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Selective attachment of indigenous, apathogenic, segmented filamentous bacteria to follicle-associated
epithelia of terminal ileal Peyer’s patches involves both the specialized M cells and normal enterocytes. A
striking, highly localized cytoplasmic accumulation of polymerized actin, which resembles that associated with
adherence of enteropathogenic Escherichia coli to cultured epithelial cells, occurs at attachment sites of
segmented filamentous bacteria. The epithelial response to the attachment of microorganisms may thus involve
mechanisms which are the same for diverse microorganisms.

Apathogenic, segmented, filamentous bacteria (SFBs) are
indigenous to the ilea of mice and rats (10, 21), where they
have been shown to preferentially colonize the follicle-
associated epithelium (FAE) of Peyer’s patches (13, 19).
SFBs have not been cultured in vitro and, therefore, have
not been taxonomically classified. The morphology, attach-
ment, and complex life cycle of SFBs have been described in
detail (3, 5, 7, 10, 17, 22) and have been reviewed recently
(13). Initial attachment of SFBs to the intestinal epithelium
occurs via specialized holdfast segments. Transmission elec-
tron microscopy has revealed that attachment of SFBs to
epithelial cells causes an invagination of the plasma mem-
brane and displacement of microvilli at the site of attach-
ment. A characteristic accumulation of filamentous material
in the cytoplasm adjacent to the protruding appendage of
attached SFB holdfast segments is observed (7, 10, 17). The
origin of this cytoplasmic filamentous material has not been
established. Morphologically similar cytoplasmic alterations
at the site of attachment of enteropathogenic Escherichia
coli (EPEC) to intestinal epithelium have been described (16)
and have been shown to be associated with a localized
accumulation of polymerized actin in cultured epithelial cells
(15). In this study, we have investigated the possibility that
the attachment of apathogenic SFBs to murine intestinal
epithelia is also associated with accumulation of polymer-
ized actin at the sites of attachment.

Previous studies have failed to show direct attachment of
SFBs to the apical surface of membranous cells (M cells),
despite extensive colonization of Peyer’s patch FAE (19).
We have reexamined the distribution of SFB attachment
sites within the Peyer’s patch FAE to determine whether any
interaction between these organisms and M cells does occur,
as this would be of particular interest in view of the special-
ized role of this cell type in antigen sampling (reviewed in
reference 18) and the recent observation that monoassocia-
tion with SFBs stimulates the mucosal immune system of
mice (14).

Studies of the terminal ileal Peyer’s patch and the neigh-
boring normal intestine of adult BALB/c mice (10 to 12
weeks old), housed under conventional animal house condi-
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tions and sacrificed by cervical dislocation, were performed.
Tissue was rapidly removed, rinsed in phosphate-buffered
saline (PBS), pH 7.4, and either fixed in 2% glutaraldehyde
(in 100 mM sodium phosphate buffer [pH 7.3]) for 3 h at 4°C
and processed for scanning electron microscopy (11) or fixed
in freshly prepared 2% paraformaldehyde in PBS for 1 h at
4°C prior to whole-tissue cytochemical staining.

Scanning electron microscopy revealed extensive coloni-
zation of the murine terminal ileum by SFBs with preferen-
tial attachment to Peyer’s patch FAE (Fig. 1a), confirming
previous reports (13, 19). The basis of the selective attach-
ment of SFBs is unknown but may involve the increased
expression or accessibility of receptors on the FAE surface.
Close examination revealed that although most SFBs were
attached either to FAE enterocytes displaying typical mi-
crovillous structure or at the junction between enterocytes
and M cells, the latter being identified by their characteristic
irregular brush border, occasional SFBs were observed to
attach directly to the apical surface of M cells (Fig. 1b). It
should be noted that it was not possible to identify all cells to
which SFBs were attached, as the epithelium was partially
obscured where colonization was most extensive.

