Cell Tissue Res (1993) 271:407-416

CellaTissue
Research
© Springer-Verlag 1993

Aggregation of macrophages in the tips of intestinal villi in guinea
pigs: their possible role in the phagocytosis of effete epithelial cells

Hongxia Han!, Toshihiko Iwanaga!, Yasuo Uchiyama?, Tsunco Fujita’

! Department of Anatomy, Niigata University School of Medicine, Asahi Machi 1, Niigata, 951 Japan
2 Department of Anatomy, Iwate Medical University School of Medicine, Uchimaru 19-1, Morioka, 020 Japan

Received: 4 June 1992 / Accepted: 14 Scptember 1992

Abstract. Numerous macrophages were found aggregat-
ed in the lamina propria at the tips of villi in the small
intestine of guinea pigs. These macrophages extended
their pseudopodia into the epithelial lining and interna-
lized fragments of effete enterocytes in their phago-
somes. The epithelium of the villus tips was found to
be infiltrated with numerous lymphocytes. They pos-
sessed electron-dense granules characteristic of natural
killer cells, and actively interdigitated with the entero-
cytes. The latter were cither fragmented or extensively
lost in their basal cytoplasm, often leaving an attenuated
apical cytoplasm of the cell. Immunohistochemical label-
ing using bromodeoxyuridine demonstrated that at 96 h
after its administration, immunolabeled nuclei were en-
countered in the cytoplasm of macrophages in the la-
mina propria at the villus tips. These findings suggest
that in the guinea pig, effete enterocytes are not simply
exfoliated into the lumen, but are damaged by intra-
epithelial lymphocytes possessing a natural killer cyto-
toxicity, and subsequently phagocytosed by subepithelial
macrophages.
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Introduction

It is well known that macrophages, in addition to lym-
phocytes, plasma cells and granulocytes, are found in
large numbers in the lamina propria of the gut (Deane
1964; Pabst 1987), reflecting the need for a powerful
defense system in the intestinal mucosa due to its contin-
uous exposure to pathogenic antigens. Aggregations of
macrophages containing numerous phagosomes in the
lamina propria have been documented in certain forms
of chronic inflammation (Cohn 1968). Von Méllendorff
(1925) and Maximow (1927) recorded that in the normal
guinea pig, macrophages frequently gathered in the la-

Correspondence to: T. Fujita

mina propria at the tips of intestinal villi. This phenome-
non seems to have been overlooked by later researchers,
until Sawicki et al. (1977) reported concurrent data in
the guinea pig. Von Méllendorff (1925) and Maximow
(1927) assumed that the macrophages at the villous
apices might take up certain substances from the intesti-
nal lumen. In contrast, Sawicki et al. (1977) suggested
that these macrophages might ** play a role in the phago-
cytosis of some migrating cells of the intestinal mucosa,
most probably of the sheath-fibroblasts and/or intra-
epithelial lymphocytes™. These authors did not note the
possibility that the epithelial cells (enterocytes) migrating
to the villus tips might also be ingested by the macro-
phages.

Meanwhile it has become a generally accepted view
that the enterocytes, originating in crypts, move toward
the villus tips eventually being extruded into the lumen
(for reviews, see Eastwood 1977; Leblond 1981). This
view has been based on autoradiographic studies using
3H-thymidine in mice and rats (Leblond and Messier
1958; Quastler et al. 1959; Cheng and Leblond 1974a).
In other mammalian species including the guinea pig,
only limited infqrmation is available. Furthermore, very
little morphological evidence has been presented for
mammalian species indicating that aged enterocytes are
actually exfoliated into the lumen.

In our preliminary observation of the guinea pig small
intestine, we confirmed the early records on the aggrega-
tion of macrophages at the tips of villi and obtained
findings supporting a hitherto undescribed view that
these macrophages, in collaboration with lymphocytes,
might be engaged in scavenging aged enterocytes. The
present study aims at demonstrating events taking place
at the tips of the villi in the guinea pig intestine, with
special reference to the functional significance of the ag-
gregated macrophages.

