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BACKGROUND & AIMS: In the small intestine, the
paracellular transport of Na* is thought to be critical for
luminal Na*-homeostasis and the transcellular absorp-
tion of nutrients by Na*-driven transporters. Na* is sup-
plied to the intestinal lumen from the submucosa and
serum through tight junctions, which form a paracellular
barrier between the cells of epithelial sheets. However, the
molecular basis for this paracellular transport of Na® is
not well understood. Here, we examined this mechanism
by performing loss-of-function studies of claudin-2 and
claudin-15, two tight-junctional membrane proteins that
are specifically and age-dependently expressed in the villi
and/or crypts of small intestinal epithelia. METHODS:
Knockout mice for claudin-2 or claudin-15 were sub-
jected to histologic, cell biologic, electrophysiologic, and
physiologic analyses. RESULTS: Examination of the
knockout mice revealed that both claudin-2 and clau-
din-15 play crucial roles in the transepithelial paracellu-
lar channel-like permselectivity for extracellular monova-
lent cations, particularly Na*, in infants and adults.
Especially in Cldn157~/~ adults, the luminal Na* concen-
tration in the small intestine measured directly in vivo
was abnormally low, and glucose absorption was im-
paired, as assessed by the oral glucose tolerance test and
estimation of unabsorbed glucose. CONCLUSIONS: We
propose that the “Na*-leaky” claudin-15 is indispens-
able in vivo for the paracellular Na*t permeability,
luminal Na*-homeostasis, and efficient glucose ab-
sorption in the small intestine, but claudin-2 is indis-
pensable for only the first of these functions. Clau-
din-15 knockout leads to Na* deficiency and glucose
malabsorption in the mouse adult small intestine.

Keywords: Tight Junction; Na*-Homeostasis; Glucose
Absorption.

he small intestine is responsible for nutrient absorp-

tion, and the absorption of many kinds of nutrients,
including monosaccharides, amino acids, and vitamin C,
is coupled directly to Na* absorption.'-3 Tight junctions
are thought to form the specific paracellular route by
which Na* is supplied across epithelia from the submu-
cosa and serum to the intestinal lumen, although the

molecular bases for this transport remain to be elucidated.*-”
Epithelial tight junctions form the belt-like cell-cell ad-
hesion structure known as the zonula occludens (zTJ),
which has a paracellular barrier function with permselec-
tivity. Electrophysiologic studies show that the paracel-
lular routes for ions through zT]Js across the small intes-
tinal epithelial sheets are highly permeable to extra-
cellular ions, with a high selectivity for Na® and K¥,
compared with Cl~.6-11

Claudin family members are required for zTJ forma-
tion. Claudins have molecular masses of around 23 kilo-
daltons and 4 transmembrane domains; they comprise a
multigene family of at least 24 members in mice and
humans.!?-1¢ The idea that claudins determine not only
the barrier function of zTJs but also the paracellular
permeability across epithelial cell sheets has been sub-
stantiated in cultured cells, by transfection and knock-
down experiments.!317-21 The conductance-increasing
“leaky” claudins permit epithelial cell sheets to be per-
meable to monovalent and/or divalent cations and/or
anions. Among these claudins, claudin-2 and claudin-15
are unique in increasing epithelial permeability to mon-
ovalent cations when exogenously expressed, and their
knockdown has the opposite effect in cultured epithelial
cells.17:1921-23 Furthermore, studies in humans bearing
claudin mutations and gene-knockout studies in mice
have revealed specific roles for several types of claudins in
the zTJ-barrier or its selective ion permeability and in
related pathologic phenotypes.24-34

Previous studies have determined that various types of
claudins, claudins-1/2/3/4/5/7/8/12/15/20/22/23, are in-
volved in zTJ-structure and functioning.!31416,33,3536,37
Here, we analyzed knockout mice for claudin-2 or clau-
din-15, tight-junctional membrane proteins of the small
intestinal epithelia. Both claudins were responsible for
the transepithelial paracellular permeability to extracel-

Abbreviations used in this paper: IBD, inflammatory bowel disease;
Isc, short circuit current; IPGTT, intraperitoneal glucose tolerance test;
OGTT, oral glucose tolerance test; qRT-PCR, quantitative real-time
polymerase chain reaction; zTJ, zonula occludens.
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lular monovalent cations, especially Na*, with some dif-
ferences between infants and adults; we therefore char-
acterized them as intestinal “Na*-leaky” claudins. Our
findings in the adult small intestine indicate that clau-
din-15, but not claudin-2, is essential for luminal Na™-
homeostasis in vivo, which is required for glucose absorp-
tion. Although the Cldn15~/~ megaintestine phenotype
compensates to some extent for the claudin-15 deficiency-
induced defects in glucose absorption, defective glucose
absorption was still detectable in the small intestine of adult
claudin-15-deficient mice. Because glucose is absorbed at
the apical intestinal membranes by an Na*-driven glucose
transporter, Na*-glucose transporterl(SGLT1), our find-
ings reveal a close physiologic relationship between claudin-
15-based paracellular Na* transport and the transcellular
transport of Na* and glucose in intestinal epithelial cells.

