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ABSTRACT 

The colonic epithelium undergoes a continuous cycle of proliferation, differentiation, and 
apoptosis. To characterize factors important for colonic homeostasis and its dysregulation, 
human fetal colonic epithelial cells were isolated and seeded on a collagen type I matrix with 
embedded colonic fibroblasts. The epithelial cells rapidly spread from clusters and proliferated, 
and within 3 days, a columnar layer of polarized epithelium surrounded the surface of the 
constricted collagen matrix. The polarized enterocytes developed brush borders, tight junctions 
and desmosomes, and goblet and enteroendocrine cells were present. A balance of growth and 
differentiation was maintained for several weeks in the presence of collagen-embedded 
fibroblasts and a complex mixture of growth factors. Leukemia inhibitory factor (LIF) was 
critical for proliferation of enterocytes and inhibited expression of the differentiation marker 
carbonic anhydrase II. In the presence of LIF, the relative number of goblet cells remained 
stable, whereas enteroendocrine relative cell number declined. LIF-stimulated epithelial cells 
remained dependent on the presence of fibroblasts in the matrix. In combination with stem cell 
factor and endothelin 3, LIF induced formation of disorganized structures of stratified and semi-
stratified cells, suggesting that the homeostatic balance in the normal human colon requires 
cooperation with differentiation-inducing factors. 
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T he normal human colonic epithelium undergoes continuous renewal with a dynamic 
equilibrium between proliferation, differentiation, and apoptosis. Within the base of each 
crypt, yet-to-be-identified stem cells give rise to progenitor cells that divide rapidly four 

to six times before differentiation. In the mouse intestine, up to 60% of the approximately 250 
epithelial cells in a single crypt divide twice daily, yielding up to 260 new cells; thus the 
intestinal epithelium harbors one of the most rapidly dividing cell types in any mammalian organ 

 



 

(1). Polarized cells migrate along the crypt's basement membrane toward the apical surface of 
colonic villi, where the cells undergo differentiation as indicated by shifts in cytoskeletal markers 
such as cytokeratins (2), cytoplasmic carbonic anhydrase isoenzyme II (3), and the brush border 
enzyme alkaline phosphatase (4). Induction of differentiation is incompletely understood, but 
appears to result from a concerted interplay between growth factors produced by epithelial and 
stromal cells and signals from basement membrane components. The basement membrane is 
synthesized by both epithelial and mesenchymal cells, and it contains numerous fenestrations 
through which processes of myofibroblasts and/or epithelial cells extend (5). Little is known 
about the role of fibroblasts in modulating proliferation and differentiation of colonic epithelial 
cells except that fibroblasts can prolong their survival (6, 7). Heterologous cross-talk between 
epithelial and mesenchymal compartments involves basement membrane molecules and 
paracrine factors (8). The mesenchymal cells apparently produce as yet undefined growth factors 
for the epithelial cells. 

Normal human colonic epithelial cells have been difficult to maintain in vitro (9). Thus most of 
our knowledge about intestinal cell regulation has been derived from studies with cell cultures 
isolated from experimental animals (10�12) and human colon cancer-derived cell lines (13�15). 
Normal epithelial cells survive only a few days in culture limiting studies of proliferation and 
differentiation (16�18; reviewed in Ref. 19). Colonic cells immortalized with viral oncogenes 
lose their typical epithelial morphology and neither polarize nor differentiate (20). The use of 
temperature sensitive oncogene mutations has allowed only limited study of differentiation (21). 

Normal human cells grown as isolated cultures in monolayer lose many characteristics of those 
in situ. In contrast, when some cells have been cultured in a tissue-like context, they have 
maintained a similar phenotype as those growing in situ (22). Organotypic culture models for 
esophagus (23), bladder (24), pancreatic duct (25) breast (26), lung (27), liver (28), and human 
skin (29) have all been used for studies of tissue physiology, drug delivery and transformation. 
To mimic in situ conditions of the normal human colon, we established an organotypic culture 
model by overlaying a stromal matrix of colonic fibroblasts in collagen type I with normal fetal 
colonic epithelial cells. The fibroblasts constrict the collagen, and the colonic cells migrated, 
proliferated and differentiated. We observed that the cooperative effects of growth factors on 
epithelial proliferation and differentiation were dependent on the presence of fibroblasts. In the 
presence of the essential growth and survival factors insulin and epidermal growth factor (EGF), 
leukemia inhibitory factor (LIF) had the most profound effect on stimulation of proliferation 
while preventing differentiation, suggesting that LIF is critical for maintaining the phenotype of 
colonic crypt cells. This new �reconstruction� model of the normal human colon will help to 
identify factors involved in the homeostatic balance of normal colonic epithelium and in its 
dysregulation. 

