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Abstract. Elevation in intracellular C4 acting via pro- W13 did not have any effect. Sphingosine, another in-
tein kinase C (PKC) is shown to regulate tight junction hibitor of PKC, partially reduced the A23187-induced
resistance in J, cells, a human colon cancer line and adecline in tight junction resistance. The PKC agonist
model CI secretory epithelial cell. The aionophore  PMA mimicked the A23187 effect on resistance, al-
A23187, which was used to increase the intracellulathough the effect was delayed up to 1 hr after exposure.
Ca* concentration, caused a decrease in tight junctiorin addition, however, PMA also caused an earlier in-
resistance in a concentration- and time-dependent marcrease in resistance, indicating it had an additional effect
ner. Dual N&/mannitol serosal-to-mucosal flux analysis in addition to mimicking the effect of elevating €a
performed across theg] monolayers treated with @m The effects of a phospholipase inhibitor (mepacrine) and
A23187 revealed that A23187 increased both fluxes anaf inhibitors of arachidonic acid metabolism (indometh-
that in the presence of ionophore there was a linear reacin for the cyclooxygenase pathway, NDGA for the
lationship between the Naand mannitol fluxes with a lipoxygenase pathway, and SKF 525A for the epoxyge-
slope of 56.4, indicating that the decrease in transepithenase pathway) on the A23187 action were also exam-
lial resistance was due to a decrease in tight junctiorined. None of these agents altered the A23187-induced
resistance. Whereas there was no effect of @M  decrease in resistance. Monolayers exposed fjom2
A23187, 1 or 2um produced a 55% decrease in baselineA23187 for 1 hr were stained with fluorescein conju-
resistance in 1 hr and 1j0m decreased resistance more gated phalloidin, revealing that neighboring cells did not
than 80%. The A23187-induced decrease in tight juncpart one from another and that A23187 did not have a
tion resistance was partially reversible by washing 3detectable effect on distribution of F-actin in the peri-
times with a Ringer's-HCQ solution containing 1% junctional actomyosin ring. The results indicate that el-
BSA. The A23187 effect on resistance was dependent oavation in intracellular C& decreases tight junction re-
intracellular C&"; loading the T, cells with the intra-  sistance in the J; monolayer, acting through protein
cellular C&"* chelator BAPTA significantly reduced the kinase C by a mechanism which does not involve visible
decrease in tight junction resistance caused by A2318%&hanges in the perijunctional actomyosin ring.

This intracellular C&" effect was mediated by protein

kinase C and not calmodulin. While the.protein kinase CKey words: Paracellular pathway — Intracellular free
e}ntagoms; H-7 toFaIIy prevented the act|on. of.A2_3.187 oncz#+ Tight junctions — Protein kinase C

tight junction resistance, the €#calmodulin inhibitor

Introduction

* Present addressDepartment of Pediatrics, St. Christopher Hospital h hich |
and Temple University School of Medicine, Philadelphia, PA 19134 There are two routes by which a solute can cross an

epithelium: (i) the transcellular route, consisting of two
Correspondence t.-H. Tai membranes (the apical and basolateral) in series and (ii)
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the paracellular route, for which the intercellular tight Ussing CHAMBER TECHNIQUE TO MEASURE

junction is the rate-limiting barrier. While the transcel- TRANSEPITHELIAL SOLUTE FLUXES AND RESISTANCE

lular pathway is classically viewed as the major route by

which absorption of nutrients and Naccurs, regulation  Tss monolayers were mounted in modified Ussing chambers (08 cm

of the passive permeation characteristics of the tigh{exposed surface area). Serosal and mucosal reservoirs (4.5 ml each)
contained oxygenated Ringer's-HG®olution consisting of (in m):

junction and therefore the paracellular pathway can sub;z, . NaCl, 25 NaHCQ 2.4 K,HPO, 0.4 KH,PO, 1.2 CaCl, and 1.2

stantially contribute to salt and nutrient absorption [1, 2,MgC|2, pH 7.4 at 37°C. Chambers were equipped with calomel elec-
31]. Similarly, transcellular electrogenic Tecretion is  trodes and Ag/AgCl electrodes connected to the chambers via agar
coupled to paracellular passive secondary movement dfridges for measurement of potential difference (PD) and short-circuit
Na" and water, although there is no evidence that thesurrent (Isc), respectively by an automatic voltage clamp, DVC 1000

paracellular component of this response is regulated [18K_WPI, Sarasota, FL). ‘Unidirectional Naand mannitol serosal-to-
While it is known that a number of intracellular mucosal fluxes were simultaneously measured uéthg™ and fH]-

