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Abstract

The effect of brefeldin-A (BFA), a reversible inhibitor of vesic-
ular transport, on cholera toxin (CT)-induced Cl- secretion
(4S,) was examined in the polarized human intestinal cell line,
T84. Pretreatment of T84 monolayers with 5 ,M BFA reversi-
bly inhibited I,, in response to apical or basolateral addition of
120 nMCT (2.4±0.5 vs. 68±3 MA/cm2, n = 5). In contrast,
BFA did not inhibit Isc responses to the cAMPagonist VIP
(63±7 ,uA/cm2). BFAhad no effect on cell surface binding and
endocytosis of a functional fluorescent CTanalog or on the dose
dependency of CT induced 32P-NAD ribosylation of Gsa in
vitro. In contrast, BFA completely inhibited (> 95%) the abil-
ity of T84 cells to reduce CT to the enzymatically active Al-
peptide. BFA had to be added within the first 10 min of CT
exposure to inhibit CT-elicited Isc. The early BFA-sensitive
step occurred before a temperature-sensitive step essential for
apical CT action. These studies show that sequential steps are
required for a biological response to apical CT: (a) binding to
cell surfaces and rapid endocytosis; (b) early, BFA-sensitive
vesicular transport essential for reduction of the A,-peptide;
and (c) subsequent temperature-sensitive translocation of a
signal (the Al-peptide or possibly ADP-ribose-Gsa) to the
basolateral domain. (J. Clin. Invest. 1993.92:2941-2951.) Key
words: cholera toxin * brefeldin A * vesicular transport * cell
polarity * Cl- secretion

Introduction

Secretory diarrhea caused by Vibrio cholerae is induced in large
part by the direct action of cholera toxin (CT)' on polarized
intestinal epithelial cells ( 1). The toxin elicits a secretory re-
sponse directly by activating adenylate cyclase on the basolat-
eral membrane of epithelial cells and indirectly by action on
submucosal nerves (2) or other lamina propria cells (3). In
intestinal crypt epithelia, toxin-induced activation of adenylate
cyclase raises intracellular levels of cAMPwhich elicits the pri-
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1. Abbreviations used in this paper: A,, CT-A,-peptide; AC, adenylate
cyclase; ARF, ADP-ribosylating factor; BFA, brefeldin A; CT, cholera
toxin; Gsa, hetertrimeric GTPase Gsa; PKA, protein kinase.

mary transport event of secretory diarrhea, electrogenic C1-
secretion (4).

CT (84 kD) consists of 5 identical B-subunits (11 kD)
which bind specifically to ganglioside GM, on cell membranes
and a single enzymatic A-subunit (28 kD) comprised of two
peptides (23 kD and 5 kD) linked by a disulfide bond (5). In
nature, the toxin binds by its B-subunits to ganglioside GM, in
the apical membrane of polarized intestinal epithelia but acti-
vates adenylate cyclase (6) on the cytoplasmic surface of the
basolateral membrane (7, 8). Neither GM, nor CT can pass
through intercellular tight junctions (9, 10) and the mecha-
nism by which apically bound CTtransduces a signal to basolat-
eral adenylate cyclase (or to submucosal tissues) remains un-
defined.

CT-induced activation of adenylate cyclase occurs only
after an unexplained "lag phase" of 10-40 min after binding to
the cell surface ( 11 ). Studies on a variety of nonpolarized cells
have shown that during this lag phase, the A-subunit translo-
cates across the plasma membrane (or possibly across the en-
dosome membrane [12]) to the cytoplasmic membrane sur-
face ( 13, 14, 15). During or after translocation, the A-subunit
undergoes reductive cleavage to form the enzymatically active
A,-peptide (13). Whether the A,-peptide dissociates com-
pletely from the B-subunit or from the cell membrane after
translocation remains undefined. Eventually, the A,-peptide
gains access to and catalyses the ADP-ribosylation ofthe hetero-
trimeric G-protein, Gsa, which leads to activation of adenylate
cyclase ( 16, 17). It is not known where in the cell translocation
of the A-subunit occurs or where the A,-peptide encounters
Gsa. Furthermore, in polarized epithelia, where the apical
toxin binding site is separated from basolateral adenylate cy-
clase by circumferential tight junctions, it is not known
whether the A,-peptide itself or rather ADP-ribosylated-Gsa
moves to the basolateral membrane, thus linking the apical
signal with the basolateral effector (7, 18, 19). Previous studies
in nonpolarized cells have shown that CT is internalized by
receptor-mediated endocytosis (20, 21, 22) but whether endo-
cytosis and vesicular traffic of toxin-containing membranes
plays any role in signal transduction was not examined di-
rectly.

Wehave recently defined the human intestinal cell line T84
as a model to study the mechanism of CT action on polarized
epithelia ( 19). T84 cells grown as confluent monolayers on
permeable supports display features of intestinal crypt cells and
respond to CTwith cAMP-dependent Cl - secretion that can be
detected electrically with a high degree of sensitivity and tem-
poral resolution. This system is particularly relevant because
the model requires that CT transduce a signal from the apical
(physiologic) membrane and the response to CT in T84 cells
reproduces the primary transport event of secretory diarrhea in
humans. Utilizing this model system we have shown that CT-
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induced signal transduction from the apical cell surface in-
volves endocytosis and vesicular transport of toxin-containing
(and possibly ADP-ribose-Gsa-containing) membranes. Both
a longer lag phase and an essential temperature-dependent step
were required for signal transduction by apical, but not basolat-
eral CT. This temperature-sensitive step occurred late in the lag
phase after endocytosis of CT-containing membranes and after
formation of the A,-peptide. The data indicate that at this late
stage in the lag phase, the Al-peptide (or possibly ADP-ribose
Gsa) must remain membrane-associated or tethered to other
structural elements because subsequent activation of adenylate
cyclase was not diffusion limited at nonpermissive tempera-
tures ( 19). These data strongly suggest that the mechanism of
toxin action from the apical membrane of polarized epithelia
involves endocytosis of CTand at least one additional vesicular
transport event not required if CT is exposed directly to the
basolateral membrane of the same cell.

