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Abstract. The massive secretion of salt and water in 
cholera-induced diarrhea involves binding of cholera 
toxin (CT) to ganglioside GM1 in the apical mem- 
brane of intestinal epithelial cells, translocation of the 
enzymatically active A~-peptide across the membrane, 
and subsequent activation of adenylate cyclase located 
on the cytoplasmic surface of the basolateral mem- 
brane. Studies on nonpolarized cells show that CT is 
internalized by receptor-mediated endocytosis, and that 
the A~-subunit may remain membrane associated. To 
test the hypothesis that toxin action in polarized cells 
may involve intracellular movement of toxin-containing 
membranes, monolayers of the polarized intestinal epi- 
thelial cell line 1'84 were mounted in modified Ussing 
chambers and the response to CT was examined. Api- 
cal CT at 37~ elicited a short circuit current (Isc: 48 
• 2.1/zA/cm2; half-maximal effective dose, ED50 
•0.5 nM) after a lag of 33 • 2 rain which bidirec- 
tional ~Na + and ~C1- flux studies showed to be due to 
electrogenic C1- secretion. The time course of the 
CT-induced Isc response paralleled the time course of 
cAMP generation. The dose response to basolateral 
toxin at 37~ was identical to that of apical CT but 
lag times (24 • 2 rain) and initial rates were signifi- 

cantly less. At 20~ the Isc response to apical CT 
was more strongly inhibited (30-50%) than the re- 
sponse to basolateral CT, even though translocation 
occurred in both cases as evidenced by the formation 
of A~-peptide. A functional rhodamine-labeled CT-ana- 
logue applied apically or hasolateraUy at 20~ was 
visualized only within endocytic vesicles close to api- 
cal or basolateral membranes, whereas movement into 
deeper apical structures was detected at 37~ At 
15~ in contrast, reduction to the Arpeptide was 
completely inhibited and both apical and basolateral 
CT failed to stimulate Isc although Isc responses to 
1 nM vasoactive intestinal peptide, 10 #M forskolin, 
and 3 raM 8Br-cAMP were intact. Re-warming above 
32~ restored CT-induced Isc. Preincubating mono- 
layers for 30 rain at 37~ before cooling to 15~ over- 
came the temperature block of basolateral CT but the 
response to apical toxin remained completely inhib- 
ited. These results identify a temperature-sensitive step 
essential to apical toxin action on polarized epithelial 
cells. We suggest that this event involves vesicular 
transport of toxin-containing membranes beyond the 
apical endosomal compartment. 

C 
OLONIZATION of the small intestine by V. Choleme 
results in diarrhea due to massive salt and water 
secretion without epithelial damage (12). The pri- 

mary transport event of secretory diarrhea, electrogenic 
C1- secretion (24), is induced in part by the direct action of 
cholera toxin (CT) ~ on polarized intestinal epithelial cells 
and is mediated by an increase in intracellular cAMP gen- 
erated by adenylate cyclase (7, 36, 52, 58). 

CT (86 kD) consists of five identical B-subunits (11.6 kD) 
that bind specifically to ganglioside GMI on cell mem- 
branes, and a single enzymatic A-subunit (27 kD), The 

1. Abbreviation used in this paper: CT, cholera toxin. 

A-subunit is comprised to two peptides (23 and 5 kD) linked 
by extensive noncovalent interactions and a single disulfide 
bond (60). Studies on a variety of intact nonpolarized cells 
have established that CT activates adenylate cyclase through 
a complex chain of events. Binding of the B-subunits to gan- 
glioside GM~ on the cell surface (8, 17, 27) is followed by 
translocation of the A-subunit across the membrane (35, 56, 
67) and reduction of the disulfide bond to form the enzyma- 
tically active Arpeptide. The reduced Arpeptide functions 
inside the cell, catalyzing the ADP-ribosylation of the regu- 
latory GTPase G~s that in turn activates adenylate cyclase 
(6, 20, 33, 48). Even in cells with abundant receptors, cAMP 
accumulation in the cytoplasm is not detected until at least 
10 rain after CT binds to the cell surface (3, 15). This lag 
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phase has been thought to represent the time required for 
At to cross the plasma membrane and interact with G~s on 
the cytoplasmic face of the membrane (16, 22, 67). In non- 
polarized cells, the CT-receptor (GMI), Gas, and the aden- 
ylate cyclase complex are located on the same plasma mem- 
brane domain. 

In nature, however, CT makes initial contact with GM1 in 
the apical membrane of polarized intestinal epithelial cells 
and subsequently activates adenylate cyclase that is located 
on the cytoplasmic surface of the basolateral membrane (10, 
11, 49, 50, 54, 64). Thus, the site of toxin binding is sep- 
arated from the target enzyme by circumferential tight junc- 
tions. Since neither extracellular CT nor intramembrane 
GM1 can pass through tight junctions (53, 62), it has been 
assumed that after binding, the A-subunit of the toxin gains 
access to G~s, and possibly to the basolateral membrane 
and adenylate cyclase, by penetrating the apical plasma 
membrane, dissociating from the B-subunit, and moving 
across the cell by an undefined route. Even in nonpolarized 
cells, however, the events that follow binding of CT at the cell 
surface and lead to activation of adenylate cyclase are not en- 
tirely clear. Although it is agreed that the toxins enzymatic 
A-subunit penetrates the plasma or possibly the endosomal 
membrane (31), the idea that the Al-peptide breaks free of 
the membrane and diffuses in the cytoplasm has been ques- 
tioned (32, 35). Indeed, several lines of evidence indicate 
that the Arpeptide remains membrane associated after 
translocation (22, 23, 65). 

CT is internalized by receptor-mediated endocytosis in 
nonpolarized cells (16, 34, 46). Recent data from hepato- 
cytes suggest that endocytosis and subsequent traffic of 
toxin-containing membranes may be involved in facilitating 
interactions between the At-peptide, G~s, and adenylate cy- 
clase (31, 32). Intestinal enterocytes in vivo were shown to 
conduct both endocytosis and transepithelial transport of 
CT (25). Thus, if the A~-peptide remains membrane as- 
sociated, the toxin could be carried to its site of action in 
polarized cells by vesicular transport. An alternative hypoth- 
esis, based on the ability of CT to ribosylate G~s in brush 
border membranes isolated from rabbit intestine, proposes 
that it is not CT, but rather ADP-ribose-G~ that moves 
across the cell to activate adenylate cyclase at the basolateral 
membrane (10, 11). 