. . . mannitol. Both the mucosal and serosal surfaces of theribnolayer
mediators (CAMP’ CGMP, éé’ calmodulin, dlacylglyc- were bathed in the Ringer's-HG@olution containing 5 m mannitol.

erol, phosphatidylinositol metabolites, and G-proteins)s ,ci [*H]-mannitol and 24Ci >Na* were added to the serosal side of

are involved in the regulation of intestinal absorption andthe monolayer approximately 20 min after the monolayer was mounted
secretion, the intracellular biochemical events that conin the Ussing chamber. One ml aliquots were taken from the mucosal
trol structural and functional alterations in alimentary bath starting at 30 min after the addition of isotopes and at 20, 25, 45,

tract tight junctions are not well understood. Increasing®> and 85 min following the initial sample. Twam A23187 were

- . : . t th the m I an rosal solutions immediately after th
concentrations of second messengers in intestinal epith§9ded 0 both the mucosal and serosal solutions immediately after the

lial cells h d d . | Second sample. Each sample was replaced by one ml Ringer's;HCO
ial cells have not produced consistent resultsNettu- solution without isotopes. Two samples of 100 ml were taken from the

rus gallbladder, cCAMP decreased tight junctional ionic serosal solution, one before the first sample and one after the last

permeability in association with an increase in tight junc-sample from the mucosal solution, for measuring the specific activities

tion strand number and junctional depth [10]. An analo-of [*H]mannitol and*?Na’. The activities of the two isotopes were

gous effect of cAMP was observed in goldfish and floun- separated through sequential counting in gamma and beta counters. The

der intestine [6] Exposure dﬂecturusgallbladder to tran;epithelial resistance was measured by either the deflectic_m in volt-

Ca2+-ionophore increased transepithelial resistanceage_z in response to a current pulse_ of 100 mA or the change_ln current
. . . ) . Wwhich resulted from voltage clamping at +20 mV, both of which gave

number of tight junctional strands, and junctional depthequi\,ment resistances.

[30]. In contrast, C& ionophore decreased tight junc-

tional resistance in rat liver [15]. Lowering of intracel-

lular pH in canine gastric chief cell monolayers increasedVIEASUREMENT OF INTRACELLULAR FREE Caf*

transepithelial resistance [25]. Thus, there is no consis-

tent pattern in second messenger regulation of gastroid:_or free intracellular C& measurement by fluorometry of whole me-
testinal tight junction resistance nolayers, T94 cells were seeded onto glass coverslips coated with rat

. : . L tail collagen. The coverslips were glued to plastic supports with sili-
In this study, we discovered that elevation in intra- cone rubber adhesive (General Electric, Waterford, NY) and studied

cellular C&* ([Ca?"];) decreases tight junction resistance 7-15 days after seeding. Cells were loaded with Fura-2 by incubation

in cultured T, monolayers, and that the mechanism of of the cells at 23°C for 60 min in “NaCl Ringer solution” containing

this C&* effect is mediated by protein kinase C. (in mm): 130 NaCl, 5 KCI, 2 CaGl 1 MgSQ,, 8 NaOH, 20 HEPES, pH
7.40, plus 5um Fura-2-AM followed by a 30-min incubation at 37°C.
After washing three times with NaCl Ringer solution, the cells on the
coverslips were mounted at 45° in a glass cuvette. Fluorescence was

Materials and Methods measured in an SLM spectrofluorometer (model SPF 500C, SLM, Ur-

bana, IL) equipped with a cuvette stirrer and kept at 37°C. Wavelengths

were computer controlled at excitations03# 1 nm and 380 = 1 nm,

and emission was monitored at 505 + 20 nm. Autofluorescence, deter-

mined from a filter seeded with cells but not loaded with dye, was

subtracted automatically from the experimental readi®ygwvas calcu-

Tg, cells obtained from the American Type Culture Collection (Rock- lated at 3-sec intervals. After each experimgt, was determined for

ville, MD) were grown as monolayers in a 1:1 mixture of Dulbecco’s each coverslip by the addition of 3 ionomycin in the presence of

modified Eagle’s medium and Ham’s F-12 medium supplemented with2 mvm Ca*, andR,,;, was determined by addition of 8.3MTEGTA.

25 mv NaHCO,, 13.4 nm Na-Hepes, 9qug/ml streptomycin, 90 U/ml  Calculation of [C4*]; was made as described previously [10]. In some

penicillin, 5% newborn calf serum, 5% fetal calf serum. Cultures werecondition BAPTA-AM (30 um) was added 45 min before the Fura-2

incubated at 37°C in a humidified atmosphere of 5%.,06% air. and/or 4-Br-A23187 (qwm) was added with the Fura-2.

