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Abstract In the present study, we investigated the changes
in the localization of the glucose transporter GLUT2 and
the fructose transporter GLUT5 in small intestinal absorp-
tive cells during postnatal development, especially during
the weaning period, using immunohistochemistry and con-
focal laser scanning microscopy. In the jejunum, GLUT2
was observed within the apical and basolateral membrane
domain of absorptive cells, especially in the middle part of
the villi. In the suckling rat ileum, GLUT2 was found within
the apical and basolateral membrane domain of absorptive
cells, but after 18 or 19 days after birth, GLUT2 was found
mainly within the apical membrane domain. GLUT5 was
observed within the apical membrane domain of absorptive
cells in the suckling rat jejunum. In the 18- or 19-day-old
rat jejunum, GLUT5 was localized within the apical and
basolateral membrane domain of absorptive cells in the
lower part of the villi, but after weaning, GLUT5 was found
within the apical and basolateral membrane domain of ab-
sorptive cells throughout the entire villi. In the suckling rat
ileum, there was little GLUT5 in the absorptive cells. In the
18- or 19-day-old rat ileum, GLUT5 was localized within the
apical membrane domain of absorptive cells in the lower
part of the villi, but after weaning, GLUT5 was observed
mainly within the apical membrane domain of absorptive
cells throughout the entire villi. These results suggest that
the localization of glucose transporters corresponds with a
shift from neonatal-suckling to weaned absorptive cells dur-
ing postnatal development.
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Introduction

During postnatal development, the mammal gradually
shifts its diet from maternal milk to other nutrition. To
digest and absorb nutrients, the membrane properties, en-
zyme activities, and transporter activities of the absorptive
cells of the small intestine change at each developmental
stage.

We have previously shown that the structure and macro-
molecular uptake of absorptive cells varies according to the
region of the small intestine during postnatal development.1

In the suckling period, the absorptive cells of the small
intestine absorb milk macromolecules and digest them in
the lysosomes. The adult absorptive cells, on the other
hand, absorb small molecules that are broken down in the
digestive tract and on the surface of microvilli.

Dietary monosaccharides, e.g., glucose, galactose, and
fructose, are transported across the absorptive cells through
the activity of various carrier systems expressed in both the
luminal and basolateral domains of the plasma membrane.
In the apical membrane domain of absorptive cells, the
presence of both the Na�/glucose cotransporter, SGLT1,
and GLUT5 has been demonstrated.2–5 GLUT5 is a facilita-
tive transport system for fructose in the apical membrane.
Human GLUT5 transports fructose exclusively, whereas
rat GLUT5 is able to facilitate the transport of both glucose
and fructose.6 In contrast, the basolateral domain of the
plasma membrane of absorptive cells expresses GLUT2,
but not GLUT5 or SGLT1.5,7 GLUT2 facilitates mainly glu-
cose transport from absorptive cells.8

During development, intestinal nutrient transporters
can be classified into two categories: those that exhibit high
transport rates before birth, such as SGLT1 and some
amino acid transporters, and those which show high trans-
port rates only after birth or weaning, such as the fructose
transporter GLUT5 and bile acid transporters.9 During
postnatal development, SGLT1 and GLUT2 expression
increases throughout the suckling period and peaks
after weaning.5,10 Insulin-like growth factor (IGF) alters the
expression of SGLT1 and GLUT211 while luminal fructose
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regulates the expression of GLUT5 during weaning.12,13

Most previous studies, however, have focused mainly on
the jejunum. Moreover, there are few reports about
the relationship between glucose transporter and the ab-
sorptive system in small intestinal absorptive cells during
weaning.

The aim of this study was to investigate changes in the
absorptive system and localization of the glucose trans-
porter, GLUT2, and the fructose transporter, GLUT5, in
jejunal and ileal absorptive cells during postnatal develop-
ment, especially during the weaning process, by electron
microscopy, immunohistochemistry, and confocal laser
scanning microscopy.

Materials and methods

Animals

The study used Wistar rats, some of which were 7- to 21-
day-old (suckling to weaning), and some of which were 28-
day-old (after weaning) rats, and these were reared under
ordinary laboratory conditions. The rats were anesthetized
with ether. The small intestine was exposed through a ver-
tical slit in the abdominal wall and the entire small intestine
was dissected intact. The proximal jejunum and distal ileum
were cut into 3- to 4-cm pieces.