Materials and methods

Twenty male Hartley guinea pigs, weighing 250-300 g, were used
in this study. The animals were anesthetized with pentobarbiturate
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and perfused via the aorta with physiological saline followed by
4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Various
regions of the intestine from the gastric corpus to the rectum,
at intervals of 5 cm, were obtained and immersed in the same fixa-
tive for an additional 6 h. The tissues were dipped in 30% sucrose
solution overnight at 4° C and rapidly frozen in liquid nitrogen.
Frozen sections, about 20 pm in thickness, were prepared in a cryo-
stat (Coldtome CD-41, Sakura Inc., Tokyo, Japan) and stained
for the detection of acid phosphatase activity, according to Burn-
stone (1958). Control experiments for acid phosphatase reactions
were simultancously carried out by incubating with the medium
containing 10 mM NaF, a potent inhibitor for this enzyme. Para-
formaldehyde-fixed specimens were also dehydrated via an ethanol-
xylene series and embedded in paraffin. Paraffin sections, 4-6 pm
thick, were stained with hematoxylin-eosin.

Localization of cathepsin B was immunocytochemically exam-
ined according to the avidin-biotin complex (ABC) method. Frozen
sections were incubated with a rabbit antibody against rat cathep-
sin B diluted 1:1000 (0.6 pg/ml). Detailed characterization of the
antiserum has been described elsewhere (Kominami et al. 1984,

Figs. 1, 2. Histochemical staining
for acid phosphatase activity in the
ileum of a guinca pig. Macro-
phages with positive reaction for
acid phosphatasc arc gathered at
villus tips in the lamina propria
near central lacteals (CL). Another
site of intense activity is found in
the striated border of enterocytes,
but this reactivity was not inhibited
by NaF in control experiments. 1:
x 350; 2: x 500

1985). Specificity of the immunoreactions was confirmed by prein-
cubation of the antiserum with rat liver cathepsin B.

For electron microscopy, another 10 animals were perfusion-
fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH
7.4. The jejunum and ileum were removed and dissected out into
small picces. After immersion in the same fixative for 2 h, the
tissue blocks were postfixed for 1.5h in 1% OsO, dissolved in
phosphate buffer, dehydrated through a series of graded ethanol
and embedded in Araldite via propylene oxide. The ultrathin sec-
tions were stained with uranyl acetate and lead citrate, and exam-
ined under a Hitachi H-7000 transmission electron microscope.

Twelve guinea pigs were injected peritoneally with 5-bromo-
deoxy-uridine (BrdU) (40 mg/kg body weight, saline solution,
WAKO Chemicals, Tokyo). Subsequently, they were divided into
four groups of 3 animals each, to be sacrificed after 12, 60, 72
and 96 h, respectively. The tissues obtained from the jejunum and
ileun were fixed in absolute ethanol or Bouin’s fluid for 6 h and
cmbedded in paraffin. Dewaxed paraffin sections were incubated
in 0.2 N HCI for 1 h at room temperature and neutralized with
0.1 M Na,B,0,; (Moran et al. 1985; Sugihara et al. 1986). The



immunohistochemical detection of BrdU in the sections was carried
out according to the avidin-biotin complex (ABC) method using
a monoclonal antibody against BrdU (MAB-019, Chemicon Inter-
national Inc., USA) diluted 1:200.

For the specificity control, an absorption test was performed
with diluted antiserum pretreated with BrdU at a concentration
of 10 pg/ml for 24 h at 4° C. After incubation in the control serum,
no immunoreactive clements were recognizable.

Results

Distribution of intestinal macrophages

Numerous macrophages were found aggregated in the
lamina propria near the apex of intestinal villi. They
were easily identified in hematoxylin-cosin stained sec-
tions, due to their large (15-30 pm in diameter) eosino-
philic cytoplasm, but could be unequivocally demon-
strated by virtue of the acid phosphatase and cathepsin
B reactions (Figs. 1-3). The activities for acid phospha-
tase (Figs. 1, 2) and cathepsin B (Fig. 3) were concentrat-
ed within small and large round bodies which were ran-
domly dispersed in the cytoplasm.

An aggregation of macrophages was found in all villi
throughout the small intestine, i.e., from the duodenum
to the terminal end of the ileum. The cell aggregations
were larger in size in the jejunum and ileum than in
the duodenum. The major population of macrophages
was located in the lamina propria at the tips of villi,
occupying a rather well demarcated space between the
epithelium and the domed end of the central lacteal (Fig.
2). The number of macrophages in each villus usually
amounted to more than 10 per section. No special struc-
tures such as the intervention of blood vessels or reticu-
lar cells were recognized either in or outside the cell
aggregations.