Medium was changed three times per week and cells were used be-

tween passage 53-69. Cells were grown in plastic tissue culture flasks

(Corning Glass Works, Corning, NY) until subconfluent, then sus- HISTOLOGY AND FLUORESCENCEL OCALIZATION

pended by incubation with 0.025% trypsin/0.26 rBDTA solution

and plated on rat tail collagen-coated polycarbonate filters (Nucleaporé/isualization of Ty, cells by phase, DIC, and fluorescence localization

Corporation, Pleasanton, CA) as described [16]. Monolayers were studef F-actin was carried out at the light microscopy level, as previously

ied 7-14 days following confluency. reported in detail [13].

CELL CULTURE
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STATISTICAL ANALYSIS T T T T T T T

ce

Transepithelial resistance was normalized with respect to the initial £ 100
resistance for each monolayer. Statistical analysis was carried out usinqz

Student’st test for paired or unpaired variates. 80 -
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MATERIALS
A23187, H-7, W13, sphingosine, phorbol 12-myristate 13-acetate
(PMA), 4a-phorbol, nordihydroguaiaretic acid (NDGA), mepacrine, 2 M A23187 (11)

and indomethacin were purchased from Sigma Chemical (St. Louis, 10 uM A23187 (7) . ) )
MO), SKF 525A was from Smith, Kline, and Beckman (King of Prus- 0 10 20 30 40 50 60
; ot .

sia, PA), and®Na* and fH]mannitol were from New England Nuclear Time (min )

T

% Initial

(Boston, MA). BAPTA-AM, 4-Br-A23187, and FURA-2-AM were 100 :

from Molecular Probes (Junction City, OR). 8 B
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' . £ 20+ o
Ca”" ionophore A23187 exposure caused a time- andye (7)
concentration-dependent decrease jj honolayer re- T S ——
sistance (Fig. A), which was detectable within 10 min 10 10 10
and which increased over time. Control monolayer resis- [A23187], M

tance decreased only very gradually, reaching 90% of the _ _
initial resistance at 60 min (Fig. l), 70% at 120 min and Fig. 1. (A) Time and concentration dependence of A23187 effect on

. . . Tg, resistance. Time course of transepithelial resistance (expressed as
0, 84
50% at 180 min (Flg. A)' Most studies of the Cd % initial resistance) of , monolayers exposed to 0, 0.1, 1, 2, and 10

ionophore effect was performed over 60 min. uM A23187. The 20 to 60 min values of v and 2 um A23187
The A23187 concentration range of 100 107° m exposed monolayers are significantly different from those of control
was studied as it encompassed the threshold and maxiad 10pm A23187 values R < .01). All values of 10pum A23187
mal responses in short-circuit current, previously re-exposed monolayers are significantly less than control. The final con-
ported in T, cells (Fig. 1) [23]. During the 60 min after centrations of ethanol used as solvent for A23187 were 0.05%, 0.1%,
A23187 addition, -£4 cells exposed to 0.uM A23187 and 0.5% for Jum, 2 uMm, and 10pum A23187, respectively. As shown

did diff iqnifi v i . f 1 in Fig. 7A, 1% EtOH did not significantly alter resistance after up to
Id not differ significantly In resistance from control; 180 min of exposure. Numbers in parentheses are the numbers of

M and 2pm A23187 caused an equivalent and gradualmonolayers studiedBj A graded dose-response to A23187 between

decrease in resistance to 45% of the baseline values;1 um and 10.0um. Values were taken at 60 min after exposure to

while 10 pum A23187 caused a much faster decrease inA23187. The results show that the effect of A23187 g Monolayer

monolayer resistance which reached 17% of the baselingsistance is gradually increased and reaches maximurprat Mum-

values in 60 min. As shown in Fig.A7 2 pm A23187 bers in parentheses are the number of monolayers studied.

caused a decrease in monolayer resistance to approxi-

thaotfelyvfgg/oaggggselme values 120-180 min after Iono'Washing; Whil_e similarly Washed c_ontrol monolayers did
The concentration dependence of the A23187 effec[]Ot show an increase in their resistance.

was studied on resistance 60 min after exposure. As

shown in Fig. B, A23187 studied between 10to 10°  DuAL NA*/MANNITOL SEROSAL-TO-MUCOSAL FLUX

M caused a concentration dependent reduction gp T ANALYSIS IN A231879REATED Tg, MONOLAYERS

monolayer resistance with a maximal effect being

reached at 4um. Using dual Na-mannitol flux analysis, Madara et al.
The reversibility of the A23187 effect on the mono- [22] showed that differences in baseline monolayer re-

layer resistance was examined by exposing the monolaysistance of T, cells represented variations in tight junc-

ers to A23187 (2um) for 1 hr, then washing with a tion resistance and that a cytochalasin D-induced de-

Ringer's-HCQ solution containing 1% BSA. Figure 2 crease in T, monolayer resistance also represented de-

shows that the decrease in monolayer resistance causetkeases in tight junction resistance. This is also true for

by A23187 was partially reversed as soon as 5 min aftethe effects of C& ionophore A23187 in , monolayers.