To determine whether in vivo attachment of SFBs to ileal
epithelial cells is associated with accumulation of polymer-
ized actin, whole paraformaldehyde-fixed tissue prepara-
tions were washed thoroughly in PBS, immersed in 0.1%
Triton X-100 for 30 min at room temperature, and, after a
second washing in PBS, transferred to a solution containing
2 pg of phalloidin-tetramethylrhodamine isothiocyanate
(Sigma, Poole, United Kingdom) per ml of PBS for 1 h at
room temperature. After being washed in PBS, the tissue
was mounted under glass coverslips with Vectashield moun-
tant (Vector, Burlingame, Calif.) and examined with a Nikon
Diaphot inverted epifluorescent microscope (Nikon, Tel-
ford, United Kingdom) and a Bio-Rad MRC-600 confocal
laser scanning imaging system (Bio-Rad Microscience,
Hemel Hempstead, United Kingdom) equipped with an
argon-ion laser.

Confocal laser scanning imaging of phalloidin-stained tis-
sue facilitated the accurate determination of points of attach-
ment of SFBs and the distribution of polymerized actin
within epithelial cells associated with SFBs. SFB segments
above the epithelium could be located by their obstruction of
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FIG. 1. Scanning electron micrographs of a mouse Peyer’s patch. (a) At low magnification, SFB colonization of FAE (F) can be seen to

exceed that of neighboring villi (V). Magnification, X610; bar, 25 um. (b) SFB attachment to an FAE enterocyte (E) exhibiting normal densely
packed microvilli and to an M cell (M) with characteristic irregular microvilli. Magnification, x10,100; bar, 2 pm.

fluorescence from the epithelial surface, which produced a
shadowing effect (Fig. 2 and 3). Confocal optical sections at
the level of the apical epithelial surface revealed points of
attachment of SFBs as gaps in the brush border phalloidin
staining which corresponded to the profile of SFBs (Fig. 2
and 3b). Attachment of SFBs had no detectable effect on the
normal distribution of polymerized actin within the epithelial
brush border other than that consistent with the physical
displacement of microvilli at the point of attachment. Optical
sections immediately beneath the apical surface revealed a

FIG. 2. Confocal laser scanning image of mouse Peyer’s patch
FAE stained with phalloidin-tetramethylrhodamine isothiocyanate
to localize polymerized actin. The optical section is at the level of
the apical epithelial surface (upper part of the figure) and passes
through the apical cytoplasm (lower part). The attachment of many
SFBs is evident, and brush border actin (*) does not appear to be
redistributed. Localized accumulations of polymerized actin form-
ing ring-like aggregates around SFB holdfast segments are evident in
the apical cytoplasm of epithelial cells (arrows). Bar, 5 um; magni-
fication, ca. x1,500.

striking accumulation of polymerized actin in the form of
narrow rings with internal diameters of 0.8 to 1.2 pm, which
correspond to the diameters of the SFBs (Fig. 2 and 3c).
These actin structures extend to a depth of 2 to 3 um below
the apical surface, where they taper to a point presumably
beneath the attached SFB (Fig. 3d). All SFB attachment
sites on villous epithelium and FAE were associated with
accumulations of polymerized actin, and similar structures
were never observed in the absence of attached SFBs.

Some phalloidin-stained tissue samples were immersed in
10 pg of fluorescein isothiocyanate-labelled Ulex europaeus
agglutinin I (Sigma) per ml for 1 h at room temperature to
reveal the positions of M cells, which are specifically la-
belled by this lectin (4). Confocal laser scanning imaging of
these dually-labelled tissues revealed SFB attachment to
central regions of the apical surface of M cells and at
junctions between enterocytes and M cells (Fig. 4). SFB
attachment to M cells was associated with actin accumula-
tion indistinguishable from that seen in normal enterocytes
(Fig. 4).

Although previous studies have demonstrated that SFBs
attach to central regions of the enterocyte apical membrane
or attach at the junction between M cells and enterocytes,
they have failed to show direct attachment of SFBs to the
apical surface of M cells (19). We have shown that, when
colonization is extensive, SFB attachment to the apical
surface of M cells is a frequent occurrence. Interaction of
SFBs with M cells suggests that these specialized antigen-
sampling cells may be involved in the immune response to
SFBs, which has recently been demonstrated with mice
monoassociated with these organisms (14).