At the lower two-thirds of the intestinal villi, smaller
macrophages with weaker acid phosphatase and cathep-
sin B reactivities were dispersed on the lateral sides of
the central lacteals (Fig. 3). The macrophages were rare
in the lamina propria around crypts.

Intense activity for acid phosphatase was also local-
ized at the striated border of the epithelium (Figs. 1,
2). The activity in the striated border was not inhibited
by preincubation of the medium with NaF, while that
in the macrophages perfectly disappeared. A specific im-
munoreactivity for cathepsin B was also found in the
cytoplasm of enterocytes, restricted to the villus tips;
it was, however, fine granular and weak in reaction.

Ultrastructure of aggregated macrophages

The macrophages in the lamina propria at the tips of
intestinal villi were often polygonal, being closely packed
and pressed, and showing an epithelioid arrangement
(Figs. 4, 8). The nucleus was usually round or oval and
contained a distinct nucleolus. The cytoplasm possessed
numerous phagosomes and residual bodies of varying
sizes as well as smaller dense bodies, most of which were
presumed to be lysosomes (Figs. 4, 5, 8). The phago-
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Fig. 3. Immunohistochemistry for cathepsin B in the jejunum of
a guinca pig. Immunoreactive macrophages are numerous in the
subepithelial region of the villus tip. Macrophages in the lower
part of the villi are smaller and less intensely immunoreactive.
CL Central lacteal. x 300

somes, especially large-sized ones (more than 3 pm in
diameter), contained cytoplasmic fragments rich in mito-
chondria, Golgi apparatus and rough endoplasmic retic-
ulum, which closely resembled the cell organelles of the
enterocytes but distinctly differed from those of subepi-
thelial fibroblasts or lymphocytes (Fig. 5). The cytoplas-
mic fragments in the phagosomes were occasionally ac-
companied by pyknotic nuclei (Figs. 4, 5), but the micro-
villous cell portion was never included. The contents
of the phagosomes showed various stages of apparent
digestion of cellular elements. Occasionally, large por-
tions of cells maintaining an intact cell structure indistin-
guishable from that of the enterocytes were found inter-
nalized in the macrophages.

Phagocytotic activity of macrophages upon entero-
cytes could be demonstrated more clearly at the base
of the epithelium. Macrophages beneath the basal la-
mina very often extended one or more pseudopodia deep
into the epithelial layer (Figs. 5-7). It was not rare for
the cell bodies of macrophages to be located in the epi-
thelial lining between enterocytes. Fragments of entero-
cytes as depicted below appeared to be internalized by
pseudopodia of macrophages. Various phases of interna-



Figs. 4, 5. Aggregation of macrophages at the villus tip in the
ileum. Numerous macrophages are closely packed in the lamina
propria. Phagosomes in the macrophages vary in their contents,
some including almost intact cellular elements (arrowhead). 5 High-
er magnification of the boxed area in 4. Two macrophages (Af)

beneath the basal lamina (BL) cxtend their cytoplasmic processes
(P) into the epithelial layer. Phagosomes in the cytoplasm contain
mitochondria-rich cellular elements. CL Central lacteal; E entero-
cytes; L lymphocytes. 4: x 3000; 5: x 6800
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Figs. 6, 7. Enterocytes at villus tips in ileum of guinea pigs. Pscudo-
pods (P) of macrophages (M) extend into the epithelial layer; in
6, they contact directly the excavated aspect of the enterocytes
(E). In 7, cytoplasmic fragments of enterocytes found in the inter-
cellular space are presumably being engulfed by the pseudopods

lization by pseudopodia could be seen: some pscudopo-
dia directly contacted the fragmented cytoplasm, while
others enveloped or engulfed it (Fig. 7).

