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Purpose. The aim of this study was to investigate transepithelial ionic permeation via the paracellular

pathway of human Caco-2 epithelial monolayers and its contribution to absorption of the base

guanidine.

Methods. Confluent monolayers of Caco-2 epithelial cells were mounted in Ussing chambers and the

transepithelial conductance and electrical potential difference (p.d.) determined after NaCl dilution or

medium Na substitution (bi-ionic conditions). Guanidine absorption (JaYb) was measured T trans-

epithelial potential gradients using bi-ionic p.d.’s.

Results. Basal NaCl replacement with mannitol gives a transepithelial dilution p.d. of 28.0 T 3.1 mV

basal solution electropositive (PCl/PNa = 0.34). Bi-ionic p.d.’s (basal replacements) indicate a cation

selectivity of NH4
+ > K+~Cs+ > Na+ > Li+ > tetraethylammonium+ > N-methyl-D-glucamine+~choline+.

Transepithelial conductances show good correspondence with bi-ionic potential data. Guanidine JaYb was

markedly sensitive to imposed transepithelial potential difference. The ratio of guanidine to mannitol

permeability (measured simultaneously) increased from 3.6 in the absence of an imposed p.d. to 13.8

(basolateral negative p.d.).

Conclusions. Hydrated monovalent ions preferentially permeate the paracellular pathway (Eisenman

sequence 2 or 3). Guanidine may access the paracellular pathway because absorptive flux is sensitive to

the transepithelial potential difference. An alternative method to assess paracellular-mediated flux of

charged organic molecules is suggested.

KEY WORDS: Caco-2; cation selectivity; human intestine; organic cation absorption; paracellular
pathway.

INTRODUCTION

Solute permeation across epithelial barriers is dependent
upon both the permselective properties of the transcellular
route and the noncellular (paracellular route) between
epithelial cells (1Y3). This is true of both monovalent cations
and drugs in ‘‘leaky’’ epithelia (3Y7).

The properties of the transcellular route have attracted
most attention, the physiochemical properties of the phos-
pholipid plasma membranes of apical and basalYlateral
membranes providing a ready route for diffusion of hydro-
phobic compounds (3,7). However, the existence of plasma
membrane carriers, exchangers (7Y11), and channels (12)
provides selective portals for hydrophilic molecules [e.g.

peptide mimetics such as beta-lactam antibiotics, cephalo-
sporins (9Y11)], so enhancing absorption (9Y11). Alternative-
ly, active ATP-dependent pumps such as MDR-1 may render
epithelial barriers effectively impermeable to their (hydro-
phobic) substrates (7,13).

The paracellular route consists of the rate-limiting tight
junctional complex and a tortuous lateral space (3). The tight
junction is considered to be a size-restricted route for perme-
ation of hydrophilic molecules but which may allow passage of
ions especially in low-resistance Bleaky’’ epithelia (1,3,7,14,15).
The ionic permselectivity of tight junctions may be critical to
function in certain epithelia, such as the small intestine where
selective cation permeability ensures that the majority of
epithelial conductance and transepithelial Na+ movement is
not transcellular but rather passes between the cells via the
paracellular pathway (4Y6). Recently, mutations in proteins
that localize to tight junctions (e.g. paracellin) and which give
rise to human disease (familial hypomagnesemia) have dem-
onstrated that the bulk of renal divalent cation absorption is
paracellular and driven by the potential difference established
by active transcellular NaCl absorption (16). In addition,
change in paracellular conductance has been documented in
intestinal inflammation and in chronic disease states such as
Crohn’s disease (13,17Y19).
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Various criteria have been used to discriminate between
paracellular and cellular routes; these include similar behav-
ior to extracellular marker molecules (mannitol, polyethylene
glycols, dextrans, and Lucifer yellow), the symmetry of
bidirectional permeability coefficients with no evidence of
saturable transport, and the ability to increase permeation
following monolayer perturbation by chelating agents
(7,15,18,20).

Such criteria may not be adequate for determining the
route of transepithelial permeation of endogenous bases
(thiamine, choline, guanidine) and equivalent charged basic
drug molecules in native epithelia because a standing trans-
epithelial potential difference (p.d.) generated by active
transport (e.g. Na+) may influence permeation via the
Bparacellular’’ route in Bleaky’’ cation-selective epithelia
such as the small intestine (7,8). On the basis of the passive
diffusion of weak organic acids and bases, Adson et al. (21)
proposed that the paracellular route in human Caco-2
epithelial layers comprised a 12-Å pore with a negatively
charged weak electrostatic field, although heterogeneity in
pore population size [3.7- or 4.5-Å restrictive pore combined
with a nonrestrictive route (20,22), respectively] has been
reported. The assumption that the fixed negative charge of
the paracellular route confers preferential permeability to the
charged cationic weak base has also been used to explain the
pH-dependent permeability of such weak bases (23).

