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Intestinal cells produce basement membrane proteins
in vitro
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SUMMARY The epithelial-mesenchymal interface of the intestinal mucosa obviously plays an
important role in supporting the mucosal architecture. Its significance for the process of migration
and differentiation of the epithelial cells remains to be resolved. It consists of a basement membrane,
the anchoring zone and the subepithelial connective tissue, the origin of which is unknown. We
therefore established an in vitro model to study the development of the endodermal-mesenchymal
interface of the fetal human and murine intestinal mucosa. The distribution of the interstitial
collagens type I, III, VI and procollagen type III as well as the basement membrane components
collagen type IV and laminin was investigated immunohistochemically in these fetal explant
cultures. The cultures were also adapted to serum free culture conditions. It was evident that while
laminin and collagen type IV could be detected in the primary intestinal epithelium, the formation
of an authentic basement membrane required the presence of both the epithelial and the
mesenchymal cells. Interstitial collagens and procollagen type III were produced exclusively by the
mesenchymal cells. Basement membrane formation in vitro coincided with cytodifferentiation of the
endodermal cells as betrayed by electron microscopy and the activity of brush border enzymes. In
conclusion, the maturation of the endoderm and the formation of the subepithelial basement
membrane require the intimate proximity of viable mesenchyme in vitro.

The functional capacity of the small intestinal
epithelium depends on the number and integrity of
mature villus cells generated by the proliferative
compartment of the crypts. While humoral factors
and the adaptive response of the intestinal mucosa
have been studied in detail to elucidate how the
proliferation of the epithelium is regulated, little
attention has been directed to the interaction of the
epithelial cells with their extracellular matrix. Migra-
tion and terminal differentiation of the intestinal
epithelial cells along the crypt-villus axis, however,
imply that unique regulatory mechanisms should exist
concerning the interaction of the epithelial cells, their
basement membrane and the subepithelial connective
tissue. Defective regulation of the migratory rate of
the epithelial cells will alter cell turnover and hence
the functional capacity of the mucosa.
Today we can apply the knowledge of the general

biochemical composition and function of the extra-
cellular matrix and the basement membranes that has
expanded impressively over recent years.t 4 The
Address for correspondence: Dr Ursula Hahn, Jefferson Medical College,
Room 403, 1025 Walnut St., Philadelphia, PA, 19107, USA.

availability of specific antibodies to macromolecules
of the extracellular matrix has intensified research in
this area."6 Thus, the investigation of cell-matrix
interactions in the gut at a molecular level has become
feasible.
We have recently conducted a comprehensive

survey on the distribution of collagen type I, III, IV,
V, VI, procollagen type I and III, fibronectin, laminin
and undulin in the human intestinal mucosa.7 Our
studies have revealed a very homogenous appearance
of the subepithelial basement membrane all along the
entire human alimentary canal. The major consti-
tuents of the basement membrane, laminin and
collagen type IV, were found continuously within the
subepithelial basement membrane. Along the crypt-
villus axis, no apparent gradient of the relative
proportions of these two macromolecules within the
basement membrane was observed immunohisto-
logically. It has been suggested that the differentiated
epithelial cells may contribute to the synthesis of the
basement membrane proteins. Direct evidence for this
possibility, however, is lacking. In contrast, produc-
tion of fibronectin, interstitial collagens and probably
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collagen type IV by undifferentiated intestinal epi-
thelial cells of an epithelial cell line in vitro has been
reported.89 These rapidly proliferating epithelial cells
share some features of crypt cells but do not
differentiate when cultured as a plain monolayer. As
the degree of differentiation and the type of matrix
produced by a certain cell type are generally closely
correlated, it is difficult to extrapolate the obser-
vations with undifferentiated cell lines to the be-
haviour of fully differentiated cells.
The properties of the subepithelial fibroblasts

have yet to be defined beyond their morphological
features.10-12 Most likely, they secrete the collagens
and other macromolecules of the connective tissue
within the lamina propria ('reticulin', 'ground sub-
stance'). We have obtained evidence that different
subpopulations of fibroblast-like cells coexist in the
lamina propria and the submucosa.7 Whether the
subepithelial fibroblasts are involved in basement
membrane formation is not clear. During ontogenesis,
the mesenchymal cells exert a powerful influence on
the fetal endoderm and the importance of the
mesenchyme for the maturation of the intestinal
mucosa has been clearly documented.'3-15

