, using a model
creased permeability to both Nand CI. These data epithelium generated by confluent LLC-RPKenal epi-
suggest that the increase in transepithelial permeabilityhelial cells in culture, have demonstrated that within 2 hr
across TNF-treated CACO-2 BBE cell sheets arises fronof presentation of TNF to the cell sheet there is a tran-
an alteration in the charge selectivity of the paracellularsient and rapidly reversible decrease in transepithelial
conductive pathway that is not accompanied by a changeesistance (Mullin & Snock, 1990). The decrease in
in its size selectivity. TER is accompanied by an increase in transepithelial
mannitol flux and includes an increased transepithelial
flux to molecules as large as raffinose (MW 360) and
polyethylene glycol (4000 MW; Mullin et al., 1997).
Furthermore, the decrease in TER associates with a 3-
fold increase in the incidence of apoptosis in the cell
[ sheet that requires a functionally intact cytoskeleton for
Correspondence taC.W. Marano restoration of the barrier integrity of the epithelium fol-
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lowing treatment with TNF (Peralta Soler et al., 1996). Anocell (4.0 cnf; Anotec Separations, Branbury, UK) or Falcon 3102
These observations of TNF’s effect on the transepithelia(4-5 cn?;_ Becton Dickinson Labware, Franklin Lakes, NJ) filter r_ing
permeability of LLC-PK epithelium as well as the suc- assgmblles. Cell sheets were refed on days l,. 3 and 6 postseeding. Al
. . . . . . , . studies were then begun on confluent epithelial cell sheets at 7 days
cgssful induction of rem_ISSIOn In pauents \,Nlth ,CrOhn S postseeding. Mycoplasma tests, based on an immunofluorescent assa
disease by treatment with an anti-TNF chimeric mono-,, mycoplasma DNA using Hoechst dye (Chen, 1977), were per-
clonal antibody (Van Dullemen et al., 1995), however, formed routinely and were negative.
suggests a need to reevaluate the role of TNF in inflam-  Toinitiate the experiments on day 7 postseeding, cell sheets were
matory bowel disease and in particular its effects ondivided into control and TNF treatment groups. They were then fed
mucosal barrier integrity. medium + TNF (100 ng/ml; Biosource International, Camarillo, CA)

CACO-2 BBE epithelial cell sheets represent oneon both the apical and basolateral surfaces of the epithelial cell sheet
potential in vitro mozel system in which topassess theforaperiod of 24 hr unless otherwise indicated by the study. Follow-

. . . ’ ing the incubation + TNF, all cell sheets were typically refed control

effect of TNF on gastrointestinal transepithelial perme-medium for an additional 24 hr period at 37°C and 95% air:5%,CO

ability. Isolated by Peterson and Mooseker (1992),At 48 hr (day 9 postseeding) cell sheets were all refed control medium

CACO-2 BBE is a clone derived from the CACO-2 cell 1 hr prior to the measurement of spontaneous potential difference (PD)

line originally isolated from a human colonic adenocar-and transepithe]ial resistance (TER) to determ?ne the effects _of TNF

cinoma (Fogh, Fogh & Orfeo, 1977)' Both CACO-2 and treatment. _Addltlonal refeeds with control medium + agents dictated

its CACO-2 BBE clone, form polarized epithelial mono- by the particular study where then conducted.

layers with an apical brush border membrane morpho-

logically and immunologically comparable to fetal hu- El ecTROPHYSIOLOGICAL MEASUREMENTS

man small intestine (Pinto et al., 1983; Peterson &

Mooseker, 1992). Both cell lines are characterized byThese methods have been detailed in earlier publications from our

features typical of differentiated enterocytes with a well-aboratory (Mullin & McGinn, 1988). At 0 hr (48 hr following the

developed microvillar surface in addition to expression'”Agii‘;’i}ég’:‘;:jf‘;&“igf%s:islﬁli'sesdogggvﬁzuﬁ:‘i;Zt'zra;;‘c’;;g:e cell

.Of small mtestlna_l brush border hydr()lases’ e'.g" SUCros ar-salt bridges in series with calomel electrodes. The cell sheets

isomaltase, alkaline phosphatase, am'nOpept'dase N am\ire then transferred to a modified Ussing chamber for measurement

dipeptidylpeptidase V (Pinto et al., 1983; Zweibaum etof the TER. Briefly, a voltage deflection, produceyl & 1 sec 4QuA

al., 1983, 1984; Peterson & Mooseker, 1992). CACO-2direct current pulse, was measured using a Keithley 197 autoranging

has been extensively utilized to study the permeability ofdigital multimeter, and the TER was calculated using Ohm’s law.

intestinal epithelium to nutrient and pharmaceutical mol-Short circuit currentl() was indirectly determined by dividing‘th_e PD

ecules (Hidalgo, Raub & Borchardt, 1989: Riley et al., gt 37°C by the TER. Thesg measurements represent the mmal_read-

1991 Noach et al.. 1994 Thwaites et al.. 1995 1996)lngs. After_these determinations the cell_shee_ts were _refed as |nq|cated
! ! ! ! ! by the particular study. For electrophysiological studies using diuret-

Parental CACO-2 as well as CACO-2 BBE have beerﬁcs, cell sheets were left at room temperature for 2- and 5-min deter-

studied with regard to permeability changes induced byminations of TER.

protein kinase C activation (Stenson et al., 1993), energy

depletion (Salzman et al., 1995; Unno et al., 1996) and 14

cytoskeletal disruption (Ma et al., 1995). It was our ob- T RANSEPITHELIAL [*C]-D-MANNITOL

jective in these studies to determine whether a TNFFLUX MEASUREMENTS

induced increase in transepithelial permeability could b(ce’;

din thi del of trointestinal epitheli ollowing a 1 hrrefeed with control medium, the PD and TER were
measured In this moael ot gastrointestinal epithefium an easured across both control and TNF-treated CACO-2 BBE cell

if so, to characterize the physiology of the TNF-inducedgheets prior to the start of the mannitol flux. The cell sheets were then
alteration in the epithelial barrier function. refed 2 ml of control medium in the apical compartment (ring) and 15
ml of medium supplemented with LCi/ml of 0.1 mv [*‘C]-D-
mannitol (Dupont NEN, 54.5 mCi/mmol) added to the basolateral com-
Materials and Methods partment. Cell sheets were returned to 37°C and 95% air:5%f@0
2 hr at which time 25ul samples were withdrawn from the apical
compartment for liquid scintillation counting of{C]-o-mannitol. The
CELL CULTURE net unidirectional flux of $*C]-o-mannitol was calculated from the
disintegrations per minute ofC]-p-mannitol present in the apical
The CACO-2 BBE cell line, originally cloned by Peterson and fluid compartment as described previously (Mullin, Fluk & Kleinzeller,
Mooseker (1992) was obtained from American Type Tissue Culture1986).
(CRL-2102). The cells were maintained in Dulbecco’s Modified Es-
sential Medium high glucose (DMEM,; Gibco) supplemented with 10%
fetal bovine serum (Hyclone, Logan, Ut.), 2wni-glutamine, 1 TRANSEPITHELIAL 2NA* FLUX MEASUREMENTS
sodium pyruvate and 1@g/ml human transferrin (Gibco) at 37°C and
95% air:5% CQ. The cells were routinely passaged upon attaining Following the determination of PD and TER across control and TNF-
confluence 7 days after seedinglax 1¢° per T75 cnd flask. Forthese treated CACO-2 BBE cell sheets, the cell sheets were refed 2 ml of
studies, cells between passages 46 and 65 were seeded at a confluenhtrol medimm + 1 mm amiloride to the apical compartment and 15 ml
density ¢ 1 x 1C° cells per Millicell PCF (4.2 crfy Millipore, MA); of the same medium supplemented twl x 10 wCi/ml of 22Na*
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(Dupont NEN) to the basolateral compartment (+i1 ramiloride). proliferation labeling reagent diluted at 1:1000 in the culture medium
The cell sheets were returned to 37°C and 95% air:5% @@ding the  for the entire duration of the incubation. At the incubation’s end the
sampling of 50ul aliquots of apical medium for liquid scintillation cell sheets were wastie2 x 5 minwith phosphate buffered saline
counting at 15-min intervals up to 75 min. The rate of transepithelial (PBS). The cell sheets were then fixed in Fekete’s for 30 min at room
22Na"* flux in the presence of 1 mnamiloride (amiloride-insensitive) temperature. The fixed cell sheets were then rinsed i8 BB 5 min
and in the absence of the diuretic (total) was derived from a slope of thdollowed by a 30 min incubation with 10% normal goat serum at room
graph of counts per minute (cpm) 6fNa" appearing in the apical temperature. BrdU labeled cells were detected using a monoclonal
compartment as a function of time. Amiloride-sensitive flux was cal- anti-BrdU from Amersham, added to the cell sheets undiluted for 1 hr
culated as the difference between total flux and the flux remaining inat room temperature. This was followed by incubation with CY3 goat
the presence of amiloride. anti-mouse antibody (1:100) for 1 hr in the dark at room temperature to
detect the anti-BrdU. Cell sheets were then wasBe 5 min in PBS
followed by a quick rinse in dsD. The cell sheets were then mounted
DiLuTION POTENTIAL MEASUREMENTS in glycerol and viewed with a fluorescent microscope.