The purpose of this study was to test the hypothesis that 
endocytosis and vesicular transport are required for the ac- 
tion of CT on polarized intestinal epithelial cells. We used 
a human intestinal cell line, I"84, which forms confluent 
monolayers of polarized columnar cells that display features 
of intestinal crypt cells. "1"84 cell monolayers respond to 
cAMP agonists with electrogenic C1- secretion and thus are 
suitable models to study regulatory mechanisms of intestinal 
salt and water secretion (9). The monolayers were grown on 
permeable supports that allowed experimental access to both 
apical and basolateral cell surfaces. We found that when ap- 
plied to either apical or basolateral cell surfaces of I'84 cell 
monolayers, CT induced a cAMP-dependent CI- secretory 
response analogous to that seen in intact intestine. The abil- 
ity of apical CT to elicit CI- secretion, however, involved a 
temperature-sensitive step that was not necessary for the ac- 
tion of basolateral CT. Our data provide strong evidence in 
support of a role for vesicular transport in the mechanism of 
CT action on polarized epithelial cells. 

Materials and Methods 

Materials 

CT was obtained from Calbiochem-Behring Corp. (San Diego, CA), Na 
t25Iodine from New England Nuclear (Boston, MA), and 5-(and-6)-car- 
boxytetramethylrhodamine and its succinimidyl ester from Molecular 
Probes, Inc. (Eugene OR). All other reagents unless otherwise stated were 
from Sigma Chemical Co. (St. Louis, MO). Mammalian Ringer's solution 
(114 raM NaCI, 5 mM KCI, 1.65 mM Na2HPO4, 0.3 mM NaH2PO4, 25 
mM NaHCO3, 1.1 mM MgSO4, 1.25 mM CaC12 to which 10 mM glucose 
was added) was used for all assays in Ussing chambers. HBSS (containing 
in g/liter 0.185 CaCI2, 0.098 MgSO4, 0.4 KC1, 0.06 KH2PO4, 8 NaCI, 
0.048 Na2HPO4, 1 glucose, to which was added 10 raM Hepes, pH 7.4) 
was used for micro-assay of CI- secretion, measurement of At-peptide for- 
mation, and morphologic studies. 

Cell Culture 
T84 cells obtained from ATCC were cultured and passaged as previously 
described (9) in equal parts ofDME 1 g/1 D-glucose) and Ham's F-12 Nutri- 
ent mixture, supplemented with 5% newborn calf serum, 15 mM Hepes, 
14 mM NaHCO3, 40 mg/liter penicillin, 8 rag/liter ampicillin, and 0.90 
rag/liter streptomycin. Cells were seeded at confluent density onto rat tail 
collagen-coated Nucleopore filters (9) glued to 2-cm 2 l_zxan rings or 0.33- 
cm 2 Transwell inserts (Costar Laboratories, Cambridge, MA) coated with 
a dilute collagen solution as previously described (43). Transepithelial 
resistances attained stable levels (>1,000 ohms.cm 2) after 7 d. The devel- 
opment of high transepithelial resistance correlated with the formation of 
confluent monolayers with well-developed tight junctions as assessed by 
morphological analysis (42), and with the ability of monolayers to secrete 
C1-. Cells from passages 61 to 85 were utilized for these experiments. 

Electrophysiology and Bidirectional Flux Studies 

For electrophysiological studies, confluent monolayers were transferred to 
mammalian Ringers solution or HBSS. Measurements of short circuit cur- 
rent (Isc) and resistance (R) were performed either with 2 cm 2 or 0.33 cm 2 
monolayers as previously described (9, 43). Briefly, serosal and mucosal 
reservoirs were interfaced with calomel and Ag-AgC1 electrodes via 5 % 
agar bridges made with Ringers buffer. Measurements of resistance were 
made using a dual voltage clamp device (University of Iowa) and 100 or 
25/~A current pulses. For measurements made on 0.33 cm 2 monolayers, 
short circuit current (Isc) was calculated using Ohm's law. 

Bidirectional fluxes of 22Na and 36C1 were performed in Ussing cham- 
bers under short circuit conditions using 2 cm 2 monolayers as previously 
described (47). Monolayers were matched for baseline resistance such that 
differences in resistance were <20%. After monolayers were mounted, 
trace quantities of 2eNa and 36C1 were added to mucosal or serosal reser- 
voirs of matched monolayers. After an equilibration period, 120 nM CT was 
added to apical chambers. Two 15-min baseline periods during the lag phase 
(before CT-induced C1- secretion) and two 15-rain periods in the secretory 
phase were studied. 

Measurement of CT-induced cAMP Levels 

Measurements of cAMP were performed on ethanol extracts of I'84 
monolayers (2 cm e rings) exposed apicaily to 120 nM CT in HBSS at 37~ 
for various intervals ranging from 0 to 75 min. The incubations were 
stopped by immersion into I-IBSS at 4~ and extracting the cell contents 
into 0.7 mi 66% ethanol/Ringers (vol/vol). Radioimmunoassay kits were 
used to measure cell-associated cAMP as directed by the supplier (New En- 
gland Nuclear). 

Quantitation of Cell-specific Reduction of A-Subunit 
after Binding of CT to T84 Cells 
CT-12sI was prepared as previously described (38) and had a specific activ- 
ity of 100-400 cpm/fmul and a half-maximal effective dose (ED50) identi- 
cal to that of native toxin when applied to apical surfaces of 1"84 
monolayers. Reduction of the A-subunit to the Arpeptide was assessed 
using modifications of methods described by Kassis (35). "1"84 monolayers 
(2-cm 2 rings) were incubated with 120 nM 12SI-CT in HBSS applied api- 
cally at 4 ~ 15 ~ and 20oC for 2 h, and at 37"C for 30 rain or 1 h. Incubations 
were stopped by immersion into I-IBSS containing 10 mM N-ethylmale- 
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imide (Cadbiochem-Behring Corp.) at 4~ for at least 15 rain, followed by 
treatment with 2.5 ~M diisopropylfluorophosphate. The rings were placed 
on a drop of silica grease on a glass plate cooled to 4~ Total cell extracts 
were made by scraping the cells into 100 #1 lysis buffer (2% Tfiton-X 100, 
10 mM Hepes, 3.5 mM MgC12, 1 mM PMSF, 10 #g/ml chymostatin, and 
2 mM N-ethylmaleimide, pH 7.4), vortexing vigorously, then clarifying by 
centrifugation for 3 rain at 14,000 RPM in an Eppendorf microfuge. The O" 
extracts were diluted 1:1 in 2x  sample buffer and run on nonreducing O~ 
12.5% SDS-polyacrylamide gels. The gels were stained and fixed with 
Coomassie blue, destained, and each lane was cut into 1-ram slices. Total E 
radioactivity in slices was quantified by gamma counting, and radioactive 0 
peaks corresponding to A-, At-, and B-subunits were identified. The frac- es 
tional component of A|-peptide was defined as the ratio of A1- to A-band E 
integrals. 

