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Abstract
Background: Study of the normal development of the intestinal epithelium has been hampered by
a lack of suitable model systems, in particular ones that enable the introduction of exogenous
genes. Production of such a system would advance our understanding of normal epithelial
development and help to shed light on the pathogenesis of intestinal neoplasia. The criteria for a
reliable culture system include the ability to perform real time observations and manipulations in
vitro, the preparation of wholemounts for immunostaining and the potential for introducing genes.

Results: The new culture system involves growing mouse embryo intestinal explants on
fibronectin-coated coverslips in basal Eagle's medium+20% fetal bovine serum. Initially the cultures
maintain expression of the intestinal transcription factor Cdx2 together with columnar epithelial
(cytokeratin 8) and mesenchymal (smooth muscle actin) markers. Over a few days of culture,
differentiation markers appear characteristic of absorptive epithelium (sucrase-isomaltase), goblet
cells (Periodic Acid Schiff positive), enteroendocrine cells (chromogranin A) and Paneth cells
(lysozyme).

Three different approaches were tested to express genes in the developing cultures: transfection,
electroporation and adenoviral infection. All could introduce genes into the mesenchyme, but only
to a small extent into the epithelium.

However the efficiency of adenovirus infection can be greatly improved by a limited enzyme
digestion, which makes accessible the lateral faces of cells bearing the Coxsackie and Adenovirus
Receptor. This enables reliable delivery of genes into epithelial cells.

Conclusion: We describe a new in vitro culture system for the small intestine of the mouse
embryo that recapitulates its normal development. The system both provides a model for studying
normal development of the intestinal epithelium and also allows for the manipulation of gene
expression. The explants can be cultured for up to two weeks, they form the full repertoire of
intestinal epithelial cell types (enterocytes, goblet cells, Paneth cells and enteroendocrine cells) and
the method for gene introduction into the epithelium is efficient and reliable.
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Background
The gastrointestinal tract of vertebrates is lined by differ-
ent epithelia that develop from the embryonic endoderm
under the influences of developmental signals from the
associated splanchnic mesoderm [1]. In the developing
rodent intestine, the epithelium is initially composed of a
pseudostratified layer which converts into a single-layered
epithelium at around embryonic day 13.5–14.5 (E13.5–
14.5d) [2]. The other cell layers of the gut are derived from
the mesoderm. The epithelium, together with the under-
lying connective tissue (the lamina propria) and a thin
muscle layer (the muscularis mucosa), is referred to as the
mucosa.

The adult intestinal epithelium is organized into villi,
which project into the gut lumen. At the base of the villi
are the crypts of Lieberkuhn which contain the stem cell
compartment [3-5]. There are three differentiated cell
types located along the villus. These are the enterocytes,
goblet cells and enteroendocrine cells. The enterocytes are
absorptive and secrete enzymes such as sucrase-isomaltase
[6]. Goblet cells secrete mucus thereby providing a protec-
tive lining for the intestinal cells against the proteolytic
action of the digestive enzymes. The enteroendocrine cells
secrete hormones including secretin and glucagon-like
peptide-1 [7,8]. In addition, Paneth cells are found at the
bottom of the crypts. These secrete antimicrobial agents
such as lysozyme, cryptidins and defensins [9]. All four
epithelial cell types are believed to differentiate from com-
mon pluripotent stem cells located in the crypt compart-
ment of the intestine [10,11].

Study of the normal development of the intestinal epithe-
lium has been hampered by lack of suitable model sys-
tems [12], in particular ones that enable the introduction
of exogenous genes. Production of such a system would
advance our understanding of normal epithelial develop-
ment and help to shed light on the pathogenesis of intes-
tinal neoplasia. Several attempts have been made to
produce culture systems that mimic normal intestinal
development. The main problem is that once intestinal
cells are removed from the basement membrane and
underlying stroma, apoptosis is initiated within a few
hours [13,14]. Explants of embryonic gut will develop
successfully when transplanted under the kidney capsule
of syngeneic or immunocompromised hosts [15] or the
coelomic cavity [16]. However, with such in vivo cultures
the tissue is then inaccessible to study. A recently devel-
oped in vitro system involves culture of embryonic intesti-
nal explants by attachment to filters (catenary cultures)
[17-19]. Some morphogenesis of the tissue was observed
but the authors did not look at the full complement of
epithelial cell types. Abud and colleagues [18] reported
some success introducing genes by electroporation but we
have not been able to replicate these results (see below).

We sought to develop an in vitro organ culture system in
which cultures were easily established and the culture
conditions supported the differentiation of the various
intestinal cell lineages. The criteria for a reliable culture
system include: the ability to perform real time observa-
tions and manipulations in vitro, the preparation of
wholemounts for immunostaining and the potential for
introducing genes. We have previously described the
development of in vitro systems for mouse embryonic
pancreas and oesophagus based on culture of tissue
explants on fibronectin-coated glass coverslips [20-23].
We have now extended this culture system to intestine
and furthermore developed a new procedure for gene
introduction involving enzyme treatment and adenovirus
infection. This culture system meets all of the criteria. The
explants can be cultured for up to two weeks, they form
the full repertoire of intestinal epithelial cell types (ente-
rocytes, goblet cells, Paneth cells and enteroendocrine
cells) and the method for gene introduction into the epi-
thelium is efficient and reliable.

Results
Development of intestinal embryonic tissue in vitro
E13.5d intestinal explants were isolated and grown in cul-
ture for up to 11 days (Fig 1). Intestinal tissue from
younger embryos (E11.5d) was also used successfully
(results not shown). We investigated the development in
vitro, initially focusing on morphology and differentia-
tion. The explants adhere to the fibronectin substrate
within a few hours and gradually flatten out over the first
1–2 days. The cut ends of the epithelium close and the
mesenchymal cells spread rapidly out of the explant to
form a monolayer of cells on the substrate, with several
cell layers surrounding the epithelial tube in the centre.
Over the next few days, the epithelium extends and the
mesenchyme continues to expand, increasing the area of
the culture (Fig 2A–C). The flattening of the whole culture
with time is accompanied by collapse of the lumen
although this remains as a virtual space, i.e. with opposing
epithelial layers apposed. Initially the explants did not
exhibit any contractile activity but after 2–3 days in cul-
ture, random peristaltic movements were apparent. These
are slow contractions lasting a couple of seconds and
occurring once or twice a minute.

Expression of intestinal markers in the epithelium
We initially anlaysed the expression of the intestinal tran-
scription factor Cdx2. The cdx2 gene encodes a homeodo-
main transcription factor whose expression normally
distinguishes between the upper and lower regions of the
alimentary canal epithelia [24,25]. Cdx2 is expressed in
vivo by E9.5d [24]. Twenty-four hours after isolation, the
epithelium of the E13.5d intestinal explants still
expressed Cdx2 (Fig 2D,E) and this expression persisted
for the duration of the culture period (Fig 3A–D).
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up to 7 days with medium changes (2 ml) every 2 days
and fixed in MEMFA.

Immunostaining of infected explants
MEMFA-fixed intestinal cultures were treated with ace-
tone/methanol 1:1 at -20°C for 5 minutes and immunos-
tained as described above.
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