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Abstract. Caco-2 cells, originated in a human colonic 
cancer, are currently used as model systems to study 
transepithelial transports. To further characterize their 
water permeability properties, clone P1 Caco-2 cells 
were cultured on permeable supports. At confluence, the 
transepithelial net water movement (Jw), mannitol per- 
meability (P,), and electrical resistance (R) were simul- 
taneously measured. The observed results were corre- 
lated with transmission and freeze-fracture electron mi- 
croscopy studies and compared with those obtained, in 
similar experimental conditions, in a typical mammalian 
epithelial barrier: the rabbit rectum. When the serosal 
solution was made hypertonic (50 mM polyethylene gly- 
col-PEG), the spontaneously observed secretory Jw rap- 
idly reversed, became absorptive and then stabilized. 
Simultaneously, the R values dropped and P, went up. 
In the case of the rabbit rectal epithelium, a similar treat- 
ment did not elicit significant changes in the water per- 
meability during the first 20 min following the osmotic 
challenge while there was a significant increase in the 
transepithelial resistance. After exposure to serosal hy- 
pertonicity, several morphological modifications devel- 
oped in the Caco-2 cells: Localized dilations in the in- 
tercellular spaces and vacuoles in the cytoplasm ap- 
peared. Nevertheless, most cells remained in contact and 
no evidence of cell shrinking was observed. Simulta- 
neously, the tight-junction structure was more or less 
disorganized. The filament network lost its sharpness 
and "omega"  figures appeared, bordering the intercel- 
lular spaces. In some cases the tight-junction network 
was completely disrupted. In the case of the rabbit rec- 
tum the structural modifications were completely differ- 
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ent: Serosal hypertonicity rapidly induced cell shrinking 
and the opening of the intercellular spaces, with no no- 
ticeable change in the tight-junction structure. These re- 
sults suggest that Caco-2-P1 cell membranes, contrary to 
the case of the basolateral membrane of rabbit rectal 
cells, have no water channels and that a paracellular 
route could play a central role in the water movements 
across this epithelial barrier. 

Key words: Cell culture - -  Water permeability - -  Ep- 
ithelial barriers - -  Medium hypertonicity - -  Freeze- 
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Introduction 

Water movements across epithelial barriers can occur 
either across or between the cells, and this has been the 
subject of controversy between distinguished transport 
physiologists. Even if the recent characterization and 
cloning of water channels [13, 19] has clarified the field, 
functional studies can give additional information on the 
water pathways in "channel containing" and in "chan- 
nel lacking" epithelial cells. Caco-2 cells grown on a 
permeable support provide a useful tool to study water 
movements across an epithelial barrier formed by a sin- 
gle cellular type and presenting a relatively simple topo- 
logical arrangement [6, 7, 8, 12]. As in other epithelial 
layers, the water movements across the epithelium can be 
coupled to an active ionic transport or driven by an ex- 
ternal hydrostatic or osmotic gradient [9, 15, 18]. To 
explore this last situation, the effects of local hyperto- 
nicity have been largely used [14, 17]. An increase in 
the tonicity of the medium in contact with the basolateral 
membrane modifies the water transfer through various 
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epithelial structures, either by interacting with transcel- 
lular and/or paracellular routes [3, 10]. 

We report here results with a clone (Caco-2-P1) that 
shows a well-differentiated enterocytic phenotype when 
cultured on a permeable support. The obtained results 
were compared with those observed in a typical mam- 
malian epithelial barrier: the rabbit rectum. Net water 
fluxes (Jw) across both cell layers were recorded minute 
by minute, as previously reported [12]. Unidirectional 
14-C-mannitol fluxes as well as transepithelial potential 
differences and resistances were also simultaneously 
measured. The effects on these parameters of serosal 
hypertonicity were tested and correlated with transmis- 
sion and freeze-fracture electron microscopy studies. 
The results obtained suggest that the plasma membranes 
of Caco-2-P1 cells probably do not contain water chan- 
nels while this is probably the case, for instance, in the 
rabbit rectal cells. Water movements across the Caco-2 
epithelial barrier seem to proceed mainly via a paracel- 
lular route. 