In this study, we present evidence for the biosyn-
thesis of basement membrane proteins by primary
intestinal epithelial cells and for the requirement of
mesenchyme for the deposition of a complete base-
ment membrane. An experimental model is proposed
which permits the investigation of basement mem-
brane formation in a chemically defined medium.

Methods

EXPLANT CULTURES
Fetal NMRI mice and fetal Sprague-Dawley rats
were obtained by hysterectomy at a fixed gestational
age. Day 0 of gestation was defined as the day of
appearance of the vaginal plug.
The small intestine of fetal mice at day 14-16 and

of fetal rats at day 15-17 was removed at 4 OC with
the help of a dissecting microscope and immediately
placed into ice cold Dulbecco's modified Eagle's
medium ('DMEM') containing 4 5 g/l glucose (Boeh-
ringer, Mannheim, West Germany).
Human fetal small intestine was obtained from two

therapeutic hysterectomies during the I1th and 12th
week of pregnancy, respectively. Explant cultures
were set up under identical conditions after transport
of the fetal intestines to the laboratory in ice cold
Leibovitz L-15 medium (Biochrom, West Berlin). Out
of a total of 28 explants originating from the ileum
and jejunum, 24 developed a large primary epithelial
monolayer and were processed for immunofluor-
escence or electron microscopy. No attempts were
made to use serum free medium for culturing human
intestinal explants.

Of the murine fetal intestines, only 1-2 cm proximal
to the ileocaecal junction were retained, minced into
1 x 1 mm fragments and placed into a culture dish.
For the immunofluorescence studies, the explants
were grown on plastic Petri dishes (Falcon, Oxnard,
USA) or on glass coverslips pretreated for one hour at
60 °C in 0-1 M HCI, one hour at 80 °C in aqua dest
and stored in 70% alcohol. For the electron micro-
scopical examinations, fetal explants were grown on
Thermonox slides (Lux Scientifique, Naperville,
USA). In one set of experiments, glass coverslips and
Thermonox slides were covered with either native
laminin (a gift of Dr R Timpl, Max Planck Institute,
Munich), collagen type I and IV (prepared from
human placenta by Dr D Schuppan) or fibronectin
(Biochrom, West Berlin) in the following manner:
these proteins were diluted in 0-2 M ammonium
bicarbonate or in 0 5 M acetic acid at 50,g/ml and
1 ml of each solution per 35 mm Petri dish containing
the coverslip was then allowed to evaporate under an
ultraviolet light source.

Intestinal mesenchymal cells from the same sources
were readily obtained from longer jejunal segments
which were slit open longitudinally and placed into
the culture dishes with the epithelial surface upper-
most. Initially, all the explants were nourished by as
little medium as possible (2-3 ml/10 cm dish) to
promote the attachment of the intestinal fragments to
the dish. The volume of the medium was then slowly
increased to 12 ml/dish.

CULTURE CONDITIONS
Explant cultures were incubated in DMEM (see
above) plus 10% fetal calf serum (Biochrom, West
Berlin), 4 mM glutamine (Biochrom, West Berlin),
50 U/ml penicillin, 50 /tg/ml streptomycin (both from
Sigma, Munich, West Germany) and 140 mU/ml
insulin (Hoechst, Frankfurt, West Germany) under
8 % CO2 in air at 35 'C. Hormone-supplemented,
serum free medium consisted of: DMEM plus 50,ug/
ml transferrin, 50 ,ug/ml ascorbic acid, 50 ng/ml
epidermal growth factor, 1 ,tg/ml dexamethasone (all
from Sigma, Munich, West Germany), 2 mM glut-
amine (Biochrom, West Berlin) and 50 mU/ml insulin
(Hoechst, Frankfurt, West Germany). Medium was
exchanged every three to four days.