74 Y.-H. Tai et al.: C&" Regulation of Tight Junctions ing} Monolayers
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Fig. 2. Reversibility of the A23187-induced decrease in tight junction -2 L L L L
resistance of g, monolayers. Twopm A23187 were added to the 0.00 0.02 0.04 0.06 0.08 0.10

mucosal plus serosal surfaces at 0 time. At 60 min, the control and 2
M A23187 exposed monolayers were washed 3 times rapidly on both
mucosal plus serosal surfaces with a Ringer’s-HG@lution without
A23187 but containing 1% BSA. The resistance in control monolayersFig. 3. Dual serosal-to-mucos&fNa” and fH]mannitol flux relation-
was not significantly altered but the decline of tight junction resistanceShiP in Ts; monolayers exposed to €aionophore A23187. Serosal-
caused by A23187 was partially reversed by washing. *The mean valude-mucosal unidirectional fluxes of Nandp-mannitol were measured
5 min after BSA wash was significantly higheP & 0.05) than the  Simultaneously using®Na" and fH]mannitol across J, monolayers

prewash value by paired Student4est. Numbers in parentheses are treated with 2um A23187. A control 20-min flux was measured 30-50
the number of monolayers studied. min after isotopes were added to the serosal solution, them2

A23187 were added to the mucosal plus serosal surfaces at 50 min
following isotope addition and three further 20 min fluxes were deter-

Dual N&-mannitol flux analysis also showed that the mined. Individual data points are shown: closed circles are fluxes mea-
sured before A23187 addition; closed triangles, closed squares, and

C.a2+ |onophore-|nducgd decrease I'g“TmOnOIayer re- open circles are the first, second, and third 20-min fluxes after A23187
.S'Stance rep_resented increased tight junction permeab'g'ddition, respectively. The line was drawn by linear regression/least
ity. A23187 increased serosal-to-mucosal fluxes of bothsguares analysis.

Na* and mannitol (1.05 + 0.2jweqg/hr/cnt for Na* and
0.017 + 0.002umol/hr/cnt for mannitol before exposure
to A23187 and 2.90 + 0.7@eq/hr/cnt for Na*" and 0.049

+ 0.010pmol/hr/cnt for mannitol 60 min after exposure
to A23187,P < 0.01 for both N& and mannitol fluxes).
In addition, as shown in Fig. 3, a linear relationship
exists between unidirectional serosal-to-mucosal Na

and mannitol fluxes in 4, monolayers treated with 2w resistance was inhibited. By 25 min after addition of

22631)8;ir;rggozlggfeg;]é:?w’\i{ﬁqﬁgng:}rg:ig?\?:ltlg forA23187’ the decrease in the monolayer resistance was
free diffusion (54), (note that the control points and theygnlflcantly reduced by the presence of 30 BAPTA.

2 . . . . .
points in the presence of A23187 fall on the same ”ne)With[??(? }:,]IVII Ilg A-II—DB'LI" Ac_e'l\lf/lVi\:t?h:npcievggzggta%rglggggﬁggT)f

indicating that resistance variations across these monas . "A53187 were measured using FURA-2-AM with a
layers are solely due to variations in tight junction Per-fuorometer. The results are shown in the Table.

Mannitol Flux (umol -h_i-cm_z)

yltetraester form of the compound into the intact cells
prior to the addition of 2um A23187. Figure 4 shows that
105 min after exposure to BAPTA-AM (45 min loading
plus 60 min of study) there was a slight decreasedp T
monolayer resistance. When A23187 was added to
BAPTA loaded cells, the ionophore-induced decrease in

meability 5] BAPTA-AM loading significantly decreased the [€%

in control and A23187-exposedyJcells. The BAPTA-
BAPTA LOADING INHIBITS THE A231874NDUCED induced decrease in [€§,; also reduces theg} mono-
DECREASE INTg, RESISTANCE layer resistance (Fig. 4).