Materials and Methods 

The Caco-2 line was initially established from a moderately weI1- 
differentiated human colon adenocarcinoma that spontaneously exhib- 
its enterocyte-like differentiation [4]. The wild type was cloned at the 
Pasteur Institute and the P-1 line was cultured as previously described 
[12, 16]. Briefly, cells were seeded at 40,000 cells/cm a in Dulbecco's 
modified Eagle's minimal essential medium supplemented with 10% 
fetal bovine serum, nonessential amino acids, and antibiotics (Eurobio- 
Paris). The medium was changed every two days. Cells were grown 
on Transwell (Costar) holders, 24 mm in diameter, having a porous (3 
gm) polycarbonate bottom and under a 10% CO 2 atmosphere. 

Male New Zealand rabbits were killed, after slight anesthesia, 
with a blow to the head. Immediately after ablation, the rectum was 
washed, opened along the mesenteric border and placed in a high 
potassium saline at low temperature (4~ Before the experiments the 
mucosa and submucosa layers were dissected from the underlying tis- 
sues (always at 4~ 

PERMEABILITY MEASUREMENTS 

To perform permeability measurements in the Caco-2 cell layers, the 
Transwell holders, their bottoms covered with the confluent cell layer, 
were directly inserted between two Lucite chambers [12]. This defined 
apical (mucosal) and basolateral (serosal) compartments (15 ml each) 
where magnetic bars ensured a good mixing. In the case of the rabbit 
rectum, the dissected rectal epithelium was mounted as a diaphragm 
between two Lucite chambers (a nylon mesh was placed on the serosal 
surface). This defined apical (mucosal) and basolateral (serosal) com- 
partments (15 ml each) where magnetic bars ensured a good mixing. 

The net water flux (Jw) was recorded minute by minute, as 
previously described [12], in both epithelial barriers. A moderate hy- 
drostatic pressure (5 cm of water) was applied, on the mucosal com- 
partment. Transepithelial resistances and potential differences were 
measured using a Millicell electrical measurement system (ERS, Mil- 
lipore). In the case of the Transwell holders, the electrical resistance of 
the filters (50 + 6 ~2) was routinely subtracted. The 3 gm polycarbon- 
ate filter did not represent a significant barrier by itself to water move- 

ments. A 5 cm of water hydrostatic pressure gradient saturated our 
detection system. (The water flux was more than 50 g l .  min<). 

To measure unidirectional fluxes 14-C mannitol (1 ~tC/ml) was 
added to the mucosal chamber. Samples (1 ml) were taken from the 
serosal bath and replaced with unlabeled medium every 5 min. Uni- 
directional fluxes were calculated taking into account backfluxes and 
sampling dilution. 

The Dulbecco's modified Eagle's minimal medium (25 mEq/liter 
HCO 3, without serum, Eurobio Paris) was used in most experiments. 
The serosal solution was continuously bubbled with the appropriate 
O2/CO 2 mixture to maintain the pH of the medium at 7.4 _+ 0.1 (37~ 
Hypertonic solutions were obtained by adding PEG (molecular mass 4 
kDa) to the serosal buffer. 

FREEZE-FRACTURE STUDIES 

Samples were fixed with 2% gIutaraldehyde in 0.2 M cacodylate buffer 
for 1 hr at room temperature and then impregnated in 30% glycerol, 
mounted on double replica copper disks, frozen, freeze-fractured at 
-150~ in a Balzers 301 cryopump freeze-etch unit and replicated by 
Pt/C evaporation. 

TRANSMISSION ELECTRON MICROSCOPY 

Cells cultured on filters were fixed with 2% glutaraldehyde as previ- 
ously described and postfixed with a 1% OsO 4 solution. Samples were 
dehydrated in graded series of alcohol and embedded in Epone. 

Results 

PERMEABILITY PROPERTIES 

As previously reported [12], Jw become measurable, in 
Caco-2 cell layers and under a moderated hydrostatic 
pressure on the apical side (5 cm of water), eight to nine 
days after seeding. This parameter and the simulta- 
neously measured mannitol fluxes stabilized, when using 
the P1 clone, after about 12 days in culture. In this sit- 
uation a small and spontaneous secretory Jw was ob- 
served, as previously reported [12]. Figure 1 shows the 
simultaneously measured Jw, transepithelial resistance 
and unidirectional (mucosal to serosal) mannitol fluxes. 
The experimental points are the means of ten experi- 
ments (see Table 1). At the arrow, 50 rn~ PEG were 
added to the serosal bath, with the following results: The 
spontaneously observed secretory Jw rapidly reversed. 
The net volume flux became absorptive and then stabi- 
lized, in about 5 min, at relatively high mucosa to serosa 
values. Simultaneously, the transepithelial resistance 
dropped and mannitol permeability went up. (Table 1). 
All these effects were fully reversible when returning to 
the control conditions, except that the previously ob- 
served secretory J~ disappeared. 