Materials and Methods
Animals

Claudin-2- and claudin-15-deficient mice were
generated in Shoichiro Tsukita’s laboratory3334 and given
by Shoichiro Tsukita to Sachiko Tsukita and Tetsuo
Noda. All animal experiments were performed in accor-
dance with protocols approved by the Osaka University
School of Medicine Animal Studies Committee.

Antibodies

The following antibodies were used: rabbit poly-
clonal anti-claudin-2, anti-claudin-15, and anti-ZO-1; rat
monoclonal anti-occludin,?338 anti-claudin-3 (Zymed
Laboratories, San Francisco, CA), and anti-E-cadherin (a
kind gift from M. Takeichi, CDB, Kobe, Japan); rabbit
anti-NHE3 (a kind gift from S. Grinstein, The Hospital
for Sick Children, Toronto, Canada); fluorescein isothio-
cyanate-labeled goat anti-rabbit immunoglobulin G and
cy3-labeled goat anti-rat immunoglobulin G (Jackson
Laboratory, Bar Harbor, ME). Rhodamine-phalloidin was
from Cytoskeleton (Denver, CO).

Quantitative Real-Time Polymerase Chain
Reaction

Quantitative real-time polymerase chain reaction
(qQRT-PCR) was performed as described previously.33-3°

Immunofluorescence Microscopy

Mouse intestine was dissected and frozen in
liquid N,. Frozen sections were cut and processed for
indirect immunofluorescence microscopy as described
previously.3338

HE Staining

The small intestine and colon were fixed as “Swiss
rolls” for H&E staining.

GASTROENTEROLOGY Vol. 140, No. 3

Freeze-Fracture and Scanning Electron
Microscopy

The samples were processed for freeze-fracture
and scanning electron microscopy as previously de-
scribed.32

Electrophysiologic Measurements

The middle one-third of the small intestine (jeju-
num) was isolated. After the musculature was removed by
blunt dissection, the distal part of the jejunum was
mounted as a flat sheet between 2 Ussing chambers, with
an exposed-area of 0.2 cm? (for adult intestine) or 0.03
cm? (for infant intestine) to examine the transepithelial
conductance and NaCl dilution potential and bi-ionic
potential.?23 The glucose-dependent short circuit current
(Isc) was estimated as described in detail in Supplemen-
tary Materials and Methods.

Ion and Glucose Concentration of Small
Intestinal Contents

The contents of the small intestine were collected
from mice. In most cases, the wet and dry weights of the
material were measured to obtain its water content. The
samples were then resuspended in water and centrifuged to
obtain the supernatant. The [Na*] and [K*] were measured
using an ion meter, and the glucose concentration was
determined using the glucose oxidase method.

Transmural Leakage of Na* and K* From
the Inverted Small Intestinal Sac In Vitro

The middle one-third of the small intestine was
obtained from 8- to 16-week-old adult Cldnl15~/~ mice
and their control wild-type littermates. The inner surface
of the gut segment was inverted to measure the perme-
ability of Na* and K*.

Oral Glucose Tolerance Test and
Intraperitoneal Glucose Tolerance Test

Oral glucose tolerance test (OGTT) and intraperi-
toneal glucose tolerance test (IPGTT) were performed
using standard protocols (see Supplementary Materials
and Methods).

Estimation of Glucose-Dependent Isc

The glucose-induced, SGLT1-based phlorizin-in-
hibited Isc in wild-type small intestine was estimated by
using Ussing chamber (see Supplementary Materials and
Methods).

