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Insulin Regulates the Paracellular Permeability
of Cultured Intestinal Epithelial Cell Monolayers
James A. McRoberts, Richard Aranda, Nora Riley, and Hoon Kang
Division of Gastroenterology, Department of Medicine, Harbor-UCLA Medical Center
and the Inflammatory Bowel Disease Center, Torrance, California 90502

Abstract

The T84 human colonic epithelial cell line retains the ability to

produce secretagogue-responsive monolayer cultures with high
transepithelial resistance when grown and maintained on col-
lagen-coated permeable supports in media supplemented with
5%newborn calf serum. The addition of highly purified insulin
to the basolateral but not the apical membrane side of estab-
lished monolayers caused the transepithelial resistance to de-
cline more than eightfold over a 3-4-d period. By comparing
the transepithelial flux of 22Na with that of the extracellular
space marker, I3Hlmannitol, the decline in electrical resistance
was shown to be due solely to an effect on tight junction-me-
diated paracellular permeability. The effect of insulin was dose
dependent with a half-maximal effect at 3.9 ng/ml (- 0.7 nM)
and fully reversible over a 10-d time course. Simultaneous ad-
dition of 2 gM cycloheximide prevented the insulin-induced
decline in resistance; in fact, this combination caused a signifi-
cant increase in electrical resistance. There was no effect on

the short-circuit current response of insulin-treated mono-

layers to secretagogues so long as media was changed daily.
While no gross morphological changes were apparent, there
did appear to be a subtle condensation of the perijunctional
actin ring as visualized using rhodamine-labeled phalloidin.
These results demonstrate that insulin modulates the perme-

ability of the occluding junction in T84 cell monolayers
through a receptor mediated process which probably involves
changes in protein synthesis and cytoskeletal structure. Insulin
was also shown to produce similar effects on two other intes-
tinal epithelial cell lines. (J. Clin. Invest. 1990. 85:1127-
1134.) cell lines * intercellular junctions * electrical conductiv-
ity * cytoskeleton * microfilaments

Introduction

The human colonic epithelial cell line, T84, was derived from
a well-differentiated adenocarcinoma (1). When grown in
serum-supplemented media on collagen-coated permeable
supports, T84 cells produce a monolayer of columnar-shaped
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cells which morphologically resemble fetal colon crypt epithe-
lial cells (2). Monolayers typically display transepithelial resis-
tances of - 1,500 fl-cm2, the development of which is asso-
ciated with the formation of extensive tight junctional net-
works between adjacent cells (3). When such monolayers are
mounted in voltage-clamped Ussing chambers, there is very
little if any vectorial solute transport. Addition of a number of
hormones or other effectors (secretagogues) induces an elec-
trogenic chloride secretory response which is reflected by an
increased positive short-circuit current (Ic)' (4, 5, reviewed in
reference 6). Since Cl- secretion is a property of the crypt
epithelia of the intestine (7), these observations became the
basis for establishing T84 cells as a cell culture model system
with which to investigate secretory responses of the intestine.

All of these observations were made on T84 cell mono-
layers grown in serum supplemented media. T84 cells can also
be grown in a serum-free defined media containing transferrin,
insulin, selenium, ascorbic acid, epidermal growth factor, hy-
drocortisone, and triiodothyronine (1). T84 cells grown in de-
fined media do not produce simple monolayer cultures, but
instead tend to pile up and produce structures morphologically
resembling the original tumor (1). In this laboratory we have
begun to investigate the components of defined media with the
objective of formulating a serum-free media which would sup-
port the production and maintenance of the differentiated
properties of T84 cells. In the course of this investigation, we
have found that one of the hormones routinely added to nearly
all formulations of defined media, insulin, caused a pro-
nounced decline in the transepithelial resistance without af-
fecting the ability of the monolayers to respond to secreta-
gogues.

Insulin in vivo mediates a diverse array of metabolic effects
generally aimed at increasing the uptake, utilization and stor-
age of nutrients (8). In vitro insulin is a strong mitogen for a
number of different cell types and therefore is included in
defined media formulations (9). The concentrations of insulin
used in such media are usually superphysiologic ( 1-15 tg/ml)
and commonly believed to exert their mitogenic effect through
interaction with type I insulinlike growth factor (IGF) recep-
tors. Insulin and IGFs belong to a family of peptide hormones
which share structural and functional homology (10, 1 1). The
recent availability of large amounts of pure IGFs, the cloning
and expression of the insulin and IGF receptors, and the pro-
duction of antibodies specific for these receptors have made it
possible to compare the specific actions of these peptide hor-
mones when they are known to be acting through their homol-
ogous receptor. The accumulating evidence suggests that insu-
lin and IGF receptors mediate many of the same acute and

1. Abbreviations used in this paper: IGF, insulinlike growth factor; I,,
short-circuit current; LDH, lactate dehydrogenase; NECA, N-ethyl-
carboxamido-adenosine.
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chronic responses, although with varying degrees of efficacy
depending on the tissue or cell type and the specific response
under study (10-16). Thus the simplistic idea that insulin me-
diates acute metabolic responses, while IGFs mediate chronic
mitogenic responses is not strictly correct in vitro, but may still
be true in vivo due to marked differences between insulin and
IGF secretion, localization and turnover (10, 1 1).