Figure 2 compares the results obtained, in similar 
experimental conditions, when an osmotic gradient was 
applied across the Caco-2 cell layer or the rabbit rectal 
epithelium. Both the Jw (Fig. 2A) and the transepithelial 
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Fig. 1. Simultaneously measured net water flux (+, [tl/min.cm 2 x 10 
exp-1), transepithelial resistance (11, f~ �9 cmZ), mannitol permeability 
(x,Ps, (cm/sec) • 10 exp-7) as a function of time. Negative values for 
the net water movement indicate secretion. The experflnental points are 
means of ten experiments (see Table 1). At the downward arrow 50 mM 
PEG were added to the serosal bath and removed at the upward arrow. 
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Fig. 2. Effect of serosal hypertonicity on the net water flux and the 
transepithelial resistance. Comparative results in the rabbit rectum and 
in the CaCo-2 epithelium. 

Table 1. Net water fluxes (Jw, pl/(min, cm2), mucosa to serosa posi- 
tive values), transepithelial resistance (~2 �9 cm2), and mannitol perme- 
ability (Ps, cm/sec) simultaneously measured in Caco-2 P1 cell layers 
(12 days after seeding) 

Control Hyper Reversal 

J~ - 0 A •  0.2 1.9• 0.3 0 .2•  0.2 
Resistance 160 2 1 5  93 •  160 •  
Ps 0 . 9 !  0.3 4 .5•  0.5 1.5• 0.4 

Control values are compared with the effects of serosal hypertonicity 
(hyper, 50 mOsm PEG) measured 5 min after the osmotic challenge 
(mean of 10 experiments). The values observed 10 min after hyperto- 
nicity removal are shown in the third column (Reversal). 
Mean + SEM, n = 10. 

resistance (Fig. 2B) were measured. It can be observed 
that serosal hypertonicity (40 rnM PEG) only induced an 
important Jw in the case of the Caco-2 cell layers. Con- 
cerning the transepithelial resistance, it decreased in 
Caco-2 epithelium and increased in the rabbit rectal ep- 
ithelium. 

ULTRASTRUCTURAL CORRELATIONS 

Figure 3 shows a general view of the epithelial barrier 
formed by Caco-2 cells, clone P1, at confluence. The 
monolayer of cells showed a well-developed brush bor- 
der (Fig. 4,4 and B). It has been reported that Caco-2 cell 
lines grown on polycarbonate membranes containing 3.0 
gm pores penetrate the filter and grow in the opposite 
surface [t6]. We observed the same phenomenon with 
the original Caco-2 cell line (used at passage 25-32) but 
not with the clone used here (Caco-2-P1). Cell nuclei 
were not observed in the opposite surface. Only in some 
cases cellular processes invaded the 3.0 gm pores (Fig. 
4A) but the epithelial layer only showed tight-junctions 
and microvillae at the apical border. 

In control conditions (no osmotic gradient, 5 cm of 
water hydrostatic pressure on the apical side) the inter- 
cellular spaces appeared, both in freeze-fracture (Fig. 
4B) and transmission electron microscopy studies (Fig. 
5A), as tortuous and closed, with no noticeable intercel- 
lular dilations. Only a few vacuoles were observed in the 
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Fig. 3. General view of the epithelial barrier formed by Caco-2 cells, 
clone P1, at confluence. 

cytoplasm. Caco-2 P1 cells formed typical tight-junction 
structures, as can be observed in freeze-fracture studies 
(Fig. 5B). 

When the cells were fixed 5 min after imposing an 
osmotic gradient (50 mM PEG, serosal side, similar con- 
ditions to those described in Fig. 1), several morpholog- 
ical modifications developed: (i) Transmission electron 
microscopy studies showed localized dilations in the in- 
tercellular spaces (Fig. 5C) and numerous vacuoles ap- 
peared in the cytoplasm (Fig. 5D). Nevertheless, most 
cells remained in contact and no evidence of cell shrink- 
ing was observed. (ii) Simultaneously, the tight-junction 
structure was more or less disorganized. The filament 
network lost its sharpness (Fig. 6A) and "omega"  fig- 
ures, bordering the intercellular spaces (Fig. 6B) ap- 
peared. In some cases the tight-junction network was 
completely disrupted (Fig. 6C). 