Our aim in the present study was to define the effect of
brefeldin A (BFA) on CT action in the polarized T84 cell
model. BFA is a fungal metabolite known to interfere with
vesicular transport in the endosomal (23, 24), transcytotic
(25), and exocytotic (26) pathways of many eukaryotic cells
(27, 28). During the course of peer review of this manuscript,
two studies from separate laboratories report effects of BFAon
CT action in nonpolarized cell systems (29, 30). Here, we find
that BFA inhibits CT-induced Cl- secretion from polarized
T84 cells by reversibly blocking an event which occurs after
endocytosis of CT-containing membranes but before forma-
tion of the Al-peptide. Moreover, this early lag phase brefeldin
A-sensitive event(s) can be clearly distinguished from the late
lag phase temperature-sensitive event required for toxin-action
from the apical cell surface ( 19). Lastly, we find that signal
transduction by apical CT involves additional (or different)
steps that are more sensitive to BFA and of longer duration
than that required for signal transduction by basolateral CT.
These data strongly support a role for multi-compartmental
vesicular transport of toxin-containing membranes in the
mechanism of CT-action on polarized intestinal epithelia.

Methods

Materials. CT was obtained from Calbiochem-Novabiochem Corp.
(San Diego, CA), Na 125Iodine and nicotinamide adenine dinucleotide,
di(triethylammonium) salt [adenylate-32P]-(132P-NAD) from NewEn-
gland Nuclear(Boston, MA), and brefeldin A from Epicentre Technol-
ogies (Madison, WI). All other reagents were from Sigma Chemical
Co. (St Louis, MO) unless otherwise stated. HBSS(containing in g/
liter 0.185 CaC12, 0.098 MgSO4, 0.4 KCl, 0.06 KH2PO4, 8 NaCl, 0.048
Na2HPO4, 1 glucose, to which was added 10 mMHepes, pH 7.4) was
used for micro-assay of Cl- secretion, measurement of A,-peptide for-
mation, morphologic studies, and quantitation of A,-peptide.

Cell culture. T84 cells obtained from American Type Culture Col-
lection (Rockville, MD), were cultured and passaged as previously
described (31 ) in equal parts of DME( 1 g/liter D-glucose) and Ham's
F- 12 Nutrient mixture, supplemented with 5%newborn calf serum, 15
mMHepes, 14 mMNaHCO3, 40 mg/liter penicillin, 8 mg/liter ampi-
cillin, and 0.90 mg/liter streptomycin. Cells were seeded at confluent
density onto glass coverslips, or 5 cm2 or 0.33 cm2 Transwell inserts
(Costar, Cambridge, MA) coated with a dilute collagen solution as
previously described (32). Transepithelial resistances attained stable
levels(> 1,000 ohms/cm2 ) after 7 d. The development of high transepi-
thelial resistance correlated with the formation of confluent mono-
layers with well-developed tight junctions as assessed by morphological

analysis (33), and with the ability of monolayers to secrete Cl-. Cells
from passages 62 to 72 were utilized for these experiments.

Electrophysiology. For electrophysiological studies, confluent
monolayers on Transwell inserts were transferred to HBSS. Measure-
ments of short circuit current (I,.) and resistance (R) were performed
with 5 cm2 or 0.33 cm2 monolayers as previously described (19, 31,
32). Serosal and mucosal reservoirs were interfaced with calomel and
Ag-AgCl electrodes via 5%agar bridges made with Ringers buffer ( 1 14
mMNaCl, 5 mMKCI, 1.65 mMNa2HPO4, 0.3 mMNaH2PO4, 25
mMNaHCO3, 1.1 mMMgSO4, 1.25 mMCaC12). Measurements of
resistance were made using a dual voltage/current clamp device (Uni-
versity of Iowa) and 100 or 25 MAcurrent pulses. Short circuit current
(I.C) was calculated using Ohm's law.

Quantitation of reduction of A-subunit after binding of CT to T84
cells. '25I-labeled CTwas prepared as previously described (34) and had
a specific activity of 200-400 cpm/fmole and a half-maximal effective
dose (EDmI = 500-800 pM) identical to that of native toxin when
applied to apical surfaces of T84 monolayers. Reduction of the A-sub-
unit to the A,-peptide was assessed using modifications of methods
described by Kassis (13) and LeBivic (35). T84 monolayers (5 cm2
inserts) were incubated with 40 nM 125I-labeled CT in HBSSapplied
apically or basolaterally at 4°C for 30 min, washed, and shifted to 37°C
for 1 h. Incubations were stopped by immersion into HBSScontaining
10 mMN-ethylmaleimide (Calbiochem-Novabiochem Corp.) at 4°C
for at least 15 min. Total cell extracts were prepared by excising mono-
layers and their filters from the inserts and immersing them into 600 41
SDS-lysis buffer (0.5% SDS, 20 mMTris, 150 mMNaCl, 5 mM
EDTA, 20 mMtriethanolamine, 10 mMN-ethylmaleimide, I mM
PMSF, and 10 Mg/ml chymostatin, pH 7.4) followed by treatment with
2.5 MMdiisopropylfluorophosphate and incubation at 65°C for 5 min.
The extract was then returned to 4°C and diluted 1:1 (vol/vol) with
triton dilution buffer (2.5% triton-X 100, 20 mMTris, 150 mMNaCl,
5 mMEDTA, 20 mMtriethanolamine, 10 mMN-ethylmaleimide, 1%
Na Azide, 1 mMPMSF, and 10 ,g/ml chymostatin, pH 7.4).

After shearing the DNAby vortex and needle aspiration, the A-sub-
unit and A,-peptide were immunoprecipitated using 20 ,l ( 1:600 final
dilution) polyclonal antiserum raised against heat and SDS-denatured
CT A-subunit followed by 150 Ml protein-A sepharose. The protein-A
beads were washed three times with mixed micelle buffer (1% triton-X
100, 0.2% SDS, 8%sucrose, 20 mMTris, 150 mMNaCI, 5 mMEDTA,
20 mMTriethanolamine, 10 mMN-ethylmaleimide, 1% NaAzide, 1
mMPMSF, and 10 ,g/ml chymostatin, pH 7.4) and once with final
wash buffer (8% sucrose, 20 mMTris, 150 mMNaCl, 5 mMEDTA, 20
mMTriethanolamine, 10 mMN-ethylmaleimide, 1%NaAzide, 1 mM
PMSF, and 10 ,g/ml chymostatin, pH 7.4). The pelleted beads were
resuspended in 150 Ail sample buffer (4% SDS, 8 Murea, 5 mMEDTA,
10 mMNEM, 0.34 Msucrose), heated to 65°C for 5 min and repel-
leted. 50-80% of radioactivity contained in the final lysate was recov-
ered. The supernatants were run on nonreducing 12% SDS-polyacryl-
amide gels. The gels were stained and fixed with Coomassie blue, de-
stained, and each lane was cut into 1-mm slices. Total radioactivity in
slices was quantified by gammacounting, and radioactive peaks corre-
sponding to A- and A,-subunits were identified. The fractional compo-
nent of A,-peptide was defined as the ratio of A- to A-band integrals as
previously described ( 19).