In this article we show that the effect of insulin on transepi-
thelial resistance across T84 cell monolayers is receptor me-
diated and due exclusively to an effect on the tight junction-
mediated paracellular pathway. In the A6 toad kidney cell line,
Fidelman and Watlington (17) found that insulin in combina-
tion with aldosterone markedly increased paracellular perme-
ability, however, in this cell line the effects were complicated
by a large increase in active Na' absorption. Regulation of
paracellular permeability has recently received increasing at-
tention as potentially important mechanism for the control of
solute and water absorption and secretion (18). A number of
biologically important factors including phorbol esters (19),
Clostridium difficile enterotoxin A (20), interferon-y (21), and
neutrophil-derived cathepsin G(22) have been shown to alter
the permeability of the tight junctional paracellular pathway.
The potential physiologic role of insulin and related factors in
regulation of intestinal permeability is discussed.

Methods

Cell culture. T84 cells used in this study are descendents of those
originally obtained from Dr. Hideo Masui (University of California,
San Diego) after one passage in nudemice and nine passages in culture.
Cells from passages 14-44 were used in the present study. T84 cells
were serially propagated by weekly subculture using established meth-
odologies (4, 5). Unless otherwise indicated, growth media consisted of
a 1:1 mixture of Dulbecco-Vogt modified Eagle's media (high glucose)
and Ham's F12 media supplemented with 15 mMNa'-Hepes buffer,
pH 7.4, 90 mg/liter streptomycin, 40 mg/liter penicillin, 8 mg/liter
ampicillin, and 5% newborn calf serum. Media NaHCO3concentra-
tion was 1.2 g/liter and cell cultures were maintained in incubators
under 5%CO2. The insulin levels in the two lots of serum used in these
experiments was 0.150 and 0.162 ng/ml (by radioimmunoassay), giv-
ing final concentrations in the growth media of < 0.0081 ng/ml. For
preparation of monolayers on permeable supports, trypsinized cell
suspensions containing 1-1.5 X 106 cells were added to the inside of
filter bottom cups and maintained in culture with media changes every
3-4 d. Filter bottom cups were prepared as described previously (5).
Briefly, 5-Mm pore size Nuclepore filters (Nuclepore Corp., Pleasanton,
CA) were coated with rat tail collagen (Collaborative Research Inc.,
Bedford, MA), cross-linked with 4%glutaraldehyde, and glued to plas-
tic Lexan rings. The final growth area of the filter cups was 1.98 cm2.

CaCO2, HCT-8, and LLC-PK1 cells were obtained from the Ameri-
can Type Culture Collection, Rockville, MD. The MDCKcell line
used (clone Dl) was obtained from Dr. Paul Insel (University of Cali-
fornia, San Diego). All cell lines were adapted to the same culture
conditions used for T84 cells (DME/Ham's F12, 1:1, supplemented
with 5% newborn calf serum).

Resistance and transepithelial flux measurements. For measure-
ment of electrical resistance, monolayers attached to the filter bottom
cups were rinsed in oxygenated Ringer solution and mounted in modi-
fied Ussing chambers. The Ussing chamber apparatus was identical to
that previously described (4) except that the potential difference sens-
ing agar bridges were mounted at an angle such that the tips ap-
proached within 2 mmof the center of the monolayers. This adapta-
tion was introduced to reduce the fluid resistance compensation and
permit more accurate measurement of low resistance monolayers.
Edge damage to the monolayers was avoided by mounting the entire

ring assembly with no pressure being exerted directly on the cell mono-
layers. Both reservoirs of the Ussing chamber were filled with identical
volumes of oxygenated Ringer solution which contained (in millimo-
lar): 140 Na, 5 K, 1.2 Ca, 1.2 Mg, 119.8 Cl, 25 HCO3, 2.4 H2P04, 0.4
HPO4, and 10 glucose. An airlift system using 95%02 and 5%CO2was
used for mixing, oxygenation and buffering (pH 7.4). The entire appa-
ratus was water-jacketed such that the solutions bathing the mono-
layers were maintained at 36-370C. The potential difference was mea-
sured using calomel electrodes in 3 MKCl connected to the chamber
through agar bridges. Spontaneous potential difference was short-cir-
cuited and nullified using an automatic voltage clamp (Physiological
Instruments, San Diego, CA) with Ag-AgC1 current supplying elec-
trodes connected to the chamber with agar bridges. Short-circuit cur-
rent was monitored throughout the experiment. Resistance measure-
ments were made every 5 min by briefly (5 s) clamping the potential
difference to a known voltage and measuring the current necessary to
produce this deflection. Resistance and conductance was calculated
from Ohm's law. While there was a great deal of variation in the level
of resistance across untreated (control) monolayers, most of this varia-
tion could be attributed to different batches of permeable supports or
varying passage numbers of the cells. When feasible, each set of exper-
iments was performed on monolayers prepared with cells of similar
passage number grown on the same batch of permeable supports,
allowing direct comparison of resistance levels. When this was not
possible, resistance values were normalized to the same day control
monolayers.