Early work by Frizzell and Schultz (4) and Schultz and
Zalusky (5) used bi-ionic and dilution potentials to define the
permselectivity properties of low-transepithelial-resistance
rabbit ileum. It is likely that the paracellular pathway of
both human jejunum and ileum are cation selective on the
basis of measurements of dilution potentials elicited in vivo

by nonelectrolytes (24,25); but, an extended experimental
analysis of human small intestine does not yet exist. Many
studies have used the Caco-2 cell system as an in vitro model
for human small intestinal permeation (e.g. 7,8Y11,13).
However, no equivalent data to that measured in rabbit
ileum exist. A main aim of the present paper is therefore to
define the permselectivity properties of the paracellular
pathway of Caco-2 epithelia to determine its similarity, or
otherwise, to human small intestine. Second, using the
method of Frizzell and Schultz (4) to partition paracellular
flux from cellular movements by imposing external voltages
and measuring the voltage sensitivity of transepithelial ion
movements, we demonstrate that the transepithelial flux of
the endogenous permanent base guanidine is markedly
voltage sensitive as compared to transepithelial mannitol
flux. We propose that the voltage sensitivity of transepithelial
flux of charged organic solutes may be an additional and
convenient method to allow partitioning of transepithelial
flux to the paracellular route.

METHODS

Cell Culture

Caco-2 cells were originally obtained from Dr. I. Hassan
(Ciba-Geigy Pharmaceuticals, Horsham, Sussex, UK); sec-
ondary stocks stored in liquid nitrogen (denoted MB90, i.e.
90 passage) were used between passage numbers 92 to

114. Cells were cultured in Dulbecco’s modification of
minimal essential medium containing glucose (4.5 g lj1)
and supplemented with nonessential amino acids (1%),
L-glutamine (2 mM), fetal calf serum (10%), and gentamycin
(30 2g mlj1). Cell monolayers were prepared by seeding at
high density (5.0 � 105 cells cmj2) onto tissue culture inserts
(Transwell 3401, 12-mm-diameter, 0.4 2m pore size uncoated
polycarbonate filters, Costar, or Snapwell 3802, 12 mm-
diameter, 3 2m pore size uncoated polycarbonate filters,
Costar, Corning Inc, Corning, NY, USA). Cell monolayers
were maintained at 37-C in a hum-idified atmosphere of 5%
CO2 in air. The culture medium was changed every 3 to 4
days. Experiments were performed 14 to 28 days after
seeding and 18 to 24 h after feeding. Similar transepithelial
resistance values (Rt) between the 3 2m pore size Snapwell
and 0.4 2m pore size Transwell filters were observed [234 T
16 4 cm2 (n = 18) vs. 172 T 8 4 cm2 (n = 24), respectively]
indicating that cell substrate and tortuous path considerations
had a minimal effect in determining transepithelial resistance
measurements (26).

Measurements of Transepithelial Electrical Potential
Difference and Resistance

Cultured Snapwell epithelial layers were mounted in
Ussing-type chambers maintained at 37-C, connected to an
automatic voltage clamp (DVC-1000, World Precision Instru-
ments, New Haven CT, USA) via saturated KCl/agar salt
bridges (1.5 mm i.d.) and reversible electrodes (Ag/AgCl for
current passage, calomel for voltage sensing). Measurements
of open-circuit electrical potential difference were made at
zero current, and transepithelial resistance (Rt) was mea-
sured by brief (2 s) DC current excursions of 50 2A in a
hyperpolarizing direction (basal solution electropositive) in a
20 s cycle time. The use of saturated (3 M) KClYagar bridges
minimizes junction potentials that arise when asymmetric so-
lutions are used (25). Filter resistance of 76 T 9 4 cm2 (n = 6),
measured identically, is subtracted from this data. Alter-
natively, in flux experiments transepithelial voltage and
resistance were determined at 37-C using a volt-ohm meter
fitted with Bchopstick’’ electrodes (WPI EVOM, World
Precision Instruments, New Haven CT, USA), which uses
Ag/AgCl electrodes in contact with the solutions and square
wave current pulses T 20 2A at 12.5 Hz. Filter resistance of 92 T
8 4 cm2 (n = 6), measured identically, is subtracted from this
data. For Ag/AgCl electrodes, large junction potentials
would be present arising from asymmetric Clj concentrations
if dilution potentials were elicited using mannitol substi-
tutions (27). Accordingly, where a transepithelial potential
difference was established (see the next section) to drive
transepithelial guanidine fluxes, bi-ionic Na:N-methyl-D-
glucamine conditions were used (27). Comparison of the bi-
ionic p.d’s measured using the Ussing chamber (3 M KCl
agar bridges) with the Ag/AgCl2 epithelial volt-ohm meter
(EVOM) electrodes (Table I vs. Fig. 3) gave similar
basolateral positive values of 16Y25 mV, respectively. The
relative permeability ratio Px/PNa was calculated from the
following equation (12):