The accumulation of polymerized actin in the host cell
cytoplasm adjacent to the plasma membrane in contact with
SFBs closely resembles the localized accumulation of poly-
merized actin which is characteristic of the attaching and
effacing lesion induced by EPEC in cultured epithelial cells
(8, 15) and is distinct from the more diffuse and widespread
actin polymerization associated with Salmonella invasion of
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FIG. 3. Confocal images of mouse Peyer’s patch FAE at 2-um intervals, showing structure of actin aggregates at sites of SFB attachment.
Attachment of SFBs to epithelial cells showing normal brush border actin distribution is evident in optical sections at brush border level (a
and b). Accumulation of polymerized actin in apical cytoplasm immediately adjacent to SFB holdfast segments appears as ring-like structures
(c) which taper to a point below SFB holdfast segments (d) (arrows). Bar, 10 wm; magnification, x1,660.

s i,

FIG. 4. Dual labelling of mouse Peyer’s patch FAE with fluores-
cein isothiocyanate-labelled U. europaeus agglutinin I to localize M
cells (a) and phalloidin-tetramethylrhodamine isothiocyanate to lo-
calize polymerized actin (b). The confocal optical section at the level
of the apical surface reveals M cells intensely labelled with U.
europaeus agglutinin I (a), and the optical section 2 um below (b)
displays actin aggregates around SFB holdfast segments, one of
which is attached directly to an M cell (*) and another of which is
attached to the cell junction between an M cell and an enterocyte
(arrow). Bar, 10 um; magnification, x1,360.

cultured epithelial cells (8, 9). SFB attachment is associated
with an invagination of the apical membrane around the SFB
holdfast segments (7, 10, 17) and thus differs from EPEC
adherence, which is characterized by pedestal formation
(15). The actin accumulation associated with SFB attach-
ment surrounds the invaginated membrane, forming a
sheath-like structure which is morphologically distinct from
the localized actin accumulations observed immediately
beneath EPEC attached to cultured epithelial cells. SFB
attachment causes minimal disturbance of normal brush
border architecture and is apparently not harmful to the
host, suggesting that actin accumulation may not be causally
related to the brush border effacement associated with
EPEC or to the pathogenicity of EPEC infections. Actin
accumulation in the host cell cytoplasm may increase the
stability of the SFB and EPEC attachment sites and may
thus contribute to the pathogenicity of EPEC infections by
promoting and/or maintaining close adherence.

EPEC adherence to cultured epithelial cells has been
shown to cause an increase in concentrations of intracellular
free calcium (2), which is involved in the induction of actin
accumulation (1). Several EPEC genes appear to be involved
in the induction of actin accumulation in cultured epithelial
cells (6, 12), one of which causes tyrosine phosphorylation of
host proteins which accumulate within the actin-containing
aggregates and which are essential for their formation (20). It
will be of interest to determine whether any part of the
complex signal transduction mechanisms evoked by EPEC
in cultured epithelial cells is also involved in the response of
ileal epithelial cells to SFB attachment.



4004

NOTES

We are grateful to T. A. Booth for assistance with scanning
electron microscopy.

This work was supported under the LINK Programme in Selec-
tive Drug Delivery and Targeting funded by SERC/MRC/DTI and
industry (SERC grant GR/F 09747). Additional support was pro-
vided by a Royal Society equipment grant (11761).

10.

REFERENCES

. Baldwin, T. J., M. B. Lee-Delaunay, S. Knutton, and P. H.

Williams. 1993. Calcium-calmodulin dependence of actin accre-
tion and lethality in cultured HEp-2 cells infected with entero-
pathogenic Escherichia coli. Infect. Immun. 61:760-763.

. Baldwin, T. J., W. Ward, A. Aitken, S. Knutton, and P. H.

Williams. 1991. Elevation of intracellular free calcium levels in
HEp-2 cells infected with enteropathogenic Escherichia coli.
Infect. Immun. 59:1599-1604.

. Chase, D. G., and S. L. Erlandsen. 1976. Evidence for a complex

life cycle and endospore formation in the attached, filamentous,
segmented bacterium from murine ileum. J. Bacteriol. 127:572—
583.

. Clark, M. A., M. A. Jepson, N. L. Simmons, and B. H. Hirst.

Differential expression of lectin binding sites defines mouse
intestinal M cells. J. Histochem. Cytochem., in press.

. Davis, C. P., and D. C. Savage. 1974. Habitat, succession,

attachment, and morphology of segmented, filamentous mi-
crobes indigenous to the murine gastrointestinal tract. Infect.
Immun. 10:948-956.

. Donnenberg, M. S., S. B. Calderwood, A. Donohue-Rolfe, G. T.