For the 22Na, [3H]mannitol dual flux analysis, monolayers were
rinsed and mounted with Ringers solution containing 5 mMmannitol
and 5 mMglucose on both sides of the monolayer. After the electrical
properties of the monolayers had stabilized, 1 MCi/ml 22Na and 5
MCi/ml D_[3H]mannitol were added to either the serosal or mucosal
bathing solutions. After a 2-min mixing period, a small sample was
removed from the hot side for determination of specific activity.
Thereafter samples were removed from the opposite reservoir at 10-
min intervals with buffer replacement. The activity of 22Na and [3H]-
mannitol in the samples was quantitated by differential scintillation
counting. After correction for sample volume and isotope loss due to
sampling the results of at least four consecutive 10-min flux periods
were averaged. All fluxes were measured under short-circuited condi-
tions.

Transepithelial resistance of monolayers in growth media was also
monitored with an EVOMvolt-ohmmeter (World Precision Instru-
ments, New Haven, CT) which measures resistance by passing alter-
nating current across the monolayers. The potential and current elec-
trodes of this apparatus can be sterilized allowing repeated measure-
ments of the same monolayer over a period of weeks. For monolayers
with resistances < 1,500 (1-cm2, this apparatus gave transepithelial re-
sistance values similar to those obtained when the monolayers were
subsequently mounted in Ussing chambers.2 At higher levels of resis-
tance the EVOMmeasurements were progressively lower than those
measured in voltage-clamped Ussing chambers. Therefore, except for
figure 2 and as noted in the text, all resistance values reported were
determined after mounting in voltage-clamped Ussing chambers.

Actin filament staining with rhodamine-labeled phalloidin. T84
cells were grown to confluency on glass coverslips, washed twice with
Dulbecco's phosphate-buffered saline (PBS) and fixed with freshly
prepared 3.7% formaldahyde in PBS for 10 min at room temperature.
After two washes with PBS, the specimens were extracted with acetone
at -20°C for 10 min and air dried. The cells were incubated in the dark
for 30 min with 0.165 MMrhodamine-labeled phalloidin (Molecular
Probes, Junction City, OR) in PBSwhich was prepared by drying the
methanolic stock solution under N2 and dissolving in PBS immedi-

2. For 99 monolayers with resistances < 1,500 (1-cm2, a plot of resis-
tance determined in voltage-clamped Ussing chambers versus resis-
tance determined in situ with the EVOMgave a slope of 0.94 with a
correlation coefficient of 0.96.
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ately prior to the staining procedure. The coverslips were washed three
times with PBS, mounted on slides with a 1:1 solution of PBS and
glycerol and the edges sealed with nail polish. Observations and pho-
tographs were made using a Nikon Inc. Diaphot microscope (Garden
City, NY) equipped for epifluorescence, a rhodamine filter, and Tri-X
pan 400 film (Eastman Kodak Co., Rochester, NY).

Biological assays. Media levels of lactate dehydrogenase and glu-
cose were measured spectophotometrically using assay kits from Sigma
Chemical Co., St. Louis, MO. Intracellular lactate dehydrogenase was
determined after lysing the cells with 1% Triton X-100.

Leucine incorporation into cellular protein was measured using
replicate 35-mm plates of confluent T84 cells and monolayers grown
on permeable supports. Cells were incubated in growth media con-
taining 1 gCi/ml [3H]leucine in the presence or absence of 3 gg/ml
insulin and 2 qM cycloheximide for 6-24-h periods after which the
monolayers were washed with PBSand lysed by the addition of 0.075%
SDS. Protein was precipitated by the addition of ice cold 10% (final)
TCAand collected by centrifugation. The pellet was dissolved in 0.5 N
NaOHand counted. All determinations were made in triplicate and
the results cited represent the mean determinations from four experi-
ments for each condition.

Cell numbers were determined by a cell counter (Coulter Elec-
tronics, Inc., Hialeah, FL) after extensive (45 min) trypsinization of
confluent monolayers on permeable supports and appropriate dilu-
tion. Values were corroborated using a hemocytometer. Total cellular
DNAwas determined fluorometrically (23) using calf thymus DNAas
a standard.

Materials. Bovine insulins were obtained from Sigma Chemical
Co. (Fig. 1 only), Boehringer Mannheim (> 99%, 26 IU/mg), and
Collaborative Research Inc. (99%, 28.4 IU/mg). DMEand Ham's F12
media were purchased from Gibco Laboratories, Grand Island, NY,
and the newborn bovine serum from Irvine Scientific, Santa Ana, CA.
22Na was from New England Nuclear, Boston, MA, [3H]leucine from
Amersham Corp., Arlington Heights, IL, and D[3H]mannitol from
ICN, Irvine, CA. Transferrin, forskolin, cycloheximide, N-ethylcar-
boxamido-adenosine, and calf thymus DNAwere purchased from
Sigma Chemical Co. Sodium selenite came from Difco Laboratories,
Detroit, MI.