As described above, measurements of PD and TER at 37°C were made
on every control and TNF-treated cell sheet. Following these measureQUANTITATIVE MORPHOLOGICAL ASSESSMENT
ment_s, the cell s_heets were _maintained at room temperature for _théFAPOPTOSIS
duration of the dilution potential protocol. Culture medium was aspi-
rated and the cell sheets were rinsed three times fnddine. Att= . . .
0 min the cell sheets were refed with the appropriate saline with 2 miConfluent cell sheets, seeded onto Anocell filter ring assemblies, were
added to the apical and 15 ml to the basolateral compartment. The pBnalyzed 24 and 72 hr after treatment + TNF. TER was measured in
was then determined at 5 min intervals up to 15 min as described in £&ch sample prior to processing for histology as previously described
previous paper from this laboratory (Marano et al., 1993). The com-(Peralta Soler et al., 1996). The cell sheet-containing filters were
position of the Na saline [3-(N-morpholino)propane sulfonic acid rinsed in phosphate buffered saline (PBS) and fixed in Carnoy'’s fixa-
(MOPS)-buffered saline has been previously described (Mullin et al. tive for 1 hr. The cell sheets were then rinsed in PBS, stained in Harris’
1980). The “low N&” saline contained only 87 m NaCl (plus other hematoxylin (Fisher Scientific, Malvern, PA) for 2 min and dehydrated.
salts) and 91 m mannitol to balance osmolarity. All salines were pH The filters were detached from their ring assemblies with xylene and
7.3 and 305 mOsm. At the end of each dilution potential study themounted on glass slides. Clusters of characteristic apoptotic fragments
salines were removed, the cell sheets were refed with control mediuni/€re counted using a 40x objective as described earlier (Peralta Soler
and then returned to 37°C and 95% air:5%.3ar 1 hr. At this time, €t al., 1996).
PD and TER were measured to determine the integrity of the cell sheets
following the manipulations described above.

ELECTRON MICROSCOPY AND RUTHENIUM

3 RED PENETRATION
[°H]-THYMIDINE LABELING AND DNA CONTENT

The protocol for thymidine labeling and analvsis of DNA content h Materials for electron microscopy were purchased from Electron Mi-
€ protocol for thymidin€ fabeling and analysis o content has croscopy Sciences (Fort Washington, PA). Cell sheets grown on Mil-

been described in an earlier publication from our laboratory (Marano eﬁicell PCF (Millipore, Bedford, MA) filter inserts were fixed in 2.5%

al., 1993). Briefly, CACO-2 BBE cell sheets were seeded at confluent - ;
’ ! lutaraldehyd t 0.2% of the electron-d dye, ruth
density onto Millicell PCF filter assemblies as described above. Tog utaraldenyde containing o of the electron-dense dye, ruthenium

initiate the experiment on day 7 postseeding, cell sheets were pulse‘r;fd' on the apical surface for 30 min. After rinsing in @11sodium
’ lat ff H 7.4), th ical surf f th Il sheet
with TNF (100 ng/ml) for 5 min on both their apical and basolateral acodylate buffer (p ). the apical surface of the cell sheets was

. reexposed to osmium-containing ruthenium red for an additional 30
surfaces at 37°C and 95% air:5% COThe cell sheets were then refed P 9

with control medium after the 5-min incubation, at 24 hr and then againmin' After rinsing, the cell sheets were dehydrated, cut into small
A ' ieces and embedded in Spurr’s resin. Ultrathin sections perpendicular
at 47 hr following treatment. At 48 hr, the TER and PD of the cell P P perp

to the support filter were cut in a Reichert Ultracut S ultramicrotome

sheets were measured. Cell sheets were then refed medium supplg- . :
d phot hed JEOL 1200 EXII elect Peralt
mented with 5uCiml of [methyl-*H--thymidine (6.7 Ciimmol, Du- g0 PA¥EBTIEE i1 @ electron microscope (Peralta

Pont NEN). Filters were incubated under these conditions for 4 hr at

37°C and 95% air:5% CO At the incubation’s end, the culture me-

dium was removed and cell sheets were rinsed three times in phosphate

buffered saline (PBS) and then scrapped into 1.5 mi of PBS. One ml of ALCULATIONS AND STATISTICAL ANALYSIS

the cell suspension was transferred to a 15 ml conical tube containing

1 ml of 0.8m Perchloric acid to lyse the cells, release soluble nucleotideThe ratio of the chloride to sodium permeability {fP,) of the

and precipitate the DNA. Samples of the initial supernatant containingCACO-2 BBE epithelial monolayer was calculated using the Hodgkin-

soluble nucleotides and the supernatant arising from the hydrolysis 0&oldman-Katz equation (Goldman, 1943; Hodgkin & Katz, 1949) and

the precipitate were taken for liquid scintillation counting. The latter the change in the transepithelial voltage measured during the dilution

supernatant was also subjected to the diphenylamine assay for thgotential experiments. The dilution potential measurements were cor-

determination of total DNA (Burton, 1956). rected for junction potentials using the method described by Barry
(1989). The transepithelial permeability of the CACO-2 BBE mono-
layer to N& and Cr (P, and R, respectively) was then calculated

BROMODEOXYURIDINE LABELING using the previously determineq. P, the measured transepithelial
conductance G, which is the inverse of TER) and the Kimizuka-

CACO-2 BBE cell sheets incubated in the presence or absence of TNRoketsu equation (Kimizuka & Koketsu, 1964; Kimizuka, 1966; Dela-