Px=PNa ¼ Na½ �a
�

X½ �a � exp $< � F=RTð Þ
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where X is the monovalent cation substitute and a refers to
the apical concentrations of the cation. For dilution poten-
tials, [Na] and [X] are the basal Na+ and Clj concentrations,
respectively. $< is the change in p.d. from the NaCl-modified
Krebs solution, F is the Faraday constant, R the gas constant,
and T the temperature in Kelvin (12).

Transepithelial Transport Experiments

Transepithelial transport experiments were performed
14Y21 days after seeding in Transwell filter supports and
18Y24 h after feeding. Transepithelial flux measurements
were performed essentially as described previously (9Y11).
Briefly, the cell monolayers were washed by immersion in
four sequential beakers containing 200 mL modified Krebs
buffer (see BSolutions’’), placed in six-well plates, and 0.5 or 1
mL of modified Krebs buffer was added to apical and basal
chambers, respectively, for 10 min at 37-C. Note that the Na+

composition of the apical and basal chambers were modified
by replacement of NaCl by equimolar substitutions with N-
methyl-D-glucamine Cl (see BSolutions’’) to provide an
electrical driving force across the epithelium. Otherwise, the
compositions of the buffers in the apical and basal chambers
were identical. Radiolabeled [3H]mannitol (New England
Nuclear) and [14C]guanidine (0.1 2Ci mlj1, Amersham
Biosciences) were added to the apical chamber with equal
concentrations of 10 mM unlabeled substrates present in both
apical and basal chambers. After a 20 min equilibration
period, fluxes were measured in consecutive periods of up to
1 h so that the effects of transepithelial voltage imposition
could be assessed in a paired manner on individual cell
monolayers by replacement of the basal bathing solution.
Samples were taken from apical or basal solutions (50 2L) at
the end of each flux period. Fluxes are expressed as
micromoles per centimeter squared per hour. Mannitol flux
determinations are used to assess the magnitude of the
passive (paracellular) component (9Y11).

Microscopy

Caco-2 cell monolayers were washed in modified Krebs
buffer and then fixed in 2% paraformaldehyde in modified
Krebs buffer overnight at 4-C. After washing in Krebs so-
lution, cells were permeabilized in 0.1% Triton X-100/Krebs
for 15 min, washed again and stained with 2 2g cmj3

FITCYphalloidin for 60 min at room temperature, washed
and mounted in Krebs solution, and visualized using a Leica
laser scanning confocal microscope.

Solutions

A modified Krebs buffer solution was used for trans-
epithelial electrical measurements of epithelial layers and
measurement of transepithelial fluxes: (all mmol Lj1) NaCl
137, KCl 5.4, CaCl2 2.8, MgSO4 1.0, NaH2PO4 0.3, KH2

PO4 0.3, glucose 10, HEPES/Tris 10 (pH 7.4, 37-C).
For measurements of bi-ionic potentials elicited across the
cation-selective paracellular pathway, equimolar substitu-
tions of NaCl were made by N-methyl-D-glucamine Cl,
choline Cl, LiCl, tetraethylammonium Cl, CsCl, KCl, and
ammonium Cl. Isosmotic replacement of NaCl by mannitol
(274 mM) was also used to measure the NaCl dilution
potential.

Statistics

Data are expressed as mean values T SEM for n separate
epithelial layers. Significance of difference between mean
values was determined using ANOVA with Bonferroni
corrections for multiple comparisons applied to Student’s t

test (unpaired data) or for tests between individual data pairs
(where appropriate). The level of significance was set at p e

0.05.

RESULTS

Transepithelial measurements of epithelial resistance
(Rt) for Caco-2 cell monolayers grown under standard
conditions to give confluent cell monolayers, whose pheno-
type includes Na-linked and proton-linked solute cotrans-
porters typical of human small intestine (9Y11), gave values
between 200 and 300 4 cm2. In the present study for 18 cell
layers mounted in Ussing chambers, the mean Rt was 234 T
16 4 cm2, while the spontaneous p.d. (<) was 0.66 T 0.08 mV
(basolateral solution electropositive). These data are con-
sistent with early measurements showing a lack of elec-
trogenic ion transport in basal conditions (28) and with an
equivalent circuit analysis that is consistent with the majority
of transepithelial conductance being associated with a non-
cellular paracellular conductance pathway (28).

