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ABSTRACT. The distribution and diameter of the pores of epithelial basement membrane in the intestinal villi and the lymph nodules of
ileal Peyer’s patches were investigated in the rat small intestine by scanning electron microscopy after the removal of the over lying epi-
thelial cells with OsO4 maceration.  In the duodenum, jejunum and ileum, the pores were mainly distributed at the upper three fourths
of the villi, but were scarce around the top of the villi.  The diameter of some of the pores in the upper three fourths of the villi was
larger than that of those in the lower portion.  The protrusion of lymphocytes and the cytoplasmic processes of macrophages were also
seen at the orifices of the pores.  In ileal Peyer’s patches, in contrast, pores were densely distributed in the lower one third  of the follicle-
associated epithelium (FAE) where M cells were mainly seen.  Furthermore, these pores were larger than those found in the upper two
thirds.  Lymphocytes or cytoplasmic processes of macrophages were frequently seen in the lower one third of FAE.  These results suggest
that the pores at the basement membrane correspond to the passage of the immunocompetent cells which are in contact with M cells or
villous columnar epithelial cells and that the abundance of pores is a sign of aggressive interaction between the particular epi thelial cells
and the immunocompetent cells at the upper three fourths of intestinal villi and the lower one third of FAE in the rat small intestine.
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The existence and distribution of pores in the epithelial
basement membrane have been reported in mammalian
intestines.  It has been speculated that the density of pores
indicates a degree of the traffic across the basement mem-
brane [1, 3, 7, 9, 11, 15].  This hypothesis is based on the
studies performed with scanning electron microscope
(SEM) and transmission electron microscope (TEM) that
revealed the porosity of the basement membrane or the tran-
sit of free cells, such as eosinophils, lymphocytes and mac-
rophages, through the membrane [7, 9, 11].  Recently, it has
been proposed that pores are formed by macrophages aggre-
gating in the lamina propria near the tip of the villus, with
penetration of the cytoplasmic processes into the intestinal
epithelial cells to regulate their maturation or aging of the
intestinal epithelial cells in murine small intestine [13].
Moreover, similar porosity has been recognized at the
periphery of the follicle-associated epithelium (FAE) in
ileal Peyer’s patches (PP) [12].  Incidentally, it has been
generally accepted that the luminal antigens are caught by
M cells at the FAE in the PP and transported to lymphocytes
or macrophages aggregating around M cells [2, 8].  In this
report, to clarify the functional significance of the pores in
the rat small intestine, the relationship between the distribu-
tion of the pores and the particular epithelial cells were
determined after removal of the intestinal epithelium by
OsO4 maceration.  Furthermore, the number and diameter of
the pores were measured in every portion of the small intes-
tine.

MATERIALS AND METHODS

Animals: Seven male Wistar rats aged more than 7
months were used in the present study.  They were reared

with a 12 light/dark cycle (light on at 8:00 am) at 23 ± 2°C
and 50 ± 10% humidity and permitted free access to food
and water.  The animals were sacrificed by exsanguination
under anesthesia with an i.p. injection of pentobarbital
sodium.

Light microscopic and transmission electron microscopic
(TEM) observations: For light microscopic observation, the
duodenum, jejunum and ileum containing the ileal PP were
perfused via cardia with 10% formalin for fixation and then
embedded in paraffin.  Thereafter, the sections of 2 µm in
thickness were stained with periodic acid-methenamine-sil-
ver stain (PAM) to visualize the epithelial basement mem-
brane.

For TEM observation, the animals were intracardially
perfused with cold 2.5% glutaraldehyde-2% paraformalde-
hyde in 0.01 M phosphate buffered saline (PBS, pH 7.4).
The ileal PPs were extracted and immersion-fixed in the
same fixative for 2 hr before post-fixation with 2% OsO4 in
PBS (pH 7.4) for 2 hr.  The specimens were then dehydrated
and embedded in Epoxy resin.  Thereafter, ultrathin sections
counterstained with uranyl acetate and lead citrate were
observed by using a TEM (JEOL, JEM 1,200 EX) at an
accelerating voltage of 80 kV.