(100 ng/ml) for 24 hr were simultaneously labeled with Amersham cellmere & Duncan, 1977).
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Fig. 1. TNF causes a sustained increase in transepithelial permeabilit TNF (ng/ml)

across CACO-2 BBE cell sheets. Data represent the mesot4—7
cell sheets per time point measured during two separate experiment&ig. 2. The dose-dependency of the TNF-induced increase in transepi-
Briefly, cell sheets were cultured at confluent density onto Millicell thelial permeability and its independence from the duration of exposure
PCF filter assemblies as described in Materials and Methods A0 to TNF. Data represent the meanst of up to 8 cell sheets per
hr cell sheets were fed medium + TNF (100 ng/ml) for a period of 24 condition from two separate experiments. Briefly, cell sheets were
hr. All cell sheets were then refed control medium. TER and sponta-cultured at confluent density onto Millicell PCF filter assemblies as
neous potential difference measurements were taken at the indicatedescribed in Materials and Methods. At= 0 hr cell sheets were fed
intervals.Inset: The time course of the decrease in normalized resis-medium supplemented with TNF (5-500 ng/ml) for a period of 24 hr.
tance can be described as the sum of a TNF-sensitive fraction of thét the end of the incubation with TNF the cell sheets were refed with
TER (which decreases as a single exponential) plus a TNF-insensitiveontrol medium as described in Materials and Methods. TER and spon-
fraction. Best fit values are a TNF-insensitive fraction with a TER of taneous potential difference were then measured at 48 hr. The smooth
0.51, a TNF-sensitive fraction of the TER of 0.50 and a time constantcurve is the best fit of Michaelis-Menton equation to the data, giving a
for the TNF-sensitive fraction of 26 hr. The time constant represents théest fit dissociation constant of 6 ng/minset: TNF-induced increase
time required for the TNF-sensitive fraction of TER to decrease bytransepithelial permeability as a function of exposure time to TNF.
63%. Normalized TER was calculated by dividing the mean of the Data represent the meanse of 4 cell sheets per condition from an
control TER into the TER following TNF treatment at each time point. individual experiment. Cell sheets were incubated + TNF (100 ng/ml)
for a period of 5 min, 30 min, or 24 hr. The cell sheets were refed and
their TER and PD measured as described above. The data were curve
All data are expressed as the mean + SE. Paired and unpairefit by a single exponential and yielded a time constant of 3 min.
Studentd-tests were used to determine significance (GraphPad Instat,
San Diego, CA).P < 0.05 was considered to be significant.
thelial permeability at 24 hr could be elicited whether
TNF exposure of the cell sheet was continuous or for as
Results short a duration as 5 min (Fig. 2). The effect of TNF on
transepithelial permeability was unique and not elicited
Following a 24 hr incubation with TNF (100 ng/ml), in response to incubation of the cell sheets with IL-6,
CACO-2 BBE cell sheets showed a decrease in transept-8, or IFN-y, cytokines implicated in the alteration of
ithelial resistance (TER) compared to time-matched conthe epithelial phenotypeléta not shownColgan et al.,
trols. The decrease in TER was measurable at 24 hi1994a,b; McKay et al., 1996).
reached a maximum at 48 hr and was sustained up to 8 Unlike the renal epithelial cell sheet generated by
days following TNF treatment (Fig. 1). The decrease inLLC-PK; in which the TNF-induced decrease in trans-
TER across the CACO-2 BBE cell sheets was apparengpithelial resistance establishes within 2 hr and associ-
with as little as 5 ng/ml TNF and approached a maximumates with an increased incidence of apoptosis, there was
effect between 50 and 100 ng/ml of the cytokine (Fig. 2).no morphological evidence for an increase in apoptosis
No additional effect on transepithelial permeability wasin the CACO-2 BBE epithelial cell sheets. Actually fol-
observed with concentrations of TNF up to 500 ng/ml.lowing treatment of the cell sheets with TNF for 24 hr
While the experiments reported herein demonstrate théhere was a significant reductioR & 0.05) in the num-
effect of TNF applied to both the apical and basolateraber of apoptotic fragments detectable at the light micro-
surfaces of the CACO-2 BBE epithelium, TNF was just scopic level [4.8 + 0.7 (28 fields/1 filter)s.3.2 + 0.3 (27
as effective at increasing transepithelial permeabilityfields/1 filter) apoptotic fragments, controis. TNF-
when applied to only the apical or basolateral surfacdreated, 24 hr]. This observation remained valid at 72 h
(data not showh Furthermore, the increase in transepi-[3.8 £ 0.4 (28 fields/1 filter)vs. 2.2 £ 0.3 (28 fields/1
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Table 1. TNF increases thymidine labeling without altering DNA con- Table 2. Treatment with TNF does not increase the transepithelial flux

tent in CACO-2 BBE epithelial cell sheets of [**C]-p-mannitol across CACO-2 BBE cell sheets
Thymidine Labeling Time (hr) after initial TNF exposure
TER DNA (dpm [H]-thymidine/
(ohms xcnd)  (wg/ml) ng DNA) 24 48 72 144
Control 3D+7(28) Bx7(24) 1.6+0.3x16(12) Control 15+038 0.72+0.04 0.65+0.04 0.92+£0.03
TNF TNF 1.7+04  0.85+0.06 0.85+0.87 0.98+0.03

(100 ng/ml) 22+6(28) B+6(27) 2.3+0.3x10(11)
2Data represent the meanse of 6-11 cell sheets from 3 separate
Data represent the meansg of (n) cell sheets from 5 separate experi_ eXperimentS presented as t@mole mannitol/hr/crh Cell sheets were
ments. Cell sheets were cultured and treated with TNF as described ifultured and treated with TNF for 24 hr as described in Materials and
Materials and Methods. At = 0 h|rY fo”owing measurement of TER Methods. Att = 0 hr, fO”OWing measurement of TER and PD across
and PD, the DNA content and/or the incorporation #f]fthymidine  the respective CACO-2 BBE cell sheets, 0.& #fC-[p]-mannitol was
into the PCA-insoluble fraction of the cell sheets were determined as2dded to the basolateral compartment and its appearance in the apica
detailed in Materials and Methods. compartment measured after 2 hr.

(P < 0.03)vs.time-matched control.

filter) apoptotic fragmentsR < 0.05) in control and about 30% relative to control at 48 hr suggesting a re-
TNF-treated cell sheets, respectively]. This absence ofluction in the movement of charged ionic species
increased apoptosis in the cell sheet was independentiirough the cellsof the epithelium. The decrease lig
confirmed by Hoechst staining of the nuclelata not was transient and matched control values within 144 hr
shown). Interestingly, though, in the absence of apopto-(Fig. 4). This transient TNF-induceddecreasein |,

sis in the CACO-2 BBE cell sheet, there was an increasenakes it unlikely that an increase in transcellular con-
in the incorporation of H]-thymidine into the PCA in-  ductance is responsible for the measured reduction in
soluble fraction that was unaccompanied by any signifi-TER (Fig. 4). Similar to the decrease in TER, the reduc-
cant increase in the total content of DNA (Table 1). Thetion in I at 48 hr was also independent of the duration
lack of effect on total DNA content was independently of exposure to TNFdata not showh

confirmed using bromodeoxyuridine labeling of the cell With the elimination of increased conductance
sheet. Counts of total and BrdU labeled nuclei showedhrough the transcellular pathway as the cause of the
no difference between control and TNF-treated CACO-2increased transepithelial permeability observed across
BBE cell sheets (136 + %s.127 + 5 total nuclei, control TNF-treated CACO-2 BBE cell sheets, we went on to
vs.TNF and 6.2 + 1.8/s.7.7 + 2.1 BrdU-labeled nuclei, further examine the effect of TNF treatment on the con-
control vs. TNF). ductance through the paracellular pathway. Flow

The reduction in TER across TNF-treated CACO-2through the paracellular pathway is restricted by the
BBE epithelial cell sheets was not associated with arpresence of the tight junction, a circumferential band of
increase in the transepithelial flux offC]-o-mannitol, a  apically situated proteins that serve to selectively regu-
marker of paracellular permeability, across the epithedate the movement of ions and larger molecular weight
lium. Despite the sustained decrease in TER there wasolutes between the compartments separated by the epi
only a small increase in mannitol accumulation acrosghelium (Farquhar & Palade, 1965; Schneeberger &
the CACO-2 BBE epithelium up to 6 days following Lynch, 1992). We had already observed that TNF
treatment with TNF (Table 2). However, the increase intreatment did not affect the size selectivity across the
transepithelial flux did not routinely achieve statistical CACO-2 BBE cell sheet as mannitol flux and ruthenium
significance while the decrease in TER did. This obser+ed penetration were similar between control and TNF
vation was further confirmed at the microscopic leveltreated cells. Since the TER, as a measure of paracellu-
using the electron-dense dye ruthenium red. There wakr permeability (for “leaky” epithelia), is determined
no penetration of this dye into the lateral intercellular by both the relative charge and size selectivity of the
spaces of either control or TNF-treated CACO-2 BBEtight junction, we decided to then examine the charge
cell sheets (Fig. 3) across the tight junction. Further-selectivity of the CACO-2 BBE epithelial cell sheet us-
more, there were no ultrastructural alterations in the tighing dilution potential and transepitheli@Na* flux pro-
junctions of the TNF-treated cell sheet. tocols.