Transmission electron microscopy

For the transmission electron microscopic study, tissues
were cut into 1.0mm � 2.0mm blocks. The specimens were
fixed in a mixture of 2.0% formaldehyde and 2.5% glutaral-
dehyde in 0.1M phosphate buffer (pH 7.4) for 2h at 4°C,
washed in the same buffer, postfixed for 2h at 4°C in an
aqueous solution of 1.0% osmium tetroxide, dehydrated in
a graded series of ethanol, and embedded in EPON 812.
Thin sections were cut into 1-µm slices on a microtome,
stained with toluidine blue, and observed under a micro-
scope. For ultrastructural study, ultrathin sections were
stained with uranyl acetate and lead acetate, and they were
examined with a transmission electron microscope (JEOL-
1200EX) at an accelerating voltage of 80kV.

Immunohistochemistry

For detection of the glucose transporter, GLUT2, and the
fructose transporter, GLUT5, tissues were cut into 1.0-cm-
wide rings. The specimens were embedded in OCT com-
pound medium (Sakura Fine Technical, Tokyo, Japan) and
flush-frozen in dry ice-acetone. Sections were cut into 6-µm
slices on a cryostat, transferred to a glass slide, air-dried,
and fixed in acetone for 30min at �20°C. The fixed sections
were washed in phosphate-buffered saline (PBS, pH 7.4),
and were then blocked with 5.0% dry-milk PBS for 30min
at room temperature. The primary antibody used was rabbit
anti-GLUT2 or rabbit anti-GLUT5 (Chemicon Interna-

tional, Temecula, CA, USA). The sections were incubated
with the primary antibody diluted 1 :2000 in 1.0% bovine
serum albumin (BSA)-PBS for 2h at room temperature.
Control sections were treated with only 1.0% BSA-PBS.
After being washed three times with PBS, all the sections
were incubated with secondary antibody diluted 1 :2000 in
1.0% BSA-PBS for 30min at room temperature. As second-
ary antibody, Alexa Flour 488-labeled goat antirabbit IgG
(Molecular Probes, Eugene, OR, USA) was used. The sec-
tions were washed three times with PBS, mounted using a
Vectashield Hard Set Mounting Medium (Vector Labora-
tories, Burlingame, CA, USA) and observed with a laser
scanning confocal microscope (Fluoview FV300; Olympus,
Tokyo, Japan).

Results

Light microscopy

In the suckling rat jejunum, numerous thin villi of various
heights were observed in the lumen. Just before weaning
and just after weaning, the villi became thicker and of equal
height. In the suckling rat ileum, numerous thin villi of
various heights were observed in the lumen, as in the je-
junum. Throughout the 7- to 28-day period, the jejunal villi
were longer than those of the ileum.

In the jejunal absorptive cells, there were no visible
changes between the suckling and the weaned rats (Fig. 1a–
c). There was, however, an obvious difference in the ileum.
In the suckling rats, the ileal absorptive cells had a giant
lysosome in the supranuclear region (Fig. 1d). As the wean-
ing process progressed, the giant lysosome became larger
and larger, as in the upper part of the villus. In the 18- or 19-
day-old rat ileum, absorptive cells without a giant lysosome
could be seen at the base of the villi (Fig. 1e). After 18 or 19
days, the ileal villi became covered with absorptive cells that
had no giant lysosome (Fig. 1f).

Transmission electron microscopy

Transmission electron microscopic observations of the epi-
thelium in the rat jejunum and ileum showed changes in the
absorptive cells during weaning.

In the suckling jejunum, absorptive cells contained many
lipid particles in the smooth endoplasmic reticulum, Golgi
apparatus, and intercellular space, and an apical endocytic
membrane system that decreased during weaning. After
weaning, the apical membrane system was rarely observed
in the jejunal absorptive cells. In the suckling ileum, absorp-
tive cells contained an apical endocytic membrane system
including a giant lysosome in the supranuclear region.
During weaning, the apical membrane system became de-
creased in the ileal absorptive cells as it did in the jejunum.
In addition, the giant lysosome decreased in electron den-
sity, even while it was enlarging in the ileal absorptive cells
as the rats developed. In the 18- or 19-day-old rats, two
types of absorptive cell were observed in the ileum. One
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was observed in the upper part of the villi and had an apical
endocytic membrane system, including an enlarged giant
lysosome, while the other was observed in the lower part of
the villi and had no apical endocytic membrane system.
After 18 or 19 days, only the latter type of absorptive cell
was observed throughout the villi.