Conventional and confocal fluorescence microscopy. Binding and
internalization of CT in T84 cell monolayers were visualized using
rhodamine-labeled (CT-rhodamine) and fluorescein-labeled (CT-fluo-
rescein) toxin analogs, prepared as previously described ( 19). CT-rho-
damine was functionally active with an ED50 identical to native toxin.
CT-fluorescein did not elicit a secretory response from T84 cells but
bound specifically to ganglioside GM1 as assessed by morphology.
After incubation with 20 mMCT-fluorescein or CT-rhodamine at 4°C
or 37°C, T84 monolayers were washed three times in HBSSat 4°C,
fixed in a solution of 4% paraformaldehyde and 5% sucrose in PBS
( 150 mMNaCl, and 20 mMNaH2PO4/Na2HPO4, pH 7.4) for 30 min
at 4°C, rinsed in PBS, and mounted in 1:1 PBS/glycerol containing 1%
n-propyl gallate. Monolayers grown on filter supports were excised
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from the plastic insert, mounted in PBS/glycerol as above, and exam-
ined using a Zeiss Axiophot photomicroscope (Carl Zeiss, Oberko-
chen, Germany) equipped with an argon laser and Biorad MRC600
confocal imaging system (BioRad/Analytical Instruments Corp.,
Cambridge, MA). Monolayers grown on glass coverslips were
mounted in PBS/glycerol as above or in Moviol (Hoechst AG, Basel,
Switzerland) and examined using a Zeiss Axiophot photomicroscope
equipped with a 546±12 nm narrow band pass excitation filter and a
590-nm-long pass barrier filter. Photographs were taken using T-Max
400 film (Eastman Kodak Co., Rochester, NY).

For immunocytochemical localization of the Golgi associated pro-
tein p200 (36), monolayers grown on glass coverslips were incubated
in HBSSwith and without BFA for 30 min at 370C and fixed as de-
scribed above. The fixed monolayers were permeabilized by incubation
in 1% Triton X-100 in PBS for 20 min at 21'C, and then washed
extensively in PBS containing 1% BSA (PBS/BSA). Mouse mAbs
against the Golgi protein p200 (obtained from Dr. Brian Burke, Har-
vard Medical School, Boston) were diluted 1:1,000 in PBS/BSA and
applied to the permeabilized monolayers. Bound antibodies were visu-
alized by subsequent incubation with rhodamine-labeled goat anti-
mouse IgG (Cappel Laboratories, Corp., Durham, NC). Monolayers
were mounted and photographed as described above.

Preparation of T84 cell membrane and cytosolfractions. T84 cell
membranes and cytosol were prepared by differential centrifugation as
described by Kaoutzani (37). Briefly, T84 cells were scraped into ho-
mogenization buffer (0.34 mMsucrose, 10 mMHepes, 1 mMEDTA,
0.1 mMMgCl2), lysed by nitrogen bomb (200 psi for 15 min), treated
with 2.5 AMdiisopropylfluorophosphate, and centrifuged at 1,000 g for
20 min to remove nuclei and unbroken cells. The resulting supernatant
was centrifuged at 100,000 g for 1 h to obtain a crude postnuclear cell
pellet (- 1.5 mg/ml protein) and supernatant (- 0.2 mg/ml pro-
tein).

ADP-Ribosylation of Gsa. CT-induced ADP-ribosylation of T84
cell membranes was performed using modifications of the protocol
described by Ribeirto-Neto (38). Briefly, 20 ,gm T84 cell membranes
were incubated for 3 h at 4°C with sequential 10-fold dilutions of CT
(as indicated) and 300 mMKH2PO4/K2HPO4(from 2.4 Mstock pre-
pared at pH 7.0), 12.5 mMtris-base (adjusted to pH 7.5), 10 mM
thymidine, 10.5 mMMgCl2, 1 mMEDTA, 1 mMATP, 0.1 mMGTP,
0.8% lubrol-Px, and 60MgMNAD(containing 2 ,Ci 32P-labeled NAD/
sample as tracer) in a total volume of 120 Ml. The reaction was stopped

by the addition of 1 ml ice cold trichloroacetic acid followed by centrifu-
gation at 14,000 g for 15 min. The pellets were washed in 1 ml ice cold
ether, centrifuged again, and resuspended in 30 ,l SDS-sample buffer.
Membrane proteins were resolved by SDS-PAGE and autoradio-
graphed.

Statistics. BFA effects on CT-induced Cl - secretion and formation
of A,-peptide were analyzed by t test and ANOVAusing Statview 512+
software (Brainpower, Inc., Calabasas, CA).

Results

Cholera toxin-induced Cl- secretion is inhibited reversibly by
brefeldin A. Pretreatment of T84 monolayers with 5 MiM BFA
at 37°C 10 min before the addition of CT( 120 nM) completely
inhibited the secretory response to CT applied either to apical
or basolateral cell surfaces (peak I4, for apical CT: 2.4±0.5 vs.
68±3 MA/cm2; peak I4 for basolateral CT: 2.9±0.5 vs. 74±3
,A/cm2, mean±SEM, n = 5, P = 0.0001 respectively) (see Fig.
1 A). In contrast, BFA had no effect on the secretory response
to the cAMP agonists 1 nM vasoactive intestinal peptide
(VIP), 1 MMforskolin, or 3 mM8Br-cAMP (Fig. 1 B). The
time course of toxin-induced Cl- secretion (0.5 nMCT) in the
presence and absence of BFA (5 MM)and after BFA removal is
shown in Fig. 2. Monolayers exposed to apical CT in the ab-
sence of BFA elicited a strong secretory response after a 45±2
min lag phase (peak I4 = 22±1.8 MA/cm2, mean±SEM, n
= 6). In contrast, toxin-induced Cl - secretion was completely
inhibited in those monolayers pretreated with BFA (apical CT:
I4 = 1.7±0.3 ,uA/cm2, mean±SEM, n = 4; basolateral CT: I4,
= 2.5±0.5 MA/cm2, n = 6). Removing BFA by exchanging
reservoir buffers at 100 min ("wash" arrow, Fig. 2) permitted
recovery of toxin induced Cl- secretion after an additional
88±3 min for apical CT (peak I4C = 10.9±0.3 MuA/cm2,
mean±SEM, n = 4) and 70±3 min for basolateral CT (peak I4,
= 19±1.1 uA/cm2; n = 6). In contrast, exchanging reservoir
buffers had no effect on I4, in control monolayers not exposed
to CT whether treated or not treated with BFA ( 1.3±0.2 and
1.4±0.4 MA/cm2, mean±SEM, n = 2). The viability of these