HISTOCHEMICAL TECHNIQUES
The presence of alkaline phosphatase, lactase and
a-glucosidase was documented histochemically in
unfixed explant cultures according to Gutschmidt
et al. 1617

ELECTRON MICROSCOPY
For transmission electron microscopy, the explants
grown on Thermonox slides were fixed in 1%
glutaraldehyde, 1% tannin in 0-2 M phosphate
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buffered saline, postfixed in 1% osmium tetraoxide
and embedded in Mikropal according to Merker and
Barrach.'8

IMMUNOFLUORESCENCE
Preparation of antigens, production of antisera and
purification and characterisation of antibodies to
collagen type I, III, IV, and VI, procollagen type I
and III, laminin fragments P1 and undulin were
carried out in our laboratories and have been
described in detail elsewhere.19-23 Anti-fibronectin
antibodies were either obtained commercially (Dako-
patts, Hamburg, West Germany), or as a gift by Prof
H6rmann, Max Planck Institute, Munich, West
Germany. Anticytokeratin antibodies, antibodies to
factor VIII, bovine intestinal alkaline phosphatase
and the fluoresceine (FITC)- or rhodamine (TRITC)-
conjugates (second antibodies) were obtained from
Dakopatts, Hamburg, West Germany. The conju-
gates were used diluted 1: 20 to 1: 100 with phosphate
buffered saline. Indirect immunofluorescence was
done as follows: cell cultures were extensively washed
with plain DMEM at 36 °C, fixed either with 1%
buffered formalin at 4 °C followed by a wash with
buffered 0-2 M glycine to enhance good preservation
or with a 1: 1 mixture of chloroform/acetone for 10
minutes to ensure intracellular staining. As formalin
fixation slightly diminishes antigenicity, two explants
were always used air dried without any fixation for
comparison but these were not documented.
Non-immune rabbit IgG, rabbit serum and goat

serum were used as controls for unspecific staining.
First and second antibodies were incubated with the
explant cultures for an hour each, followed by
extensive washes with 1% bovine albumin in phos-
phate buffered saline.

Results

DEVELOPMENT OF FETAL INTESTINAL
EXPLANTS IN VITRO
Within 12-24 hours of initiation of the explant
cultures, the intestinal fragments adhered to the
culture dishes and epithelial outgrowth was seen. Only
those explants with exclusively epithelial outgrowth
within the first two days were maintained in culture
(60-80% of all explants). All the others were
discarded. The primary epithelial monolayer is readily
distinguishable from other cells which may migrate
from the fetal intestinal mucosa but in every series of
explants some of them were assayed for the presence
of cytokeratin and the absence of factor VIII by
immunofluorescence. The primary epithelial mono-
layer consisted of tightly packed, small, polygonal
cells which often form a thick rim at the leading edge
(Fig. la, b). These epithelial cells proliferated rapidly,
encircling the original piece of mucosa within four to