=L 

Epifluorescence Microscopy of CT Binding 
and Internalization 
To prepare rhodaminedabelnd CT, 1 mg of the lyophilized toxin was recon- 
stituted with 200/d of 25 raM sodium carbonate, pH 9.2, and immediately 
incubated at 21~ for 1 h with 0.1 rag tetramethylrhodamine succidirnal es- 
ter freshly dissolved in N,N-dimethylformamide. The reaction mixture was 
passed over a Sephadex G-25 (Pharmacia, Upsalla, Sweden) column 
equilibrated with a solution containing 130 mM NaCI and 20 mM Tris, pH 
7.5. The first three 0.5-ml fractions of the void volume were collected and 
pooled. Concentration of toxin in these fractions was determined by absor- 
bance at 280 nm using an extinction coeflicient At~tcm = 11.42 (39), The 
molar ratio of rhodamine to CT was determined by comparison of a 0.1% 
pronase (Bochringer Mannheim Biochemicals, Indianapolis, IN) digest of 
the rhndamine-labeled CT analogue (CT-rhod) to a 1-mg/ml standard solu- 
tion of 5-(and-6)-carboxytetramethylrhodamine in an SLM 8000 fluorim- 
eter (Urbana, IL). The toxin was labeled with rhodamine in a ratio of 1:2.4. 

After incubation with 20 mM CT-rhod, I"84 monolayers were washed 
three times in HBSS at 4~ and fixed in 4% paraformaldehyde in PBS (150 
mM NaC1, and 20 mM NaH~PO4/Na2HPO4, pH 7.4) overnight. Fixed 
monolayers were cryoprotected by incubation in 30% sucrose (wt/vol) in 
PBS for at least 2 h. The monolayers on their filter supports were cut from 
the lexan rings, sliced into strips, stacked together in Cryoform embedding 
medium (International Equipment Co., Needhara, MA) in perpendicular 
orientation on copper blocks, and frozen by immersion in liquid nitrogen. 
5-#m frozen sections were cut on a IECMinotome microtome cryostat 
(Needham, MA), picked up on glass slides previously coated with 2% 3 
aminopropyl-triethoxy-silane in acetone, mounted in 1:1 PBS/glycerol con- 
taining I% n-prow1 gallatr or in Movio! (Hoechst, Switzerland) and exam- 
ined using a Zeiss Axiophot photomicroscope (W. Germany) 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 Ko- 
dak Co., Rochester, NY). 

Statistics 
Bidirectional flux studies, and temperature effects on formation of 
At-peptide lag phase and dIsc/dt were analyzed by ANOVA, or T-test using 
Statview 512+ software (Brainpower, Inc., Calabasas, CA). 

Results 

Polarized T84 Cells Respond to CT with 
cAMP~ependent Cl- Secretion 

Initial studies were performed to define I'84 cells as a model 
to study the mechanism of CT action on polarized epithelia. 
To this end, we applied CT apically to T84 monolayers 
mounted in modified Ussing chambers at 37~ CT induced 
a dose-dependent increase in short circuit current (Isc) (Fig. 
1). 120 nM CT elicited a maximal Isc response after a lag 
of 33 • 2 min (mean • SE, n = 3) and this dose was utilized 
throughout the study unless otherwise stated. 

To identify the source of the CT-elicited Isc, bidirectional 
nNa+ and 36C1- flux studies were performed under short cir- 
cuit conditions on monolayers exposed apically to CT. Two 
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Figure 1. Time course and dose response of CT-induced change in 
Isc in TM monolayers exposed apically to CT at 37~ CT applied 
to the apical membrane elicits a dose-dependent response in I '84 
cells. 

15-min periods during the lag phase and two 15-min periods 
during the secretory phase were studied. Fig. 2 shows data 
from a representative pair ofT84 monolayers closely matched 
for transepithelial resistance, and Table I summarizes data 
from 14 independent samples. CT induced a 45 :t= 5-fold in- 
crease in net serosal to mucosal CI- flux that accounted for 
70 + 10% (mean + SD) of the CT-induced Isc. CT had no 
significant effect on serosal to mucosal Na § transport under 
short-circuit conditions indicating that the C1- secretory re- 
sponse did not influence tight junction permeability. The 
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Figure 2. Net transepithelial flux of 3c'C1- (solid bars) and 22Na+ 
(open bars) in two independent T84 monolayers closely matched for 
transepithelial resistance. At the open arrowhead, 120 nM CT was 
applied to apical reservoirs at 37~ and the time course of CT-in- 
duced increase in Isc was measured (open squares). Flux measure- 
mcnts were made on two 15-rain periods during the lag phase and 
on two 15-rain periods during the secretory phase. Positive values 
represent secretion and negative values represent absorption. CI- 
secretion accounts fully for the CT-induced increase in Isc. 
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Table L Unidirectional Na + and Cl- Fluxes" 

Period JN=m. ' j s ,  j s=  j%_, jo_~ jc~ Isc R 

/~eq/h/cm z /zeq/h/cm z /zeq/h/cm 2 izeq/h/crM l~eq/h/cm z i~eq/h/cm 2 f~eq/h/cm ~ ohms.cm ~ 

Lag 1 0.37 + 0.05 0.31 + 0.04 0.06 + 0.03 0.33 + 0.08 0.35 5- 0.04 -0.02 • 0.03 0.09 5- 0.01 
Lag 2 0.38 5- 0.05 0.42 + 0.02 -0.05 + 0.05 0.42 ~- 0.09 0.46 5- 0,02 -0.04 5- 0.08 0.I0 • 0.01 1430 5- 69 
Secretory 1 0.30 + 0.04 0.48 • 0.04 -0.18 + 0.03 0.67 5:0.08 1.6 5- 0.1 -0.9 + 0.15 1.3 + 0.155 
Secretory 2 0.35 + 0.04 0.36 + 0.05 -0.01 + 0.06 0.76 + 0.07 1.4 5- 0.2 -0 .6  + 0.1~ 1.3 + 0.155 970 • 60 

* Unidirectional ion fluxes (J) mucosal to serosai (m-s) and scrosai to mucosal (s-m), sborteircuit currents (lsc), and transepithelial resistances (R) are expressed 
as mean 5: se mieroequivaients (ueq)/h/cm 2 of seven paired monolayers. Two 15-min periods during the lag phase (/ag 1 and 2) and two 15-rain periods during 
the secretory phase (Secretory 1 and 2) were studied. 
$ Indicates that values are significantly different from both control lag periods I and 2 by ANOVA (P < 0.05). 

modest drop in transepithelial resistance during CT-induced 
Ct- secretion can be fully accounted for by activation of  ion 
channels in apical and basolateral membranes, With resis- 
tances greater than 400 ohms.cm ~, the paracellular flux of  
inulin (5 kD) and mannitol (182 D) is <5 nmol/h/cm 2 and 
50 nmol/h/cm 2, respectively (42). In our studies, electrical 
resistances were continuously monitored and were always 
above 600 ohms.cm 2 at maximal secretion. The data are in 
agreement with previously published analyses of the effects 
of  cAMP agonists on tight junction permeability (57). 