Scanning electron microscopic (SEM) observation: Each
portion of the small intestine was immediately extracted.
Thereafter, tissues were fixed with a mixture of 1% glutaral-
dehyde and 1% paraformaldehyde in PBS (pH 7.2).  The
fixed tissues were cut into small pieces.  After rinsing in
PBS for 1 hr, they were macerated with 0.1% OsO 4 in PBS
at 40°C for 24 hr.  The specimens were agitated vigorously
to remove epithelial cells efficiently.  The degree of shed-
ding of epithelial cells was checked under the dissecting
microscope.  The tissues were then conductive-stained by
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Fig. 1. Light micrographs of the epithelial basement membrane stained with periodic acid-methenamine-silver stain (PAM). a. Intesti-
nal villi. The lymphocyte (arrow) passes through the basement membrane (small arrowheads). b. Follicle-associated epithelium
(FAE) of ileal Peyer’s patch (PP). Aggressive traffic of lymphocytes (arrows) and macrophage (large arrow head) through the base-
ment membrane (small arrowheads) can be seen at the FAE. Bars =5 µm (a, b).

Fig. 2. Transmission electron micrograph of the FAE. A typical M cell (M) with sparse microvilli and the invasion of numerous
migrating cells (lymphocyte: L, plasma cell: P) are seen. Lymphocytes (arrows) passing through the basement membrane (arrow
heads) are frequently seen under the M cell. L: lymphocyte. P: plasma cell. Bar=2 µm. 

Fig. 3. Scanning electron micrograph of intestinal villi and a lymph nodule. The epithelial cells were removed by OsO4 maceration,
and the basement membranes are exposed. a. Pores are mainly distributed at the upper three fourths (position 3) of a central vil lus. b.
Whole lymph nodule of an ileal Peyer’s patch. Pores are intensively distributed at the lower one third (position 1). c. Pores at the
lymph nodule. The interior of the large pores was divided into small parts (arrows), and migrating cells were sometimes seen to
project from the pores (arrowheads). Bars =50 µm (a, b) and 5 µm (c).
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the tannin-osmium method, dehydrated through a graded
series of ethanol and critical-point dried by liquid CO2.  The
dried specimens were coated with platinum-palladium in a
ion-sputter coater (Hitachi E-1030, Japan) and observed in a
SEM (Hitachi S-800, Japan).  Some tissue blocks of an ileal
PP were observed without maceration.

The intestinal villus was equally divided into 4 parts from
the base to the villous tip, and these parts were termed posi-
tion 1 to 4.  In the PP, FAE was divided into 3 parts, which
were termed position 1 to 3 from the periphery to the top.
For an analysis of the number of pores in each position, 5
villi and lymph nodules whose basement membranes were
exposed, were selected randomly from 5 rats.  For each posi-
tion in the villus and PP, the number of pores in an area of
2,500 µm2 was measured by using the Scion Image (Scion,
U.S.A.).  The diameter and major axis of 25 randomly
selected pores were also measured.  The mean diameter of
the pores in each position was calculated and compared
among positions.  The data were statistically examined by
analysis of variance (ANOVA) followed by Fisher’s PLSD
test.  All data were expressed as means ± SD, and statistical
s ig n i f i ca n ce  w as  de f i n ed  a s  t h e  5 %  l ev e l .

RESULTS

Light microscopic and TEM observations: Lymphocytes
and macrophages passing through the epithelial basement
membrane were seen at the intestinal villi in every part of
the small intestine (Fig. 1a).  At the intestinal villus, the cel-
lular transit across the basement membrane was frequently
found at position 3, whereas numerous lymphocytes were
located all over the intraepithelial region and lamina pro-
pria.  In addition, the aggregations of macrophages were
seen in the lamina propria near the villous tip.  On the other
hand, at the FAE of an ileal PP, the transit of migrating cells
was observed particularly at position 1, where M cells were
mainly located.  In this position, the basement membrane
was fragmented because of an aggressive infiltration by
numerous lymphocytes, plasma cells and macrophages (Fig.
1b).  Under TEM, lymphocytes passing through the epithe-
lial basement membrane were observed frequently at the
basal sides of M cells (Fig. 2).  The migrating cells often
entered the basal concaves of M cells.

SEM observation: In the duodenum, ileum and jejunum,
the pores on the basement membrane were mainly found in
position 3 of the intestinal villi in comparison with the other

Fig. 4. The number of pores in each position of the intestinal villi and lymph nodules in the duodenum (a), jejunum (b),
ileum (c) and ileal Peyer’s patch (d). Each column expresses the percentage of the mean number of pores and the SD. 