Statistical Analysis

Data were expressed as means * standard error of
mean. The statistical significance of the difference be-
tween 2 groups of data was evaluated by the Aspin-Welch
t test. Statistical significance was defined as *P < .05; **P
< .01
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Results

Characterization of Cldn2~/~ and Cldn15~/~

Small Intestines in Comparison With Wild

Type

We compared the intestinal physiology of knock-
out mice for claudin-2 and claudin-15 because the lumi-
nal Na*-homeostasis is thought to be critical for small
intestinal functions such as glucose absorption. First, we
used immunofluorescence to examine the specific local-
ization of claudin-2 and claudin-15 in the small intes-
tines of wild-type mice. Consistent with previous stud-
ies,3¢ the specific staining for claudin-2 and claudin-15
was confirmed by their disappearance in intestinal villi
and crypts by each knockout (Figure 14; Supplementary
Figure 1A). In infant mice, claudin-2 was detected in the
ZTJs of the villi and crypts, but claudin-15 was expressed
only in the zTJs of the crypts. Conversely, in the wild-type
adult small intestine, claudin-15 was detected in the zTJs
of the villi and crypts, but claudin-2 was expressed only in
the crypts (Figure 1A and B; Supplementary Figure 1).
Thus, we found age-dependent differences in the villous
expression of claudin-2 and claudin-15, which were, re-
spectively, expressed in the villi of infants and adults.
Both caludins were detected in the crypts of infants and
adults.

Macroscopically, at 2 weeks after birth, the small in-
testine of the Cldn2~/~ mice was a little larger than that
of their wild-type littermates (Figure 1C). Microscopi-
cally, the villi of the Cldn2~/~ mice were slightly, but
significantly, longer (at least in the proximal one-third of
the small intestine) than in the wild-type small intestine
(Figure 1B and D; Supplementary Figure 2), with no
other obvious phenotypes in infants and adults (Supple-
mentary Figure 2). These mild intestinal phenotypes in
the Cldn2~/~ mice were in sharp contrast to the promi-
nent phenotypes in the Cldn15~/~ mice, which showed a
striking megaintestine phenotype in adults aged 8-16
weeks, as previously reported (Figure 1B-D; Supplemen-
tary Figure 1).33

We next verified the patterns of distribution of clau-
din-2 and claudin-15 in the infant (2 weeks old) and
adult (8-16 weeks old) knockout mice (Figure 14; Sup-
plementary Figure 1B); these patterns along with the
wild-type patterns are depicted and categorized into types
I-VI in Figure 1B. We found that the expression patterns
of the other claudin family members (claudins-1/3/4/5/
7/8/12/18/20/22/23) were not altered in the Cldn2~/~
and Cldn15~/~ mouse lines (Supplementary Figure 1B)33
nor were altered expression levels detected for other cell
adhesion-related proteins and transporters, such as
Na*/H* exchanger 3(NHE3) (Supplementary Figures 3
and 4). In particular, we noted that, in the small intestine
of Cldn2~/~ infants (type II) and Cldn15~/~ adults (type
VI), the villi lacked both claudin-2 and claudin-15 (Figure
1A and B).
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Deficiency of Claudin-2 or Claudin-15
Markedly Decreases the Transepithelial
Conductance

To examine the claudin-2- and claudin-15-based
paracellular ion permeabilities, we first measured the
electrical conductance across the small intestinal mucosa
in wild-type, Cldn2~/~, and Cldn15~/~ infant (2 weeks old)
and adult (8-16 weeks old) mice in an Ussing chamber
system. For electrophysiologic measurements, the distal
part of the middle one-third of the small intestine was
used. The wild-type small intestine exhibited conduc-
tance values of 38.5 = 2.6 mS/cm? in the infant mice
(typeI)and 27.1 = 1.4 mS/cm? in the adult mice (type IV)
(Figure 2A), thus meeting the criteria for electrophysi-
ologically leaky epithelia, ie, higher than 1.0 mS/cm? In
infant mice, the lack of claudin-2 or claudin-15 (type II or
III) decreased the transepithelial conductance to 23.2 =
1.4 mS/cm? or 23.3 = 1.8 mS/cm?, respectively. Thus, the
claudin-15-based paracellular ion permeability in the
crypts is comparable with the claudin-2-based paracellu-
lar ion permeability in both the villi and crypts in infants.

In adult mice, deficiencies in claudin-2 and claudin-15
(types V and VI) markedly decreased the transepithelial
conductance to 22.1 * 1.5 mS/cm? and 143 = 1.0
mS/cm?, respectively (Figure 2A4). These results indicate
that, because claudin-2 in the crypts and claudin-15 in
the villi and crypts probably contributed to the paracel-
lular permeabilities, the claudin-15-based paracellular
ion permeability in the villi and crypts was much larger
than that owing to claudin-2 expressed in the crypts in
adults. These results are not consistent with the ones we
obtained in infant mice, although the reason for the
difference is unclear. However, at least a partial explana-
tion lies in the difference in the total conductance across
the small intestinal epithelia of infant vs adult mice.