Keusch, and J. B. Kaper. 1990. Construction and analysis of
TnPhoA mutants of enteropathogenic Escherichia coli unable to
invade HEp-2 cells. Infect. Immun. 58:1565-1571.

. Erlandsen, S. L., and D. G. Chase. 1974. Morphological alter-

ations in the microvillous border of villous cells produced by
intestinal cells produced by intestinal microorganisms. Am. J.
Clin. Nutr. 27:1277-1287.

. Finlay, B. B., 1. Rosenshine, M. S. Donnenberg, and J. B. Kaper.

1992. Cytoskeletal composition of attaching and effacing lesions
associated with enteropathogenic Escherichia coli adherence to
HelLa cells. Infect. Immun. 60:2541-2543.

. Finlay, B. B., S. Ruschkowski, and S. Dedhar. 1991. Cytoskel-

etal rearrangements accompanying Salmonella entry into epi-
thelial cells. J. Cell Sci. 99:283-296.

Hampton, J. C., and B. Resario. 1965. The attachment of
microorganisms to epithelial cells in the distal ileum of the
mouse. Lab. Invest. 14:1464-1481.

11.

12.

13.

14.

15.

16.

17.

18.

19.

21.
22.

INFECT. IMMUN.

Jepson, M. A., N. L. Simmens, T. C. Savidge, P. S. James, and
B. H. Hirst. 1993. Selective binding and transcytosis of latex
microspheres by rabbit M cells. Cell Tissue Res. 271:399-405.
Jerse, A. E., J. Yu, B. D. Tall, and J. B. Kaper. 1990. A genetic
locus of enteropathogenic Escherichia coli necessary for the
production of attaching and effacing lesions on tissue culture
cells. Proc. Natl. Acad. Sci. USA 87:7839-7843.

Klaasen, H. L. B. M., J. P. Koopman, F. G. J. Poelma, and A. C.
Beynen. 1992. Intestinal, segmented, filamentous bacteria.
FEMS Microbiol. Rev. 88:165-180.

Klaasen, H. L. B. M., P. J. Van der Heijden, W. Stok, F. G. J.
Poelma, J. P. Koopman, M. E. Van den Brink, M. H. Bakker,
W. M. C. Eling, and A. C. Beynen. 1993. Apathogenic, intesti-
nal, segmented, filamentous bacteria stimulate the mucosal
immune system of mice. Infect. Immun. 61:303-306.

Knutton, S., T. Baldwin, P. H. Williams, and A. S. McNeish.
1989. Actin accumulation at sites of bacterial adhesion to tissue
culture cells: basis of a new diagnostic test for enteropathogenic
and enterohemorrhagic Escherichia coli. Infect. Immun. 57:
1290-1298.

Knutton, S., D. R. Lloyd, and A. S. McNeish. 1987. Adhesion of
enteropathogenic Escherichia coli to human intestinal entero-
cytes and cultured human intestinal mucosa. Infect. Immun.
55:69-77.

Koopman, J. P., A. M. Stadhouders, H. M. Kennis, and H. De
Boer. 1987. The attachment of filamentous segmented micro-
organisms to the distal ileum wall of the mouse: a scanning and
transmission electron microscopy study. Lab. Anim. 21:48-52.
Kraehenbuhl, J. P., and M. R. Neutra. 1992. Molecular and
cellular basis of immune protection of mucosal surfaces. Phys-
iol. Rev. 72:853-879.

Owen, R. L., and P. Nemanic. 1978. Antigen processing struc-
tures of the mammalian intestinal tract: an SEM study of
lympho-epithelial organs. Scanning Electron Microsc. 2:367-
378.

. Rosenshine, I., M. S. Donnenberg, J. B. Kaper, and B. B. Finlay.

1992. Signal transduction between enteropathogenic Esche-
richia coli (EPEC) and epithelial cells: EPEC induces tyrosine
phosphorylation of host cell proteins to initiate cytoskeletal
rearrangement and bacterial uptake. EMBO J. 11:3551-3560.
Savage, D. C. 1969. Localization of certain indigenous microor-
ganisms on the ileal villi of rats. J. Bacteriol. 97:1505-1506.
Snellen, J. E., and D. C. Savage. 1978. Freeze-fracture study of
the filamentous, segmented microorganism attached to the mu-
rine small bowel. J. Bacteriol. 134:1099-1107.