eight days. Sometimes the intestinal fragments did not
adhere at all to the culture dish and continued to float
in the culture medium. (Under these circumstances
the mucosa will grow into three-dimensional, vital
'organ cultures' as has been described before.24)
These were removed from the Petri dishes because
their presence seemed to diminish the outgrowth of
the primary epithelial monolayer from the adherent
explants. While the primary epithelial cells continued
to proliferate at the periphery of the explants
maintaining a flat, well recognisable cytoplasm and a
central nucleus, the pericentral zone of the epithelium
began to show structural changes about three to five
days after explantation. At this time, the pericentral
zone appeared as a very dense cell layer by phase
contrast microscopy. Very little cytoplasm was ob-
served in these pericentral epithelial cells and the
nuclei were no longer distinguishable. The border
between the pericentral zone and the peripheral
epithelial monolayer was usually rather abrupt al-
though in some instances a more gradual transitional
zone developed. When the distribution of the activity
of three brush border enzymes was studied histo-
chemically at this stage of the explant cultures, only
the central and pericentral zones were stained (Fig.
2a). The entire periphery which represents the primary
epithelial monolayer remained consistently negative
for a-glucosidase and lactase. A 'mosaic' distribution
of alkaline phosphatase-positive and -negative cells
were found in the primary epithelium indicating that
individual cells closer to the original explant express
enzyme activity (Fig 2a). None of the brush border
enzymes was seen at the leading edge of a primary
epithelial monolayer. These findings indicated that
epithelial cytodifferentiation had occurred in vitro not
only in the central but also in the pericentral zone of
the epithelial explant at a time when the primary
epithelial monolayer had not acquired these features
of maturation.

ULTRASTRUCTURAL ASPECT OF THE EXPLANT
CULTURES
Ultrastructural analysis of transverse sections of the
explant cultures confirmed the existence of a polarised
intestinal epithelium in the pericentral zone at a
considerable distance from the original piece of
mucosa (Fig. Ic, ld, le). Apparently, a gradient of
differentiation had developed from the centre (original
mucosa) towards the periphery of the epithelial
outgrowth: the peripheral cells of the primary
monolayer were flat, joined by gap functions and
covered by only very sparse microvilli. They
resembled cells from epithelial cell lines such as the
IEC 6 cells25 or another intestinal epithelial cell line
recently established in our own laboratory.26 In the
peripheral monolayer some of the cells seemed to
overlap each other. Amorphous and cross-striated,
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collagenous material but certainly no basement
membrane was found deposited under these cells.
This behaviour is again reminiscent of intestinal
epithelial cell lines which cannot organise true
basement membranes by themselves in vitro.

In contrast, an incomplete basement membrane
appeared at the border between the peripheral and the
pericentral zone which became continuous within two
to three epithelial diameters towards the centre. At
high magnification, a lamina densa could be resolved
within the basement membrane identical to the
structure of authentic intestinal basement membranes
(Fig. 1f). The appearance of the basement membrane
coincided precisely with the abrupt onset of polar-
isation of the epithelium of the pericentral zone. At
the same time, the basement membrane was observed
to reach from the centre of the explant just as far as
the outgrowth of mesenchyme which had proliferated
from the original piece of mucosa in between the
primary monolayer and the culture dish (Fig. ic,
le).
Thus, in transverse sections of five to 20 day old

explant cultures, the pericentral zone was character-
ised by a polarised epithelium covering a complete
basement membrane which demarcated the under-
lying mesenchymal layer. At the same time, the
primary epithelium was still expanding as a flat,
unpolarised monolayer on the plain culture dish
surface.
The cells of the pericentral zone conveyed further

features of differentiation: the cuboidal epithelial cells
expressed a regular brush border, tight junctions and
an extensively interdigitated lateral plasma mem-
brane. Among them, occasional goblet cells were
identified by their typical, apically oriented mucin
granules (Fig. Id). In the human fetal explants very
few secretory cells, presumably neuroendocrine cells
as evidenced by their basally located, electron-dense
granules were recognised in the immediate proximity
of highly polarised (columnar) cells in the pericentral
zone close to the original piece of mucosa. No
endocrine cells were found in the murine explants.

A columnar epithelium with broad intercellular
spaces indicating active absorption covered the very
centre of the explants. The nuclei of these cells
appeared indented and, with respect to the morpho-
logy of the other cellular organelles, they much
resembled the intestinal epithelium of suckling rats.