Fig. 5. The number of pores in each position of the intestinal villi and lymph nodules in the duodenum (a), jejunum (b)
and ileum (c) and ileal Peyer’s patch (d). Each column expresses the mean number of pores and the SD. Asterisks indi-
cate significant differences compared to position 3 (P<0.05).
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positions (Figs. 3a, 4a, b, c, 5a, b, c).  The pores were rarely
found around the tops of villi in accordance with the results
of the light microscopic observation (Fig. 3a).  Some
migrating cells were remained at the orifice of the pore.  On
the other hand, pores over 5 µm in diameter were rarely
found at positions 1 and 2, but they were frequently
observed at positions 3 and 4 (Figs. 6–9).  Pores of approxi-
mately 1 µm in diameter were commonly seen at every posi-
tion of the villi, whereas the number of pores with a large
diameter increased toward the top of the villi (Figs. 6–9).

In the ileal PP, a large number of pores were found
throughout the FAE as compared with the number in the
villi (Figs. 3a, b).  These pores were distributed intensively
at position 1 of the dome area, and the number of pores
tended to be smaller toward position 3, in contrast to the
other small intestinal portions (Figs. 4a, b, c, 5a, b, c).  On
the other hand, pores 1 to 4 µm in diameter were seen
throughout the FAE, but the number of pores over 8 µm in
diameter increased toward position 1 (Figs. 7–9).  The inte-
rior regions of the large pores were divided into several
small parts, and migrating cells were occasionally seen to
project from the pores (Fig. 3c).

DISCUSSION

Several lines of studies with TEM and SEM have been
performed to determine the existence and role of pores at the
epithelial basement membrane in mammalian small intes-
tines.  From TEM studies in rats, the epithelial basement
membrane is crossed frequently by different types of
migrating cells, such as eosinophils, lymphocytes and mac-
rophages [1, 7, 15].  SEM studies also revealed that pores
are mainly found in the upper portion of the intestinal villi,
and that the cellular processes of migrating cells are
observed through pores in the rat [3, 7, 9, 11].  These studies
suggest that the pores of the basement membrane of the
intestinal villi play a role in the passage of migrating cells
from the lamina propria to the intestinal epithelium.  On the
other hand, the presence of pores was also reported in the
basement membrane of ileal PPs [12].  In this report, pores
were remarkably abundant in ileal PPs in comparison with
the adjacent villi, and they increased centrifugally from the
top to the periphery of the FAE in rats and monkeys.  In the
present study, the number of pores was statistically domi-
nant in the upper three fourths of intestinal villi in the small

Fig. 6. The number of pores classified with their diameter in position 4 of the intestinal villi in the duodenum,
jejunum and ileum. Each column indicates the presence of the mean number of pores and the SD.

Fig. 7. The number of pores classified with their diameter in position 3 of the intestinal villi and lymph nodules in
the duodenum, jejunum, ileum and ileal Peyer’s patch. See Fig. 6 for detail.
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intestine or in the lower one third of the FAE.  Moreover, an
active transit of lymphocytes, plasma cells or macrophages
through pores was found at the corresponding position.
These results suggest that the pores of both the intestinal
villi and FAE are formed by a similar process.

Macrophages, which aggregate in the lamina propria near
the tips of the villi, were reported to form pores and insert
cytoplasmic processes into enterocytes in order to complete
the cellular life and regulate the maturation or aging of
enterocytes in the rat, mouse and guinea pig small intestine
[4, 13].  In our study, the transit of lymphocytes through the
pores was found frequently in the upper part of the villi.  In
addition, the transit was also seen extremely in the lower
position of the FAE.  In chicken cecal tonsils, microvillous
epithelial cells disappeared near the top of the FAE [6], and
DNA fragmentation of epithelial cells, which is a sign of
apoptosis, has already started at the middle portion of the
intestinal villi and FAE in the chicken cecum [14].  These
findings suggest that most pores not only indicate the sign of
the extension of cytoplasmic process of macrophages, but
also the passage of migrating cells.

M cells are abundant in the lower to middle portion of the
FAE in several mammalian and chicken intestines [2, 5, 6,
8].  It has been generally accepted that M cells transport
antigens from the lumen to antigen-presenting cells, such as
macrophages and dendritic cells that have close contact with
M cells, and that M cells initiate an immune response or oral
immunological tolerance [2, 8].  Therefore, the abundance
of pores at the lower portion of the FAE suggests aggressive
interaction between M cells and antigen-presenting cells.
Furthermore, the major histocompatibility complex class II
molecules are expressed in villous columnar epithelial cells
in the rat small intestine [10].  From these findings, it is pos-
sible that the large pores in the upper portion of the intestinal
villi also signify an aggressive interaction between epithe-
lial cells and immunocompetent cells as well as in the lymph
nodule in the rat small intestine.
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