To demonstrate that the CT-induced C1- secretion was 
mediated by activation of  adenylate cyclase, the time course 
of  toxin-induced cAMP production was examined. Fig. 3 
shows that the onset of  C1- secretion correlated closely with 
the time course of  a CT-induced 74 5: l-fold increase in 
cAMP. Taken together, these results define "I'84 cells as a 
valid model for the study of  CT-induced C1- secretion in 
polarized epithelia. 

T84  Ce l l  Polar i ty  In f l uences  t h e  C1- Secre tory  
R e s p o n s e  to Cholera  Toxin 

To examine the role of cell polarity in the response of  I '84 
cells to CT, we first studied the dose response and time 
course of  CT-induced C1- secretion after applying CT to ei- 
ther apical or  basolateral surfaces of  T84 cells. To compen- 
sate for the diffusion barrier presented by the collagen- 
coated filter at the basolateral cell surface, monolayers were 
routinely preincubated with CT at 4~ for 30-60 min before 
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Figure 3~ Time course of the cAMP response to apical CT at 37"C 
(filled squares). The secretory response to apical CT is also shown 
(Isc, open squares). Indicated points ('t9 are the mean of two or 
three independent measures, cAMP production parallels the C]- 
secretory response. 

warming the system to 37~ Previous studies have shown 
that, under the conditions used in these experiments, mole- 
cules as large as immunoglobulins have free access to 
basolateral cell membranes when applied to the serosal res- 
ervoir (51). Fig. 4 shows that the toxin induced an increase 
in Isc when applied either to apical or basolateral cell sur- 
faces, and that the dose responses to apical and basolateral 
CT were nearly identical with an apparent half maximal 
effective dose (ED50) of ~0.5 nM. This agrees closely with 
the binding affinity of  CT to brush border membranes pre- 
pared from rat intestine (38). The data indicate that apical 
and basolateral membranes of TM cells contain similar 
numbers of functional CT receptors. 

Differences were observed, however, in the time course of  
toxin action. When CT was applied to apical surfaces at 40C 
and cells were warmed to 37~ (Fig. 5 a), CT induced a 
strong C1- secretory response after a lag of  33 + 2 min 
(mean + SE, n = 6). In contrast, when applied to basolat- 
eral surfaces, the CT-induced secretory response occurred 
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Figure 4. Dose response to CT applied apically (open diamonds) 
or basolaterally (filled diamonds) at 40(2 for 30 rain before warm- 
ing to 37~ for 150 min. The dose dependency of apical and 
basolateral CT are nearly identical. 
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Figure 5. Temperature effect on the time course of change in Isc af- 
ter apical (open squares) or basolateral (filled squares) application 
of CT. For comparison and visual clarity the curves are plotted on 
identical time scales, but only the time periods in which responses 

after a lag time of only 24 + 2 min (2 tail t test, P = 0.009). 
In addition, initial rates of toxin-induced C1- secretion 
(dlsc/dt) were slower for apical toxin (1.23 5 : 0 . 0 6  
/zA/cm2/min) than for basolateral toxin (2.0 + 0.14 
/zA/cm2/min) (P = 0.0005). The peak secretory responses 
were similar, however, as evidenced by peak Isc of  48 + 2.1 
and 53 + 3.3 /~A/cm 2 after apical and basolateral CT, 
respectively. The data (summarized in Table II, 37~ dem- 
onstrate that CT elicited a C1- secretory response of equal 
magnitude from T84 ceils when exposed to either the apical 
or  basolateral membrane at 37~ but the onset of  the secre- 
tory response due to apical toxin was significantly delayed 
and the initial rate was significantly slower. 

Temperatures of 20~ or  below are known to greatly im- 
pede budding, movement and/or fusion of  membrane vesi- 
cles in the exocytic (30, 44), endosome- lysosome (13), and 
transcytotic pathways (5, 26). To examine whether a require- 
ment for vesicular membrane transport  might account for the 
apparent delay in apical toxin action at 37~ we determined 
the effect of lowered temperature on CT-induced C1- secre- 
tion after exposure to apical or basolateral cell surfaces. TM 
cell monolayers were preincubated with CT either apically 
or basolaterally at 4~ for 30-60  min, and then warmed to 
15 ~ 20 ~ or 37~ Fig. 5 shows data from a representative 
series of experiments. At 37~ (Fig. 5 a),  the time course 
of toxin-induced CI- secretion in monolayers exposed to 
apical CT was delayed, with a slower rate of activation when 

occur are shown. Shaded areas indicate periods when the mono- 
layers were warmed to 32~ Data from a control monolayer not 
exposed to CT is shown in the 20~ panel (open triangles). To 
demonstrate the viability of this control, 0.5 mM 8Br-cAMP was 
administered to the serosal reservoir at 385 min (open arrowhead). 
At 37~ the action of apical CT in comparison to basolateral CT 
was both delayed and slower than that ofbasolateral toxin. At 20~ 
the action of apical CT was disproportionately inhibited. At 15~ 
the action of both apical and basolateral toxin was completely 
blocked. 

Table I1. Temperature Dependency of  Apical and Basolateral Toxin Action 

Incubation 370C Toxin 
temperature Preincubation application Baseline Isc Peak Isc 

Relative 
dlsc/dt Relative lag 

Warm up dlsc/dt Lag phase (apical/basolateral) 

/ zAIcm2 lz.41cm 2 ItAIcm 2 I~lcm2/m min 

37~ none Apical 3.0 + 1.1 48 + 2.1 - 1.23 + 0.06 33 + 2.0 0.64 + 0.09 1.4 5- 0.08 
n = 6 pairs Basolateral 4.0 5- 1.4 53 5- 3.3 - 2.0 5- 0.14 24 5- 2.0 

20~ none Apical 0.4 + 0.04 1.4 5- 0.15" 22 5- 3.2 0.048 5- 0.006 251 5- 9.0 0.39 5- 0.04* 1.69 5- 0.04~; 
n = 10 pairs Basolateral 0.5 5- 0.05 11 5- 1.4" 22 5- 2.4 0.12 5- 0.012 149 5- 7.8 

150C none Apical 0.4 5- 0.3 0.1 5- 0.00 17 5- 1 not present not present - - 
n = 3 pairs Basolateral 0.2 5- 0.3 0.3 + 0.08 13 5- 2 not present not present 

15 ~ 25 min Apical 0.2 5- 0.05 0.5 5- 0.05 13 5- 1.4 not present not present complete complete 
n = 7 pairs Basolateral 0.4 + 0.06 9.3 5- 1.0 13 5- 1.7 0.035 5- 0.005 105 5- 5.5 apical block apical block 