Immunohistochemistry

Laser scanning confocal microscopic observations of the
epithelium in the rat jejunum and ileum showed the local-
ization of GLUT2 and GLUT5 during weaning.

In the neonatal to weaned rat jejunum, GLUT2 was
observed within the apical and basolateral membrane
domain of absorptive cells throughout the entire villi
(Fig. 2a–c). In the suckling rat ileum, GLUT2 was observed
at the apical and basolateral membrane domain of absorp-
tive cells throughout the entire villi (Fig. 2d). After 18 or 19
days, GLUT2 was mainly found within the apical mem-
brane domain of the absorptive cells from the lower part of

the villi (Fig. 2e). In the weaned rat, GLUT2 was observed
within the apical membrane domain of the absorptive cells
(Fig. 2f).

GLUT5 was observed within the apical membrane do-
main of the absorptive cells in the suckling rat jejunum (Fig.
3a). In the 18- or 19-day-old rat jejunum, GLUT5 was ob-
served within the apical membrane domain of the absorp-
tive cells from the upper part of the villi, as in the suckling
rat jejunum (Fig. 3b). On the other hand, GLUT5 was local-
ized not only within the apical but also within the
basolateral membrane domain in the absorptive cells from
the lower part of the villi (Fig. 3b). After 18 or 19 days,
GLUT5 was found within the apical and basolateral mem-
brane domain of absorptive cells throughout the entire villi
(Fig. 3c). In the suckling rat ileum, few GLUT5 reaction
products were observed in the absorptive cells (Fig. 3d). In
the 18- or 19-day-old rat ileum, few reaction products of
GLUT5 were observed in the upper part of the villi; how-
ever, in the lower part of the villi, GLUT5 was localized
within the apical membrane domain of the absorptive cells
(Fig. 3e). After weaning, GLUT5 was observed mainly

Fig. 1. Light micrographs of the small intestinal villi: a 7-day-old rat jejunum; b 19-day-old rat jejunum; c 21-day-old rat jejunum; d 7-day-old rat
ileum; e 19-day-old rat ileum (arrows show the boundary of the two types of absorptive cells); f 21-day-old rat ileum
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Fig. 2. GLUT2 localization of the rat small intestine: a 7-day-old rat
jejunum (inset, jejunal absorptive cells); b 19-day-old rat jejunum (in-
set, jejunal absorptive cells); c 28-day-old rat jejunum (inset, jejunal
absorptive cells); d 7-day-old rat ileum (inset, ileal absorptive cells);

e 19-day-old rat ileum (arrows show the boundary of the localization
of GLUT2; upper inset, ileal absorptive cells from the upper part of
the villi; lower inset, ileal absorptive cells from the lower part of the
villi); f 28-day-old rat ileum (inset, ileal absorptive cells)

within the apical membrane domain of ileal absorptive cells
throughout the entire villi (Fig. 3f).

Discussion

During the suckling period, the immature gastrointestinal
tract is offered maternal milk. The dietary shift from
maternal milk to an adult diet occurs at weaning when
neonatal properties are lost and mature ones are acquired.
To digest and absorb nutrients, the dietary shift is accompa-

nied by profound modifications of digestive and transport
functions.

The neonatal intestine is capable of endocytosing macro-
molecules from milk, including immunoglobulins.14–19 The
expression of Fc receptors is regulated transcriptionally and
is maximal within the proximal duodenum, but declines
progressively in the distal bowel.20 On the other hand, the
absorptive cells specialize for macromolecular uptakes, as
in the distal small intestine. Those cells are characterized
by having the apical endocytic membrane system including
the vesicles, early endosomes, late endosomes, multivesi-
cular bodies, lysosomes, and a giant lysomsome.1,16–19 Similar
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cells were observed in the neonatal cecum and proximal
colon.21

The permeability of the intestinal epithelium for macro-
molecules declines after birth. The transfer is terminated 21
days after birth in both rats and rabbits.22–24 The developing
intestine is able to establish and maintain differences in
the differentiation programs of each lineage as a function of
their location along the proximo-to-distal and crypt-to-
villus gradient.25,26 We have previously shown that the struc-
ture and macromolecular uptake of the small intestinal ab-
sorptive cells varies according to their location during
postnatal development.1 In the suckling rats, the absorptive

cells of the small intestine had not only functional but also
morphological differences along the proximal-to-distal
gradient. The difference became more distinct in the upper
part of the villi. The morphological difference, however,
became unclear after weaning.