MATERIALS AND METHODS 

Isolation of colonic epithelial cells 

Human enteric epithelial cells were isolated from fetal colon obtained after therapeutic or 
spontaneous abortions at 17�21 weeks� gestation. Specimens were received through Advanced 
Bioscience Resources (Alameda, CA) after approval by the Institutional Review Board. The 
colon lumen was opened and washed in Hank�s buffered salt solution (HBSS; Gibco BRL, 

 



 

Rockville, MD) supplemented with penicillin (200 U/ml), streptomycin (200 µg/ml) (Cellgro, 
Herndon, VA), and gentamycin (100 µg/ml) (Cellgro). After removal of the serosa, the tissue 
was incubated for 10 min in HBSS containing 20 mg/ml Mucomyst® (N-acetyl-L-cysteine; 
Sigma, St. Louis, MO), pH 7.2, to remove surface-bound mucin. After three washings, tissue was 
dissociated at 37°C in HBSS without Ca2+/Mg2+ (GIBCO BRL), supplemented with 1 mg/ml D-
glucose (Sigma) and 1 mM ethylene diaminetetraacetic acid (EDTA; Sigma). After 10-min 
incubation with occasional shaking, single cells and small cell clusters were removed and 
collected in a twofold volume of base medium supplemented with 5% fetal calf serum (FCS). 
Base medium consisted of four parts MCDB 201 medium and one part L15 medium (Sigma), 
supplemented with 2 ng/ml human recombinant EGF (Sigma), 5 µg/ml insulin (Sigma), 5 µg/ml 
transferrin (Sigma), 50 µg/ml streptomycin and gentamycin, respectively, and 2% FCS. The 
procedure was repeated twice. All samples were pelleted at 800 x g for 10 min. Single cells and 
cell clusters were washed and resuspended in complete growth medium, consisting of base 
medium supplemented with 10 ng/ml human recombinant basic fibroblast growth factor (bFGF) 
(30), 26.4 ng/ml endothelin-3 (ET-3; Peninsula Laboratories, San Carlos, CA), 30 ng/ml 
hepatocyte growth factor (HGF; R&D Systems, Minneapolis, MN), 0.2 ng/ml LIF (R&D 
Systems), 30 ng/ml stem cell factor (SCF; Sigma), and 35 ng/ml autocrine motility factor (AMF; 
Sigma). 

Fibroblasts 

Human colonic fibroblasts were derived from colon explants from 17- to 21-week fetuses. 
Fibroblasts of three specimens were cultured in Dulbecco's modified minimum essential medium 
(DMEM; GIBCO BRL) supplemented with 10% FCS (Cansera, Rexdale, Ontario, Canada) and 
antibiotics. Cultures were used up to passage 10. Human smooth muscle cells HIAS119, kindly 
provided by E. Levine, The Wistar Institute, were isolated from large blood vessels and 
maintained in medium M199, supplemented with 10% FCS, 2 mM L-glutamine, and 50 µg/ml 
bovine hypothalamus extract (31). 

Colon organotypic culture 

Fibroblasts at 8 x 105/ml were embedded in collagen type I (Organogenesis, Canton, MA) at 0.9 
to 1.1 mg/ml in DMEM supplemented with 50 µM vitamin C (Sigma), 1.66 mM L-glutamine 
(GIBCO-BRL), and 1% FCS. The suspension was neutralized to pH 7.2, by using 7.5% sodium 
bicarbonate. Chambered slides, Laboratory-Tek 8 wells (Nunc International, Rochester, NY), 
were filled with 0.2 ml of the collagen and cell suspension. In initial experiments, fibroblasts 
were seeded together with smooth muscle cells (2x104/ml). 