Establishment of a NaCl gradient across the Caco-2
epithelium is associated with the generation of an electrical
potential difference; when the basolateral NaCl is replaced
with an isosmolar mannitol solution, the basolateral solution
becomes markedly electropositive with respect to the apical
solution (Table I), consistent with the existence of a cation-
selective pathway. Calculation of the relative permeability
for PCl/PNa gives a value of 0.34. Upon the establishment of

Table I. Dilution and Bionic Potentials Elicited by Basolateral NaCl

Replacement

Basolateral solution $< (mV) Px/PNa GT (mS cm2)

NaCl 0 1.00 5.12 T 0.3

Mannitol 28.0 T 3.1 0.34a Y
NMDG Cl 15.9 T 2.0 0.54 1.65 T 0.21

Choline Cl 13.9 T 1.8 0.58 1.61 T 0.19

TEA Cl 13.2 T 1.6 0.51 2.19 T 0.17

LiCl 3.5 T 0.3 0.87 4.54 T 0.25

CsCl j2.1 T 0.2 1.08 4.92 T 0.32

KCl j3.1 T 0.3 1.12 5.08 T 0.45

NH4Cl j7.8 T 0.5 1.34 5.74 T 0.30

Dilution and bionic potentials elicited by replacement of the baso-

lateral NaCl (137 mM) with various monovalent salts or isosmotic

mannitol (274 mM) for epithelial layers mounted in Ussing cham-

bers. The change in p.d. ($<) is expressed in millivolts. Epithelial

conductance (Gt = 1/Rt) was determined from 50 2A current pulses

in respective substituted modified Krebs solution. Ion selectivities

were calculated as described in BMethods.’’ Data are the mean T
SEM of ten Caco-2 cell monolayers.
NMDG, N-methyl-D-glucamine; TEA, tetraethylammonium.
aPCl/PNa.
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bi-ionic conditions with sequential dilution of the basolateral
solution NaCl with choline Cl, a potential difference of
identical polarity to mannitol is observed (Fig. 1 and Table I),
confirming that the pathway is selective for Na+ over
choline+. This selectivity ratio is poor compared to trans-
membrane K+ and Na+ channels (12,29). A series of cations
has been tested and the magnitude and polarity of the bi-
ionic p.d. measured (Table I); whereas choline+ and N-
methyl-D-glucamine+ elicit basolateral positive p.d.’s, Cs+,
K+, and NH4

+ elicit p.d.’s of the opposite polarity. Calcu-
lation of the relative Pcation/PNa ratios are shown in Table I,
which gives a cation selectivity sequence of NH4

+ > K+~Cs+

> Na+ > Li+ > tetraethylammonium+ > N-methyl-D-gluca-
mine+~choline+. This sequence is an Eisenman sequence 2 or
3, indicating that the pathway is determined by a selectivity
filter of low electrostatic field strength where ions permeate
according to their hydrated radii, rather than the atomic radii
(29). An interesting feature of the bi-ionic potential dif-
ference calculations is the finite permeability to N-methyl-D-
glucamine+ (molecular weight of Cl salt 195) and choline+

(molecular weight 139) relative to Na+, supporting the idea
that the paracellular pathway may be accessed by a range of
nutrient and pharmaceutically relevant molecules of similar
molecular dimensions.

Table I shows conductance values for Caco-2 epithelial
monolayers determined using current passage when bathed
in modified Krebs solution where the NaCl has been
substituted. On replacement of NaCl with mannitol or
N-methyl-D-glucamine Cl, it can be seen that the majority
of transepithelial conductance is dependent upon Na+. Since
there is no electrogenic transcellular transport of Na+ (due to
the low spontaneous p.d.; see the previous paragraphs), this is
confirmatory evidence that the paracellular conductance is
the main determinant of transepithelial conductance. There
is good correspondence between the data from bi-ionic pot-
entials and that from conductance demonstrating that ion c-
onductance and selectivity are derived from the same
pathway (29). If transcellular conductance pathways (for N-
a+ and K+ for instance) were the predominant transepithelial
permeation pathways, highly selective ion channels (of higher
field strength) would give quite different patterns of selec-
tivity and conductance (29).

Figure 1 shows an unexpected feature in the Na+:cho-
line+ bi-ionic potentials in that the p.d. elicited when apical
NaCl is replaced, although of opposite sign, is smaller than
that seen for equivalent basal solution replacements. This
behavior is also observed for N-methyl-D-glucamine+ re-
placements, basolateral replacement of 137 mM NaCl
giving rise to a p.d. of 23.3 T 1.7 mV, whereas apical re-
placement gave only j13.3 T 0.9 mV (n = 12 monolayers)
(p < 0.01, paired data). Therefore, it seems that the para-
cellular pathway of human Caco-2 epithelia does not behave
in a strictly linear fashion with respect to Na+-gradient-de-
pendent p.d’s.