Intraepithelial lymphocytes at the villus tips

Numerous lymphocytes were found to invade the epithe-
lium at the tips of villi (Figs. 4, 7, 8). Intraepithelial
lymphocytes were less frequent in the lower portion of
intestinal villi. The Golgi apparatus of lymphocytes was
comparatively well developed in the perinuclear region,
but the rough endoplasmic reticulum was scanty. Many
of the intraepithelial lymphocytes contained electron-
dense granules, 300-600 nm in diameter (Fig. 8), and
were identifiable as large granular lymphocytes (LGLs).
It was rare that the lymphocytes possessed rod-cored
vesicles which represent another type of granular ele-
ments frequently observed in the rat LGLs (Kaneda
1989). The electron-dense granules tended to gather in
paranuclear portions of the cytoplasm; together with
mitochondria they were usually located close to the Gol-
gi apparatus.

The lymphocytes extended irregular-shaped cell pro-

(P) of a macrophage. Numbers /-4 indicate possible orderly se-
quential engulfment of these fragments. Arrows indicate the basal
lamina showing the original boundary of the epithclium now infil-
trated with lymphocytes (L) and macrophages; F fibroblast. 6:
x 3700; 7: x4700

cesses, deeply interdigitating with the enterocytes (Figs.
8, 9). Both cells were thus tightly juxtaposed without
any intervening spaces. Many irregular-shaped spaces,
with no structural contents, were dispersed in the epithe-
lium. Dome-shaped cavities were occasionally formed,
leaving an attenuated apical cytoplasm with microvilli
(Figs. 8, 9). Enterocytes at the villus tips were character-
ized by fragmentation or a pinching-off of the cytoplasm
(Figs. 7-9), presumably due to the invasion of lympho-
cytes into the epithelium. Such fragmentation was re-
markable in the basal half of the epithelial lining. Thus,
membrane-bounded cytoplasmic fragments with or
without a nucleus were distributed close to the basement
membrane. The plasma membranes and organelles in
the cell fragments remained essentially intact in ultra-
structure, not showing any marked morphological signs
of degeneration. The apical portion of the epithelium,
despite such fragmentation and loss of the basal cell
portion, was still intact, although its microvilli were ir-
regular in arrangement and extended in length.

The lymphocytes frequently showed an intimate to-
pographical relationship with macrophages in and be-
neath the epithelium; many intraepithelial lymphocytes
with electron-dense granules were in contact with the
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Fig. 8. Numcrous lymphocytes (L) invade the epithelial lining at
the villus tip in the ileum of a guinea pig. These lymphocytes arc
characterized by irregularly shaped cell processes and electron-
dense granules. The cytoplasmic fragments of enterocytes (aster-

pseudopodia of macrophages or intervened between epi-
thelial cells and macrophages. They were intermingled
with groups of macrophages in the lamina propria.

Cell kinetics of BrdU-labeled epithelial cells

Twelve hours after the administration of BrdU, immu-
noreactivity for BrdU was recognized in the nuclei of
epithelial cells lining the upper half of the crypts. The
BrdU-immunoreactive epithelial cells shifted with time
along the villi, accumulating in the apical region of villi
after 60 and 72 h (Fig. 10a). At 96 h, only a few labeled
cells could be found within the epithelial lining, these
being restricted to the villus tips. Simultaneously, immu-
noreactivity for BrdU was recognized in coarse cytoplas-
mic bodies in some of the macrophages present in the
lamina propria of the villus apices (Fig. 10b, ¢). On

isks) are numerous in the basal portion of the epithelium. Arrow
Space likely duc to loss of cytoplasm. The subepithelial region
is occupied by a dense accumulation of macrophages (Af) contain-
ing large phagosomes and lysosomes. x 3500

morphological grounds, the BrdU-immunoreactive bod-
ies represent labeled nuclei or their fragments enclosed
in phagosomes of macrophages. Macrophages contain-
ing these BrdU-labeled bodies accounted for 20% or
less of all macrophages in the lamina propria.

Discussion

The present study indicates that in the small intestine
of normal guinea pigs, conspicuous aggregations of large
macrophages occur in the lamina propria at the tip of
every villus. In other mammalian species, accumulations
of macrophages in the tips of intestinal villi have been
noted under experimental or pathological conditions.
LeFevre etal. (1978, 1979) reported that in mice to
which latex had been given orally, latex-containing mac-
rophages migrated from Peyer’s patches to the tips of
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neighboring villi. Astaldi et al. (1966) demonstrated, in
the lamina propria of villus tips of the human, iron-
loaded macrophages and their increase in number in he-
mosiderosis. Such macrophages sequestering waste ma-
terial were considered to be eventually shed into the
lumen.