FBI[E Figure 1. Brefeldin A com-
BFA BFA pletely inhibits CT-induced

80 - + - + 80 ClG secretion but does not
affect the secretory response
to other cAMP-agonists. (A)

__ 60 T L -Peak IC elicited by apical or
60 - 60 basolateral CT (120 nM, at

Nc E 110 min) in the presence and
E oabsence of 5 MMbrefeldin

40 A, mean±SEM, n = 5. CT
a. 40-i- Control induced Cl- secretion was
0 0 ----- q ZX ControVIP completely inhibited in

-- //, -° Forskolin monolayers pretreated with
20 - 20 c/- cAMP BFA. (B) Time course of C1

secretion after administration
of either 1 nMVIP, 1 AM

_
El 19

'forskolin, 3 mM8 Br-cAMP,
0 0 or buffer alone to serosal res-

Apical Basolateral 0 5 10 15 ervoirs in the presence of 5
CT CT Time (min) MMBFA. While toxin-in-

duced C1- secretion was

completely inhibited by BFA (dI,,/dt = not present; peak I. 2.4±0.5 MAA/cm2, mean±SD, n = 3) neither receptor-mediated activation of G,,,
(VIP: dI,/dt = 16 MAA/cm2/min; peak I4 = 63±5.4 MA/cm2, n = 2), nor direct activation of adenylate cyclase (forskolin: dI4,/dt = 12.2 MA/cm2
per min; peak I_ = 56+3.5 MA/cm2) or protein kinase-A (cAMP: dI4/dt = 10.3 MA/cm2 per min; peak I4 = 65±11.8 MA/cm2) were rate
limiting in the presence of BFA. I4 responses to these agonists do not significantly differ from those in the absence of BFA.
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Figure 2. BFA reversibly inhibits
CT-induced ClP secretion. Time
course of C1 secretion elicited by
0.5 nMCT applied to apical (filled
diamond and open square) or baso-
lateral (filled square) surfaces of T84
monolayers in the presence or ab-
sence of 5 AMBFA. After a 45-min
lag, T84 monolayers not treated
with BFA (filled diamond) respond
to apical CTwith a strong secretory
response. In contrast, the secretory
response to both apical and basolat-
eral CT was completely inhibited

U a oulur, + MrA in monolayers treated with BFA. To

0 100 200 300 examine whether inhibition was re-

versible, BFAwas removed by ex-
Time (min) changing reservoir buffers at 100

min (wash arrow), which led to CT-induced Cl- secretion in monolayers exposed to apical (open square) or basolateral CT (filled square).
Washing had no effect on control monolayers not exposed to CT (open diamond and open triangle). To demonstrate the viability of these con-

trols, 1 nMVIP was added to serosal reservoirs at 250 min.

control monolayers was demonstrated by the brisk secretory
response elicited by the addition of VIP at 250 min (dI4/dt =

2.0±0.6 ,AA/cm2/min; peak I4,, = 22.4±2.5 IAA/cm2).
These data show that the secretory response to CT applied

to either apical or basolateral cell surfaces was completely and
reversibly inhibited by treatment with 5 IAM BFA. In contrast,
brefeldin had no effect on Cl- secretion induced by receptor-
mediated activation of G5. (VIP), or direct activation of ade-
nylate cyclase (forskolin) or protein kinase-A (8Br-cAMP).
Furthermore, though BFA may induce cation selective chan-
nels when added to artificial lipid bilayers (39), the drug did
not affect membrane or transepithelial potentials in the T84
cell system.

Toxin-induced signal transduction and cell polarity. We
next examined the time and dose dependency of BFA action.
To determine when the rate-limiting BFA-sensitive event oc-

curred in the complex sequence of events leading to toxin-in-
duced C1- secretion (Fig. 3), monolayers were incubated with
CT at 4VC for 30 min (to allow steady-state binding to cell
surfaces) and then shifted to 370C, which defined the begin-
ning of the lag phase. The monolayers were then either treated
with BFA (5 ,M) at the onset of the lag phase (at time 0 min),
at sequential points throughout the lag phase (at 1, 2.5, 5, 10,
etc., min), or not treated with BFA. When cholera toxin was
applied to apical cell surfaces, BFA completely inhibited toxin
induced Cl- secretion only if it were added within the first 10
min of the lag phase (Fig. 3, hatched bars). In monolayers
exposed to basolateral toxin, however, BFAdid not completely
inhibit a secretory response unless applied within the first min-
ute (Fig. 3, solid bars). Thus, the entire fraction of apical toxin
remained in a BFA-sensitive compartment(s) for at least 5 min
while a small fraction of basolateral CT had already moved
beyond a BFA-sensitive step within 1 min after the monolayers
were shifted to permissive temperatures. Apparent half-times
for transit through the BFA-sensitive compartment(s) were 20
min from the apical membrane and 10 min from the basolat-
eral membrane (n = 4, two-tailed t-test, P = 0.001 ).

The importance of cell polarity in toxin-induced signal
transduction was further emphasized by small but reproducible
differences in the dose dependency of BFA inhibition (Fig. 4).
The Cl- secretory response in monolayers exposed to apical

CT were twofold more sensitive to BFA than in monolayers
exposed to basolateral CT(ED50 = 55 vs. 90 nM, mean, n = 2).
Taken together, these studies show that the cellular processing
of both apical and basolateral CT was sensitive to BFA if ap-
plied early in the lag phase, and that the mechanism of toxin
action from the apical cell surface involved additional (or dif-
ferent) steps that were more sensitive to BFA and longer in
duration.
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Mechanism of CT action: identification of the BFA-sensi-
tive event. For CT to act directly from either the apical or baso-
lateral membrane, the toxin must first bind specifically to gan-
glioside GM, on the cell surface, the A-subunit must translocate
across the membrane and undergo reductive cleavage to form
the enzymatically active A,-peptide, and the Al-peptide must

Figure 5. Confocal epifluorescence micrograph of T84 monolayers
treated with 5 AMBFA and exposed to 20 nMCT-fluorescein at the
apical (A) or basolateral (B) cell surface. One of three independent
experiments.

eventually catalyze the ADP-ribosylation of the heterotrimeric
GTPase, Gsa, which activates adenylate cyclase. These events
are measurable landmarks that can serve to delineate potential
sites of BFA-sensitivity.