Colonic epithelial cells were seeded on top of collagen gels, containing embedded fibroblasts, in 
0.4 ml of complete growth medium. After seeding, samples were incubated at 37°C in 5% CO2 
for 60�90 min in a low volume of medium (50�100 µl) to enhance attachment before adding 
excess growth medium. Medium was changed daily for 10 days, then three times per week for an 
additional 21 days. Proliferation of organotypic cultures was determined by adding 
bromodeoxyuridine (BrdU) to the medium according to the manufacturer's instructions 
(Amersham Pharmacia Biotech, Inc., Piscataway, NJ). Thymidine incorporation was measured in 
cells by incubation with 1 µCi 3H-thymidine/well in 96-well plates. Duplicates of 4 samples were 

 



 

incubated in medium as described in Results for 18 h before harvest, and radioactivity was 
determined on day 3. 

Characterization of organotypic cultures 

Harvested organotypic cultures were fixed in 1.5% paraformaldehyde and embedded in paraffin. 
For electron microscopy (EM), cultures were fixed in 4% glutaraldehyde. For histochemistry and 
immunohistochemistry, 5-µm thick sections were cut from the paraffin beds and stained with 
hematoxylin and eosin (H&E) or Alcian Blue by using standard procedures. Goblet cells were 
detected by using Alcian Blue and EM. Enteroendocrine cells were identified by chromogranin 
A staining and EM. Immunohistochemical staining was performed by standard techniques as 
described (32), by using specific monoclonal antibodies: BrdU (Amersham), Ki67 (DAKO, 
Carpinteria, CA), α-smooth muscle actin (SMA) (Sigma), cytokeratin 19 [CK 19; antibody 
BA17 (33) kindly provided by J. Kovarik, Brno, Czech Rep.], chromogranin A (Novocastra, 
New Castle Upon Tyne, UK) and carbonic anhydrase II (The Binding Site Limited, Birmingham, 
UK). Alkaline phosphatase activity in paraffin-embedded samples was detected using 
colorimetric substrate (AP Substrate Kit, SK 15100, Vector, Burlingame, CA). 

The number of cells per high-power field (HPF) (0.11 mm wide × 0.18 mm long) was 
determined by using a 40× lens and a digital camera attached to a microscope. Quantification 
was performed considering the shape of the surface and the constriction of the matrix. The length 
of the epithelium on the surface of the organotypic cultures was equalized by rotating the digital 
image, so that the length of each HPF was parallel to the epithelial layer. Each HPF of epithelial 
lining thus measured 0.18 mm. 

Epithelial cells on the surface of the collagen matrix were identified from cross sections. Those 
in length of a 12-consecutive HPF (surface unit) were scored. The results were expressed as 
cells/surface unit. For all quantifications, results from four different specimens of fetal human 
colon were averaged. Duplicates cultures were used for each specimen and random cross 
sections were quantitated. 

Total and specially stained epithelial cells (BrdU, Alcian blue, or chromogranin A) per surface 
unit were counted as mean (± SD) of 32 (total epithelial cells and BrdU positive cells) or 16 
(Alcian blue and chromogranin positive cells) cross sections. Relative numbers of positive cells 
per surface unit was expressed as mean (± SD) of positive/total cells. 

Constriction of collagen gels was measured as the length of the longitudinal axis of collagen 
harvested on days 0.5, 4, and 10. The mean (± SD) of 32 measurements was determined by 
counting four samples in duplicates by using four random cross sections of each. The number of 
fibroblasts was determined per area unit of collagen matrix in 10 consecutive HPF (10 × 0.18 × 
0.11 = 0.198 mm2 representing one area unit). BrdU positive fibroblasts per area unit of collagen 
matrix were counted as mean (± SD) of 16 area units of two random cross-sections from four 
samples in duplicates. Relative number of positive cells per area unit of collagen matrix was 
expressed as mean (± SD) of positive/total cells. 

Student's t-test was used to test for the differences in means of positive cells per unit under 
different conditions. 