Statistical methods. Significance was determined using Student's
unpaired t test. When more than two groups were compared, the P
values cited include Bonferroni correction.

2000
1-1

c.4
E

Cu)
1

Cl)E

0

usa)C)
.c
0
It

150

100

50

0 E

10

0o

control 1 2 3
Days with insulin

4

Figure 1. Time-dependent effect of insulin on T84 cell monolayer re-

sistance. Established, high-resistance T84 cell monolayers received
fresh media containing either 15 pg/ml Sigma insulin (hatched bars)
or no addition (open bars). At various times after the media change,
the insulin-treated monolayers and at least one control monolayer
were mounted in voltage-clamped Ussing chambers where resistance
measurements were made as described in Methods. The values
shown are the mean±SDof at least three monolayers for each day.
Control monolayers (n = 9) did not vary in resistance with time. Sig-
nificant effects occurred after 2 d (P < 0.002) and maximal effects
after 3 d (P < 0.0006).

Results

Temporal dependence and metabolic effects. T84 cell mono-

layers develop a transepithelial resistance of > 1,000 9-cm2
over the course of a week when grown and maintained in
serum supplemented media on permeable supports. High re-

sistance can be maintained for over 3 wk with media changes
every 3-4 d. The addition of insulin at a concentration typi-
cally used in defined media (3 ug/ml) to preestablished mono-

layers in the continued presence of serum supplement caused
the transepithelial resistance to decline from 1,760±780 to
210±160 _-cm2 (n = 23 pairs, P < 10-6). This insulin me-

diated decline in transepithelial resistance required 3-4 d to
reach maximal effects. Even at high concentrations (15,gg/ml)
the decline in resistance was not significant until 2 d after
addition (Fig. 1). Stable low levels of resistance were observed
after 4 d at all doses of insulin as judged by in situ (EVOM)
resistance measurements. This effect was not due to a permis-
sive interaction with a factor in the serum supplement since
addition of 3 ug/ml insulin to preestablished monolayers
maintained under serum-free conditions (DME:Ham's F12,
1: 1, plus 5 ,ug/ml transferrin and 25 nM selenium) also pro-
duced a significant decline in resistance over a 3-d time course

(1,530±220 for control and 360±210 2-cm2 for insulin treated
monolayers; n = 6 pairs, P < 0.0003).

The large insulin-induced decline in transepithelial resis-
tance was not due to cell death since media levels of lactate

dehydrogenase (LDH) relative to intracellular LDH levels

were not increased after 4 d of treatment with 3 jug/ml insulin.
Total extracellular LDH relative to intracellular LDH was

9.4±2.5% for control conditions and 10.1±2.3% for insulin-
treated cells. Furthermore, insulin-treated monolayers were

still responsive to secretagogues. Table I shows the I., response
of insulin-treated monolayers to forskolin and the adenosine

receptor agonist, N-ethylcarboxamido-adenosine (NECA). In

both cases, the Ic response to these compounds has been

shown to reflect electrogenic Cl- secretion (6, 24), a process
which is inhibited by serosal side addition of the loop diuretic

bumetanide (5). The IS, response of insulin-treated monolayers
was still sensitive (- 80% inhibition) to 10-4 Mbumetanide

suggesting that insulin did not modify the mechanisms of hor-

monally stimulated electrogenic ion movement. However, as

shown in Table I, monolayers treated with insulin for 4 d with

no media change had a diminished level of secretagogue re-

sponsiveness. This effect could be prevented with daily media

changes (Table I). Daily media changes did not attenuate the

insulin-induced decline in transcellular resistance, arguing
against an indirect effect of insulin on resistance.

Insulin failed to stimulate cell division by confluent estab-

lished monolayers on permeable supports, even though pre-
vious studies have shown that insulin is mitogenic for T84 cells

grown at low density in serum-free media (1). There was no

change in the final cell density (1.18±0.21 X 106 and

1.38±0.29 X 106 cells/monolayer, n = 6) or total DNAcontent

(32.3±4.4 and 32.6±4.5 ug DNA/monolayer, n = 7, for con-

trol and insulin-treated tissues, respectively) of monolayers
treated for 4 d with 3 ,ug/ml insulin. Insulin did stimulate an

increase in glucose catabolism as judged by media glucose
levels which declined from 17.5±0.3 mMin fresh media to

15.7±0.2 mMin control and 13.2±0.3 mMin insulin-treated

monolayers after 4 d in culture (n = 6, P < 0.001). Insulin also

stimulated a modest 16.4+7.3% increase in the rate of protein
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Table I. Effect of Daily Media Change on Transepithelial Resistance and Short-Circuit Current Response to Secretagogues

I UM 10UM
Condition (n) Initial resistance Initial I2 (NECA) (forskolin)