DISTRIBUTION OF BASEMENT MEMBRANE
PROTEINS AND MATRIX PROTEINS IN THE
FETAL EXPLANT CULTURES
Significant changes in the distribution of extracellular
matrix proteins accompany the development of fetal
intestinal explant cultures (Figs 2b-2f, 3a, b). By
immunofluorescence, laminin was found abundantly
intra- and extracellularly in the primary epithelial
monolayer and also in individual cells migrating
ahead of the leading edge. Extracellularly, it formed a

delicate network quite distinct from the longer and
thicker fibrils of fibronectin. The amount of intra-
cellular laminin, however, was decreased dramatically
in the pericentral, differentiated zone where a base-
ment membrane had been laid down (Fig 3a, b). Most
of the differentiated epithelial cells of the pericentral
and central zones did not stain at all with antibodies
to basement membrane proteins. By immunofluor-
escence, it is difficult to assess the plane of observation,
but it was our definite impression that laminin was

only observed in the plane of the basal plasma
membrane of the polarised epithelium and not
intracellularly.

Collagen type IV was essentially codistributed with
laminin although intracellular staining of the primary
monolayer was weaker compared with laminin and
also compared with the intracellular amount of
collagen type IV observed in intestinal epithelial cell
lines.26 Extracellularly very little collagen type IV was

found in the primary intestinal monolayer. No
collagen type IV was observed within the differen-
tiated intestinal epithelium immunohistologically.

Fibronectin was detected by a comparatively weak
staining in the primary epithelial monolayer. En-
hanced intracellular staining for fibronectin was

Fig. 1 a-f Light (LM) - and transverse electron microscopical (TEM) aspect offetal intestinal explants. a: Outgrowth of
primary intestinal epithelium from the original piece of mucosa after four days in vitro: a homogenous epithelial monolayer
ofprimary undifferentiated cells has formed x 100, LM. b: Ultrastructural aspect of the primary epithelial monolayer
showing flat, unpolarised cells. A basement membrane has not been deposited. x 5000, TEM. c: Differentiated intestinal
epithelial cells at the border between the pericentral zone and the primary intestinal epithelium are crowding together
forming a thicker ridge. They have extended as far as the mesenchymal cells. Note the disappearance of the subepithelial
basement membrane at the border of the pericentral zone. x 4000, TEM. d: A goblet cell within the pericentral zone of
differentiated cells. Note the continuous basement membrane at the basal plasma membrane of the differentiated
enterocytes. x 6000, TEM. e: Typical aspect of the epithelial cells within the pericentral zone displaying a regular brush
border, tight junctions, extensively interdigitated lateral plasma membranes and a well defined basement membrane at the
epithelial-mesenchymal interface. x 6000, TEM. f: Higher magnification of the subepithelial basement membrane in the
pericentral zone revealing a dense inner layer (lamina densa). Amorphous extracellular material is found between
mesenchymal cells. x 38000, TEM. bm = basement membrane, cz = central zone equivalent to the original piece of mucosa,
die = differentiated intestinal epithelial cells, gc = goblet cell, mes = mesenchymal cells, pie = primary, undifferentiated
intestinal epithelial cells, ps = plastic surface of culture dish.
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Fig. 2a-f Histochemical and immunohistological aspects offetal intestinal explants. a: Intensive intestinal alkaline
phosphatase activity within the pericentral and central zone is demonstrated histochemically in a two week old explant.
Peripheral primary intestinal epithelial cells are more lightly stained, while the mesenchymal cells in the very periphery have
no enzyme reactivity. x 100. b: The presence of int alkaline phosphatase enzyme protein is documented with antibodies by
immunofluorescence within the pericentral zone. Asterisks are placed on the adjacent, narrow region of undifferentiated cells
expressing the enzyme protein to a lesser degree while the periphery remains negative. x 80. c: Antibodies to laminin
brilliantly decorate intra- and extracellular material within the primary intestinal epithelial cells. x 200. d: Antibodies to
procollagen type III single out rare individual mesenchymal cells that have overgrown the primary monolayer which is not
stained by these antibodies. x 200. e: Primary intestinal cells are stained by antibodies to collagen type IV mostly
intracellularly. x 200. f: Typical mesenchymal cells that have proliferatedfrom the intestinal mucosa are shown here to
produce fibronectin by immunofluorescence. x 200. cz = central zone, die = differentiated intestinal epithelium,
mes = mesenchymal cells, pie = primary intestinal epithelium, smc = smooth muscle cells.
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Fig. 3a, b Distribution of laminin in fetal intestinal explants at 12 days in vitro. a: immunofluorescence, x 80, b: phase
contrast optics, x 100. The pericentral zone containing differentiated intestinal epithelium is negative, while the primary,
peripheral intestinal epithelial cells and extracellular material are heavily stained by these antibodies. The asterisks indicate
a region just transforming to the differentiated state where staining is already decreasing. Due to the subepithelial invasion
by the mesenchyme, the level of the peripheral zone is raised over that of the primary monolayer on the culture dish and is
therefore not in focus. Smooth muscle cells are approaching the explant from the periphery, originating from another
specimen. They are also clearly producing laminin. cz = central zone, die = differentiated intestinal epithelium,
pic = primary intestinal cells, smc = smooth muscle cells.