Since a change in transepithelial permeability may  With a 50 mm gradient for NaCl across the CACO-2
mean either a change in solute transport through the cellBBE cell sheets, the dilution potential protocol revealed
(transcellular) or between the cells (paracellular), we ex-an increase in Naand CI conductance (g, and R,
amined short circuit current) as well as TER. With respectively) across the TNF-treated CACO-2 BBE ep-
TNF treatment of the CACO-2 BBE cell sheet, there wasithelial cell sheets (Table 3). The increased conductance
a consistently observed but transient decreask of  was accompanied by a decrease in the ratioptdPy,
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Fig. 4. TNF causes a transient decrease in the short circuit current
across CACO-2 BBE cell sheets. Data represent the messo#4—7

cell sheets per time point measured during two separate experiments.
Briefly, cell sheets were cultured at confluent density onto Millicell
PCEF filter assemblies as described in Materials and Methods =AD

hr cell sheets were fed medium + TNF (100 ng/ml) for a period of 24
hr. All cell sheets were then refed control medium. TER and sponta-
neous potential difference (at 37°C) measurements were taken at the
indicated intervalsl,. was then derived following Ohm’s law in which

V = iR.

which measured as the ratio ofPto Py, was sym-
metrical and independent of the direction of the ion gra-
dient. This was not observed for the control cell sheets.
To further characterize increased transepithelial ion
- B conductance, the flux 3#Na" was measured across con-
‘ ; - trol and TNF-treated cell sheets. Relative to control cell
sheets, the total transepithelial flux &Na* was nearly
doubled across the TNF-treated CACO-2 BBE epithe-
lium (Table 4). The TNF-induced increase in transepi-
thelial*Na’ flux was in both the amiloride-sensitive and
-insensitive fractions with a proportionally larger in-
b —_— crease in the latter. This increase was inhibited byM. m
amiloride, either in the apical compartment only or in
Fig. 3. T[\!F does not ‘alter the morphology of the tight j_unct_ion and both apical and basolateral compartments. This was con-
permeability to ruthenium red between CACO-2 BBE epithelial cells. qiqiony with an observed increase in transepithelial con-
Cell sheets were cultured at confluent density onto Millicell PCF filter
assemblies as described in Materials and Methodd. At 0 hr cell dug:tan_ce measured acrpss TNF-treated CACO-2 BBE
sheets were fed medium + TNF (100 ng/ml) for a period of 24 hr. All €Pithelial cell sheets, which also demonstrated a propor-
cell sheets were then refed control medium for an additional 24 hrtionally larger increase in the amiloride-insensitive com-
period after which time PD and TER were measured. Cell sheets werponent (Table 5). The increase in transepithelfila”
then fixed in the presence of ruthenium red applied on the apicalfjyx was considered to be paracellular based upon the
surface (A) and processed for electron microscopy as described ifg)|owing experimental observations: (i) the increased
materlals and MethOQS. The arrows |nd|c§te t'he tlght junctions. NOted"Ution potential across TNF-treated CACO-2 BBE was
e absence of ruthenium red through the tight junctions. The bar equals . . . .
1 pm, “A” marks the apical surface foa: Control (TER: 25 + 6 ohms !ndepe_ndent of the d_lrectlon _Of the ion grad'ent suggest-
x c?) andb: TNF (100 ng/ml, 24 hr; TER: 137 + 13 ohms x &m  INg a single symmetrical barrier to the movement of Na
treated CACO-2 BBE epithelial cell sheets. and CI i.e., a paracellular one; (ii) similar tZNa" flux
studies conducted in the presence of amiloride on both
the apical and basolateral surfaces, apical amiloride (1
across TNF-treated cell sheets relative to contrBlss(  mm) inhibited the basolateral to apical flux &iNa" (Fig.
0.01; basolateral to apical) further substantiating an al5); and (iii) amiloride (1 nm) applied to both the apical
teration in the ion selectivity of the tight junction. The and basolateral surfaces did not affect thg across
increase in selective permeability with TNF treatment, CACO-2BBE cell sheets [control 2.3 £ 0.1 (18.2.1 +
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Table 3. TNF alters transepithelial Naand CI' conductance across CACO-2 BBE epithelial

cell sheets
PCI/PNa PCI/PNa
Pya Pg (apical » basolatera) (basolateral- apical}*
Control (13) 1.8:0.2 0.99+0.08 0.52t0.02 0.62+ 0.02 (p=< 0.01)
TNF (13) 38+t04 18 +0.1 0.48+ 0.02 0.47+ 0.0

Data are presented as?@m/sec and represent the mean * SE of 13 separate cell sheets used
in three separate dilution potential experiments using a @NaCl gradient as described in
Materials and Methods. The conductance across the cell sheets were 1.4stDB+ 0.4
mS/cnt for control and TNF-treated cell sheets, respectively.

2Refers to direction of 50 mM NaCl gradient

bvs. Control P-/Py, (apical - basolateral)

¢ not significantvs. TNF P. /P, (apical - basolateral)

4P < 0.01vs. Control R,/Py, (basolateral- apical)

0.1 pA (15), (1 mv amiloride;P < 0.3); TNF; 1.3 + 0.2 determine whether TNF could also influence transepithe-
(15)vs.1.4 £ 0.2pA (14), (1 mv amiloride;P < 0.6)]. lial permeability across an epithelial cell line of intestinal
origin. The presence of increased mRNA and protein
_ . levels for TNF in mucosa of patients with inflammatory
Discussion bowel disease as well as reports of increased epithelial
barrier permeability suggested this to be a reasonable
Using the renal epithelial cell line, LLC-PKwe have expectation (Murch et al., 1993; Breese et al., 1994; Hol-
demonstrated the ability of TNF to transiently and re-lander et al., 1989; Malin et al., 1996). CACO-2 BBE
versibly increase transepithelial permeability (Mullin & epithelial cells were selected as the model epithelium for
Snock, 1990; Mullin et al., 1992). Similar observations this study as they spontaneously manifest the character-
were made using intrahepatic bile duct epithelial cellsistics of differentiated villous enterocytes (Peterson &
isolated from rat liver (Mano et al., 1996). It was our Mooseker, 1992). Work by other laboratories had al-
objective in undertaking the studies reported herein taeady suggested that TNF was without effect on the per-
meability of the epithelium formed in vitro by T-84 cells
(Madara & Stafford, 1989; McKay et al., 1996).
Table 4. TNF increases the transepithelial permeability of CACO-2 As reported herein, like LLC-PKrenal epithelial
BBE cell sheets to"*Na" cells, CACO-2 BBE did respond to TNF with an increase
(nmoles?2Na/min/cr?) i_n transepithelial permeability although the chara}cteris—
tics of the response were markedly different. Unlike the

Control TNF (100 ng/ml)
Total 26.1+ 2.6 46.4+ 3.2 Table 5. TNF increases amiloride-sensitive and -insensitive conduc-
Amiloride-insensitive 11.%1.0 24.2+2.1 tance across CACO-2 BBE epithelial cell sheets
Amiloride-sensitive 15.@¢2.1 221+ 3.6