* Monolayers exposed to apical CT at 20~ did not reach steady-state secretion within the 400-min period of observation. Therefore peak Isc at 20~ is arbitrarily 
reported 120 rain after basolateral monolayers began secreting. 
) Two-tail T-test P < 0.04. 
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compared to that of monolayers exposed to basolateral CT, 
as discussed above. At 20~ (Fig. 5 b), toxin-induced C1- 
secretion in response to both apical and basolateral CT was 
attenuated, but the time course of CI- secretion due to api- 
cal toxin was more strongly inhibited than that of basolateral 
toxin. In monolayers exposed to apical CT, lag times were 
disproportionately longer (275 vs 170 min) and initial rates 
were disproportionately slower (0.06 vs. 0.12 #A/cmVm). 
Table II (200C) summarizes the results of 10 independent ex- 
periments. Lag times at 200C for apical and basolateral toxin 
were 251 5:9  and 149 + 8 min and initial rates were 0.048 
5:0.006 and 0.12 + 0.01 #A/cmVmin, respectively (mean 
5: SE). Re-warming the monolayers above 32~ (Fig. 5 b, 
shaded area) showed that the cells responded equally to api- 
cal or basolateral CT (peak Isc: 22 5:3.2 and 22 5 :2 .4  
/~A/cm 2, n = 10). Re-warming, however, did not influence 
C1- secretion in control monolayers not exposed to CT. To 
confirm the viability of these nonexposed controls, 0.5 mM 
8B4-cAMP was administered to basolateral reservoirs of 
control monolayers (Fig. 5 b, arrowhead), and this was fol- 
lowed by an immediate rise in Isc (peak Isc: 20 5- 3.8 
/~A/cm 2, dlsc/dt: 1.1 + 0.16/~A/cmVmin, n = 7). To quan- 
titate the differential effect of temperature on the time course 
of apical and basolateral toxin action, relative lag times and 
relative rates (apical/basolateral) were calculated (Table II). 
At 20"C, relative lag times (apical/basolateral) were 30% 
longer (2-tall t test, P = 0.02) and relative rates (apical/ 
basolateral) were 50% slower (P = 0.04) than at 37~ 

When CT was bound to "I"84 cell monolayers at 4~ and 
the ceils were then warmed to 15~ (Fig. 5 c and Table II), 
the action of both apical and basolateral CT was completely 
inhibited, and Isc remained at baseline levels for the entire 
400-min period monitored. The monolayers remained viable 
for the entire period at 15~ since re-warming above 320C 
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Figure 6. Time course of CI- secretion after administration of ei- 
ther 1 nM VIP, 1/~M forskolin, 3 mM 8Br-eAMP, or buffer alone 
to serosal reservoirs at 15"C (open arrowhead). Direct activation 
of G=, adenylate cyclase, or protein kinase-A was not rate limiting 
at 150C. 

restored CI- secretion in all monolayers exposed initially to 
CT (peak Isc: 17 5:1 and 13 + 2 #A/cm2; dlsc/dt: 0.31 + 
0.06 and 0.24 5:0.02 #A/cmVmin, apical and basolateral 
CT respectively, mean 5: SE, n = 3). In agreement with our 
results at 37 ~ and 20~ the onset of CI- secretion after 
warm up from 15~ was significantly delayed for apical CT 
(50 5:0.00 min apically vs. 35 5:0.00 min basolaterally, 
2-tail t test, P = 0.0001). In contrast, re-warming control 
monolayers not exposed to CT had no effect on Isc. To dem- 
onstrate the viability of these controls, 0.5 mM 8Br-cAMP 
was administered to serosal reservoirs and this was followed 
by a brisk secretory response (peak Isc, 16 + 0.5/~A/cm:; 
initial rate, 0.24 + 0.01/zA/cm2/m; mean + SE, n = 3). In 
summary, these data show that lowering incubation tempera- 
tures to 20~ had a disproportionate effect on apical toxin 
action. Lowering incubation temperatures to 150C, however, 
completely blocked the action of CT when applied to either 
pole of the cell. 

Previous studies have shown that CT binds avidly to cell 
membranes at 4~ and will ribosylate G~, and activate ade- 
nylate cyclase in isolated membrane preparations at this tem- 
perature (21). Reducing temperatures to 15~ did not by it- 
self prevent CI- secretion since 8Br-cAMP rapidly (3-5 
min) elicited a brisk secretory response at this temperature 
(initial rate: 0.79 5:0.00 #A/cm2/min; and peak Isc: 20.4 
5:0.8 #A/cm 2, mean + SE, n = 6) (Fig. 6). Similarly, 
15~ did not ablate basal activity of adenylate cyclase since 
1 /zM forskolin (Calbiochem-Behring Corp.) also elicited 
C1- secretion within 3 min at this temperature (initial rate: 
0.8 + 0.1 /~A/cm2/min; and peak Isc: 34 5 : 4  /~A/cm 2, 
mean + SE, n = 6) (Fig. 6). Lastly, to demonstrate that re- 
duced temperature had little effect on the time course of 
receptor-mediated signal transduction and activation of G~s, 
1 nM vasoactive intestinal peptide (Calbiochem-Behring 
Corp.), was applied to serosal reservoirs of'1"84 monolayers 
at 150C (Fig. 6) and again within 3 min, a strong CI- secre- 
tory response was observed (initial rate: 0.64 5 :0 .06  
/~A/cmVmin; and peak Isc: 32 5:4/zA/cm 2, mean + SE, n 
= 6). These results indicate that at 150C, activation of G~s, 
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Figure 7. Temperature effect on reduction of apical ~I-CT to the 
A~-peptide by "1"84 cells. After 2 h at 15~ the fraction of A-sub- 
unit reduced to the A~-peptide was no different from background 
(4~ At 20~ the fraction reduced to the Arpeptide was more 
than twofold greater than background (mean + SE, n = 3; 
* ANOVA, P < 0.006) and was comparable to levels of At-peptide 
produced after 30 min at 370C (30 and 60 min values at 37~ repre- 
sent single independent measurements). Thus inhibition of apical 
toxin action at 20"C was not due to inhibition of generation of 
A~-peptide. 
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Figure 8. Epifluorescent and corresponding Nomarski micrographs of frozen 5-#m sections of I"84 monolayers exposed apically to 20 
nM rhodamine-labeled CT for 2 h at 4~ (A and B), 2 h at 20"C (C and D), or 1 h at 37~ (E and F). CT is internalized and located 
within apical structures at 20 ~ and 37 ~ but not at 4~ Bar, 10/zm. 

adenylate cyclase, or the cAMP-dependent C1- channel is 
not rate limiting. 