9-cm2 AA/cm2 pA/cm2 pA/cm2

No media change
Control (5) 1530±420 1.2±0.3 22.4±12.0 39.2±18.5

Insulin (7) 220+±150 0.9±1.6 8.9±5.2* 20.5±7.1*
Daily media change

Control (3) 1640±100 3.1±2.8 24.5±8.5 35.6±7.8

Insulin (3) 110±40t 1.6±1.4 22.5±11.9 39.1±14.0

Replicate preestablished T84 cell monolayers received either insulin (3 ,g/ml) or no addition (control). The media (a total of 5 ml/monolayer)
was either left on the cells for 4 d (no media change) or changed on a daily basis. After 4 d the monolayers were mounted in Ussing chambers
and voltage clamped. Initial resistance and I,, measurements were recorded over a 25-min period after which time 1 ,uM NECAwas added to

the mucosal side of the monolayers. IC was monitored until peak values were observed, then 10 uM forskolin was added to the serosal side and

I4, again monitored until it reached peak values. AI,, represents the difference between peak values recorded after NECAand forskolin addition
and the initial IC reading. Values are the mean±SDof n monolayers for each condition. Significantly different from control: *P < 0.04;
Y < 0.0001. In the no media change condition, the effect of insulin in decreasing the Isc response to NECAand forskolin was more pro-

nounced when compared to the same day control monolayers: NECAand forskolin produced relative AI,, responses of 50±12% (P < 0.0001)

and 59±14% (P < 0.0003) that of control, respectively.

synthesis as assessed by [3H]leucine incorporation into TCA-
precipitable protein. Thus, the effect of insulin appears to be
confined to increased metabolism and increased protein syn-
thesis, accompanied by a pronounced decrease in transcellular
resistance.

Inhibition by cycloheximide. The long time course of the
effect of insulin and the increased rate of protein synthesis
prompted us to test whether protein synthesis might be in-
volved in this response. The addition of 2juM cycloheximide, a
concentration sufficient to inhibit protein synthesis by - 75%,
prevented insulin's effect on resistance. In this set of experi-
ments, control monolayers had resistances of 1390±260 (n
= 9), while monolayers treated with 3,gg/ml insulin for 4 d had
resistances of 150±130 0-cm2 (n = 7). Addition of 2 ,uM cy-
cloheximide alone for 4 d tended to increase resistance, but not
significantly (1,790+560 0-cm2, n = 9; P - 0.4). Whenadded
simultaneously, the combination of 3 ,ug/ml insulin and 2 ,M
cycloheximide caused a significant increase in transepithelial
resistance (2,790±690 0-cm2, n = 7; P < 0.001 vs. control, P
< 0.03 vs. cycloheximide alone). There was no effect of cyclo-
heximide treatment on the secretagogue responsiveness of the
monolayers (data not shown). These results suggest that pro-
tein synthesis is required to produce the insulin-mediated de-
cline in transcellular resistance. They also suggest that in the
presence of reduced levels of protein synthesis, insulin can
mediate the opposite effect on paracellular permeability.

Reversibility. The effect of insulin on transepithelial resis-
tance was reversible, although with a much slower time course
than that required for the onset of insulin action. Recovery of
transepithelial resistance after treatment of cells for 4 d with 3
jug/ml insulin began - 5 d after removal of insulin. Full recov-
ery of resistance was obtained after 9-10 d in insulin-free
media. Fig. 2 shows the results of a representative experiment.
In three similar experiments, resistance recovered to
- 102±14% that of control monolayers after washout of insu-
lin for 9-10 d.

Receptor polarization and dose dependence. T84 mono-
layers grown on permeable supports are structurally and func-
tionally polarized with distinct apical and basolateral mem-

branes. With the exception of the adenosine receptor, most
hormone receptors are polarized to the basolateral membrane
(6). If insulin is mediating its effect through a receptor, one
would expect functional polarization of the responsiveness to
insulin. Indeed, addition of 0.3 qg/ml insulin to the serosal
(basolateral membrane) side only of T84 cell monolayers pro-
duced a 4-d decline in resistance (from 1,630+500 to 150±110
Q-cm2 for control and serosal addition, respectively) similar to
that produced by combined mucosal and serosal addition
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Figure 2. Reversibility of the insulin-induced decline in resistance.
(A) Time course of the onset and reversal of insulin's effect on resis-
tance determined in situ with the EVOM. Nine 7-d-old monolayers
were assigned to three groups of three within which the average resis-
tance values were similar. On day 0, six of the monolayers received 3
Ag/ml purified insulin (.), while the remaining three monolayers
were left as controls and received no addition (o). On day 4, three of
the six monolayers treated with insulin were washed twice and incu-
bated with insulin-free media (A). Media was changed on all mono-

layers every 3-4 d. Points are the mean and error bars the SD for
each group (three to nine monolayers). Background resistance of 70
Q-cm2 has been subtracted from these EVOMmeasurements. (B)
Voltage clamp determinations of resistance on day 14 for all three
groups of monolayers. The nine monolayers in this representative ex-

periment were rinsed with Ringer buffer and mounted in Ussing
chambers as described in Methods: con, control; ins, insulin-treated;
and rev, reversed.
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(390±320 _-cm2). Addition to the mucosal (apical membrane)
side only had no significant effect (1,370±490 0-cm2, n = 6 for
all values). These results suggest that the insulin induced de-
cline in transcellular resistance is receptor-mediated and that
the receptors are localized in the basolateral membrane.