Deficiency of Claudin-2 or Claudin-15
Markedly Reduces the Selective Paracellular
Permeability for Extracellular Monovalent
Cations in the Small Intestine

Next, to determine the ion selectivities of the
wild-type and knockout small intestinal epithelia, we
measured the dilution potentials across the small intes-
tinal mucosa under an apicobasal chemical gradient of
NaCl (75 mmol/L NaCl at the apical side to 150 mmol/L
NaCl at the basal side) and the ion selective ratio (Py, vs
P(j) was obtained (Py,:permeability to Na*, Pc:permeabil-
ity to Cl7) (Figure 2B). When the dilution potentials were
measured in both directions, the effects were symmetrical
because of passive paracellular, rather than active trans-
cellular, transport (Supplementary Figure 5A). Therefore,
we replaced the apical solutions in most of our experi-
ments. As calculated from the dilution potentials 8.1 *
2.4and 10.1 = 1.8 mV (Figure 2C), respectively, (the basal
side was defined as the zero reference) by the Goldman-
Hodgkin-Katz equation, the ion selectivities (Py,/Pc)
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were 3.2 = 1.1 in the wild-type infant intestine (type I) extents (Figure 2D). When Py, and P were calculated
and 6.2 = 1.9 in the wild-type adult intestine (type IV) independently (Figure 2E and F), the results showed that
(Figure 2D). most of the Na*-selective paracellular permeability of the

A deficiency in claudin-2 (types II and V) or claudin-15 small intestine (Figure 2E), but not the Cl -selective
(types III and VI) significantly lowered the NaCl-dilution = permeability (Figure 2F), was dependent on both clau-
potential in infant and adult mice, although to different din-2 and claudin-15. Hence, we concluded that clau-
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Figure 2. Electrophysiologic analyses of the roles of claudin-2 and claudin-15. (A) Statistical analyses of the ionic conductances across the small
intestine of wild-type (WT), Cldn2~/~, and Cldn15~/~ mouse infants (2 weeks [2 wks]) and adults (8—16 weeks [8-16 wks]) (n = 4-16). (B)
Representative electrophysiologic measurements. Note the differences in dilution potentials in the small intestine of 2-week-old Cldn2~/~ infant mice
and 8-week-old Cldn15~/~ adult mice compared with wild type. (C) Transepithelial NaCl dilution potentials across the small intestine of wild-type,
Cldn2~/=, and Cldn15~/~ infant and adult mice. Transepithelial dilution potentials were determined by the apical substitution of 150 mmol/L NaCl with
75 mmol/L NaCl. The osmolarity was adjusted with mannitol (n = 3 or 4). (D) Statistical analyses of Pn./Pg in the small intestine of Cldn2~/~ infant
(2 weeks [2 wks]) and Cldn15~/~ adult (8—16 weeks [8-716 wks]) mice and their wild-type littermates. P, Permeability. The values were derived from
the dilution potentials, which were calculated using the Goldman-Hodgkin—Katz equation (n = 3 or 4). (E and F) Statistical analyses of the Py, (E) and

P¢ (F) values, respectively, for wild-type, Cldn2~/~, and Cldn15~/~ intestines in infant and adult mice.
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din-2 and claudin-15 contribute prominently to the Na*-
selective transepithelial paracellular permeability and
characterized them as intestinal “Na*-leaky” claudins.
We next determined the permeabilities of the adult
and infant small intestines of wild-type, Cldn27/~, and
Cldn15~/~ mice for various monovalent cations. The re-
sults indicated that claudin-2 and claudin-15 are respon-
sible for the paracellular channel-like permeability of
monovalent cations, with the general rank of K*=Rb*=
Cs*>Na*>Li* (Figure 3 and Supplementary Figure 5B
and C). In adult mice, the paracellular permeability of
monoionic cations was more highly dependent on clau-

lon selectivity for various cations
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din-15 (Figure 3D-F) than on claudin-2, compared with
that in infant mice (Figure 3A-C). Because Na* is the
dominant extracellular ion in the body (Supplementary
Figure 6), the claudin-2- and claudin-15-based paracellu-
lar Na*-permeability in the small intestine was particu-
larly noteworthy.