At-peptide Is Generated from ApicaUy Applied CT 
at 20~ 
Available evidence indicates that cell-specific formation of 
the A~-peptide occurs within the cytoplasm or as the A-sub- 
unit passes through the cell membrane (32, 35). For CT 
to act on any cell, the A-subunlt must be reduced to the A~- 
peptide during or after translocation across the membrane to 
the cytoplasmic membrane face, and this process is known 
to be time and temperature dependent (15, 35). Temperatures 
below 15~ have been shown to completely block transloca- 
tion and formation of the Al-peptide, and thus prevent CT 
action in several nonpolarized cell systems. Therefore, the 
differential effect of temperature on apical toxin-induced 
C1- secretion in polarized "1"84 cells at 20~ could possibly 
be accounted for by a temperature-dependent inhibition of 
A-subunlt translocation across apical plasma membranes. To 
examine this possibility, we assessed the degree of reduction 
of CT to the A~-peptide after application of toxin to apical 
membranes of I'84 cells. 

Radiolabeled 12~I-CT was preincubated with apical sur- 
faces of T84 monolayers at 4~ for 30-60 min, and either 
kept at 4~ (controls) or warmed to 15 ~ 20 ~ or 37~ for 
an additional 120 min. Reduction of the A-subunit was de- 
tected by the appearance of radiolabeled Al-peptide that is 
shifted in electrophoretic mobility on non-reducing poly- 
acrylamide gels. Fig. 7 summarizes the results (mean + SE, 
n = 3) of these experiments. As previously reported in non- 
polarized cell systems (31, 35), the fraction of CT reduced 
to the A~-peptide by "1'84 cells at 370C was only a small 
fraction (2-5%) of total toxin bound. After 2 h at 15~ (a 
temperature which blocked the action of CT applied to either 
apical or basolateral cell surfaces), the fraction of reduced 
A~-peptide remained at background levels (1.0 + 0.3 vs. 1.1 
+ 0.07%). Thus, the lack of response at 15~ may be en- 
tirely accounted for by the inability of the A-subunit to trans- 
locate across cell membranes at this temperature. In con- 
trast, after 2 h at 20~ a time that is well within the lag phase 
for apical and basolateral toxin at this temperature, apical 
CT was reduced and presumably translocated since the level 
of A]-peptide was increased significantly (2.2 + 0.1%; 
ANOVA, P = 0.006) and was comparable to levels attained 
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Figure 9. Epifluorescent and corresponding Nomarski micrographs of frozen 5-#m sections of I'84 monolayers exposed basolaterally to 
20 nM rhodamine-labeled CT (CT-rhod) for 2 h at 4~ (A and B), 2 h at 20~ (C and D), or 1 h at 37"C (E and F). CT is internalized 
and located within basolateral and apical structures at 37~ Movement from basolateral surfaces to apical structures did not occur at 
200C. Bar, 10/~m. 

after 30 min (2.7%, near the end of the lag phase) at 37~ 
Generation of A~-peptide, however, was not sufficient to 
cause C1- secretion in monolayers exposed to apical toxin 
at 20~ since a secretory response was absent at 2 h and re- 
mained so for another 2 h. Thus, the stronger inhibition of 
apical CT action at 20~ can not be explained by the lack 
of membrane penetration or A-subunit reduction. 

CT Is Endocytosad from Apical and Basolateral 
Surfaces ofT84 Cells at 20~ 
To examine endocytosis and vesicular transport of CT- 
containing membranes at different temperatures, CT was 
localized in "1'84 cells using a functional rhodamine-labeled 
toxin analogue (CT-rhod). CT-rhod elicited C1- secretion in 
"I84 cells with an ED50 identical to that of native toxin (<0.5 
nM, data not shown). After application of 20 nM CT-rhod 
to apical or basolateral surfaces at 40C, CT-rhod outlined ap- 
icai or basolateral cell membranes (Figs. 8 a and 9 a). Label 
was not apparent on the contralateral plasma membrane indi- 
caring that no detectable toxin passed through tight junc- 
tions. The intensity of apical or basolateral staining was not 

uniform among ceils in a single monolayer, however, possi- 
bly indicating heterogeneity in number or accessibility of 
GM1 sites within this "1'84 cell clone. As expected, fluores- 
cence was not detected within intracellutar structures at 4~ 
Preincubation with 100-fold excess unlabeled CT eliminated 
the fluorescent signal entirely, indicating that the labeling 
was specific (data not shown). 

After incubation with 20 nM apical CT-rhod at 20~ for 
2 h (Fig. 8 c) or at 37~ for 1 h (Fig. 8 e), the rhodamine- 
labeled analogue was detected on apical cell surfaces and 
also within apically located structures, presumably endo- 
somes. At 37~ for 1 h, internalization of the apical toxin 
analogue was more extensive, and CT was visualized in 
larger structures deeper in the apical cytoplasm, correspond- 
ing in position to late endosomes, lysosomes, and possibly 
Golgi. Movement of apical CT-rhod into basolateral regions, 
however, was not detected at either temperature. In mono- 
layers exposed to CT basolaterally at 20~ for 2 h (Fig. 9 c), 
CT-rhod was visualized only at or near basolateral surfaces, 
corresponding in position to the basolateral membrane and 
possibly basolateral endosomes, as documented for other 
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Figure 10. Temperature dependency of CT-induced C1- secretion 
after apical (open squares) and basolateral (filled squares) applica- 
tion of 120 nM CT at 4~ priming at 37~ for 10 min (A), 17.5 
min (B), or 25 min (C) and then returning to monolayers to 15~ 
Shaded areas indicate the period in which the monolayers were 
warmed to 32~ Priming the monolayers at 37~ for 17.5 and 25 
min overcame the 15~ temperature block for basolateral but not 
apical CT. The length of the lag period for apical CT action after 
rewarming was inversely related to the duration of the initial 37 ~ 
priming period (A-C). This can be appreciated graphically by com- 
paring the sizes of the shaded areas beneath each curve defined by 
apical toxin (open squares). 

tracers in previous studies (19). In contrast, 1 h after 
basolateral application at 37~ (Fig. 9 e), CT-rhod was de- 
tected in vesicular structures in both apical and basolateral 
regions of the cell, corresponding in position to late endo- 
somes, lysosomes, and possibly Golgi. The data suggest that 
at both 20 ~ and 37~ I'84 cells internalized CT into vesicu- 
lar structures from either pole of the cell but vesicular trans- 
port beyond the apical or basolateral endosome was strongly 
inhibited at 20~ 

An Additional Temperature-dependent Event 
Is Required after Endocytosis of Apical CT and 
Generation of the A I-Peptide 

Having shown that formation of the Al-peptide and endocy- 
tosis of CT-rhod occurred from the apical membrane at 
20~ at a time when C1- secretion had not begun, we 

Figure 11. Epifluorescent and corresponding Nomarski micro- 
graphs of frozen 5-#m sections of 1"84 monolayers exposed apically 
to 20 nM rhodamine-labeled CT (CT-rhod) for 30 min at 4~ and 
subsequently warmed to 37~ for 25 min. At this time, CT has been 
internalized and is located within apical structures corresponding 
in position to apical endosomes. Bar, 10/zm. 

sought to determine whether vesicular transport beyond the 
endosomal compartment plays a role in the secretory re- 
sponse. In all systems studied previously, vesicular transport 
beyond the endosome was effectively inhibited at tempera- 
tures below 20~ In the CT-T84 cell system, incubation at 
15~ completely blocked C1- secretion, but also blocked 
translocation of the A-subunit and formation of the A~- 
peptide. Thus, no conclusions concerning vesicular trans- 
port could be drawn from the 15~ data. 