With regard to the intestine of guinea pigs, however,
it seems unlikely that inflammation or pathological con-
ditions might induce such extensive and consistent oc-
currence of macrophage aggregations as described in the
present paper. The cause of this phenomenon should
be sought in more common and normal processes in
the intestinal mucosa. Moreover, the selective localiza-
tion of the aggregation at the villus tips leads us to link
their functional significance to a specific condition at
this locus. Some researchers may object to regarding
the macrophage aggregation as a normal structure, but
we were able to find similar aggregations of macro-
phages with a specific acid phosphatase activity in the
intestine of newborn guinea pigs which were free from
germ invasion and inflammation (unpublished data).

The present electron-microscopic study has revealed
that the macrophages in question contained degraded
enterocytes in their phagosomes, suggesting that the
macrophages digest the effete epithelial cells at the villus
apex, which represents the terminal site for epithelial
cell migration. This view is in accordance with the results
obtained by cell-labeling with BrdU. In the guinea pig
small intestine, Sawicki et al. (1977) demonstrated Feul-
gen-positive, DNA-containing structures in the cyto-
plasm of macrophages gathered in the lamina propria.
However, the conclusion reached in their electron-micro-
scopic and autoradiographic study was that the macro-
phages may phagocytose subepithelial fibroblasts and/or
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Fig. 9. Schematic drawing showing the pro-
posed actions (see this study) of macrophages
(M) and lymphocytes (L) upon aged epitheli-
‘um at the villus tip in the small intestine of
the guinea pig. The basal portions of epitheli-
al cells are largely lost and fragmented, and
subsequently phagocytosed by macrophages

intraepithelial lymphocytes. This view of Sawicki et al.
(1977) could not be supported in the present investiga-
tion. That a small amount of subepithelial elements, in-
cluding flattened pericryptal fibroblasts which are
known to move upwards to the villus tips (Parker et al.
1974), might be phagocytosed by the macrophages at
the villus tip cannot be excluded, but the major compo-
nent represents the epithelial enterocytes. Our conclu-
sion is strongly supported by ultrastructural images cor-
responding to different stages of the macrophage pseu-
dopodia engulfing the cytoplasmic and nuclear elements
of the enterocytes.

The turnover and renewal of the intestinal epithelial
cells have been studied by previous investigators mainly
in the mouse and rat, using *H-thymidine autoradiogra-
phy. Different types of epithelial cells proliferate in the
crypts and migrate upward to reach the villus tips
(Cheng and Leblond 1974 b). The enterocytes are known
to have a life span of 2 to 3 days in the mouse and
rat, and 6 days in the human (Leblond and Messier
1958; MacDonald et al. 1964; Quastler et al.. 1959). The
cell turnover time obtained from the present BrdU meth-
od in the guinea pig is in agreement with the findings
of previous autoradiographic studies in the mouse and
rat.

Effete or dying cells at the villus tips have been be-
lieved to exfoliate from the epithelial lining into the lu-
men (Padykula 1962; Cheng and Leblond 1974a; East-
wood 1977). In the mouse small intestine, Leblond and
Messier (1958) reported the free occurrence of heavily
labeled nuclei of epithelial cells in the lumen 72 h after
the administration of 3H-thymidine. In contrast, the
present BrdU study demonstrated the possibility that
labeled fragments of epithelial cells moving upwards to
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Fig. 10. Inmunohistochemistry of the ileal villi in guinea pigs given
40 mg/kg bromodeoxyuridine. Labeled cells can be recognized in
the epithelial lining of the villus tips after 72 h (a). After 96 h,
round immunoreactive bodies (arrows), which most probably cor-
respond to labeled nuclei, are seen in the cytoplasm of macrophages

the villus apices could later be found in the lamina pro-
pria. Neither the light- nor the electron-microscopic ob-
servations in the present study indicated exfoliation of
degenerated epithelial cells. The frequent extension of
macrophage pseudopodia into the epithelium and the
inclusion of enterocytes suggest that enterocytes within
the epithelial lining are engulfed by macrophage pro-
cesses and then transported into the lamina propria.
Both the lack of microvilli derived from enterocytes in
the phagosomes of macrophages and the presence of
numerous cytoplasmic fragments in the epithelium lead
us to assume that macrophages in the villus tips engulf
only the basal portions of enterocytes rather than the
whole cell. This is also supported by the occurrence of
a smaller population of BrdU-labeled macrophages in
the lamina propria, since BrdU is incorporated only by
the nucleus of enterocytes which was perhaps not always
included in the engulfed cellular fragments.