Figure 7A shows a cross-section on the rabbit rectal 
epithelium in control conditions (compare with Fig. 4A). 
Five minutes after imposing the osmotic gradient, the 
cells shrank and the intercellular spaces were wide open 
(Fig, 7C). Figure 7B shows the typical multistrand tight 
junctions observed in this tissue. No noticeable change 
in this structure was detected when the serosal tonicity 
was increased. 

Table 2 gives the total thickness of the epithelial 
layers, measured in control conditions and five minutes 
after the establishment of the osmotic gradient, as well as 
the percentage of the total epithelial cross-section occu- 
pied by intercellular spaces and intracellular vacuoles. 
A significant swelling of the CaCo-2 cell layer was ob- 
served in hyperosmotic conditions. 

Discussion 

Intestinal epithelial harriers reabsorb and secrete sub- 
stantial quantities of water. These water movements are 

due to a complicated interaction between osmotic, hy- 
drostatic and salt transport dependent volume fluxes. 
The existence in these barriers of multiple cellular types 
and complex supracellular structures (crypts and villae), 
as well as subepithelial components (muscular, vascular 
and conjunctive tissues) make it difficult to analyze the 
mechanisms underlying the water movements. Cell lines 
grown on a permeable support provide a useful tool to 
study this problem in a single cellular type and under a 
simple topological arrangement, and they have been 
widely used to study electrolyte movements across epi- 
thelial barriers [4, 5, 12, 13, 23]. In a previous paper [12] 
a first study on the water handling in Caco-2 cells, cul- 
tured on a permeable support, was done. We are now 
analyzing the effects of external osmotic gradients and 
the morphostructural correlations related to the osmoti- 
cally induced water movements. When an osmotic gra- 
dient generates a net water flow across an epithelial bar- 
tier, two alternative situations can be considered: (1) The 
water movement occurs across the cells or (2) The water 
movement proceeds across the intercellular spaces. In 
our experimental conditions serosal hypertonicity was 
used to generate the osmotic gradient. 

MORPHOFUNCTIONAL CORRELATIONS 

Previous studies have shown that in the frog urinary 
bladder, a tight epithelium, serosal hypertonicity induces 
a rapid shrinking of the epithelial cells and the opening 
of the intercellular spaces [3, 14]. The same result was 
now observed by us when the effects of serosal hyper- 
tonicity on the epithelium of the rabbit rectum were 
tested (Fig. 7C). In these tissues the cell shrinking was 
not accompanied, at least during the first minutes after 
the osmotic challenge, by a significant increase in the 
transepithelial net water movement (Fig. 2A). The situ- 
ation was completely different in the case of the Caco2- 
P1 cell layer. First, an important Jw appeared that ar- 
rived to a maximum in 5 min. This response to serosal 
hypertonicity (development of an important Jw) was pre- 
viously observed in the rat jejunum [1] and in the rat 
cecum [2], two reputed leaky epithelia. 

Simultaneously with the increase in the Jw, a drop in 
the transepithelial resistance and an increase in mannitol 
permeability were registered in the Caco-2 epithelium. 
Structurally, no shrinking of the epithelial cells was ob- 
served and, on the contrary, the net water movement was 
accompanied by an increase in the epithelial thickness 
and the appearance of vacuoles in the cytoplasm and 
localized dilations in the intercellular spaces. Finally, 
freeze-fracture studies showed that the tight-junction 
structure was altered by the osmotic challenge. 

Taken together, our experimental results suggest the 
following conclusions: (i) The basolateral membrane of 
Caco2-P1 cells has a tow water permeability and, be- 
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Fig. 4. (A) Caco-2 cell layer on the Nucleopore filter. The monolayer shows a well-developed brush border. Only in some cases cellular processes 
invaded the 3.0 gm pores but the epithelial layer only showed tight-junctions and microvillae at the apical border. (B) Freeze-fracture study showing 
two adjacent Caco-2-Pl cells at confluence. The interspace is closed and classical microvillae (*) at the apical border can be observed. 