To examine the possible effect of BFAon CTbinding to cell
surfaces, the fluorescent toxin analog CT-fluorescein (10 nM)
was applied to apical or basolateral reservoirs of T84 mono-
layers and visualized by laser confocal microscopy. When ap-
plied to apical reservoirs at 40C in the presence of BFA (5 MM),
a bright fluorescent signal was apparent at apical cell surfaces
(Fig. 5 A). Fluorescence was not detected either within T84
cells or on the contralateral cell surface, indicating both that
endocytosis was effectively inhibited at 40C and little, if any,
CT-fluorescein passed through tight junctions by a paracellular
route. Similarly, when applied to basolateral reservoirs at 40C
in the presence of BFA, CT-fluorescein outlined basolateral
cell surfaces with no detectable signal within the cell or at the
apical membrane (Fig. 5 B). The fluorescent signals were com-
pletely inhibited by co-incubation with 100-fold excess unla-
beled (nonfluorescent) CT indicating that the binding was spe-
cific and receptor mediated. These data show that BFA did not
inhibit the specific binding of CT-fluorescein to either apical or
basolateral plasma membranes.

A possible direct effect of BFA on CT-catalyzed ribosyla-
tion of Gs a was examined in crude T84 cell membrane prepara-
tions ( 100,000 g postnuclear cell pellets) incubated in vitro
with serial 10-fold dilutions of CT ( 10-6 to 101-2 M) and 2 tCi
32P-labeled NADin the presence or absence of 1 mMBFA
(> 104-fold excess over IC50 for intact cells). Membrane pro-
teins were separated by SDS-PAGE and autoradiographed
(Fig. 6). CT preferentially catalyzed the ADP-ribosylation of
two membrane proteins with apparent mol mass of 45 and 52
kD (arrowheads), both of which were immunoreactive with
antibodies against Gsa as assessed by western blot (data not
shown). The CT-catalyzed ADP-ribosylation of these protein
bands displayed an identical dose dependency in the presence
or absence of BFA over three orders of magnitude ( 10-6_
10-8). These data indicate that in membrane fractions, where
spatial restrictions on the ability of CT to interact with its sub-
strate are not rate limiting, BFA had no effect on the ability of
CT to ADP-ribosylate Gsa.

To examine the possibility that BFA might affect reductive
cleavage and presumably translocation ( 13) of the A-subunit
by intact T84 cells, we assessed the degree of reduction of CT to
the A,-peptide after application of the toxin to apical cell sur-
faces in the presence or absence of BFA (5 ,uM). '251-labeled CT
(20-40 nM) was applied to the apical surfaces of T84 mono-
layers at 4°C for 30 min. Monolayers were then either warmed
to 37°C for 60 min in the presence or absence of BFA or kept at
4°C to define background levels of A-subunit reduction. Re-
duction of the A-subunit was detected by the appearance of
radiolabeled A,-peptide that is shifted in electrophoretic mobil-
ity on non-reducing polyacrylamide gels. Fig. 7 summarizes
the results (mean±SEM, n = 3) of these experiments. After 1 h
at 37°C, T84 monolayers not treated with BFA produced
nearly twofold more A,-peptide ( 12±1.4%) than control mono-
layers kept at 4°C (6.4±0.6%) (ANOVA, P < 0.007). In con-
trast, the fraction of Al-peptide produced by monolayers incu-
bated at 37°C in the presence of BFA (6.5±0.3%) was no differ-
ent than that seen in 4°C controls.

To determine if BFA directly inhibited reduction of the
A-subunit in vitro, CT (1 mg/ml) was mixed (1:20 vol/vol)
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Figure 6. Autoradiograph (20-h exposure) of T84
cell pellets ( 100,000 g) incubated with 10-fold se-
rial dilutions of CT ( 10-6 to 10-12 M) in the pres-
ence and absence of 1 mMBFA and 2 ACi 32p_
NAD(60 AMNAD). Arrowheads at 52 and 45
kD mark protein bands (presumably Gsa) that
were preferentially ADP-ribosylated by CT. Insets
below show the 7-d exposure of lanes labeled 10-8
to 10-12 MCT to illustrate the specific CT-cata-
lyzed ADP-ribosylation of the 52- and 45-kD pro-
teins at 10 8 MCT. CT-catalyzed ADP-ribosyla-
tion of the 45-kD protein was not present at 10-9
to 10-12 MCT. CT-catalyzed ADP-ribosylation
of Gsa displayed an identical dose dependency
over three orders of magnitude in the presence
and absence of BFA. Auto-ADP-ribosylation of
the A-subunit is apparent at 23 kD. The heavily
labeled band at the top of each lane is poly ADP-
ribose. * marks a 20-kD protein ADP-ribosylated
by CT at 10-6 and 10-7 M(see Discussion). Data
shown represent one of two independent experi-
ments with identical results.

with crude T84 cytosol (- 0.2 mgprotein/ml) or postnuclear
membrane fractions (- 1 mg protein/ml) and incubated at
370C for 5 min. In the presence of either T84 cytosol or postnu-
clear membrane fractions 50 to > 90% of the A-subunit was
reduced to the Al-peptide. These data indicate that BFA did
not affect reduction of the A-subunit in cell fractions where
there were no spatial restrictions on the ability of CT to interact
with its substrates. In contrast, the drug completely blocked
formation of the A,-peptide when applied to intact cells. Taken
together, these studies strongly suggest that BFA inhibited CT-

15
_ .

M

0. Figure 7. BFA effect on re-1 0 duction of apical 1251-CT to
the Al-peptide by T84 cells.

X After 1 hat 370C in theab-
sence of BFA, the fraction of

* A-subunit reduced to the Al-
E peptide was almost twofoldo 5 greater than background ( 1 h

at 4VC) (mean±SEM, n
= 3, ANOVA, P = 0.007). In
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U _ _ in the presence of 5 jiM BFA,
X. . the fraction of A-subunit re-
OL - duced to the Al-peptide was

no different than back-IL IL. U..
m 0 m ground. BFA completely in-

+ hibited the ability of intact
T84 monolayers to reduce

40 C 37 0 C CT to the A,-peptide.

action on intact cells by blocking the transport of CT-contain-
ing membranes into a compartment where reduction and pre-
sumably translocation of the A-subunit occurs.