G? Gta+bl AG?H::I AGta"'b/G?
Data represent the mean * SE of the raté?fa" flux across control ~ Expt. 1

and TNF-treated CACO-2 BBE epithelial cell sheets during a 75-min  Control (4) 2.3 +0.2 1.3 %0.1 11 +0.1 0.46:£0.01
period of observation from three separate experiments using four cell TNF (4) 48 +0.1 3.2 0.1 1.7 £0.1 0.34+0.01
sheets per condition. Briefly, cell sheets were cultured at confluentExpt. 2

density onto Millicell PCF filter assemblies as described in Materials Control (6) 0.66-0.1 0.30+0.04 0.36:0.07 0.54+0.01
and Methods. At = 0 hr cell sheets were presented with fresh medium  TNF (6) 1.3 +0.1 0.70£0.05 0.64:0.05 0.48:0.01
+ TNF (100 ng/ml) for a period of 24 hr. All cell sheets were then refed Expt. 3

control medium. TER and spontaneous potential difference (at 37°C) Control (6) 2.3 0.2 1.0 £0.1 1302 0.57+0.02
measurements were taken prior to the start of thefla study + 1 mm TNF (6) 49 +0.1 26 +0.2 23 +0.2 0.48+0.04
apical and basolateral amiloride. Following the additioR?fa’ to the
basolateral compartment, 50 samples were retrieved from the apical Gy: Pre-amiloride conductance corrected for the artifact due to refeed-
compartment at 15-min intervals as described in Materials and Mething with fresh medium; @™ amiloride-insensitive conductance;
ods. Qualitatively similar results to those shown above were obtained\GZ*™": amiloride sensitive conductance; an@G3**/G?: fraction of
when 1 nm amiloride was applied to only the apical fluid compartment. total amiloride conductance which is sensitive to apical and basolateral
Mean conductance at the start of the flux study was 2.1 + 0.1 and 4.@miloride. Data represent the mean = SE fon'{(*filters) from three

+ 0.3 mS/cm for control (24) and TNF-treated (24) cell sheets, re- separate experiments in which @namiloride was applied to both the
spectively. apical and basolateral surface of the cell sheet.
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1800 1 tein and plasma levels of bioactive TNF (measured in the
1600 ~0— Control L929 cytotoxicity assay) of up to 10 ng/ml in patients
o= TF (100 ngim with ulcerative colitis gnpublished observatiohs
—v— TNF/Amiloride These levels are consistent with reports cited in the lit-
erature (Sategna-Guidetti et al., 1993; Braegger, 1992)
1000 - that reported serum levels of bioactive TNF to be 8.17 +
800 | 1.01 ng/ml in active Crohn’s disease and 276-5982 pg/g
of immunoreactive TNF in stool of patients with active
inflammatory bowel disease. These reports are consis-
tent with the dose response data which demonstrates tha
200 - incubation of the CACO-2 BBE cell sheet with as little
0 . ‘ , ; : as 5 ng/ml TNF is sufficient to evoke an increase in
0 " % ® ® 75 transepithelial permeability and that the maximal in-
Time (minute) crease is achieved between 50 and 100 ng/ml and that nc
further effect (cytotoxic or otherwise) is observed at
Fig. 5. Apical amiloride (1 nw) decreases the basolateral to apical gyreater concentrations of the cytokine. Consideration of
transepithelial flux of??Na’. Data represent the meanse of 4 cell these data suggest that the permeability effects of TNF
sheets per time point from a representative experiment. Briefly, cell " .
sheets were cultured at confluent density onto Millicell PCF filter as- N CACO-2 BBE are occurring at concentrations that
semblies as described in Materials and Methods. AtO hr cell sheets ~ Might reasonably be achieved in the interstitial space
were fed medium + TNF (100 ng/ml) for a period of 24 hr. All cell adjacent to and surrounding the enterocyte.
sheets were then refed control medium for an additional 24-hr interval. While TNF did not induce apoptosis in the CACO-2
Prior to the addition of°Na" to the basolateral fluid compartment as BgE epithelial cell sheet, it did increas%l—l]-thymidine
described in Materials and Methods, TER and PD were measured a”ﬁ‘ncorporation into DNA without affecting total DNA

cell sheets were returned to 37°C and 5%,CBD-ul samples were . . .
collected from the apical fluid compartment at 15-min intervals for content or BrdU Iabellng. This observation suggests that

liquid scintillation counting and calculation of the rate of transepithelial TNF may be affe_cting the t_Umover of a small population
22Na* flux. of cells in the epithelium without effecting the total den-

sity of the monolayer. Whether or not these cells are

responsible for the observed permeability changes, we
rapidly reversible permeability response of LLC-PK cannot conclude at this time. It is interesting that only
epithelium that associated with an increase in transepi3% of LLC-PK, cells were rendered apoptotic by TNF
thelial mannitol flux and incidence of apoptosis, TNF- and this was associated with a 50% reduction in TER
treated CACO-2 cell sheets sustained the increased tran@eralta Soler et al., 1996). Overall these observations
epithelial permeability up to 1 week following treatment strongly suggest that while TNF can affect an increase in
without a significant increase in mannitol flux or apop- transepithelial permeability, such an effect most likely
tosis (Mullin et al., 1992; Peralta Soler et al., 1996). Fur-occurs through different mechanisms depending upon
thermore, the increase in transepithelial permeability washe epithelium itself. Unlike LLC-PK the delayed re-
not apparent until 24 hr following treatment in contrast tosponse of CACO-2 BBE to TNF could be dependent
its onset at 1.5-2 hr in LLC-PK(Mullin & Snock,  upon new protein synthesis as has been discussed b
1990). The observation of a slow but sustained permeGorodeski and colleagues (1996) in their studies of
ability response is not unique to TNF or to CACO-2 BBE nucleotide-mediated permeability changes across cervi-
epithelial cells. Using the epithelial cell line, T-84, Col- cal epithelium. They postulated that protein synthesis-
gan and colleagues also demonstrated effects of intedependent increases in transepithelial permeability
feron<y or Il-4 to increase transepithelial permeability would function to increase the density of pores within the
that also took a long time (>24-48 hr) to establish (Col-tight junctional strands. They contrasted this with the
gan et al., 1994,b). However, like the LLC-PK, epi-  possibility of a conformational change of existing tight
thelium, the increase in permeability could be measuregunctional-associated proteins which could lead to an in-
upon incubation with TNF for as short an interval as 5creased probability of the open state of preexisting pores
min. The ability of this rather short duration of exposure to explain a rapid increase in transepithelial permeability.
to TNF to elicit a physiological effect is consistent with The apparent dissociation of changes in TER and
its rather rapid activation of transcription factors, KIB-  transepithelial mannitol flux is not without precedent.
for instance (Chan & Aggarwal, 1994) and other com-We have previously observed a long-term increase in
ponents of its intracellular signaling cascade (Andrieu,TER that was not associated with a decrease'1@]f
Salvayre & Levade, 1996). mannitol flux (Marano et al., 1993). Similar observa-

In an ongoing study of TNF levels in patients with tions were made for EGF-induced mitogenesis and the

inflammatory bowel disease, we have measured mucosalccompanying alterations in transepithelial permeability
levels of immunoreactive TNF of up to 2.88 pg/ pro-  (Saladik et al., 1995). In CACO-2 Artursson and col-
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leagues (1993) also reported a lack of correlation bemeasure transepithelial permeability to Nand
tween differences in TER and accompanying mannitolCI~. Since the calculated selective permeability follow-
flux. Dissociation of TER from mannitol flux has also ing TNF treatment is independent of the direction of the
been observed by Balda and colleagues in occludinion gradient this suggests a single barrier to the move-
transfected MDCK cells (1996) and by Lu et al. (1996) in ment of N& and CI i.e., paracellular. The dilution po-
CACO-2 cell lines of increasing passage number. Detential data further suggested that the presence of amilo-
spite its recognition as the prototypic mediator of apop-ride decreases basolateral to apical fix, which rec-
tosis (Wertz & Hanley, 1996), TNF did not induce an ommends a pathway that is paracellular as it is hard to
increase in the incidence of apoptosis in the CACO-Zpostulate a cellular pathway that allows free movement
BBE epithelial cell sheet or an increase in transepitheliabf Na* and CI. Secondly, a large increase in transcel-
mannitol flux. This contrasts with LLC-PKin which yjar Na" conductance would necessitate a large increase
TNF induces a significant increase in apoptotic events inp, the conductance across both the apical and basolatera
the cell sheet and an increased transepithelial flux ofnembranes. Increased apical membrané Banduc-
mannitol (Mullin _et al., 1992; I_Deralta _Soler et_ al., 1996). tance would necessarily translate into an increase.in

_ The conclusion that TNF is affecting the ion perme-yhich is not observed with TNF treatment. Furthermore,
ability characteristics of the paracellular pathway comes,asolateral N& conductance in CACO-2 has been re-
from consideration of the results from the transepithelialported to be very low (Grasset et al., 1984). Therefore, it

22 4+ . . . .
Na’ flux and dilution potential protocols along with o545 ys to conclude that the TNF-induced increase in
documented published findings regarding both theya+ ang cr flux is paracellular and not transcellular.