The dose dependence of insulin on transepithelial resis-
tance supports this conclusion. As shown in Fig. 3, highly
purified bovine insulins from two sources produced similar
dose response curves with half-maximal effects at 3.9 ng/ml
(0.68 nM) and maximal effects at 300 ng/ml. The broad nature
of the dose-dependent effect of insulin on resistance (apparent
Hill slope 0.7) suggests negative cooperativity or perhaps mul-
tiple receptor subtypes.

Paracellular permeability. A decrease in transepithelial
electrical resistance could be due to an increase in the cellular
ionic permeability or increase in the paracellular ionic perme-
ability. To distinguish between these two possibilities, simulta-
neous measurements of the transepithelial flux of [3H]manni-
tol and 22Na were made on monolayers treated with varying
concentrations of insulin for 4 d. Mannitol is poorly absorbed
by cells and transport across the epithelial layer takes place
around the cells through the tight junction-mediated paracel-
lular pathway. If one assumes that the paracellular pathway is
an aqueous channel with no charge selectivity, then the change
in the unidirectional flux of Na (AJNa) relative to that for
mannitol (AJman) can be predicted (25): AJNa/AJman
= DNa [Na]/Dman. [mannitol], where DNa and Dman are the
diffusion coefficients and [Na] and [mannitol] are the molar
concentrations of Na and mannitol, respectively. At 370C in
buffers containing 140 mMNa and 5 mMmannitol the pre-
dicted value is 54 (26). A plot Of JNa vs. Jman for 36 monolayers
treated for 4 d with varying concentrations of insulin is shown
in Fig. 4. Unidirectional fluxes were determined in half the
monolayers in the serosal to mucosal direction and in the
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Figure 3. Dose-dependent effect of insulin on transepithelial resis-
tance. T84 cell monolayers were treated with various concentrations
of highly purified bovine insulin obtained from either Boehringer
Mannheim (o) or Collaborative Research, Inc. (-). After 4 d the in-
sulin treated and control mondlayers were mounted in Ussing
chambers for resistance measurements. The results were normalized
to the same day control monolayers. Points are the mean±SDof
four (o) and six (-) monolayers for each concentration. Nonlinear re-
gression gave ED50 values of 3.2 and 4.3 ng/ml with a Hill slope co-
efficients of 0.63 and 0.81 for insulin from Boehringer Mannheim or
Collaborative Research, Inc. respectively. The curve shown was ob-
tained from the average values for both insulins: ED50 = 3.9, Hill
slope coefficient = 0.70.
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Figure 4. Dual flux analysis demonstrating an effect of insulin on
paracellular permeability. Simultaneous mucosal to serosal (m s,
o) and serosal to mucosal (s m, A) fluxes of 22Na and 3H were de-
termined on control monolayers and monolayers receiving various
(0.3 ng/ml to 3 jig/ml) concentrations of insulin for 4 d. Flux rates
were determined as described in Methods during four 10-min inter-
vals and averaged for each point. Linear regression of the m-o s and
s -- mdeterminations gave slopes of 61.6 (r = 0.998) and 61.8 (r
= 0.998), respectively.

other half in the serosal to mucosal direction. The slope of the
lines, which give the ratio of AJNa/AJman, in both cases gave
nearly identical values of - 62. These values are significantly
different from the predicted value of 54 (P < 0.0001). This
could be taken as evidence for a small increase in the cellular
transport of Na+. However, since there was no difference be-
tween the ratios of AJNa/AJman determined in the mucosal to
serosal and the serosal to mucosal directions, there is no evi-
dence for a change in the net transport of Na+. Because the
Na+, K+ ATPase is localized to the basolateral membrane of
these cells, one would expect a net absorptive flux of Na+ if
there were any change in the apical membrane permeability of
these monolayers to Na+. Therefore, this deviation from the
predicted value cannot be explained by increased cellular Na+
transport and probably arises from the heterogeneity or selec-
tivity of the tight junctional pores. This conclusion is sup-
ported by the earlier observation that insulin does not change
the Cl- secretory nature of this model epithelium.

From the data generated in the dual flux analysis, we were
also able to construct dose-response curves for the effect of
insulin on increased mannitol and sodium flux (Fig. 5). Insulin
increased the unidirectional flux of Na+ and mannitol in a
manner that paralleled the increase in conductance. Because
the reciprocal nature of conductance to resistance, the half
maximally effective concentrations were considerably higher
than that found to decrease resistance (- 63 ng/ml for all
three parameters, see Fig. 5 legend for details).