Endocytosis of CT-containing membranes and Golgi struc-
ture in the presence of BFA. Wehave previously shown that
toxin-induced signal transduction from the apical membrane
of T84 cells requires entry of CT into the apical endosomal
compartment ( 19). To examine whether BFA inhibited toxin
action by affecting endocytosis of toxin-containing mem-
branes, the functional fluorescent-toxin analog CT-rhodamine
was visualized directly within T84 cells by conventional epi-
fluorescence microscopy. T84 monolayers grown on glass cov-
erslips were incubated with CT-rhodamine (20 nM) at 40 or
37°C for 40 min in the presence (or absence) of BFA. At 4°C,
CT-rhodamine was visualized in a pattern consistent with
toxin binding to apical cell surfaces (Fig. 8 A). Competition
with 50-fold excess nonfluorescent CT (1O min preincubation
followed by 40 min co-incubation with CT-rhodamine at 4°C)
reduced the fluorescent signal below detectable levels (data not
shown) indicating that binding was specific (Fig. 8 B). When
monolayers were incubated at 37°C (for 40 min) in the pres-
ence of BFA, CT-rhodamine was visualized within intracellu-
lar structures of nearly all cells in a pattern consistent with
endocytic uptake (Fig. 8 C). Competition with 100-fold excess
nonfluorescent-CT ( 1 0 min preincubation followed by contin-
uous 40-min co-incubation with CT-rhodamine at 37°C) com-
pletely eliminated the labeling of intracellular structures (Fig. 8
D), confirming that internalization in BFA-treated cells was
also receptor mediated. Thus BFAdid not affect endocytosis of
CT-containing membranes.

To determine whether Golgi structure in T84 cells was sen-
sitive to BFA, we examined whether treatment with BFA
caused a redistribution of the Golgi associated protein p200 as
assessed by immunocytochemistry. Dissociation of p200 from
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Figure 8. BFA does not inhibit endocyto-
sis of CT by T84 cells. T84 monolayers
grown on glass coverslips were exposed
to 20 nM CT-rhodamine in the presence
of BFA(5 SM) for 40 min at4C(A and
B) or at 370C (C and D). Monolayers
shown in B and D were incubated with
CT-rhodamine in the presence of excess
competing nonfluorescent CT ( 1 AM).
The monolayers were viewed enface by
epifluorescence microscopy. At 4VC (A),
CT-rhodamine binds to apical mem-
branes and highlights large microvillar
folds of the apical cell surface. Basolateral
membranes are not labeled and the
boundaries between cells are not appar-
ent. (C) Shows a cluster of cells growing
at the edge of a larger colony. After 40
min at 370C, CT-rhodamine labels intra-
cellular structures in a pattern consistent
with endocytic uptake. The location and
size of nuclei of individual cells can be
appreciated due to fluorescence from in-
ternalized toxin. Co-incubation with ex-

cess nonfluorescent toxin (B and D) decreases the fluorescent signal below detectable levels indicating that both binding to the apical cell surface
at 4VC and endocytosis at 370C are specific and receptor mediated. Bar, 5 ,um.

Golgi membranes occurs rapidly upon exposure to BFA and
precedes gross disruption of Golgi morphology (36). Wefound
that in T84 cells not treated with BFA mAbs against p200
labeled perinuclear structures consistent with the location of
Golgi stacks (data not shown). These structures were not la-
beled in monolayers treated with BFA for 45 min before fixa-
tion (ED50 - 100 nM) or in control monolayers that were
fixed but not permeabilized before incubation with antibodies

against p200. Taken together, these data indicate that Golgi
structure, as assessed by localization of the coat protein p200,
was sensitive to BFA, but endocytosis of CT-containing mem-
branes from the cell surface was not.

Two sequential and distinct events involving vesicular trans-
port are required for signal transduction from the apical cell
surface. Wehave previously shown that the ability of apical CT
to elicit Cl - secretion in T84 cell monolayers involved a temper-

Warmup
32° C T

150 C

370 C
'7.5 min

0 100 200 300 400

Time (man)

- *- Basolateral CT

*- - Apical CT, no BFA

- -- Apical CT, BFA
applied at 27.5 min

VIP

*- Apical CT, BFA
applied at 0 min

Figure 9. Signal transduc-
tion by apical CT involves
distinct BFA-sensitive
and temperature-sensitive
events. Time course of
CT-induced Cl- secretion
after basolateral (filled
diamond) or apical appli-
cation of 120 nMCT at
4VC, preincubation at
370C for 27.5 min, and
then returning mono-
layers to 15'C. Mono-
layers exposed to apical
CT were either treated
with 5 qM BFA early in
the lag phase (at 0 min,
filled triangle), late in the
lag phase (at 27.5 min,
open triangle), or not
treated with BFA (open
diamond). Shaded areas
indicate where mono-

layers were rewarmed to 320C. Preincubation of monolayers for 27.5 min overcame the temperature block for basolateral but not apical CT.
Rewarming to 320C at 325 min released the temperature block and elicited a secretory response in monolayers exposed to apical CT and treated
with BFA late in the lag phase (open triangle) or not treated with BFA (open diamond). In contrast, rewarming did not elicit a secretory response

in monolayers treated with BFA early in the lag phase (filled triangle).
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Table I. Distinct BFA-sensitive and Temperature-sensitive Events

15°C Temperature Block WarmUp (32°C)
Cholera Toxin Time of Brefeldin A

Treatment Treatment dI./dt Peak I dIk/dt Peak I.

sLA/cm2 per min pA/c92 pA/cm2 per min pA/cM2

Basolateral CT
n = 7 None 0.03±0.01 7.9±0.6 0.12±0.004 19±2

Apical CT
n = 7 None Not present 0.6±0.06 0.09±0.007 14±2

Apical CT
n = 7 27.5 min Not present 1.0±0.3 0.09±0.04 8±2

Apical CT
n = 7 0 min Not present 0.2±0.3 Not present 1.0±0.3

None
n = 7 27.5 min Not present 0.3±0.05 Not present 0.9±0.2

ature-sensitive step that was not necessary for the action of
basolateral CT. This temperature-sensitive event occurred late
in the lag phase after formation of the Al-peptide ( 19). In con-
trast, the rate limiting BFA-sensitive event described in this
study occurred early in the lag phase before formation of the
A1-peptide. To distinguish more clearly between these events,
we examined the time course of CT-induced Cl - secretion after
shifting monolayers to nonpermissive temperatures late in the
lag phase in the presence or absence of BFA (5 MM) (Fig. 9).
T84 monolayers exposed initially to apical or basolateral CTat
40C, were preincubated at 370C for 27.5 min to allow endocy-
tosis and A-subunit translocation and returned to nonpermis-
sive temperatures ( 13 - 15°C). Those monolayers exposed to
apical CTwere either treated with BFA late (at 27.5 min, after
preincubation at 37°C) or early (at 0 min, before preincuba-
tion at 37°C) in the lag phase. Control monolayers exposed to
apical CT were not treated with BFA.