To distinguish possible temperature effects due to vesicu- 
lar transport from those due to toxin translocation, we ap- 
plied CT to monolayers at 4~ and then "primed" them by 
warming to 37~ for varying short periods (to allow endocy- 
tosis and A-subunit translocation) before returning them to 
a "nonpermissive" temperature. After exposure to CT api- 
cally or basolaterally at 4~ for 30 min, monolayers were 
shifted to 37~ for 10, 17.5, or 25 min and then returned to 
15~ Fig. 10 shows data from a representative experiment. 
When the cells were primed at 37~ for only 10 min, a time 
well within the lag periods defined above, the 15~ tempera- 
ture block was not overcome; there was no response to CT 
applied to either pole of the cell (Fig. 10 a). In contrast, in 
monolayers warmed to 37~ for 17.5 (Fig. 10 b) or 25 min 
(Fig. 10 c), basolateral CT induced a C1- secretory re- 
sponse after a long lag period at 15~ but the action of apical 
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F/gure 12. Proposed model 
for mechanism of CT action 
on polarized epithelia. Vesic- 
ular transport of CT-contain- 
ing (or possibly G~-contain- 
ing) membranes allows apical 
CT to activate adenylate cy- 
clase at the basolateral mem- 
brane. 
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CT was completely inhibited even after 400 min. Inhibition 
of secretion in the apically exposed monolayers was not due 
to epithelial cell damage at low temperature since rewarming 
to 32~ restored C1- secretion in all monolayers initially 
exposed to CT. The lag period that preceded toxin-induced 
CI- secretion in these monolayers after rewarming was in- 
versely related to the duration of the initial 37 ~ priming 
period (Fig. 10). Table II summarizes the results of seven in- 
dependent experiments on monolayers primed at 370C for 25 
min and subsequently returned to the nonpermissive temper- 
ature of 150C. Monolayers exposed to basolateral toxin 
responded with a C1- secretory response after a lag time of 
105 + 5.5 min, whereas C1- secretion was not detected in 
monolayers exposed to apical toxin, even after 400 rain (the 
duration of the experiment). In one additional pair of 
monolayers primed for 30 min at 370C before cooling to 
15~ the action of apical toxin was still completely in- 
hibited, but a secretory response to basolateral toxin was 
clearly present (dlsc/dt = 0.06 ~A/cmVmin; lag = 89 min; 
peak Isc = 11.5/~A/cm2). Previous experiments had shown 
that after 30 min at 37~ the At-peptide has formed and 
the cells are near the end of the lag phase for apical toxin. 

To provide direct evidence that apical CT had been en- 
docytosed under these conditions, we examined by epifluo- 
rescence microscopy 5-~,m frozen sections of "I'84 mono- 
layers exposed apically to CT-rhod at 40C and warmed to 
37~ for 25 min before fixation. Fig. 11 shows that the fluo- 
rescent toxin analogue was present on apical cell surfaces 
and within vesicular structures close to the apical plasma 
membrane, but was not detected in deeper compartments at 
this time. Taken together, these data demonstrate that the 
ability of apical CT to induce C1- secretion requires a 
temperature-sensitive step that is not required when the toxin 
is applied to basolateral surfaces. This event occurs after 
entry of toxin into apical endosomes and after translocation 
and formation of the A~-peptide. Our data suggest that the 
required event involves vesicular transport of toxin or pos- 
sibly membrane-associated ADP-ribose G~, to a site beyond 
the early apical endosomal compartment. 

Discussion 

In this report, we have defined TM cells as a model for the 
study of CT action on intestinal epithelia and have used this 
model to show that intestinal epithelial cell polarity is an 
important factor in the mechanism of cholera-induced diar- 
rhea. Our results identify an essential temperature- 
dependent step required for the action of apical (but not 
basolateral) CT on polarized cells. The data strongly support 
the hypothesis that this step includes vesicular transport of 
CT- or possibly G~s-containing membranes. 

I"84 Cells as a Model System to Study the Mechanism 
of CT Acaon 
"I'84 cells grown as confluent monolayers have been well 
characterized as a model system for the study of regulated 
C1- secretion in intestinal epithelia (9). When grown on 
collagen-coated permeable supports, the ceils form morpho- 
logically well-differentiated monolayers and express the 
necessary ion channels, symporters, and pumps in the appro- 

priate membrane domains for vectorial transport of C1-. 
The ability of CT to elicit C1- secretion in "1"84 cells, how- 
ever, has not been documented. This report demonstrates 
that TM ceils have all the necessary components for a physi- 
ologic response to CT, whether applied to apical or basolat- 
eral cell surfaces. After a distinct lag phase, CT induces a 
strong cAMP-dependent C1- secretory response from "1"84 
monolayers that can be detected electrically with a high de- 
gree of temporal resolution. This system is particularly rele- 
vant for studies of the mechanism of CT action, because the 
response to CT in "1'84 cells reproduces the primary transport 
event of secretory diarrhea in humans. 

Confluent monolayers of T84 cells form intercellular tight 
junctions with high transepithelial resistance (typically 
>1,000 ohms-cm2), and well-defined charge and size selec- 
tivity (43). It has previously been shown that cAMP agonists 
do not influence solute permeation across "1"84 cell tight june- 
tions (57) and thus the 84-kD CT molecule would not pass 
through tight junctions and would not gain access to the op- 
posite cell surface by a paracellular route. Our serosal to 
mucosal Na + flux studies and our morphological data are 
consistent with this. 

Effect of Epithelial Cell Polarity on the Mechanism of 
CT Action 

CT bound to GM1 in the apical plasma membrane of intes- 
tinal epithelial cells, cannot interact directly with adenylate 
cyclase in the basolateral membrane domain. This is in con- 
trast to nonpolarized cells where CT can bind to membrane 
gangliosides in close proximity to the adenylate cyclase com- 
plex, and where transmembrane passage of A1 to the cyto- 
solic surface may be sufficient for toxin activity. Given the 
resemblance of epithelial basolateral membranes to mem- 
branes of nonpolarized cells (59), it may be predicted that 
the action of CT bound at the basolateral membrane of epi- 
thelial cells would be analogous to that of nonpolarized cells. 
Toxin bound at the apical surface, in contrast, must generate 
Arpeptides that either travel through the cell themselves or 
ribosylate G~s that in turn moves to the basolateral cyclase 
complex. In our studies, the effects of temperature on 
basolateral CT activity recapitulated exactly the temperature 
dependency of CT action exhibited by other nonpolarized 
cell systems (15), but the temperature dependency of apical 
CT did not. The longer lag phase, slower rate, and tempera- 
ture sensitivity of C1- secretion due to apical CT suggested 
that the mechanism of toxin action is more complex in polar- 
ized epithelial cells. 