Morphological alterations in the perijunctional actin ring.
A number of recent investigations have demonstrated parallel
changes in paracellular permeability and the structure of the
peri-junctional actin ring which underlines the tight junction
at the level of the adhering junction or belt desmosomes (20,
21, 26-29). To determine if a similar change in cytoskeletal
structure was induced by insulin, T84 cell monolayers were
fixed and stained with rhodamine-labeled phalloidin. Phalloi-
din is a fungal toxin which binds to filamentous actin with
high affinity. Monolayers stained with rhodamine-labeled
phalloidin were visualized by epiflorescence microscopy. Un-
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FigureS5. Dose-dependent effect of insulin on Na' flux (open bars),
mannitol flux (hatched bars), and conductance (solid bars). The
same data used to generate Fig. 4 are replotted as a function of insu-
lin concentration after first normalizing each parameter to the same
day control value and lumping the results of the m-. s and s -0 m
fluxes together. The mean control Na' and mannitol flux rates were
302±184 and 4.60±2.43 ueq/h/cm2, respectively, and the mean con-
trol conductance 0.920±0.383 mS/cm2 (indicated as the dotted hori-
zontal line = 1). Values shown represent the mean±SDof six mono-
layers. Nonlinear regression analysis gave ED50 values of 51, 58, and
73 ng/ml; Hill slope coefficients of 1.7, 1.3, and 1.1; and maximal
relative stimulation values of 14-, 14-, and 17-fold for increased Na'
flux, mannitol flux, and conductance, respectively. The ED50 value
for all three parameters lumped together was 63 ng/ml with a Hill
slope coefficient of 1.3 and maximal increase of 15-fold.

treated, control monolayers had uniformly stained actin
"rings" which followed the contours of the cells (Fig. 6, top
panel). While there was no gross alteration in this structure in
monolayers treated with 3 Aig/ml insulin for 4 d (Fig. 6, bottom
panel), the structures did appear to be less distinct with numer-
ous focal condensations. This pattern of condensation is re-
markably similar to that found after treatment of T84 cells
with interferon-y (27). In fact, the time course and efficacy of
insulin's effect on T84 cells parallels that described for inter-
feron-y. These observations suggest that insulin and inter-
feron-y may be acting through similar mechanisms to alter
the structure of the actin ring and change paracellular perme-
ability.

Generality of the insulin effect. We have investigated
whether insulin mediates a similar effect on t-ransepithelial
resistance in other established epithelial cell lines. Two carci-
noma-derived human intestinal cell lines, CaCO2and HCT-8,
responded to high-dose insulin (3 ,ug/ml) with significant de-
cline in transepithelial resistance (Table II). Two "normal"
kidney-derived cell lines, MDCKand LLC-PKl, did not dis-
play this response. In none of the cells tested did insulin alter
the basal ISC, demonstrating that the hormone was not inducing
electrogenic ion movement.

Discussion

When added to established high-resistance monolayers of the
colonic T84 epithelial cell line, insulin causes a time- and
dose-dependent decrease in the transepithelial resistance. The
effect of insulin on transepithelial resistance is due exclusively
to an increase in the permeability of the paracellular pathway,
as evidenced by parallel increases in the unidirectional flux
rates for Na+ and the extracellular space marker mannitol.
Although the change in the unidirectional flux of mannitol
relative to Na+ deviates significantly from that predicted for

Figure 6. Rhodamine-labeled phalloidin staining of the peri-junc-
tional actin rings of T84 cells. Cell monolayers were fixed, stained
and visualized by epifluorescent microscopy as described in
Methods. (Top panel) Control T84 cells grown to confluency on
glass coverslips. (Bottom panel) T84 cells plated at the same time as
control but treated for 4 d with 3 ,ug/ml insulin. In both cases media
changes were made on a daily basis. Magnification - X800.

diffusion of molecules through an aqueous environment, this
deviation is probably due to heterogeneity or selectivity of the
tight junctional "pores." This conclusion was based on the
observation that there was no apparent change in the net flux
of Na+ which would be expected if insulin had induced
changes in the cellular transport pathways for Na+. This result
is in marked contrast to mammalian distal kidney, amphibian
skin, colon and urinary bladder as well as the toad kidney-de-
rived A6 cell line where insulin has been shown to induce
active electrogenic Na+ absorption (30-34).

Regulation of epithelial paracellular permeability has only
recently been recognized as an important regulatory mecha-
nism for the control of solute and water flux across epithelium.
A number of biologically important factors including inter-
feron-y (21), cathepsin G (22), Clostridium difficile toxin A
(20), and phorbol esters (19, 29), as well as changes in the
intracellular second messengers cAMPand Ca++ (35, 36), have
been found to acutely or chronically regulate tight junction-
mediated paracellular permeability. The finding that cytocha-
lasin D, a drug which destabilizes filamentous actin, caused
prompt increases in paracellular permeability, led to the hy-
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Table I. Effect of Insulin on Other Epithelial Cell Lines

Resistance

Cell line Origin Control Insulin (n) P

0-cm2

HCT-8 Humanileum- 346±69 72±49 (8) <0.0001
cecum

CaCO2 Humancolon 253±74 105±39 (5) <0.005
MDCK Dog kidney 952±103 785±337 (5) NS
LLC-PKI Pig kidney 94±13 88±15 (8) NS

Replicate monolayers of each cell line were grown on permeable sup-
ports for 7-14 d until stable resistances were obtained. Half the
monolayers were treated with 3 ug/ml purified bovine insulin for 4 d
at which time both the control and the insulin treated monolayers
were mounted in Ussing chambers for resistance measurements.
Values are the mean±SD for n monolayers. Student's unpaired t test
was used to compare the results. Insulin had no effect on the basal IkC
in any of the cell lines tested.

pothesis that the tensile forces within the peri-junctional actin
ring control tight junction structure and function (26-28). The
present report supports this hypothesis. Chronic exposure to
insulin caused thinning and focal condensation of the peri-
junctional actin ring. These changes in cytoskeletal structure
were subtle compared to the effects of cytochalasin or C. diffi-
cile toxin A (20, 27), but remarkably similar to those induced
by interferon-y (21).