CA.CI:O.;jZ cel\l/llllme ?ndt thde pharmacologuial %r?r;])ertlles tqf It is important to note that in addition to a paracel-
amiloride. Microelectrode measurements of the electrly, effect, TNF certainly has cellular sites of action as

ﬁqaelrgé?gﬁg'\?;tgeﬁ'g%gfb;i”i}?umr{?;t?gnbﬁsslljateézltt_avidenced by a transient decreaseljp across the

. 9 rongly SUGQESle A co-2 BBE cell sheet with cytokine treatment. As a

ing that the basolateral membrane has little if any con-~ - . .
: - CI” secreting cell type (Bear, 1991; Bear & Reyes,

ductive Nd permeability (Grasset et al., 1984). Thus, 1992), a decrease in apical Glecretion or a decrease in

the only significant pathway for conductive basolateralthe eI’ectrone tral bas%lateral transoort of @la the

to apical®®Na" flux would be paracellular. Furthermore, u P

+ I+ - :
our studies show apical amiloride reduced the basolaterd)'2 IK12C] cotransporter might account for the ob-
to apical??Na* flux without altering thel ., suggesting served reduction i across CACO-2 BBE cell sheets

that amiloride is acting on the paracellular pathway.W'th TNF treatment. Several of the nutrient transport

Studies conducted by Balaban, Mandel and Benos (19731‘athways across CACO-2 have been characterized a

demonstrated that amiloride can affect the ion selectivity\@ -independent, Ficoupled thus it is also possible that
of the paracellular pathway in addition to its effects on € €ffect of TNF orig reflects a TNF-induced change in

transcellular conductive pathways such ag ihannels apical and/or basolateral "Hconductance (Thwaites et
and the N&/H* antiporter in frog skin and gallbladder. al.,, 1996). TNF has been shown to affect transcellular
Taken together with reports from Frizzell and Turnheim conductance and membrane potential in skeletal muscle
(1978), Cremaschi et al. (1979) in rabbit and pig colon,(Tracey et al., 1986), fibroblasts (Lee, 1992) and human
respectively and Grasset et al. (1984) showing the abcolonic enterocytes (Stack et al., 1995) therefore it is not
sence of amiloride-sensitive transcellular conductance igurprising that CACO-2 BBE respond to TNF with a
CACO-2, these data strongly suggest that altered ioni€lecrease in transcellular ion transport.
conductance of the paracellular pathway underlies the ~The transepithelial permeability response of
TNF-induced decrease in TER. In light of the increase inCACO-2 BBE to TNF stands in contrast to the lack of
transepithelial Naand CI' conductance, we considered effect of the cytokine when incubated with epithelial
a recent report by Kagan et al. (1992) demonstrating thamonolayers generated by T-84 cells in culture. The ap-
the addition of TNFe to the cis compartment of solvent parent conflict of these results might in fact be explained
free lipid bilayers resulted in an increase in the bilayerby a differential effect of TNF on epithelial cells isolated
conductance. This TNk-induced bilayer conductance from and manifesting properties of different sections of
required that the pH of the cis compartment be less thathe crypt-to-villous axis of the gastrointestinal mucosa.
6 and that the trans compartment voltage be at least 40he T-84 cell line maintains a phenotype characteristic
mV positive. Since the pH of the solution bathing the of crypt epithelial cells (Madara & Dharmasathaphorn,
CACO-2 BBE cells was 7.3, and the membrane voltagel985; Madara et al., 1987), whereas CACO-2 BBE were
is cell interior negative (Grassett et al., 1984) then it isselected for their differentiated properties reminiscent of
highly unlikely that the TNFa induced increase in trans- Villous enterocytes (Peterson & Mooseker, 1992). Such
epithelial N& and CT flux was due to the channel form- differential responses within the intestinal crypt have
ing properties of TNFe. been reported for intestinal cells of differing topographi-
Dilution potential measurements were also used tccal and hierarchical status exposed to various cytotoxic



272 C.W. Marano et al.: TNF Increases Paracellular Permeability of CACO-2BBE

agents and sources of radiation (ljiri & Potten, 1983;Balda, M.S., Whitney, J.A., Flores, C., Gonzalez, S., Cereijido, M.,
Potten et al., 1992). Therefore, it is possible that epithe- Matter, K. 1996._ Fur?ctional d_issociat‘ion of paracell_ular p_ermeabil—
lial cells along the crypt-to-villous axis will manifest |ty_and transepltht_allal electrical re§|stqnce anq disruption o_f the
differential sensitivity to endogenous inflammatory me- aplcal—bas_olate_ral |r_1tramembrane diffusion barrl(-f:r by expression of

! y 9 y a mutant tight junction membrane proteih.Cell Biol. 134:1031—
diators as well. 1049

In summary, TNF has effects on both the paracellu-garry, P.H. 1989. lonic permeation mechanisms in epithelia: biionic

lar conductance and membrane transport properties potentials, dilution potentials, conductance and streaming poten-
across the cultured intestinal epithelium, CACO-2 BBE. tials. Methods in Enzymology71:678-715
The paracellular conductance to’Nend Crl is increased Bear, C.E. 1991. A R-selective channel in colonic carcinoma cell line:
while mannitol permeability is not altered with TNF CACO-2 is activated with membrane stret®@BA.1069267-272

. . . . Bear, C.E., Reyes, E. 1992. cAMP-activated chloride conductance in
—. 0,
treatment. The 30—40% drop in transepithelial resistance ™ .. colonic cell line Am. J. Physiol 262:C251-C256

and associated changes in epithelia! ion pe'rmeab”it)Braegger, C.P., Nicholls, S., Murch, S.H., Stephens, S., MacDonald,
would make the mucosa more susceptible to disease after T.T. 1992. Tumor necrosis factor alpha in stool as a marker of
the addition of stresses such as ischemia/anoxia, in- intestinal inflammationLancet339:89-91
creased concentrations of free radicals or the presence Bféese, E.J., Michie, C.J., Nicholis, S.W., Murch, S.H., Williams, C.B.,
antigen The results of these studies recommend Domizio, P., Walker-Smith, J.A., Mac Donald, T.T. 1994. Tumor