remarked at the thick leading edge of the primary
monolayer and in areas of intensive proliferation of
epithelial cells reminiscent of the undifferentiated,
highly proliferative intestinal epithelial cell lines
which produce large amounts of fibronectin and
deposit this protein as a dense network.826 In
contrast, no fibronectin was identified intracellularly
within the differentiated epithelium in vitro. Collagen
type I, III and VI and the procollagens type I and III
and undulin, all of which are macromolecules of the
connective tissue in situ, were not detected in any
primary or differentiated intestinal epithelial cell. The
mesenchymal cells, however, migrating from the
mucosa in vitro were heavily stained by antibodies to
these interstitial macromolecules. It should be men-
tioned that intestinal smooth muscle cells produce
basement membrane proteins and that these cells
were equally stained by antibodies to collagen type IV
and to laminin (Fig. 3a, b). Morphologically, they
cannot be confused with intestinal epithelium. Further
characterisation of the population of mesenchyme
derived cells is under way.

In order to test whether single, distinct constituents
of the extracellular matrix, namely laminin, collagen
type I, III, IV and fibronectin could induce differen-
tiation of the primary epithelial monolayer, we

explanted the fragments onto glass coverslips coated
with the respective proteins. Essentially, however, no
alterations of the scheme of development as observed
on plain plastic dishes seemed to take place. Out-
growth of the primary monolayer did not vary on the
different substrates. Epithelial differentiation was
observed only in the immediate vicinity of viable
mesenchyme and was certainly not inducible by any
single protein.

Defined, serum free medium supplemented with
transferrin, epidermal growth factor, dexamethasone,
glucagon, insulin and ascorbic acid generated the
same development of the fetal murine mucosa in vitro
as serum supplemented medium, although initial
attachment of the fragments was much slower. It is
therefore possible to study basement membrane
deposition by intestinal epithelia under chemically
defined conditions. We have now begun to analyse the
effect of individual growth factors in this system.