To confirm that the monovalent cation channel-like
permeability was mediated by claudin-2 and claudin-15,
we next determined the transepithelial (transmural) leak-
age of Na* and K* from the inside of an inverted small
intestine in wild-type and Cldn15~/~ adult mice, into an
external Na*/K*-free mannitol solution, by measuring

B Permeability of Li*,Na* K*,Rb*,Cs™
by cldn2(2wks)
0 20 40 60

it —"
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[r— e
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Figure 3. Transepithelial ion permeability ratios of the small intestine for various monovalent cations. To characterize the paracellular permeabilities
attributable to claudin-2 and claudin-15, permeability for the monovalent cations Na*, Lit, K*, Rb*, and Cs™ was determined. Calculations were
based on the dilution potentials and performed using the Goldman-Hodgkin—Katz equation for the wild-type, Cldn2~/~, and/or Cldn15~/~ smalll
intestine of infant (2 weeks [2 wks]) (A-C) and adult (816 weeks [8—76 wks]) (D-F) mice. The difference in transcellular permeabilities between the
wild-type and Cldn2~/~ or between the wild-type and Cldn15~/~ small intestine indicate the claudin-2- or claudin15-dependent permeabilities for

various ions, respectively.
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the Na* and K* concentrations in external solution (Fig-
ure 4A). The infant small intestine was too fragile to be
used in this assay. The ends of the inverted adult intes-
tine were tied to segregate the duodenum and ileum from
the analysis. The leakage rates of Na* and K* (per mil-
ligram small intestine) from the inverted small intestine
were markedly reduced in the Cldn15~/~ mice compared
with wild-type (Figure 4A). Given that Py/Py, was >1.0
(Supplementary Figure 5B) and that the K* leakage rate
was much higher than the Na* leakage rate (Figure 4A),
the extracellular Na* in the body (Supplementary Figure
6) may determine the Na*/K* equilibrium.

Loss of Claudin-15, but not Claudin-2,
Disturbs the Luminal Homeostasis of the
Adult Small Intestine

We next examined the contributions of claudin-2
and claudin-15 to the luminal Nat-homeostasis of the

LOSS OF CLAUDIN-15 IMPAIRS GLUCOSE ABSORPTION 919

small intestine in vivo, which is particularly important
because luminal Na®* is required for the absorption of
nutrients such as glucose. To examine the Na*-homeo-
stasis of the small intestine, we directly measured the
luminal [Na*] and [K*] in vivo by sampling the small
intestinal contents of wild-type, Cldn2~/~, and Cldn15~/~
infant and adult mice (Figure 4B). In infants, the luminal
[Na*] and [K*] showed wide variation, suggesting that
the small intestinal luminal ionic homeostasis was not
tightly regulated, partly because of the high total trans-
epithelial conductance. In adults, the intestinal contents
from the duodenum, jejunum, and ileum were collected
separately. The luminal [Na*] and [K*] of the Cldn15~/~,
but not the Cldn2~/~, adult small intestine were signifi-
cantly different from wild type (Figure 4B). The
Cldn15~/~ adult jejunum (type VI) contained 7.9 * 0.5
mmol/L Na* and 58.2 * 1.3 mmol/L K*, which were

A Transepithelial permeability of Na*and K*

8'16WI ks 8'1.6“'ks Na*, K* measurement
k 5.0- S( 8.09 *p_ 042 Isotonic, hlla“ Fig“ E
t‘; c’dﬂ’s“l" - *u; 70_ - mannitel solution
540 =N 2 i
< E %5 ~ 6.0
o5 of
=1 - =E 5oM
§2 30 S 5.0
58 i g5 49
—-s \ x 2
5% 20 SE 30 invaed sui: D
£0 . I 2.09
o 1.0+ . Na O —
3= o a—arra = 1.0
B olyggaadx g
L 010~ 20 © 80 < Na'K* Na'K"
Time(min = e
in) = Cldn15 " Cldn15’
B Luminal Na*and K* homeostasis In vivo In vivo
Luminal[Na*] (MM) | yminallK™]
80 40 0 40 80
% Wwr W N
- * *k
2 Duodenum | ¢lan2™- & P=013 H P=.0020
Cldn15™- @
2 Wr W —_—
5 Jejunum | ~oom §f * — ok
’ P=018 P=.00062
% Cldn15~- @
£ o @ * %k [
" *k
§ lleum | Cin2™- @ p-go1s|  + P=.000019
© Cldn15™- @