Our data demonstrate that activation of adenylate cyclase 
by apical CT requires a temperature-sensitive step not re- 
quired for toxin applied basolaterally to the same cells. The 
difference cannot be attributed to the effect of receptor den- 
sity, as described in nonpolarized cells (18), because apical 
and basolateral toxin exhibited nearly identical dose depen- 
dency and apical and basolateral membranes of T84 cells ap- 
parently contain similar numbers of functional receptors. 
Furthermore, a difference between apical and basolateral 
membrane receptor numbers would not account for the dra- 
matic effect of reduced temperature on apical toxin action af- 
ter priming at 37~ for 25 or 30 rain. Nor can our observa- 
tions be explained by an exaggerated temperature effect on 
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the translocation of the A-subunit across the apical plasma 
membrane to the cell interior. Furthermore, we show that the 
processes of toxin translocation and reduction to the A~- 
peptide did not fully account for the lag phase following 
toxin application to apical cell surfaces, and formation of the 
A~-peptide alone was not sufficient for apical CT action. In 
contrast, in all nonpolarized cell systems previously studied, 
formation of the A~-peptide corresponded closely to the on- 
set of CT-action and accounted fully for the duration of the 
lag phase (28, 32, 35). Our studies are thus the first to dem- 
onstrate a dissociation between formation of the A~-peptide 
and toxin action that is specific to polarized cells. 

Role of Vesicular Membrane Transport in the 
Mechanism of CT Action 

Endocytosis of CT has been demonstrated in both nonpolar- 
ized (34, 46) and polarized (25) cells. Direct evidence link- 
ing endocytosis with toxin activity, however, has only re- 
cently been obtained. Studies using membrane fractions of 
isolated hepatocytes exposed on the sinusoidal (basolateral) 
membrane to CT in vivo suggest that internalization of 
surface-bound toxin into acidic endosomes facilitates trans- 
location of the A~-peptide to the cytosolic membrane surface 
(32). The authors also propose that even from the hepatocyte 
basolateral membrane, vesicular transport of toxin-contain- 
ing membranes is necessary for CT to gain access to G~s. 
In the case of polarized intestinal cells, a second hypothesis 
has been proposed based on the observation that rabbit intes- 
tinal brush border membranes contain G~ (11). In this case, 
the authors suggest that CT catalyzes the ADP-ribosylation of 
G~ within brush border membranes and that ADP-ribose-G~ 
subsequently moves across the cell, by unknown mecha- 
nisms, to activate basolateral adenylate cyclase. The ability 
of any heterotrimeric GTPase to move to and activate effec- 
tots at distant sites, however, remains undocumented. 

Although it has been argued that the A~-peptide or ADP- 
ribose-G~ (55) can break free of cell membranes to diffuse 
in the cytoplasm, inhibition of free diffusion could not ex- 
plain our results. First, diffusion constants for macro- 
molecules in aqueous solution are reduced only slightly 
when temperatures are lowered to 4~ (66). Although the 
temperature dependency for diffusion of molecules through 
cytosol has not been examined directly, reduced tempera- 
ture tends to destabilize cytoskeletal structures, solate the 
cytoplasm (40), and enhance rather than inhibit the free 
diffusion of water soluble molecules as small as the A~- 
peptide or ADP-ribose-G~. Secondly, several lines of evi- 
dence from other systems indicate that the A~-peptide does 
not diffuse freely in intact cells but remains membrane as- 
sociated after translocation. The Arpeptide is hydrophobic 
and when reconstituted into lipid vesicles behaves as an inte- 
gral membrane protein (22, 23). In addition, when applied 
to intact fibroblasts, CT ribosylates only a specific subset of 
potential substrates suggesting that it does not have access to 
all cytoplasmic proteins (65). Whether activated G~ breaks 
free of membranes to diffuse in the cytosol is controversial 
(1, 41, 55, 61), but it is now clear that the tx-subunits of most 
other heterotrimeric GTPases remain membrane associated 
even after activation and dissociation from the/~3,-dimer (14, 
61). There is convincing data that G~ also remains mem- 

brane associated after activation and that G~ contains a 
1-kD region at the carboxy terminus that is a putative site for 
membrane attachment (1). In our studies in intact cells, even 
after translocation of the At-peptide to the cytoplasmic side 
of the membrane, nonpermissive temperatures completely 
blocked the action of apical CT for almost 7 h. This strongly 
argues against the possibility that either the Al-peptide or 
activated G,~ diffuse freely within the cytosol. 

Our data may be best explained by a temperature effect on 
vesicular transport of membranes containing CT, or possibly 
G~. By epifluorescence microscopy, we provided direct 
evidence that at 37~ the rhodamine-labeled toxin analogue 
was internalized into apical and basolateral endosomal com- 
partments and transported to larger vesicular structures in 
the apical cytoplasm. These results are consistent with 
studies on MDCK cells (4, 63), Caco-2 cells (29), and native 
intestinal epithelia (19), which show that fluid phase or ad- 
sorbed tracer proteins enter separate early apical and 
basolateral endosomes, and are transported to common late 
endosomes and lysosomes located apically. At 20~ in con- 
trast, no transport of CT-rhod beyond apical or basolateral 
endosomes was observed in T84 cells. Transcellular move- 
ment or entry into Golgi compartments of a small but func- 
tionally significant fraction of apical toxin may have oc- 
curred at 37~ but would not have been visualized by our 
methods. The apparent lack of movement of apical CT to 
deeper vesicular structures or presumably to basolateral 
membrane compartments at 20~ was accompanied by inhi- 
bition or a complete block of apical toxin action. In other ep- 
ithelial cell systems, temperatures of 20~ and below have 
been shown to block vesicular transport in the exocytic (30, 
44), endosome-lysosome (13), and transcytotic pathways (5, 
26). The molecular basis for low-temperature blocks of 
vesicular transport are still unknown (37), but reduced tem- 
perature could potentially affect vesicle budding, movement, 
or fusion with target membranes (2, 45). In intestinal cells, 
nonpermissive temperatures may block a membrane bud- 
ding and/or fusion event necessary for the transport of the 
Al-peptide, or possibly ADP-ribose-G,, beyond early api- 
cal endosomes to basolateral structures that would allow ac- 
cess to the adenylate cyclase complex (Fig. 12). This event 
occurs after endocytosis of toxin containing membranes and 
after formation of the A~-peptide. The data strongly sup- 
port a role for vesicular membrane transport in the pathogen- 
esis of CT-induced secretory diarrhea. 
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