cause of this situation, no cell shr inking was observed 
when  serosal hypertonici ty  was imposed (alternatively, 
but  less l ikely, it would  be possible  that the epithelial  
cells did not  change their vo lume because they increased 

their solute content).  (ii) The osmotic gradient  generated 
an important  water flux across the intercellular spaces. 
This Jw induced structural modif icat ions in the tight- 
junc t ion  structure and localized dilations in the intercel-  
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Fig. 5. (A) Caco-2-P1 cells at confluence in control conditions (no osmotic gradient, 5 cm of water hydrostatic pressure on the apical side). The 
intercellular spaces appeared as tortuous and closed, with no noticeable intercellular dilations. No apparent vacuoles were observed in the cytoplasm. 
(B) Caco-2 P1 cells formed typical tight-junction structures, as it can be observed in this freeze-fracture study. (C) Localized dilations in the 
intercellular spaces (*) were observed when the cells were fixed 5 min after imposing an osmotic gradient (50 mM PEG, serosal side, similar 
conditions to those described in Fig, 1). (D) In similar conditions to those described in C vacuoles appeared in the cytoplasm (*). 
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Fig. li. (A) Five minutes after imposing the 
osmotic gradient the tight-junction structure was 
more or less disorganized. The filament network 
lost its sharpness (A) and "omega" figures 
appeared, bordering the intercellular spaces (* in 
B). In some cases the tight-junction network was 
completely disrupted (C). 

lular spaces. (iii) The vacuoles in the cytoplasm would 
be generated by fluid phase endocytosis induced by the 
previously mentioned localized dilation in the intercel- 
lular spaces. (iv) As a consequence of this, the total 
thickness of the epithelium increased. 

THE TRANSEPITHELIAL RESISTANCE AND 

MANNITOL PERMEABILITY 

The effects of the serosal hypertonicity on the transepi- 
thelial resistance and mannitot permeability can be 
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Fig. 7. (A) The isolated rabbit rectal epithelium in control condition (B). Typical multistrand tight-junction in this tissue ((7). Five minutes after the 
osmotic challenge (PEG, 50 mM, serosal side) the cells shrank arid the intercellular spaces were wide open. 

Table 2. Thickness of the epithelium, intercellular space area (% of the 
total area) and vacuolar area (% of the total area), measured in control 
conditions and 5 min after serosal hypertonicity (hyper, PEG 50 mrs) in 
CaCo 2 cell layers 

Intercellular Vacuole 
Thickness 

spaces surface 

Control 28.5 • 1.6 gm (24) 0.2 • 0.8% (6) 
Hyper 39.0 + 3.4 gm (21) 0.4• 0.1% 8.0•  (6) 
Diff 10.5 • 3.8 gm 7.8 • 0.9% 

(P < 0.01) (P < 0.01) 

Me~s•  

straightforwardly interpreted, in the Caco-2 epithelium, 
as due to an "opening" of the tight-junction structure. 
The increase in the mucose to serose mannitol movement 
can be due to an increase in the tight-junction perme- 
ability or to solvent-coupled mannitol fluxes. Neverthe- 
less, in both cases a water flux across the paracellular 
pathway is implied. In the case of the rabbit rectal epi- 
thelium the situation is more complex and a clear dis- 
sociation between the tested parameters was observed 
(Fig. 2). 

WATER CHANNELS IN THE INTESTINAL EPITHELIA 

Water channels, present in those membrane cells where 
important osmotic fluxes are observed (red cell [13], 
proximal convoluted tubule [19] and collecting ducts in 
the kidney [5] have been recently cloned). Its presence 
and eventual role in intestinal barriers are not yet clearly 
established. Our previous [1] and present results allow 
us to describe two different patterns in the response to 
serosal hypertonicity in intestinal epithelial barriers: (1) 
The "water tight response," observed in the rabbit rec- 
tum and in some aspects reminiscent of the response 
observed in the ADH-sensitive barriers and (2) The "wa- 
ter leaky response," previously observed in the rat jeju- 
num and in the rat cecum and now described in the 
epithelial layer formed by Caco2-P 1 cells on a permeable 
support. 

The tight water epithelia are characterized by a low 
permeability to water of their apical membrane, a strong 
dissociation between water permeability, mannitol per- 
meability and transepithelial resistance, and a high os- 
motic permeability in the basolateral membrane [11]. 
On the other side, water leaky epithelia have a low os- 
motic permeability both in the apical and in the basolat- 
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eral membrane. A strong correlation between water per- 
meability, mannitol permeability and transepithelial re- 
sistance is observed in this case. 

Tight water epithelia are good candidates for the 
existence of resident water channels in the basolateral 
membranes. The eventual insertion of water channels in 
the apical border, as is the case of ADH-sensitive tissues 
will induce, in the presence of an osmotic gradient, a 
transcellular water flow. In the water leaky barriers the 
paracellular route would be important to move water, 
driven by a transepithelial osmotic gradient. 
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