Kerr et al. (1972) proposed that certain cells undergo-

)

10¢ .

in the lamina propria (b, ). In b, four nuclear clements immunore-
active for bromodeoxyuridine are found in the lamina propria;
two of them (arrows) are localized in the cytoplasm of macro-
phages. a x320; b x 1000, ¢ x 1260

ing normal cell death are condensed into membrane-
bounded globules with maintenance of organelle integri-
ty, and designated this process ““apoptosis”. The mem-
brane-bounded apoptotic bodies ultrastructurally resem-
ble cell fragments observed in the phagosomes of macro-
phages. In epithelia, apoptotic bodies were recorded to
be dispersed in intercellular spaces and either extruded
into the lumen or phagocytosed, mainly by adjacent epi-
thelial cells and partly by macrophages (for review, see
Whyllie et al. 1980). Harmon et al. (1984) described that
in the intestinal epithelium of rat fetuses (the caecum
and colon), apoptotic bodies werec phagocytosed by
neighbouring enterocytes, some of them being extruded
into the lumen. The occurrence of apoptosis in intestinal
villi has not been dealt with in previous literature; apop-
tosis in the intestinal epithelium has been observed pre-
dominantly in the crypts (Searle et al. 1975). In contrast
to the above-mentioned features of the hitherto recorded
apoptotic bodies, our cell fragments in the intestinal villi



are not intensely condensed in structure and not phago-
cytosed by epithelial cells. The uptake of apoptotic bod-
jies by epithelial cells has been reported to be accompa-
nied by increased activity of lysosomal enzymes in these
cells (Wyllie et al. 1980). The present study demonstrated
that intense immunoreactivity for cathepsin B, a major
lysosomal enzyme (Katunuma and Kominami 1983),
was located in the macrophages, and not in epithelial
cells. Although the cell fragments in the villus tips may
be classified as apoptotic bodies, they are characterized
by being phagocytosed extensively by macrophages.

The migration of lymphocytes into the intestinal epi-
thelium is a common phenomenon (cf. Viney 1990). The
intraepithelial lymphocytes have been shown by immu-
nologists to represent a special type of T cell bearing
& receptors, which are able to detect and destroy dam-
aged epithelial cells (Janeway et al. 1988). The existence
of dense granules in the intraepithelial lymphocytes en-
ables us to identify them as large granular lymphocytes
(LGLs) (Kaneda 1989), which are generally regarded as
a special type of T lymphocyte with natural killer activity
(NK cells) (Saksela etal. 1979; Reynolds et al. 1981;
Cerf-Bensussan et al. 1985). In the mouse small intestine,
30-45% of the intraepithelial lymphocytes have been
reported to be LGLs (Guy-Grand et al. 1978). In the
rat colon, over 90% of the intraepithelial lymphocytes
have been identified as NK cells (Nauss et al. 1984).
It is most reasonable to suggest that NK cells are dis-
posed at the villus apices of the guinea pig and are en-
gaged in killing the effete epithelial cells. The interdigita-
tion of these lymphocytes with their target cells as dem-
onstrated in the present study has been pointed out to
be an important sign of cytotoxic activity in cells (San-
derson and Glauert 1979).

The present paper has dealt with a peculiar aggrega-
tion of macrophages at the villus tips in the guinea pig
intestine. Qur preliminary survey, at present, has demon-
strated similar aggregations of phagosome-rich macro-
phages in the monkey and in horse (unpublished data).
In the mouse and rat, the animals which have been most
frequently used for cell-dynamic analysis of the intestine,
the macrophages at the same position of intestinal villi
are inconspicuous in appearance; this may be one of
the reasons why this peculiar phenomenon has escaped
the attention of researchers in the past.
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