As transepithelial resistance is markedly dependent
upon cell shape and density (1), FITCYphalloidin staining of
confluent monolayers of Caco-2 cells was performed to
estimate linear junction density. Imaging of the cells at
the subapical perijunctional actin ring (not shown) allows
the determination of the linear junction density; this is
18.4 m cmj2 of epithelial surface area.

Transcellular fluxes of the organic base guanidine (8) in
Caco-2 cells have been observed to be mediated by trans-
porters of relatively high affinity. Bidirectional fluxes of
[14C]guanidine were therefore determined at 0.1 and 10 mM
to assess the magnitude of an active component. JaYb was
similar to JbYa at both concentrations with no evidence for an
active secretion or absorption [19.4 T 1.2 and 18.1 T 0.5 nmol
cmj2 hj1 for 0.1 mM (both n = 3, not significant), and
2.00 T 0.07 and 1.96 T 0.12 2mol cmj2 hj1 for 10 mM (n = 3,
not significant), respectively]. Transepithelial guanidine
permeability was also not dependent upon guanidine
concentration (PaYb, 0.19 vs. 0.20 cm hj1 at 0.1 and 10 mM,

Fig. 1. (A) Continuous recording of transepithelial potential differ-

ence < (P.D.) across a Caco-2 cell monolayer mounted in an Ussing

chamber during which time the NaCl of the basolateral bathing

solution was sequentially replaced by increasing concentrations of

choline Cl (aYg). Note the slow decline in the bi-ionic < at g. After

washing and replacement of the basal bathing solution by normal

NaCl, the P.D. rapidly returned toward the starting P.D. Replace-

ment of the apical bathing solution NaCl with choline Cl (hYm)

results in the development of a < with an opposite sign. < is

expressed relative to the apical bathing solution (= 0). (B) Mean data

for Na:choline bi-ionic potential differences recorded as in (A). Data

are the mean T the SEM of four to six Caco-2 cell monolayers.
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respectively). The inclusion of 0.1 mM verapamil did not
substantially alter bidirectional transepithelial fluxes (not
shown). In these conditions, we conclude that transcellular
pathways contribute little to transepithelial guanidine fluxes.
At 10 mM, guanidine transport systems of moderate or high
affinity will be saturated (8) and their contribution to trans-
epithelial flux minimal.

The ability to generate an electrical p.d. across an intact
epithelium by dilution or bi-ionic p.d.’s allows the effect of

the electrical gradient upon paracellular fluxes to be exam-
ined. Flux of the charged permanent organic base guanidine
has been compared to the neutral sugar mannitol (9Y11). In
Na+-containing media in the absence of an imposed p.d., JaYb

was 0.71 T 0.08 (n = 6) 2mol cmj2 hj1, which exceeded JaYb

measured in solutions containing N-methyl-D-glucamine+ of
0.36 T 0.03 (n = 6) 2mol cmj2 hj1 (p < 0.01). The Na+-
dependent flux may represent either transcellular transport
or represent an effect of ionic composition on paracellular
flux (see BDiscussion’’). More importantly, Fig. 2A and B
illustrate that there is a marked effect of imposing either a
positive or negative electrical p.d. (with respect to the apical
bathing solution) upon guanidine fluxes, a positive potential
decreasing guanidine flux [to 0.43 T 0.01 2mol cmj2 hj1

(n = 6), p < 0.01 vs. first control period], whereas a negative
transepithelial potential increasing guanidine flux [to 0.55 T
0.04 (n = 6) 2mol.cmj2 hj1, p < 0.01 vs. control period in
N-methyl-D-glucamine+ media]. These effects were largely
reversible on return to control conditions (Fig. 2A, B).

To separate active (transcellular) and passive (para-
cellular) Na+ transport across rabbit ileum, Schultz and
Zalusky (5) showed that voltage-driven Na+ flux mediated
through the paracellular pathway was a linear function of
potential [exp(F/RT<aYb)1/2] with an intercept representing
the non-voltage-sensitive, cellular pathway. To estimate a
linear function, data replicates at just two different potentials
are sufficient to describe the mathematical relationship.
Figure 3 shows such a plot for the data in Fig. 2 showing
that there are differing slopes for the Na+ data and for
N-methyl-D-glucamine+ data [0.83 T 0.24 (SE) and 0.39 T 0.13
(SE), respectively]. A positive intercept in this plot would
indicate the magnitude of the potential-insensitive (trans-
cellular) flux; in both data sets the intercept is not signif-
icantly different from zero [j0.11 T 0.21 (SE), not significant,
p > 0.5; j0.01 T 0.16 (SE), not significant, p > 0.9,