*P<.05 ™ P<.01

Figure 4. Paracellular permeabilities of Na* and K* and the in vivo intestinal homeostasis of Na* in the small intestine of Cldn15~/~ adult mice and
their wild-type littermates. (A) Measurements of the paracellular permeabilities of Na*™ and K* ions in the inverted small intestine of wild-type (WT) and
Cldn15~/~ mice. (A, left) Time course of [Na*] and [K*] leakage from the inside of the small intestine from wild-type and Cldn15~~ mice (n = 3 or 4).
(A, middle) Leakage rate of Na* and K* from the inside of wild-type and Cldn75~~ adult small intestine (n = 3 or 4). (A, right) Drawing of the
experimental setup for an inverted small intestine. (8) [Na*] and [K*] in vivo in the intestinal content of wild-type and Cldn2~/~ and Cldn15~/~ adult
mice. Note the drastic difference in ionic composition between the wild-type and Cldn15~~ mouse small intestine (n = 4-11).
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significantly different from the wild-type (type IV) values
(57.2 = 10.5 mmol/L Na* and 22.5 * 3.4 mmol/L K%)
(Figure 4B). The claudin-2 deficiency in the adult small
intestine did not disturb the luminal [Na*] or [K'],
probably in part because the expression of claudin-2 was
restricted to the crypts (type V) and in part because
claudin-2 and claudin-15 may play different roles in es-
tablishing the properties of the paracellular channel-like ion
permeability. Furthermore, in the colon, the same ten-
dency was detected, possibly because of the influence of
the small intestinal ionic condition. Although the expres-
sion of claudin-2 is reportedly higher in the colon,® the
Cldn2~/~ adult colon showed a similar Na*/K* balance as
the wild-type one (Supplementary Figure 7). Therefore,
the maintenance of ionic homeostasis in the adult intes-
tine was highly dependent on the Na*-selectivity of clau-
din-15.

Loss of Claudin-15 Affects the Efficiency of
Glucose Absorption Owing to the Lack of
Small Intestinal Luminal Na*

Based on our findings, it was likely that the Na*
that leaked from the submucosa into the intestinal lu-
men through a claudin-15-based paracellular route pro-
vides the Na* required for the Na*-dependent absorp-
tion of nutrients such as glucose. In support of this idea,
we recovered much more unabsorbed glucose from the
small intestine of Cldn15~/~ mice than wild-type ones
(Figure 5A), indicating that the loss of claudin-15 af-
fected glucose absorption.

Next, to examine the effect of claudin-15-deficiency on
glucose absorption in vivo, we carried out an OGTT by
administering 2 or 1.5 grams D-glucose per kilogram
body weight to the mice adults or infants, respectively
(Figure 5B).4 After the glucose administration, the time
to the peak blood glucose level was significantly delayed
in the Cldn15~/~ adult mice (30 minutes), but not in the
Cldn2~/~ adult mice (15 minutes), compared with wild-
type (15 minutes) (Figure 5B). Furthermore, in the
Cldn15~/~ mice, the maximum blood glucose level was
significantly lower than in the wild-type mice. The insulin
level in the Cldn15~/~ mice was lower than in wild type
during the OGTT (Figure 5B). Furthermore, the IPGTT
did not show a delay in the peak blood glucose level of
the Cldn15~/~ mice compared with wild type (Supple-
mentary Figure 8A). There were no differences in OGTT
among the infant wild-type, Cldn2~/~, and Cldnl15~/~
mice, which all showed the peak value of plasma glucose
30 minutes after glucose administration (Supplementary
Figure 8B). In the adults, there was no difference detected
in OGTT between wild-type and Cldn2~/~ adult mice,
which both showed the peak value of plasma glucose 15
minutes after glucose administration (Figure SB). Taken
together, these data indicate that the Cld15~/~-associated
delay in peak blood glucose in the OGTT occurred be-
cause the lack of luminal claudin-15 led to abnormally
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low luminal Na* and consequently to impaired glucose
absorption. Moreover, the Cldpl5™/~ mice show a
megaintestine phenotype, which may compensate to
some extent for the defects in glucose absorption effi-
ciency caused by the loss of claudin-15, suggesting that
our evaluation of the effect of claudin-15 loss on glucose
absorption per cell from the OGTT may be an underes-
timate.