The C&"ionophore A23187-induced decrease inthg T Cz2* |oNOPHOREINDUCED DECREASE INTg4 MONOLAYER
monolayer resistance was consistent with intracellular 0RegisTancE ISMEDIATED BY PROTEIN KINASE C
extracellular C&" being involved in regulation of tight DepeNDENTMECHANISM

junction resistance. The [€§; chelator BAPTA was

used to examine the role of intracellular €dn the  H-7 and W-13

A23187 action on the g, monolayers resistance. The

monolayers were incubated with 3 BAPTA-AM for H-7 (60 um) and W13 (45uwm), inhibitors of C&*-

45 min to load the membrane-permeant acetoxymethdependent protein kinase C and calmodulin kinase Il,
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©= 40 [ W 30 uM BAPTA-AM + 2 uM A23187 (4) \% - - !
- O 2 uM A23187 (9) S w
E 20 - QO 0.1% DMSO + 0.1% EfOH (3) = ¢ g;nfr;lH(S?] (5)
4 c a UM H-
e * p<0.05 for W different from [J 0 v 60 uM H=7 + 2 uM A23187 (6)
0 (I7 110 2!0 3I0 410 5l0 SJO * TR MAZIIET (6)
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Fig. 4. Effect of the intracellular C& chelator, BAPTA, on the
A23187-induced tight junction resistance. Preincubationgfrifono- T T T . r
layers with 30um BAPTA-AM for 45 min caused a small decrease in B
resistance by itself. BAPTA significantly inhibited the decrease in tight o 1ot
junction resistance induced byua1 A23187. The solvent for BAPTA =
alone (0.1% DMSO) did not affect the tight junction resistance nordid i 89
the combination of solvents used for BAPTA plus A23187 (0.1%
DMSO plus 0.1% EtOH). Numbers in parentheses are the number of.x 89
monolayers studied.
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a

esis

1 ]
Control (6) T\T g
45 uM W13 (3)

:g 40 | )
= .
L - L v 45 uM W13 + 2 uM A23187 (5)
Table. [Ca®"]; concentration in control and BAPTA-AM-pretreated o 2° o 2 uM A23187 (6)
Tgs Monolayers
° 0 10 20 30 40 50 60
Control  A23187 BAPTA-AM BAPTA-AM +
(6) (5) (4) A23187 (5) Time (min.)
[Ca*]; (M)  194+35 278+38 100+ 122 136+ 17° Fig. 5. (A) Effect of the protein kinase C inhibitor, H-7, on the de-

crease in tight junction resistance caused by A23187. The T,

Tg, monolayers grown on glass coverslips were preincubated in NaCmonolayers were preincubated in G H-7 for 15 min prior to ex-
Ringer solution with or without 3Gum BAPTA-AM for 45 min and posure to 2um A23187. H-7 totally abolished the A23187 effect on
followed by exposure to um FURA-2-AM with or without 2 pum tight junction resistance. Numbers in parentheses are the number of
4-Br-A23187 for 45 to 60 min. [CH], was then measured with a monolayers studiedBj Effect of the calmodulin kinase Il inhibitor,
fluorometer. Results are meansem. Numbers in parentheses are the W13, on the decrease in tight junction resistance caused py 2
number of monolayers studie®? < 0.025 compared to untreated con- A23187. The F, monolayers were preincubated in g& W13 for 15

trol without BAPTA-AM; PP < 0.02 compared to A23187 without min prior to exposure to 2um A23187. W13 caused a slight but in-
BAPTA-AM. significant increase in baseling/monolayer resistance; but W13 had
no effect on the A23187-induced decrease in tight junction resistance.
Numbers in parentheses are the number of monolayers studied.

respectively, were studied for their effect on basgl T

monolayer resistance and on the A23187-induced de- _ ) ) .
crease in resistance. H-7 (FigAband W13 (Fig. B) added to the bathing solutions 30 min before addings2

alone did not significantly decrease thg,Tnonolayer ~A23187. Sphingosine did not significantly alter basg| T

resistance compared to the control. In fact, W13 causef€Sistance but did .|nh|b|t the decrease in resistance

a slight but insignificant increase in resistance in other-caused by A23187; however, the effect was delayed

wise untreated J, monolayers. co_mpared to H-7,_ pnly becoming significant starting 50
As shown in Fig. B, H-7 totally inhibited the de- Min after the addition of A23187.

crease in the monolayer resistance induced bym2

A23187. In contrast, W13 did not.inhibit the A23187- Errect OF PHORBOL ESTERS ONTgy

induced decrease in resistance (FiB).5 MONOLAYER RESISTANCE

SPHINGOSINE Based on the above inhibitor studies, we hypothesized
that the protein kinase C stimulator PMA would cause a