Fig. 2. Effect of an imposed transepithelial p.d. (<aYb) upon

[14C]guanidine fluxes from apical to basal solutions. Individual

Caco-2 epithelial layers are connected by solid lines. (A) Fluxes

were determined with an apical Na+-containing modified Krebs

solution. In the control 1-h period following a 20-min equilibration,

an equivalent solution was present in the basal bathing solution. In

the second 1 h period, a low-Na+, N-methyl-D-glucamine+Ymodified

Krebs solution was present in the basolateral bathing solution, which

generated an initial basolateral positive < of 25.2 T 2.8 mV, measured

using EVOM (see BMethods’’). A final control 1 h period completed

the sequence. (B) Fluxes were determined with the N-methyl-D-

glucamine+ modified Krebs solution. A first control period with an

equivalent basolateral solution was followed by a second period in

which a Na-rich Krebs solution was present in the basolateral

solution, which generated an initial basolateral negative < of j17.6 T

1.4 mV.

Fig. 3. Voltage dependence of [14C]guanidine fluxes from apical to

basal solutions. Individual values of [14C]guanidine fluxes are plotted

against the function [exp(F/RT<aYb)]1/2. Closed circles were deter-

mined with Na+-rich media present in the apical medium. Open

circles are for N-methyl-D-glucamine+Ymodified Krebs solution present

in the apical media. Solid lines are the linear regression lines for the

data: Jajb = 0.83 T 0.24 {exp{F/RT. <ajb}}1/2
j0.11 T 0.21, r2 = 0.52,

p < 0.05 (Na-data), Jajb = 0.39 T 0.13 {exp{F/RT. <ajb}}1/2
j0.01 T

0.16, r2 = 0.46, p < 0.05 (N-methyl-D-glucamine+).
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respectively], confirming that there is little contribution from
transcellular components to transepithelial flux under the
conditions used (see BDiscussion’’).

Comparison of the intrinsic permeability of guanidine to
that of mannitol measured simultaneously (Table II) shows
that the positively charged guanidine is 3.6-fold greater than
neutral mannitol in the absence of an imposed basolateral
negative p.d. Imposition of the negative bi-ionic p.d. accel-
erates guanidine flux but is without effect upon the mannitol
flux, the guanidine/mannitol flux ratio increasing to 13.8-fold.

Finally, an additional test of paracellular permeation has
been the covariation of a test compound with that of the inert
transepithelial marker, mannitol. Figure 4 demonstrates that
this is the case for guanidine flux. Epithelial layers, which
show increased paracellular permeability by an elevated
mannitol flux, also show a proportionally increased effect of
imposed transepithelial p.d.

Taken together, these data confirm that small hydro-
philic molecules may be subject to transintestinal absorption
by a size-restricted, cation-selective paracellular pathway.
The existence of a transepithelial p.d. (however generated)
will significantly accelerate or retard charged solute move-
ment via the paracellular pathway (see BDiscussion’’). An in
vitro test of the paracellular permeation of a pharmacolog-
ically relevant base across Caco-2 epithelial layers may
therefore include the effect of imposed voltages on absorp-
tive permeation.

DISCUSSION

Comprehensive data on the permselective properties of
small intestinal mucosae is available for isolated rabbit ileum
(4Y6). In this low-resistance leaky epithelium, transepithelial
Na+ movement is determined mainly by the existence of a
high-conductance paracellular pathway showing cation
selectivity (4Y6). Mucosal or serosal NaCl dilution elicits
large transepithelial electrical potential differences due to

this selectivity (6). Similar detailed measurements of human
ileum are not available. Perfusion of the lumen of various
segments of the human intestine using D-mannitol to generate
diffusion potentials provides data on permselectivity (24,25).
In the jejunum, the mucosae were highly permeable to NaCl
movement, the pathway showing modest cation selectivity
(24). In the ileum, this pathway was more cation selective
(24). Opposite selectivity was observed in colon, with
mucosae appearing to be overall anion selective (24). With
these limited data, it seems that the human small intestine
may display a paracellular pathway with similar char-
acteristics to in vitro preparations of rabbit ileum.