There are differences in the distribution of transporters
along the crypt-to-villus axis between the immature and
adult intestine. In the neonatal intestine, nutrient transport
occurs along the whole crypt-to-villus axis, whereas in the
adult intestine the absorption of nutrients is shifted to the
upper part of the villi.27 In the present study, the shift was
only observed in the ileum with regard to GLUT2. A shift

Fig. 3. GLUT5 localization of the rat small intestine: a 7-day-old rat
jejunum (inset, jejunal absorptive cells); b 19-day-old rat jejunum (up-
per inset, jejunal absorptive cells from the upper part of the villi; lower
inset, jejunal absorptive cells from the lower part of the villi); c 28-day-
old rat jejunum (inset, jejunal absorptive cells); d 7-day-old rat ileum

(inset, ileal absorptive cells); e 19-day-old rat ileum (arrows show the
boundary of the localization of GLUT5; upper inset, ileal absorptive
cells from the upper part of the villi; lower inset, ileal absorptive cells
from the lower part of the villi); f 28-day-old rat ileum (inset, ileal
absorptive cells)
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of GLUT5 was not clearly found, although it is possible that
it might take place after 28 days.

Although the absorption of glucose, galactose, and
fructose across the apical membrane is mediated by two
different proteins, their transport across the basolateral
membrane may be mediated by a single protein, the facili-
tated glucose transporter GLUT2 that decreases during the
late suckling period.28 In the present study, the decrease in
GLUT2 was not observed during the late suckling period.
The localization of GLUT2, however, was changed in the
ileal absorptive cells during the weaning process.

On the other hand, fructose utilizes GLUT54,29 for enter-
ing within the absorptive cells. Fructose absorption in-
creases in the small intestine during weaning in both the rat
and the rabbit.30,31 Its expression is enhanced during wean-
ing, and it is prematurely induced by dietary fructose.29,32

With the exception of the perinatal development period,
GLUT5 gene expression is regulated by the small intestinal
region, circadian rhythm, and the effect of diabetes.33 In the
present study, GLUT5, localized within the apical mem-
brane domain in the jejunal absorptive cells, was observed
even in the early suckling period. Rat GLUT5 is able to
facilitate the transport of both glucose and fructose.6 It is
suggested that GLUT5 mainly facilitates the transport of
glucose in the early suckling period. On the other hand,
GLUT5 was not observed in the absorptive cells from the
suckling rat ileum. During weaning, absorptive cells with a
different localization of GLUT5 appeared at the basal villus
in both the jejunum and the ileum. After weaning, these
absorptive cells were observed throughout the entire villi.

Recently, it was found that the brush border membrane
contained not only GLUT5 but also GLUT2.34–36 Our
present observation that GLUT2 was localized in the ab-
sorptive cells from weaning to weaned rat jejunum is consis-
tent with those earlier reports.

In the jejunum, the membrane domain of the absorptive
cells that contained the glucose transporter spread during
the weaning process. On the other hand, the membrane
domain with the glucose transporter of the ileal absorptive
cells was reduced during weaning. These results show that
the jejunal absorptive cells absorb monosaccharide actively
and transport it during the suckling period, and this mono-
saccharide transport is actually increased after weaning. On
the other hand, the ileal absorptive cells absorb monosac-
charide and transport it during the suckling period, but this
monosaccharide transport is reduced after weaning. This
finding suggests that the jejunal absorptive cells absorb
monosaccharide to utilize it as energy not only for the cell
but also for the whole body, whereas the ileal absorptive
cells absorb monosaccharide simply for the cell.

The change in the localization of glucose transporters
corresponded with the change in morphology and macro-
molecular uptake in the jejunal and ileal absorptive cells
during postnatal development, especially during the wean-
ing period. It can be assumed that these changes result from
the shift from neonatal-suckling to adult absorptive cells
during postnatal development. This result would seem to
suggest that the developing intestine is able to establish and
maintain differences in the differentiation programs not

only along the proximal-to-distal and crypt-to-villus gradi-
ents but also along the suckling-to-adult gradient.

Conclusion

In this study, we investigated changes in the absorptive
system and localization of the glucose transporter, GLUT2,
and the fructose transporter, GLUT5, in jejunal and ileal
absorptive cells during postnatal development, especially
during the weaning process, by electron microscopy, immu-
nohistochemistry, and confocal laser scanning microscopy.
The changes in the localization of glucose transporters cor-
respond with a shift from neonatal-suckling to weaning
absorptive cells during postnatal development, especially
during the weaning period.
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