To support the H-7 studies implicating protein kinase Csimilar effect to that of A23187 on g, tight junction

in mediating the decrease in the tight junction resistanceesistance. However, PMA induced a complex pattern of

caused by A23187, sphingosine, another inhibitor of pro+esistance changes (FigA) After a 10-min delay, re-

tein kinase C, was used (Fig. 6). p® sphingosine was sistance increased, returned to the initial value at 80 min
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Fig. 6. Effect of the PKC inhibitor, sphingosine, on the decreasegin T
tight junction resistance caused by A23187. Preincubation with
50 pm sphingosine on the mucosal plus serosal surfaces for 30 min® 5,
before A23187 exposure significantly decreased the tight junction re- g
sistance effect of A23187. The effect was significant starting at 50 min & 60 |-
of A23187 exposure. A23187 in sphingosine pretreated monolayersg
caused a significantly smaller decrease in resistance than in monolayet-
treated with A23187 alone®P < 0.05 and®P < 0.01. Numbers in
parentheses are the number of monolayers studied.

100

tance

20

% In

PMA — A23187
1 1 |

- 1 1

0 20 40 60 80 100120140160180
Time (min.)

and then decreased to a level close to that caused by
A23187. Thus, there was a 1-hr delay in the decrease of , _
resistance compared with that due to thé'Ganophore, 19 7- (#) Effect of the PKC activator, @-PMA (100 nv), on tight

. . . unction resistance of g, monolayers. 8-PMA were added to the
The parallelism in the decay of resistance between th%ucosal plus serosal surfaces at time 0. The effect of PMA was dif-
PMA and A23187 curves suggests that PMA curve coNterent from that of 2um A23187; there was an increase in resistance
tains a component similar to that of A23187. A secondfollowed by a decrease similar to that caused by A23187, but which
component of the PMA curve was obtained by subtractwas delayed for 1 hr. Resistance in the monolayer exposed to 1%
ing the PMA and A23187 curves; this indicates a PMA- ethanol (maximal vehicle control) was not significantly different from
stimulated increase in resistance that lasts about tWBntreated control monolayers. Final concentration of EtOH in fhe 4

: : . phorbol solutions was 0.1%. Numbers in parentheses are the number of
hours and is shown in FigBz In contrast to the effect of monolayers studiedBj Dual effect of 4-PMA on tight junction re-

the B'phorbOI (100 M)' PMA, an inactive form of phor.- sistance of T, monolayers. The PMA and A23187 curves are the same
bol estera-phorbol (100 m), caused no effect on resis- ones inA. The PMA curve can be split into two components: the first
tance when exposed tgJmonolayers for up to 120 min  component is the A23187 curve and the second component is the
(data not showh Also 100 mv, 1,2-dioctanoyl-sn- difference between these two curves shown as the PMA-A23187 curve.
glycerol (DiCB) when added every 15 min caused aThe segond gomponent of PMA curve shows a PMA-stimulated in-
change in resistance similar to that caused by PMAS®ase in resistance that lasts about two hr.

causing an increase in resistance for 60 min and then

producing a decrease in resistandat@ not showp added to the mucosal plus serosal surfaces caused a

slight but significant increase in basal,lresistance,
which returned to control values in 80 min while SKF
525A, indomethacin, and NDGA did not have significant
effects on resistancelgta not showh In contrast, none

of these agents added with A23187 caused a substantial

To test whether a phospholipase or arachidonic acid m reduction of the decrease in tight junction resistance

tabolites were also involved in the A23187-induced de_caused by 2um A23187 (@ata not showh

crease in tight junction resistance, the effects of mepa-

crine (a general phospholipase inhibitor), indomethacirErrFect oFA23187 0N MORPHOLOGY OF Tg, MONOLAYERS

(an inhibitor of the cyclooxygenase pathway of arachi-

donic acid metabolism), NDGA (an inhibitor of the li- To examine whether A23187 elicited changes in tight
poxygenase pathway), and SKF 525A (an inhibitor of thejunction permeability by producing detectable alterations
epoxygenase pathway) were studied gn fEsistance in in cell-cell contact or in the perijunctional actomyosin
the presence and absence of & ®23187. Mepacrine ring, phase, DIC, and fluorescence imaging were per-

EFFECT OF APHOSPHOLIPASEINHIBITOR (MEPACRINE) AND
INHIBITORS OF ARACHIDONIC ACID METABOLISM ON THE
CHANGES IN Tg, RESISTANCE CAUSED BY A23187
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contact under conditions in which elevated intracellular
Ca&* enhances junction permeability. Similarly, no de-
tectable alterations in F-actin distribution in the perijunc-
tional ring occurred under these latter conditions. In pre-
viously reported examples of enhanceg, Ttight junc-

tion permeability elicited with cytochalasin D [19(.
difficile toxin A [16], and gamma interferon [21], cell-
cell continuity was also maintained. However, in these
studies, redistribution (often subtle) of perijunctional
F-actin was detected. Thus, it is likely that the effects of
elevated intracellular G4 on tight junction permeability
either are accompanied by perijunctional cytoskeletal ef-
fects too subtle to be detected by the methods employed
(for example enhanced actomyosin ring tension without
a change in morphology) or are attained through differ-
ent mechanisms than are the effects of the other pertur-
bations listed above.