Insulin was shown to be effective only when added to the
serosal side of established monolayers, strongly suggesting that
insulin is mediating its effect on the paracellular pathway
through a receptor localized in the basolateral membrane. The
ED50 for insulin in decreasing transepithelial resistance was
found to be 3.9 ng/ml (0.68 nM). This value is in the upper
physiologic range of insulin and similar to the Kd of the high-
affinity insulin binding site of isolated mouse intestinal epithe-
lial cells (37). However, the ED50's for insulin's effects on in-
creasing Na+ and mannitol fluxes were much higher and paral-
leled that found for the effect on conductance (- 63 ng/ml,
- 11 nM). The large difference between the ED50 values for
decreased resistance and increased conductance is due to the
reciprocal relationship between these two parameters and to
the apparent negative cooperativity which tends to exaggerate
the reciprocal relationship. It is well known that insulin at
superphysiological doses can bind to the type I IGF receptor
(1 1). The apparent Kd for this interaction in most tissues is
> 150 nMwhich is considerably higher than the concentration
of insufin found to half-maximally increase conductance. Fur-
thermore, insulin has been reported to be relatively unstable in
DME: Ham's F12 media (38), which could result in an under-
estimate of the potency for insulin's effect on transepithelial
resistance and conductance. These arguments tend to rule out
type I IGF receptor mediation of insulin's effect on T84 cells.
However, in preliminary studies, we have found human re-
combinant IGFs I and II cause an increase in the paracellular
permeability of T84 cell monolayers (39). Since we have yet to
determine the nature and affinity of the insulin and IGF re-
ceptors in T84 cells or the degree of peptide degradation dur-
ing culture, it is currently impossible to absolutely ascribe the
effect of insulin to interaction with its own receptor. The avail-
able evidence strongly suggests that insulin is acting through its
own receptor.

An indirect effect of insulin caused by induction and se-
cretion of an autocrine factor seems unlikely since daily media
changes had no effect on insulin-induced decline in resistance.
Furthermore, insulin did not appear to be acting to potentiate
the effect of another factor in the serum since it still caused a
pronounced decline in the resistance of monolayers main-
tained under serum-free conditions. Insulin produced only a
few of the biological responses in T84 cells that have been
found in other tissues. At confluent densities, in the presence
of serum supplement, insulin did not stimulate cell division.
Insulin did appear to stimulate glucose utilization and protein
synthesis and the effect of insulin on paracellular permeability
was found to require protein synthesis. Cycloheximide, at a
concentration sufficient to inhibit protein synthesis by 75%
while still allowing monolayers to retain their functional integ-
rity, blocked the insulin-induced decline in resistance. Inhibi-
tion of the insulin's effect on resistance by cycloheximide
could be due to inhibition of receptor recycling after down-reg-
ulation of the insulin receptor. While this possibility cannot be
rigorously excluded, the paradoxical observation that the com-
bination of insulin and cycloheximide caused a significant in-
crease in resistance suggests that insulin receptors are still
functionally present. This observation also suggests that insu-
lin can mediate an opposing effect on paracellular permeabil-
ity by a process which does not require protein synthesis.

The possibility of a physiological role for insulin in regu-
lating the junctional permeability of epithelial cells must be
tempered by the limited scope of our observations. Insulin was
found to decrease the transepithelial resistance across mono-
layers produced by two other carcinoma-derived intestinal epi-
thelial cell lines, but not across those produced by two "nor-
mal" kidney-derived cell lines. From these observations, it is
difficult to conclude whether the effect of insulin on paracel-
lular permeability is a response uniquely associated with intes-
tinal epithelia or with well-differentiated carcinomas. How-
ever, insulin in combination with aldosterone has been re-
ported to increase the paracellular permeability of the A6 toad
kidney cell line (17). Thus, regulation of paracellular perme-
ability by insulin may be a general phenomenon applicable to
a specific type or subset of epithelial cells.

The potential physiologic importance of insulin in regula-
tion of paracellular permeability must also be tempered by the
requirement for chronic (> 2 d) exposure. Since serum insulin
normally fluctuates rapidly according to the nutritional status
of the individual, it is unlikely in vivo that epithelial cells
would be exposed chronically to elevated levels of insulin. In
this respect insulin-like growth factors, which are maintained
at relatively constant levels in the blood and can be produced
in locally high concentrations (10), are more likely in vivo to
mediate such changes in paracellular permeability. Since sev-
eral recent reports have linked elevated IGF levels with
chronic inflammatory conditions (40, 41), they could play an
important role in increased mucosal permeability associated
with these conditions. Weare currently investigating the na-
ture and role of IGFs and IGF receptors in mediating increased
epithelial paracellular permeability.
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