The transepithelial electrical properties of Caco-2 epi-
thelia were originally described by Grasset et al. (28), who
found values of transepithelial resistance (Rt) of ~150 4 cm2.
In the present study, similar Rt values (~230 4 cm2) of fully
differentiated Caco-2 cells were found, but these are higher
than those for ileum (5,6). Such differences in resistance may
result from the linear density of junctions per square
centimeter of epithelium (1). In Caco-2 epithelia we have
determined the linear junctional density to be 18.4 m cmj2;
this compares favorably to guinea pig/rat ileum villus
enterocytes (31) and to other morphometric data for Caco-2
cells (14). It should be noted that the linear tight junction
density of crypts exceeded that for villus enterocytes (77 vs.
22 m cmj2), but the surface area of villus cells at 87%
exceeded that for the crypts. However, it must be the case
that for a flat monolayer culture, junctional density is smaller
than seen in the folded villus structure of the native tissue (7).
Alternative explanations relate to tight junctional strand
number differences (31). However, because strand number is
not correlated directly to morphological data (32), the exact
contribution of villus and crypt to total conductance in the
heterogeneous (human) ileum is not known.

The majority of transepithelial conductance will repre-
sent paracellular conductance in Caco-2 cell epithelia since
equivalent circuit analysis of Caco-2 dome epithelia (28)

Table II. Effect of an Imposed Transepithelial Potential Difference

(<) Upon [14C]Guanidine Absorption

Substrate

Flux, JaYb (2mol cmj2 hj1)

< = 0 mV < = basolateral negative value

[14C]Guanidine 0.204 T 0.012 0.472 T 0.025a

[3H]Mannitol 0.056 T 0.009 0.034 T 0.010b

Effect of an imposed transepithelial p.d. (<), basolateral solution

electronegative upon [14C]guanidine and [3H]mannitol fluxes from

apical to basal solutions. All fluxes were determined with low-Na+,

N-methyl-D-glucamine+Ymodified Krebs solution in the apical

solution. The basolateral solution was identical (< = 0 mV) or

contained the Na+ Krebs solution (< basolateral negative value, 20.7

T 1.2 mV, n = 24, measured using EVOM; see BMethods’’). All

solutions contained 10 mM guanidine or mannitol. Fluxes at two

transepithelial values of p.d were randomized; 12 epithelial layers

had the negative p.d. imposed in the first flux period and held with

equal solution composition thereafter or vice versa. Data are the

mean T SEM of 24 epithelial layers.
aSignificantly different from zero <.
bNot significant.

Fig. 4. Scatter plot showing the interrelationship between intrinsic

paracellular permeability as monitored by transepithelial mannitol

flux, transepithelial potential difference, and the transepithelial flux

of guanidine. Open circles are for < = 0 mV and solid circles are

for < held at negative values (with respect to the apical bathing

solution). Other details as for Table II. Solid lines are linear

regression lines for each data set.
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showed that the apical membrane resistance exceeded that
for the basal membrane, which in turn were an order greater
than the paracellular Bshunt’’ resistance. Furthermore, Caco-
2 cell input resistance is very high, ~1000 M4 (33).

In studies of how enhanced transepithelial water flow
might affect paracellular transport of small molecules in
Caco-2 epithelia, Karlsson et al. (15) used hypotonic, glucose-
rich apical (mucosal) solutions; these experimental conditions
not only stimulated water flow but also generated a lumen
positive diffusion potential in Caco-2 epithelial monolayers.
This finding is equivalent to that seen in vivo for mannitol
(24,25) and suggests that the Caco-2 paracellular pathway is

cation selective. Using a variety of monovalent cation
replacements in both the apical and basolateral bathing
solutions, we demonstrate that the paracellular pathway is
cation selective with a selectivity sequence of NH4

+ >
K+~Cs+ > Na+ > Li+ > tetraethylammonium+ > N-methyl-D-
glucamine~choline+. This sequence order is an Eisenman
sequence 2 or 3 (29), indicating that monovalent ions per-
meate in the hydrated state and that selectivity is determined
by fixed anion sites of low field intensity. Therefore, Caco-2
epithelia display paracellular properties more similar to
human ileum or fetal colon rather than adult colon (24). In
studies of the dog kidney low-resistance, cation selective
polarized MadinYDarby canine kidney (MDCK) II epithelial
layers, a selectivity sequence of K+ > Na+ > Cs+ > ~Li+ was
reported by Cereijido et al. (30) and more recently by Tang
and Goodenough (34). This is an Eisenman sequence VI and
VII of intermediate field strength (29). In both Caco-2 and

MDCKII the ratio of selectivity between K+ and Li+ was low
at 1.3. and 2.2, suggesting highly hydrated fixed anion sites
within the paracellular pathway (30). Despite similar cation
selectivity, differences must relate to the molecular archi-
tecture within the junctional complex. Recently, claudin 2 has
been implicated in determining the cation selectivity of tight-
junction channels in MDCK (35,36). Although claudin 2 is
expressed in small intestine, it shows a crypt to villus
decrease in expression (37). In Caco-2 epithelia, claudins 1,
3, and 5 were expressed, but claudin 2 was not (38). The exact
basis for the molecular determination of cation-selective
junctions for human intestinal Caco-2 epithelia remains to
be determined.