As previously reported, after shifting monolayers to non-
permissive temperatures, basolateral CT induced a Cl - secre-
tory response (dI.Ijdt = 0.03±0.01 ,AA/cm2/min; peak IS,
= 7.9±0.6 MA/cm2, mean±SEM, n = 7) but the action of api-
cal CT (in the presence or absence of BFA) was completely
inhibited even after 325 min (dIljdt = not present; peak I.
= 0.6 to l.0 MA/cm2). In monolayers treated with apical CT,
rewarming to 32°C (at 325 min) restored toxin-induced Cl-
secretion in those monolayers not treated with BFA (dIs,/dt
= 0.09±0.007; peak I_ = 14+2 MA/cm2, n = 7) and in those
monolayers treated with BFA late in the lag phase though the
peak response was attenuated by the addition of BFA at 27.5
min (dI4c/dt = 0.09±0.04; peak I4 = 8±2 MA/cm2, n = 7). In
contrast, rewarming did not restore Cl- secretion in mono-
layers treated with BFA early in the lag phase (dI4/dt = not
present; peak I4, = 1.0±0.3 MAA/cm2, n =7) or in control mono-
layers not exposed to CT (dIs,/dt = not present; peak I4
= 0.9±0.2 MA/cm2, n = 7). The viability of these nonsecreting
monolayers was demonstrated by the brisk secretory response
elicited by VIP at 400 min (dIsc/dt = 11±4.6 MAA/cm2/min;
peak ISC = 20± 1.5 MA/cm2).

Table I summarizes the results of these experiments. In the
absence of a temperature block, monolayers treated with BFA
late in the lag phase would normally respond to apical CTwith
a strong secretory response (see Fig. 3). However, when mono-
layers were also shifted to nonpermissive temperatures late in
the lag phase at the time of BFA treatment (at 27.5 min) toxin-

induced Cl- secretion was completely inhibited. The data show
that two sequential and distinct events, comprised of an early
lag phase BFA-sensitive event followed by a late lag phase tem-
perature-sensitive event, are essential for toxin-induced signal
transduction from the apical membrane. This was demon-
strated directly by rewarming to permissive temperatures at
325 min, which released the temperature block and elicited a
toxin-induced secretory response in those monolayers treated
with BFA late in the lag phase (at 27.5 min) but not in those
monolayers treated with BFAearly in the lag phase (at 0 min).

Discussion

In this report, using the fungal metabolite BFA, we identify an
event involving vesicular transport that is required for a bio-
logic response to apical CTand that is distinct from the late lag
phase temperature-sensitive vesicular transport event previ-
ously described ( 19). The BFA-sensitive event occurs early in
the lag phase and involves the transport of CT to a site beyond
the early endosome where the A-subunit is reduced to the A,-
peptide. The data strongly suggest that in polarized epithelia,
vesicular transport through multiple compartments of mem-
branes containing CT (and possibly also ADP-ribose-Gsa)
play an essential role in the mechanism of toxin-induced signal
transduction.

Brefeldin A as a probe of vesicular transport in the mecha-
nism of CTaction. Brefeldin A has structural and functional
effects on the endoplasmic reticulum, the Golgi complex, the
endosomal system and the trans-Golgi network of a variety of
cell types (23, 24, 25, 40, 41). The drug appears to act by
interfering with the regulated assembly of specific cytosolic
coat proteins required for the budding and transport of vesicu-
lar carriers associated with these organelles (27, 42, 43, 44, 45).
As a result, BFAdisrupts the steady-state distribution of mem-
branes and membrane components, and organelle identity and
function are altered. At the cellular level, disruption of vesicu-
lar transport by BFAhas been shown to strongly inhibit protein
secretion from hepatocytes (46) and MDCKcells (47); anti-
gen presentation by MHCclass-I and -II molecules on B-cell
hybridomas (48, 49); ganglioside biosynthesis in primary cul-
tured cerebellar cells (50); cytotoxicity of ricin, modeccin, and
Pseudomonas toxins in CHO, Vero, and NRKcells (5 1 ); and
transcytosis of the polymeric immunoglobulin receptor in
MDCKcells (25). In many of these cell systems, however,
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endocytosis and rapid recycling of specific membrane compo-
nents to the cell surface were not affected (24, 25, 46, 51). We
found that T84 cells are also sensitive to BFA since, like in
many of the systems described above, Golgi structure was per-
turbed by the drug as assessed by the redistribution of the
Golgi-specific coat protein p200 (36).

In this report, we show that brefeldin A completely and
reversibly inhibited CT-induced Cl - secretion in the epithelial
cell line T84. In contrast, BFA did not inhibit Cl- secretion
induced by other agonists, which activated Gsa via a basolat-
eral cell surface peptide receptor or which directly activated
A-kinase or adenylate cyclase. Not only was inhibition of the
Cl- secretory response by BFA specific for CT, but this inhibi-
tion was only manifested on intact cells. For example, BFAdid
not inhibit the reduction of the CTA-subunit to the enzymati-
cally active Al-peptide when CT and extracted cytosol were
coincubated in the presence of this drug. Furthermore, BFA
did not inhibit the Al-peptide catalyzed ADP-ribosylation of
Gsa in membrane fractions of T84 cells. The data indicate that
CT action on intact T84 cells requires BFA-sensitive steps
unique from other cAMP-mediated secretagogues, and that
BFA does not block CT action by interfering with the toxin's
ADP-ribosyltransferase activity.

Effect of epithelial cell polarity on the mechanism of CT
action. Wehave previously shown that the time course and
temperature-sensitivity of the secretory response to apical CT
in T84 cell monolayers was different from that of CTapplied to
basolateral membranes of the same cells ( 19). In this report, we
show that the secretory response elicited by apical CT also dif-
fered in sensitivity to BFA. Our data indicate that BFA acts at
an early stage in the lag phase for both apical and basolateral
CTand suggest that signal transduction by basolateral CTmay
also involve endocytosis and vesicular transport of CT-con-
taining membranes. These data are consistent with studies re-
ported while this manuscript was under review, that BFA ef-
fects CTaction on nonpolarized cells (29, 30). In the polarized
T84 cell model, however, we find that the half-time for transit
through a BFA-sensitive compartment was significantly longer
for CTbound to apical cell surfaces. In addition, we found that
the secretory response elicited by apical CTwas almost twofold
more sensitive to BFA than the secretory response elicited by
basolateral CT. These differences in time and dose dependency
suggest that BFA may inhibit CT-induced Cl- secretion by
acting at similar but not necessarily identical site(s) in the api-
cal and basolateral endocytic pathways. Indeed, available evi-
dence from a variety of other cell systems indicate that BFA
may have specific effects at multiple sites within the central
vacuolar system of a single cell type (25, 28, 52, 53). Taken
together, our studies suggest that the mechanism of toxin ac-
tion from the apical (or physiologic) cell surface entails addi-
tional steps (temperature-sensitivity late in the lag phase),
steps of longer duration, and steps with differing sensitivity to
BFA than that required from the basolateral cell surface. Since
CT action has previously been examined in nonpolarized cell
systems, these observations also suggest that the pathway of
signal transduction seen in nature may entail complexities not
previously appreciated.