This effect of elevation in intracellular €ato lower
tight junction resistance appears to be mediated by pro-
tein kinase C. Not only is the effect of elevating<a
ionophore blocked by the protein kinase C inhibitors H-7
and sphingosine and not by the calmodulin kinase I
inhibitor W13, but also the effects of €awere partially
Fig. 8. En face fluorescence localization of perijunctional F-actin. In duplicated by exposure to tifephorbol ester, PMA and
Ts, monolayers exposed (bottom) or unexposed (top) tm2A23187  DiCg, while the inactivea-phorbol ester was without
for 60 min, the perijunctional rings of adjacent cells (arrowheads) effect. Although PMA decreased resistance that merged
appear as fused bands indicating maintenance of close cell-cell appPQyith the A23187 curve in about three hours, the time
sition. Moreover, the appearance of F-actin in the ring is compari_ablecourse is different from that of A23187 (FigAY. How-
between control and A23187 exposed monolayers (magnification, . . .
1500X). ever the close parallelism in the decay of resistance be-

tween the PMA and A23187 curves suggests that the
PMA curve contains a component similar to that of
formed on monolayers exposed to a half-maximal conA23187. The second component obtained as the differ-
centration of ionophore (@m) for 30—60 min. As shown €nce between the PMA curve and A23187 curve shows
in Fig. 8, fluorescence localization of F-actin in the plane@ PMA-stimulated increase in resistance that lasts about
of the apical perijunctional actomyosin ring showed that2 hr. The mechanism of this component is not known.
ring phenotype was unaffected under these conditions. Previous studies have suggested a role for protein
Also shown in this figure, and confirmed by DIC mi- kinase C in acute regulation of epithelial tight junction
croscopy, is that individual cells remained tightly adja- permeability. Most of these studies have evaluated only
cent to their neighbors (i.e., actomyosin rings of neigh_the effects of the acute addition of phorbol esters. The
boring cells appear as a single fluorescence band).  effect of phorbol esters varied among epithelial types. In
most, phorbol esters increased tight junction permeabil-
ity including in LLC-PK;B, MDCK [11], LLC-PK, [27],
Discussion and hepatocyte couplets [28]; while in others, it de-
creased tight junction permeability (LLC-RK [11]) or
The effect of C&" ionophore to decrease epithelial tight did not alter tight junction permeability (intact rat liver
junction resistance as demonstrated in this study waf32]). While studies on the mechanism were pointedly
previously observed in monolayers of Caco-2 andlacking, in one study (in LLC-PK diacylglycerols du-
MDCK cells [24, 34]. However, the mechanism of this plicated the effect of phorbol esters on tight junction
effect was not studied. permeability but the reversibility of the change was dif-