To characterize the lack of glucose absorption effi-
ciency in the Cldn15~/~ mice electrophysiologically, we
examined the glucose-induced, SGLT1-based phlorizin-
inhibited Isc in wild-type small intestine using Ussing
chambers. When the luminal Na* concentration was 32
mmol/L, similarly to that of Cldn15~/~ duodenum, the
glucose absorption was maintained at ~40% of the level
seen with 72 mmol/L Na*, a similar value to that of
wild-type intestine. However, the glucose absorption was
decreased to <20% of this level when the luminal Na*
concentration was 8 mmol/L similarly to that of jejunum
and ileum (Figure 5C). These results suggested that, in
the Cldn15~/~ small intestine, glucose absorption was
decreased drastically in the jejunum and ileum, very con-
sistent with the OGTT results, because the main site of
glucose absorption is generally thought to be the jeju-
num and upper ileum.

Discussion

Our current results show that claudin-2 and clau-
din-15 function as paracellular monovalent cation-selec-
tive pores at zTJs and thereby mediate the long known
but molecularly undefined high paracellular permeability
to Na* and K* in the small intestinal epithelium. This
permeability permits Na*, the main submucosal extracel-
lular ion, access to the lumen to support the Na*-depen-
dent absorption of nutrients. The permeability to K* is
higher than to Na*, most likely to maintain the ionic
balance with a high luminal concentration of Na*. In this
context, the low permeability to Cl~ through the clau-
din-2- and claudin-15-regulated pores may be important
for preventing too much NaCl (and water) from accumu-
lating in the lumen. Figure 5D shows our hypothetical
scheme for the claudin-15-based Na*-homeostasis of the
adult small intestine and the effects on glucose absorp-
tion. Our findings, and the model, indicate that the
transepithelial paracellular ion permeation system in the
small intestine is quite sophisticated and optimized for
the absorption of nutrients that require small intestinal
luminal Na®, eg, glucose, amino acids, and vitamin C.1.34

In the small intestine, the expression patterns of clau-
din-2 and claudin-15 change in an age-dependent way, as
schematically shown in Figure 1B, consistent with a pre-
vious report.3¢ In the infant small intestine (type I-type
III), our electrophysiologic results suggested that the
cryptic claudin-15 contributed about equally with the
villous/cryptic claudin-2 to the transepithelial conduc-
tance. Given that our qRT-PCR results (Supplementary
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Figure 5. Claudin-15-dependent glucose absorption and model for the relationship between paracellular Nat transport and glucose absorption in the small
intestine and their dependence on claudin-15. (4) Unabsorbed glucose content in the wild-type, Clan2~~, and Clan15~/~ adult small intestine (n = 3 or 4). (B) A
2-g/kg body weight oral glucose tolerance test in wild-type, Clan2~/~, and Clan15~/~ adult mice (0 = 3-6), showing the absorption of glucose. Serum insulin level
was also measured in Clan15~/~ adult mice. (C) Na*-dependent glucose absorption as determined by Alsc. Isc, short circuit current. Apical sides of the Ussing
chambers of wild-type mouse duodenum and jejunum were bathed with buffers (osmolarity was maintained with mannitol equal to basal solution) containing
Na*/K* in concentrations similar to the luminal ionic ones of duodenum and jejunum in vivo, respectively. [Na*]-dependent glucose absorption was assessed by
the increase in Isc (Alsc) owing to mucosal addition of 10 mmol/L D-glucose in wild-type adult mice jejunum in each condition (n = 3). Note the dramatic decrease
of Alsc in low Na*-condition, similar to one of the Clan 757~ jejunum and ileum. (D) Schematic drawing showing the relationship between the claudin-15-
dependent paracellular Nat permeability and glucose absorption in the small intestine. The relative amount of paracellular Na* leakage across the paracellular tight
junction (TJ) is indicated by the size of each arrow, and the relative amount of glucose absorbed is also indicated by the size of the arrow. The luminal and
submucosal Nat concentration ([Na*]) is indicated by color between O mmol/L (Low) and 150 mmol/L (High) and by the size of the lettering. Note the difference in
[Na*] between wild-type Clan15*/* (left) and Clan15~/~ (right) adult mice. In adults, the relatively high [Na*] in the submucosa of the Clan15~~ small intestine is
thought to be obtained because the secretion of Na* into the lumen is retarded by the absence of claudin-15, which plays a role in the paracellular Na* channel-like
permeability. Thus, the deficiency of claudin-15 decreases the luminal [Na*] and subsequently decreases the absorption of glucose by Na*-driven transporters in
Clan15~/~ adult mice (right).
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Figure 1B) showed that the claudin-2 level was higher
than that of claudin-15 in the infant small intestine,
cryptic claudin-15 must contribute more to the ion per-
meability than cryptic/villous claudin-2. However, clau-
din-2 showed a greater selectivity for monovalent cations
than cryptic claudin-15, as revealed by the dilution po-
tential and the bi-ionic potential for Na* and other
monovalent cations (Figure 2C and Figure 3). That is, the
claudin-2-based paracellular permeability carries a smaller
current and is highly selective for Na*, when localized in
the villi and crypts, compared with the cryptic claudin-
15-based permeability. However, the ionic homeostasis of
the Cldn2~/~ and Cldn15~/~ infant small intestine was not
critically disturbed (Supplementary Figure 7).