Apical and basolateral transcellular transport mecha-
nisms of guanidine have been described in Caco-2 cells (8).
Guanidine was first presumed to be a P-glycoprotein sub-
strate at low guanidine concentrations (8), and second uptake
across both apical and basolateral membranes seems to occur
via voltage-insensitive, high-affinity transporters of Km

values of 25 and 310 2M, respectively (8). Since transcellular
transport is likely to be rate limited by the low-capacity
apical transporter (8) any transcellular guanidine component
will be small. The present data show that bidi-rectional
transport rates are very similar and show no concentration
dependence between 0.1 and 10 mM, confirming a minimal
contribution of transcellular transport to guanidine trans-
epithelial transport. Given the relative permeability difference
between mannitol and guanidine (Table II), paracellular flux
will be of significance at lower concentrations of guanidine
than are used in the present study. Furthermore, the voltage
sensitivity of the paracellular pathway contrasts to a lack of
voltage sensitivity in Caco-2 cell membrane vesicles (8).

The present data utilizes bi-ionic potential differences
elicited by Na+:N-methyl-D-glucamine+ to Bvoltage-clamp’’
Caco-2 cell layers without prolonged current injection. It is
clear from the data that guanidine flux is voltage sensitive,
being both accelerated and inhibited by transepithelial
voltage. We propose that voltage sensitivity is an additional
criterion to test permeation of charged solutes via the para-
cellular route. The intercept of a plot of [exp(F/RT<aYb)]1/2 vs.
flux shows that the transcellular component of guanidine is
small relative to paracellular flux. Interestingly, flux from a
Na+-modified Krebs solution is higher than from a cor-
responding N-methyl-D-glucamine+ modified Krebs solution,
giving rise to an apparent Na+ dependence at < = 0. Since
N-methyl-D-glucamine+ shows a finite permeability relative
to Na+ (as assessed by bi-ionic p.d.’s) it is likely that N-
methyl-D-glucamine+ acts to block permeation of guanidine
by competing with fixed anionic sites in the paracellular
pathway. Such multi-ionic behavior is seen in tight-junction
selective pores and is represented by behavior such as
anomalous mole fraction conductance data (34). Since similar
Px/PNa values for choline and tetraethylammonium are
observed (Table I) and because the nonhydrated molecular
volume of these compounds is 113 and 158 Å3 (39), we
suggest that the paracellular pathway of Caco-2 cells has a
size restriction of > 3.5 to < 5.4 Å radius. This is intermediate
between the values in human gut and Caco-2 cells reported
by Tavelin et al. (20) but very similar to that reported by
Watson et al. (22). On the basis of such size restriction,
paracellular permeation of weak basic hydrophilic drugs
such as cimetidine (molecular radius 3.8 Å) (23,40) is
clearly indicated. Ranitidine and famotidine not only
permeate via the paracellular pathway in Caco-2 epithelia
but also show a concentration-dependent block of epithelial
(Na+) conductance, consistent with binding to the fixed
negative paracellular anionic sites and occlusion of the pore
(41). Also in Caco-2 epithelia, negatively charged weak acids
(chlorothiazide and furosemide, radii 3.6 and 3.9 Å, res-
pectively) have lower intrinsic paracellular permeability than
similar-sized cations of weak basic drugs (40).

The existence of a cation-selective, hydrophilic, size-
restricted pathway for absorption of organic bases suggests
that the pathway will be responsive to the transepithelial
potential difference generated by transcellular transport.
Since the absolute cation to anion selectivity is 0.34, weak
organic acids and anions may also permeate the paracellular
path in a voltage-dependent manner. In human ileum in vivo
the spontaneous p.d. is ~12 mV lumen negative (25). Se-
cretory and inflammatory stimuli will tend to increase the
lumen negative potential difference by activation of CFTR.
Nutrient absorption (e.g. sugars) will also increase the lumen
negative potential difference by electrogenic Na+-symport
mechanisms. Further work needs to define the magnitude of
change of lumen parameters on paracellular flux of cations
likely to access the paracellular pathway in vivo.

CONCLUSION

The present study demonstrates that small hydrophilic
molecules (e.g. permanent or weak bases) may be subject to
transintestinal absorption by a size-restricted, cation-selective
pathway. Under certain conditions, the paracellular pathway
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may be the predominant pathway for absorption, but it will
be markedly dependent upon the prevailing transepithelial
p.d., which will accelerate or retard charged solute movement
via the paracellular pathway. The potential sensitivity of
absorptive flux of cationic drug molecules in Caco-2 (small
intestinal) epithelia provides an additional test of paracellular
permeation.
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