The results of this study suggest that elevation inferent [26]. The diacylglycerol effect was reversible but
intracellular C&* increases J, monolayer permeability not the effect of phorbol esters. In addition, the phorbol
through effects on intracellular tight junctions. However, ester effects on tight junction permeability in MDCK, the
unlike the initially described effects of depletion of ex- distal renal tubular cell line [29] and in LLC-PKa
tracellular C&" on intestinal tight junctions [8], the ef- proximal tubule cell model [27], did not require protein
fects of raising intracellular C4 are not related to gross synthesis and was not affected by agents which interfere
disassembly of cell-cell contacts. Rather, cells remain irwith cytoskeletal function, including cytochalasin B and
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D, colchicine and vinblastine [29]. It was suggested thatploration of the mechanism of the effects of the de-
tight junction resistance (or paracellular permeability) iscreased C& on tight junction resistance has been pur-
regulated by the activity of enterocyte PKC in a study ofsued as yet.
transepithelial resistance response of Caco-2 monolayers It is now clear that intestinal epithelial tight junc-
to the phorbol ester PMA [35]. Thus, protein kinase C intions are regulated under physiologic conditions [1, 17,
both intestinal and kidney cell lines regulates epithelial20] and in models of several pathologic conditions [6,
tight junction resistance by decreasing it. We have nad21]. However, it is less clear what intracellular signaling
data concerning the events involved in the early PMA-cascades are responsible for such regulation. Our results
induced increase in resistance. However, the biphasisuggest that, as modeled by,Tcells, C&"-mediated
time course in resistance response to phorbol ester 1Zinase activation can modulate tight junction permeabil-
O-tetradecanoylphorbol 13-acetate (TPA) was consistenity; and it appears that these effects are dependent on
with downregulation of PKC as observed by Hecht et al.protein kinase C rather than on a calmodulin-dependent
[14]. Please note however, PMA reaches all cell memkinase Il. In MDCK monolayers, Citi [4] showed that
branes and there is no reason to think its effects would berotein kinases are involved in regulating the decrease in
limited to the tight junction. transepithelial resistance caused by lowering the extra-
Emphasis in the current studies was on the effects o€ellular calcium concentration and Balda et al. [3] sug-
elevation in C&" on tight junction resistance for up to 1 gested that both PKC and calmodulin are involved in the
hr. More prolonged elevation of protein kinase C, asdevelopment of transepithelial electrical resistance dur-
caused by exposure to phorbol esters jp @ells, alters  ing the making and sealing of a tight junction. We spec-
transport in an unusual way; not only is there a down-ulate that similar events may be involved in regulating
regulation of C kinase activity but there is a prolongedtight junction permeability in natural epithelia during
activation of phospholipase C, which leads to a pro-normal digestion and in diarrheal diseases. This would
longed elevation in basal JPand an eventual emptying alter the contribution of solvent drag and thus change the
of intracellular calcium stores [33]. This complex re- amount of absorption and secretion of water and electro-
sponse precludes mechanisms being inferred for the efytes, as well as affect the barrier function of the gut.
fect of PMA on Tg, resistance shown in Fig. 7. Thus, the changes in tight junction permeability de-
The mechanism by which intracellular calcium act- scribed here may be involved in regulating both normal
ing by protein kinase C affects tight junctions is not water and electrolyte transport as well as creating some
known. One possibility is that protein kinase C may of the pathobiological events seen in diarrheal diseases.
translocate to its site of action at the tight junction or to

the perijunctional area, where it could enzymatically in- ) ) .

fluence the proteins which regulate tight junctional func_We thanl_( Dr. Marshall H. Montrqse for helping with the |ntraf:el|ular

. . . ; free calcium measurements. This research was supported in part by
tion, for instance for ZO-1 protein [36] or actin. We also ngtional Institutes of Health RO1 grants DK26523, DK33167, and
considered that protein kinase C could potentially act viapk35932, and a Clinical Investigator Award (JF) from the Johns Hop-
a phospholipase or via a change in arachidonic acid prokins University School of Medicine. The view of the authors do not
duction. Recently, it has been demonstrated that changegrport to reflect the position of the Department of the Army or the
in intracellular C&" alter active NaCl absorption inileal Departmen_t of D‘efense. In conducting the research descr_ibed in this
villus Na* absorbing cells at least partially by affecting a report, the investigators adhered to the standards set forth in the Guide

b b d ph holi 7 ol. This d ftor the Care and Use of Laboratory Animals (National Institutes of
membrane bound phospholipase [ ! ] IS G0€S NOLeqith publication 95-23) as promulgated by the committee on the

appear to be the case in regulation of tight junction re-care and Use of Animals of the Institute of Laboratory Animal Re-

sistance in §, cells by elevation in intracellular &  sources, National Research Council.

since a general phospholipase inhibitor, as well as inhib-

itors of all three major pathways of arachidonic acid

metabolism, cyclooxygenase, lipoxygenase, and epoxyreferences

genase, failed to alter the ionophore-induced changes in
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free C&* also regulates J, monolayer resistance, low- ~ testinal epitheliaAm. J. Physiol258C77-C85 _

ering it. This was concluded from the BAPTA experi- > (B0 L [EE08 o 00 chod titatons: mplcations.

me”ts W.hICh lowered m.tra(?e"m.ar é?a”d W_ere asso-_ for oligopeptide absorptiorGastroenterologyl00:719—-724

ciated with a decrease in tight junction resistance (Fig. 3B A .

. . . . . Balda, M.S., Gonzalez-Mariscal, L., Contreras, R.G., Macias

4). Multiple examples (_)f cd acting Vl_a calmodulin . Silva, M., Torres-Marquez, M.E., GarciaSainz, J.A., Cereijido, M.

have been associated with a concentration dependence in 1991, Assembly and sealing of tight junctions: Possible participa-

which both increases and decreases from the maximal tion of G-protein, phospholipase C, protein kinase C and calmod-

effective concentration lessen the effect [12]. Multiple  ulin. J. Membrane Biol122:193-202
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