In the adult, we compared the Cldnl15~/~ (type VI in
Figure 1B) and Cldn2~/~ (type V) small intestine with wild
type (type IV). Our analyses suggested that the villous/
cryptic claudin-15 contributed more to both the total
conductance and the selectivity for monovalent cations
than did the cryptic claudin-2. Our qRT-PCR analysis
showed that the expression level of claudin-15 was much
higher than that of claudin-2 in the adult small intestine
(Supplementary Figure 1B), which was consistent with
the differences in the permeability and ion selectivity we
observed in the knockout mice. Hence, it is possible that
the claudin-2- and/or claudin-15-based paracellular ion
channel-like permeabilities have different characteristics
in the infant and adult small intestine and that their
contributions may differ depending on their location at
the villi and/or crypts. Hence, it is difficult to speculate
based on the present study why the expression of clau-
din-2 in the infant intestinal villi changes to that of
claudin-15 in the adult intestinal villi. It is noteworthy
that the loss of claudin-15 induced aberrantly low con-
centrations of luminal Na* in the adult small intestine.
However, in the infant small intestine, in which clau-
din-15 expression is confined to the cryptic regions, it did
not play a critical role in determining the luminal [Na*].
Hence, claudin-15 is the dominant determinant of Na™-
homeostasis when it is localized in the villi of the adult
small intestine.

Our OGTT results showed that the glucose absorption
was largely impaired by a deficiency of microvillous clau-
din-15 in the adult intestine, which was confirmed by
the IPGTT (Supplementary Figure 8A). The Cldn15~/~
megaintestine phenotype may compensate to some ex-
tent for the defects in the efficiency of glucose absorption
caused by the loss of claudin-15, suggesting that our
evaluation of the effect of the claudin-15 loss on glucose
absorption per cell from the OGTT may be an underes-
timate. Because the insulin level of the Cldn15~/~ mice
was lower than that of wild-type during the OGTT (Fig-
ure 5B)* and the maximum blood glucose level was
significantly lower in Cldn15~/~ mice than in Cldn15*/*
mice even at the large intestine, the glucose absorption is
probably impaired by the deficiency of claudin-15. It is
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most likely that the decrease in luminal Na™ affected the
SGLT1 in the Cldn15~/~ small intestine, particularly in
the jejunum, which is thought to be the major site of
glucose absorption, because the glucose-induced, phlo-
rizin-inhibited Isc in the Ussing chambers was largely
decreased in the wild-type jejunum under an Na* con-
centration similar to that of the Clnd15~/~ jejunum (Fig-
ure 4B; Supplementary Figure 4C). Although NHE3 is
thought to be regulated similarly to SGLT1 (similar
Kyna+), no differences in the luminal pH between the
wild-type and Cld15~/~ jejunum were observed (Figure
4B), suggesting that the luminal pH is determined by
more factors than NHE3. Thus, the claudin-2- and clau-
din-15-knockout mice may provide good model systems
for examining the effects of these claudins in inflamma-
tory bowel disease (IBD) because it has been suggested
that increases in intestinal permeability and claudin-2
expression precede the onset of IBD#142 and that at least
claudin-15 and claudin-10 show increased expression in
the hyperinflamed colon of JAM-A knockout mice, an
IBD model,*3 although this point remains to be explored
in future studies.

In conclusion, we used an experimental paradigm in
which we disrupted the in vivo claudin-based ion perm-
selectivity of the small intestine and examined its effect on
glucose metabolism. Our findings are particularly impor-
tant because they indicate that tight-junctional claudin-15
can regulate Na*-homeostasis and glucose metabolism,
which is a novel finding. The systematic knockout of clau-
dins in mice will shed light on the specific roles of these
proteins throughout the body and in any observed claudin-
related disorders caused by the specific deficiencies, which
could lead to new medical treatments for paracellular perm-
selective barrier-related diseases.

Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2010.08.006.
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