; . . . necrosis factor-producing cells in the intestinal mucosa of chil-
CACO-2 BBE as an IdeaI,CUIture system. in which to dren with inflammatory bowel diseasd&astroenterology
model the effects of cytokines and other inflammatory  ;461455-1466
medmtors on epl_thell_al bam_er Integrity 'n_|!3D as We!l as Burton, K. 1956. A study of the conditions and mechanism of the
disorders of epithelial barrier permeability associated diphenylamine reaction for the color metric estimation of deoxyri-
with other clinical situations, such as cardiopulmonary bonucleic acidBiochemistry62:315-323
bypass surgery (Riddington et al., 1996), in which SyS_Chan, H., Aggarwal, B.B. 1994. Role of tumor necrosis factor receptors
temic elevations of TNF occur and a small percentage of in the activation of nuclear factor XB in human histiocytic lym-

atients manifest increased intestinal permeability (Sin- phoma U-937 cells). Biol. Chem269:31424-31429
P P Yy Chen, T.R. 1977. In-situ detection of mycoplasma contamination in cell

clair et al., 1995)' They also suggest that TNF among  cyjtures by fluorescent Hoechst 33258 stalixp. Cell Res.
other cytokines can reduce the barrier integrity of an  104255-261

epithelium as either an initiating response or a secondargolgan, S.P., Parkos, C.A., Matthews, J.B., D'Andrea, L., Awtrey,
phenomenon associated with pathological inflammation. C.S., Lichtman, L.H., Delp-Archer, A., Madara, J.L. 1994. Inter-
Finally, these results also show that induced increases of feron-y induces a cell surface phenotype switch on T84 intestinal

paracellular permeability may extend to only one of sev-%olgg'r:hg"z' C;gssﬁr:k f\/l Ehy;gf:!?gzggg Arecher. C.. McGuirk
eral classes of solutes, and not necessarily to all solute D. Bacarra, AE., Weller, P.F.. Madara, J.L. 1994, IL-4 directly

Irrespective of their size or Charge' This therefore im- modulates function of a model human intestinal epithelidmim-

plies that tight junctions can increase their permeability munol. 15321222129

to different degrees in response to diverse signal transcremaschi, D., Ferguson, D.R., Hénin, S., James, P.S., Meyer, G.,

duction pathways_ Smith, M.W. 1979. Postnatal development of amiloride-sensitive

sodium transport in pig distal colod. Physiol.292:481-494

Delamere, N.A., Duncan, G. 1977. A comparison of ion concentrations,

We gratefully acknowledge the helpful comments of Dr. Thomas  pstentials and conductances of amphibian, bovine and cephalod

O’Brien during the writing of this manuscript. We express our grati-  |anses.]. Physiol.271:167-186

tude to R.D. Miller for the electron micrographs presented in this Elson, C.O. 1996. The basis of current and future therapy for inflam-
manuscript. We thank the editorial office of the Lankenau Medical matory bowel diseasém. J. Med100:656—662

Research Center for their assistance in the preparation of this maml:arquhar M.G., Palade, G.E. 1965. Cell Junctions in Amphibian Skin.
script. This work was supported by grants from the National Institutes  j |l Biol. 26:263—291
of Health: CA48121 to JMM, DK51382 to SAL and CA67113 to APS. Fogh, J., Fogh, J.M., Orfeo, T. 1977. One hundred and twenty-seven

cultured human tumor cell lines producing tumors in nude mice.
Natl. Cancer Inst59:221-226
References Frizzell, R.A., Turnheim, K. 1978. Unidirectional transport by rabbit
colon: II Unidirectional sodium influx and the effects of ampho-
Andrieu, N., Salvayre, R., Levade, T. 1996. Comparative study of the  tericin B and amilorideJ. Membrane Biol40:193-211
metabolic pools of Sphingomyelin and phosphatidylcholine sensi-Goldman, D. 1943. Potential impedance and rectification in mem-
tive to tumor necrosis factoEur. J. Biochem236:738-745 branes.J. Gen. Physiol27:37-60
Artursson, P., Ungell, A.L., Lofroth, J.E. 1993. Selective paracellular Gorodeski, G., Peterson, D.E., De Santis, B.J., Hopfer, U. 1996.
permeability in two models of intestinal absorption: cultured mono-  Nucleotide receptor-mediated decrease of tight-junctional perme-
layers of human intestinal epithelial cells and rat intestinal seg-  ability in cultured human cervical epitheliunAm. J. Physiol.

ments.Pharm. Res10:1123-1129 270C1715-C1725
Balaban, R.S., Mandel, L.J., Benos, D.J. 1979. On the cross-reactivitysrasset, E., Pinto, M., Dussaulx, E., Zweibaum, A., Desjeux, J.-F.
of amiloride and 2,4,6 triaminopyrimidine (TAP) for the cellular 1984. Epithelial properties of human colonic carcinoma cell

entry and tight junctional cation permeation pathways in epithelial. ~ CACO-2: electrical parameterdm. J. Physiol247:C260-C267
J. Membrane Biol49:363-390 Hidalgo, 1.J., Raub, T.J., Borchardt, R.T. 1989. Characterization of the



C.W. Marano et al.: TNF Increases Paracellular Permeability of CACO-2BBE 273

human colonic carcinoma cell line (Caco-2) as a model system for  B.R., Peralta Soler, A. 1997. Different size limitations for increased

intestinal epithelial permeabilityGastroenterologyp6:736—749 transepithelial paracellular solute flux across phorbol ester and tu-
Hodgkin, A.L., Katz, B. 1949. Effect of temperature on electrical ac- mor necrosis factor-treated epithelial cell shedtsCell Physiol.
tivity of giant squid axonJ. Physiol.109:2240-249 17:226-233

Hollander, D., Vadheim, C.M., Brettholz, E., Petersen, G.M., Dela- Mullin, J.M., McGinn, M.T. 1988. Effects of diacylglycerols on LLC-
hunty, T., Rotler, J.I. 1989. Increased intestinal permeability in PK1 renal epithelia: similarity to phorbol ester tumor promotérs.
patients with Crohn’s disease and their relatives: A possible etio- Cell Physiol.134:357-366
logic factor.Ann. Intern. Med105:883—-885 Mullin, J.M., Snock, K.V. 1990. Effect of tumor necrosis factor on

ljiri, K., Potten, C.S. 1983. Response of intestinal cells of differing epithelial tight junctions and transepithelial permeabiliBancer
topographical and hierarchial status to tencytotoxic drugs and five = Res.50:2172-2176

sources of radiatiorBr. J. Cancer47:175-185 Mullin, J.M., Weibel, J., Diamond, L., Kleinzeller, A. 1980. Sugar
Kagan, B.L., Baldwin, R.L., Munoz, D., Wisnieski, B. 1992. Formation transport in LLC-PK1 renal epithelial cell line: similarity to mam-
of ion-permeable channels by tumor necrosis faetoScience malian kidney and the influence of cell density. Cell Physiol.
255:1427-1430 104:375-389
Kimizuka, H. 1966. lon current and potential across membrafes. Murch, S.H., Braegger, C.P., Walker-Smith, J.A., MacDonald, T.T.
Theor. Biol.13:145-163 1993. Location of tumor necrosis factor alpha by immunohisto-
Kimizuka, H., Koketsu, K. 1964. lon transport through cell membrane.  chemistry in chronic inflammatory bowel diseaggut 34:1705—
J. Theor. Biol.6(2):290-305 1709
Lee, Y.Y., Kurtz, I., Yamoto, K., El-Hajjoui, Z., Koeffler, H.P. 1992. Noach, A.B.J., Sakai, M., Blom-Roosemalen, C.M., de Jonge, H.R., de
Tumor necrosis factor stimulates ME™ antiporter in human fi- Boer, A.G., Breimer, D.D. 1994. Effect of anisotonic conditions on
broblasts: dissociation between intracellular alkanization and cyto-  the transport of hydrophilic compounds across monolayers of hu-
kine mRNA accumulationBlood 79:2262-2266 man colonic cell linesJ. Pharmacol. Exp. Therapeu@70:1373—

Lu, S., Goough, A.W., Bobrowski, W.F., Stewart, B.H. 1996. Transport 1380
properties are not altered across CACO-2 cells with heightenedPeralta Soler, A., Mullin, J.M., Knudsen, K.A., Marano, C.W. 1996.
TEER despite underlying physiological and ultrastructural changes.  Tissue remodeling during tumor necrosis factor-induced apoptosis
J. Pharmaceut. ScB5:270-273 in LLC-PK,, renal epithelial cellsAm. J. Physiol270:F869—F879