Mechanism of BFA-action at the membrane surface: the
role ofADP-ribosylatingfactors in CT-induced signal transduc-
tion. The mechanism of BFA-action has been most extensively
studied by examining the drug's effect on Golgi membranes
(27, 42, 43-45, 54-56). These studies show that brefeldin A
may act by interfering with the GTP-dependent assembly of

specific coat proteins required for the budding and transport of
vesicular carriers between Golgi stacks. The data indicate that a
family of small molecular weight GTP-binding proteins,
termed ADP-Ribosylating Factors (ARF), play a fundamental
role in GTP-dependent coat assembly (57-60). GDP/GTP
exchange redistributes ARF between membrane-associated
and cytosolic forms (61, 62). Movement of ARFonto Golgi
membranes appears to be a prerequisite for the assembly of
coat proteins on nascent transport vesicles (57), and recent
evidence, from two independent laboratories, indicate that this
process may be catalyzed by a BFA-sensitive Golgi membrane
associated GDP/GTPexchange factor (63, 64).

It is not known whether BFA interferes with vesicular trans-
port between other organelles by acting on ARFor related ex-
change factors located at different sites within the endocytic
and exocytic pathways. However, convincing data now indi-
cate that ARFproteins are required for vesicular traffic in Sac-
charomyces cerevisiae (59) and play an important role in regu-
lating vesicular traffic between ER and Golgi (65), within the
endosomal compartment (66), as well as between Golgi cister-
nae (67) in mammalian cells. These studies raise the possibility
that ARFmay play a role in the BFA-sensitive event required
for transport of CT beyond the early apical endosomal com-
partment in T84 cells. If so, this would be particularly relevant
because the ARF protein family was initially identified based
on the ability of ARFto act as potent allosteric activators of CT
actions in vitro (68). One might even speculate that CT has
evolved to facilitate its own movement through the endocytic
pathway by interacting with ARF. In our in vitro assay of toxin
ADP-ribosyl-transferase activity, we found that CT catalyzed
the ADP-ribosylation a 20-kD protein present in T84 cell
membrane pellets (Fig. 7, * at 20 kD). Since CT is known to
ADP-ribosylate ARFin vitro (69), we sought to determine the
identity of this 20-kD membrane protein. However, although
this protein had an identical electrophoretic mobility on SDS-
PAGEto cytosolic ARF it was not clearly immunoreactive
with polyclonal antibodies against ARFas assessed by western
blot (data not shown; antibodies obtained from Dr. Joel Moss,
National Institutes of Health, Bethesda, MD).

Sequential BFA- and temperature-sensitive events are re-
quiredfor signal transduction from the apical membrane. These
studies have functionally identified two sequential events re-
quired for a biologic response to apical CT (Fig. 10). Both
events occur after binding to apical cell surfaces and after entry
into an apical endocytic compartment. The first event occurs
early in the lag phase and involves BFA-sensitive transport of
CT to an intracellular compartment where reduction of the
A-subunit (and possibly translocation) occurs. The second
event occurs late in the lag phase and involves temperature-
sensitive signal transduction (presumably via the A,-peptide
but possibly via ADP-ribose-Gsa) to the basolateral domain.
This late lag phase temperature-sensitive event was apparent
only when CT was applied to apical (physiologic) cell sur-
faces (19).

Though the exact intracellular compartments associated
with these events are not yet known, the data strongly support a
role for multi-compartmental vesicular traffic in the mecha-
nism of toxin action. Based on our current understanding, we
propose the following working model. CT-induced signal
transduction from apical membranes of polarized T84 cells
requires toxin entry into the early apical endosomal compart-
ment. Movement of toxin-containing membranes out of the
early endosome to the late endosome or possibly to the trans-
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Figure 10. Proposed model for mechanism of CT
action on polarized epithelia. Sequential events
are required for signal transduction from the api-
cal membrane: (a) binding to cell surfaces and
rapid endocytosis; (b) early, BFA-sensitive vesicu-
lar transport essential for reduction of the Al pep-
tide; and (c) subsequent temperature-sensitive
translocation of a signal (the Al-peptide or possi-
bly ADP-ribose-Gsa) to the basolateral domain.
AC, adenylate cyclase. Gsa, heterotrimeric
GTPase Gsa. ARF, ADP-ribosylating factor.
PKA, protein kinase A. CT, cholera toxin. A1,
CT-A,-peptide.

Golgi requires BFA-sensitive and probably ARF-mediated ve-
sicular transport. Translocation of the A-subunit occurs in a

compartment distal to the early endosome. Signal transduction
to basolateral adenylate cyclase may occur by entry of the A,-
peptide into vesicles targeted to the basolateral membrane or

by dissociation of the A,-peptide from the membrane and dif-
fusion in the cytosol at some point after translocation. Alterna-
tively, the A-subunit may translocate in a compartment con-

taining Gs a. Wehave no direct evidence that retrograde transit
through an intact Golgi is required for toxin action, though this
is a distinct possibility suggested by the sensitivity of T84 Golgi
structures to treatment with BFA and by the presence of the
ER-targeting signal KDELat the COOH-terminus of the A2-
peptide (5, 70). If so, the Al-peptide could catalyze the ADP-ri-
bosylation of Gsa during its transit through the Golgi or trans-
Golgi complex (71 ). Signal transduction to adenylate cyclase
on the basolateral membrane may then be mediated by move-
ment of ADP-ribose-Gs a, the toxin-Gs a complex, or both.

Since CT has an apical membrane receptor (ganglioside
GM,) but a basolateral effector (adenylate cyclase), signal
transduction by apically bound CT may represent a paradigm
for the study of targeted protein movement through polarized
epithelia. If so, elucidating the molecular mechanisms specific
to the endocytosis and transport of CT-containing membranes
may lead to further clarification of these fundamental aspects
of epithelial cell biology.
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