Discussion

The study presented here demonstrates the detection
of basement membrane proteins within primary fetal
intestinal epithelial cells. Concomitantly to the
induction of polarisation and differentiation of this
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primarily undifferentiated epithelium, an authentic
basement membrane is detected by electron micro-
scopy at the epithelial/mesenchymal interface.
Within the differentiated epithelial cells, basement
membrane proteins are detectable immunohisto-
logically only in trace amounts. Evidence for the
differentiation of the primary intestinal epithelium
in vitro is provided by ultrastructural analysis and
by histochemical demonstration of brush border
enzymes.
The time course of events suggests that after the

primary epithelial monolayer has proliferated from
the original piece of mucosa, intestinal mesenchyme
also begins to grow out of the mucosa invading the
space between the primary epithelium and the surface
of the culture dish. Apparently the intimate associa-
tion of the fetal mesenchyme with the primary fetal
epithelium induces the formation of a basement
membrane and, simultaneously, epithelial cyto-
differentiation. In the absence ofmesenchyme, neither
a basement membrane nor brush border activity is
observed. Only alkaline phosphatase enzyme activity
may be detected within individual, morphologically
undifferentiated cells in a mosiac pattern.
We think that the most likely explanation for the

dramatic decrease of intracellular basement mem-
brane proteins within the differentiated epithelium is,
that, upon differentiation, the intracellular pool of
laminin and collagen type IV drops to such a low level
that they are no longer detected by immunofluor-
escence. It seems highly likely that the mesenchyme
induces the epithelial cells to secrete basement
membrane proteins at their basal plasma membrane.
Active participation of the mesenchymal cells in
basement membrane biosynthesis, however, is also
conceivable so that basement membrane formation is
organised by both tissues in a coordinated fashion.
The assembly of intrinsic basement membrane pro-
teins at the basal plasma membrane requires specific
receptors - one of which, the laminin receptor, has
recently been identified on intestinal cells.27 Whether
the polarisation of the epithelial cells is a concomitant
alteration of the epithelial phenotype or whether
polarisation is a prerequisite for the direction of
secretion and the formation of a true basement
membrane remains to be resolved.
The deposition of basement membrane proteins by

induced but morphologically still undifferentiated
cells has been demonstrated in another model in vitro:
Ekblom et al detected the very early appearance of
laminin and collagen type IV in the induced kidney
mesenchyme before tubule formation (epithelial dif-
ferentiation) occurred.28 Changing patterns of the
distribution of matrix proteins accompanying epi-
thelial differentiation have been observed in a variety
of tissues in vivo and in vitro (for reviews see429 30).

Judging from these studies and our own experience, it
is difficult to provide unequivocal evidence for the de
novo biosynthesis of basement membrane proteins by
mature epithelial cells. A novel approach will be the
estimation of specific mRNA levels for laminin and
collagen type IV by in situ hybridisation and we are
currently engaged in this research in application to
intestinal cells.

Epithelium-matrix-mesenchyme interactions are
complex events promoting cytodifferentiation and
tissue organisation. The requirement of viable mes-
enchyme for the maturation of the intestinal epi-
thelium and the deposition of a basement membrane
is indicated by this model in vitro, while previous
reports have already established the importance of
fetal mesenchyme in grafting experiments. 13-15
Another study revealed the intimate anatomical asso-
ciation of the epithelium with its underlying mesen-
chyme by cellular processes through gaps in the
basement membrane during organogenesis in a phase
of rapid intestinal maturation.10
We have not identified a single matrix component

that would simulate the effect of living mesenchymal
cells in vitro. We have not, however, tested all potential
molecular candidates. It is equally conceivable, that
the combination of a minimal number of matrix
proteins in combination with heparansulphate proteo-
glycan is required to induce epithelial maturation.3132
Heparansulphate proteoglycan is also an intrinsic
component of the intestinal basement membrane.33
The nature of epithelial-fibroblast interactions in

the adult intestinal mucosa may differ from those
during fetal life. The crypt-villus axis as a gradient of
epithelial maturation is not in every aspect com-
parable to the differentiation of the intestinal epi-
thelium during organogenesis. We need more detailed
and more quantitative investigations of the cells
involved in respect to matrix production and matrix
assembly to elucidate these important relationships.

The expert technical assistance of E Rettig and H
Kruger is greatfully acknowledged. This work was
supported by the Deutsche Forschungsgemeinschaft,
project no. RI 136/12-1.
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