Ma, T.Y., Hollander, D., Tran, L.T., Nguyen, D., Hoa, N., Bhalla, D. Peterson, M.D., Mooseker, M.S. 1992. Characterization of the entero-
1995. Cytoskeletal regulation of CACO-2 intestinal monolayer  cyte-like brush border cytoskeleton of the G2 clones of the

parscellular permeabilityd. Cell. Physiol.164:533-545 human intestinal cell line, Caco-2. Cell Sci.102581-600
Madara, J.L., Dharmasathaphorn, K. 1985. Occluding junction strucPinto, M., Robine-Leon, S., Appay, A.-D., Kedinger, M., Triadou, N.,
ture-function relationships in a cultured epithelial monolaykr. Dussaulx, E., Lacroix, B., Simon-Assmann, P., Haffen, K., Fogh, J.,
Cell. Biol. 101:22124-2133 Zweibaum, A. 1983. Enterocyte-like differentiation and polariza-
Madara, J.L., Stafford, J. 1989. Interferon-y directly affects barrier  tion of the human colon carcinoma cell line CACO-2 in culture.
function of cultured intestinal epithelial monolayedsClin. Invest. Biol. Cell. 47:323-330
83:724-727 Potten, C.S., Li, Y.Q., O’Connor, P.J., Winton, D.J. 1992. A possible
Madara, J.L., Stafford, J., Dharmasathaphorn, K., Carlson, S. 1987. explanation for the differential cancer incidence in the intestine
Structural analysis of a human intestinal epithelial cell liGas- based on distribution of the cytotoxic effects of carcinogens in the
troenterology92:1133-1145 murine large bowelCarcinogenesid3:2302-2312
Madsen, K.L., Tavernini, M.M., Mosmann, T.R., Fedorak, R.N. 1996. Riddington, D.W., Venkatesh, B., Boivin, C.M., Bonser, R.S., Elliot,
IL-10 modulates ion transport in rat small intestiftgastroenter- T.S.J., Marshall, Mountford P.J., Bion, J.F. 1996. Intestinal perme-
ology 111:936-944 ability, gastric intramucosal pH, and systemic endotoxemia in pa-

Malin, M., Isolauri, E., Pikkarainen, P., Karikoski, R., Isolauri, J. 1996. tients undergoing cardiopulmonary bypa3&aMA 275:1007-1012
Enhanced absorption of macromolecules: a secondary factor irRiley, S.A., Warhurst, G., Crowe, P.T., Turnberg, L.A. 1991. Active
Crohn’s diseaseDig. Dis. Sci.41:1423-1428 hexose transport across cultured human Caco-2 cells: characterisa-

Mano, Y., Ishy M., Okamoto, H., Igarashi, T., Koboyashi, K., Toyota, tion and influence of culture conditionBBA 1066175-182
T. 1996. Effect of tumor necrosis factor on intrahepatic bile duct Saladik, D.T., Peralta Soler, A., Lewis, S.A., Mullin, J.M. 1995. Cell
epithelial cells of rat liverHepatology23:1602—-1607 division does not increase transepithelial permeability of LLC-PK1

Marano, C.W., Laughlin, K.V., Russo, L.M., Peralta Soler, A., Mullin, cell sheetsExp. Cell Res220:446-455
J.M. 1993. Long-term effects of tumor necrosis factor on LLC;PK Salzman, A.L., Menconi, M.J., Unno, N., Ezzell, R.M., Casey, D.M.,

transepithelial resistancd. Cell Physiol.157:519-527 Gonzalez, P.K., Fink, M.P. 1995. Nitric oxide dilates tight junctions
Marti, F., Mutoz, J., Peio, M., et al. 1995. Higher cytotoxic activity and and depletes ATP in cultured Caco-2Bbe intestinal epithelial mono-
increased levels of ILf3, IL-6, and TNFe in patients undergoing layers.Am. J. Physiol268:G361-G373
cardiopulmonary bypas&m. J. Hematol49:237—-239 Sategna-Guidetti, C., Pulitano, R., Fenoglio, L., Bologna, E., Manes,
McKay, D.M., Croitoru, K., Perdue, M.H. 1996. T cell-monocyte in- M., Camussi, G. 1993. Tumor necrosis factor/cachectin in Crohn’s
teractions regulate epithelial physiology in a coculture model of  disease. Relation of Serum concentration to disease actRéy.
inflammation.Am. J. Physiol270:C418-C428 centi Progressi in Medicin®4:93-99
Mullin, J.M., Fluk, L., Kleinzeller, A. 1986. Basal-lateral transport and Schneeberger, E.E., Lynch, R.A. 1992. Structure, function, and regu-
transcellular flux of methyl-p-glucoside across LLC-PK1 renal lation of cellular tight junctionsAm. J. Physiol262:.1.647-L661
epithelial cells.BBA 885:233-239 Sinclair, D.G., Haslam, P.L., Quinlan, G.J., Pepper, J.R., Evans, T.W.

Mullin, J.M., Laughlin, K.V., Marano, C.W., Russo, L.M., Peralta 1995. The effect of cardiopulmonary bypass on intestinal and pul-
Soler, A. 1992. Modulation of tumor necrosis factor-induced in- monary endothelial permeabilit€hest108:718-724
crease in renal (LLC-PK1) transepithelial permeabilim. J. Stack, W.A., Keely, S.J., O'Donaghue, D.P., Baird, A.W. 1995. Im-
Physiol.263:F915-F924 mune regulation of human colonic electrolyte transport in viBot
Mullin, J.M., Marano, C.W., Laughlin, K.V., Nuciglio, M., Stevenson, 36:395-400



274 C.W. Marano et al.: TNF Increases Paracellular Permeability of CACO-2BBE

Stenson, W.F., Easom, R.A,, Riehl, T.E., Turk, J. 1993. Regulation of  tion induced by chronic hypoxia or glycolytic inhibition in Caco-
paracellular permeability in CACO-2 cell monolayers by protein 2BBe monolayersAm. J. Physiol270:G1010-G1021
kinase C.Am. J. Physiol265:G955-G962 Van Dullemen, H.M., Van Deventer, S.J.H., Hommes, D.W., Bijl,

Thwaites, D.T., Cavet, M., Hirst, B.H., Simmons, N.L. 1995. Angio- ~ H.A., Jansen, J., Tytgat, G.N.J., Woody, J. 1995. Treatment of
tensin-converting enzyme (ACE) inhibitor transport in human in- Crohn’s d_lsease with anti-tumor necrosis factor chimeric mono-
testinal epithelial (Caco-2) cell&r. J. Pharmacol.114:981-986 clonal antibody Gastroenterology.09:129-135 _

Thwaites, D.T., Markovich, D., Murer, H., Simmons, N.L. 1996.Na Wertz, |L.E., Hanley, M.R. 1996. Diverse molecular provocation of

. . - . . programmed cell deatfirends Biochem. Sc21:359-364
independent lysine transport in human intestinal Caco-2 célls. } ; .

. ) Zweibaum, A., Hauri, H.-P., Sterchi, E., Chantret, I., Haffen, K., Bamat, J.
Membrane Biol151:215-224

1984. Immunohistochemical evidence, obtained with monoclonal an-
Tracey, K.J., Lowry, S.F., Beutler, B., Cerami, A., Albert, J.D., Shires,  tinodies, of small intestinal brush border hydrolases in human colon
G.T. 1986. Cachectin/tumor necrosis factor mediates changes of ancers and foetal colonst. J. Cancer34:591-598
skeletal muscle plasma membrane potential.Exp. Med  zyeibaum, A., Triadou, N., Kedinger, M., Augeron, C., Robine-Leon,
16413681373 S., Pinto, M., Rousset, M., Haffen, K. 1983. Sucrase-isomaltase: a
Unno, N., Menconi, M.J., Salzman, A., Smith, M., Hagen, S., Ge, Y.,  marker of foetal and malignant epithelial cells of the human colon.
Ezzell, R.M., Fink, M.P. 1996. Hyperpermeability and ATP deple- Int. J. Cancer32:407-412