 



 

RESULTS 

Development of an organotypic culture model of normal human enteric epithelium 

Isolated colon mucosa was dissociated into single cells and small cell clusters (Fig. 1a�c). After 
seeding onto a matrix of collagen type I with embedded fibroblasts, the epithelial cells and 
clusters attached within 60 min. Cells began spreading from clusters at 6 h after seeding (Fig. 2a) 
and migrated to cover the entire matrix (Fig. 2b�d, insets). Constriction of collagen by the 
fibroblasts started after 24 h and was maximal by day 4 when the matrix had shrunk to 
approximately 40% of its original diameter (Fig. 1d). Because initial experiments with a mixture 
of fibroblasts and smooth muscle cells (10:1) revealed no alteration of constriction or properties 
of the epithelial cells, all subsequent analyses were performed with fibroblasts only, which 
remained viable throughout the experiments. As the collagen matrix constricted, epithelial cell 
morphology changed from flat during the initial migratory phase (Fig. 2a) to columnar and 
polarized by day 4 (Fig. 2b). After 10 days, epithelial cells covered all sides of the collagen 
matrix (Fig. 2c). At this time, 2�10% of epithelial cells stained positive for the proliferation 
marker Ki67 and up to 70% had incorporated BrdU when continuously added to the medium 
starting at the time of seeding. Total cell numbers began to decrease by day 20 when cells 
flattened (Fig. 2d). Mucin-producing goblet cells, identified by their typical round morphology 
and staining with Alcian Blue, were distributed throughout the epithelial cell layer (Fig. 2b, 
arrowheads). The percentage of goblet cells in the layers remained stable until day 10 and 
individual cells had incorporated BrdU, but their total number decreased together with a decrease 
in all epithelial cells (Fig. 2d). Fibroblasts remained dispersed throughout the collagen except for 
some individual α-SMA-positive cells migrating close to the epithelial layer (Fig. 2e), which 
were also seen in normal human colon (Fig. 2f). Cells grown in monolayer or on a collagen 
matrix without fibroblasts did not proliferate on day 4 as determined by 3H-thymidine 
incorporation assays and Ki67 immunohistochemistry, and they flattened and died by day 8 at 
the latest. 

EM analysis of the colonic epithelium after 10 days of organotypic culture revealed well-
developed microvilli on the apical surface of the epithelial cells (Fig. 3a). The upper lateral 
margins of all epithelial cells were interconnected by tight junctions. Intercellular adhesion 
complexes were formed by desmosomes and interdigitating folds (Fig. 3a�c). Brush borders and 
tight junctions were identified in mucin-producing goblet cells (Fig. 3c). Specific vesicles and 
lysosomes located close to the base identified enteroendocrine cells (Fig. 3d), as confirmed by 
chromogranin A immunohistochemistry (see Fig. 6c). Between the epithelial and mesenchymal 
layers, an immature basement membrane developed (Fig. 3a, c). Fibroblasts, identified by their 
extensive rough endoplasmic reticulum, aligned below the basal side of the epithelial cells so 
that each epithelial cell was underlined by a fibroblast (Fig. 3a, c, d). Such thin layers of 
fibroblasts were absent in collagen surface areas free of epithelial cells. 

Growth factor modulation of epithelial cells growth and differentiation 

Epithelial cell growth and differentiation in the organotypic culture was achieved with a 
�complete� growth medium composed of MCDB 201/L15 supplemented with EGF, insulin, 
transferrin, bFGF, ET-3, SCF, HGF, LIF, AMF, and 2% FCS. None of the growth factors 
sustained cell survival individually. Base medium supplemented with EGF, insulin, and 

 



 

transferrin allowed survival of cells for up to 10 days. Additional growth factors in the base 
medium altered morphology, differentiation and/or growth patterns of cells, inducing two 
distinct phenotypic patterns of the epithelial cells. When HGF and AMF were added to the base 
medium, the epithelial cells were flat to cuboidal (Fig. 4a) and expressed the differentiation 
marker carbonic anhydrase II (Fig. 4b), which was found in the cytoplasma of epithelial cells in 
upper crypts and surface of adult (not shown) and upper crypts and villi in normal fetal colon 
(Fig. 4e). The presence of LIF, ET-3, and SCF in the medium induced thickening of the colonic 
cell layer formed by highly disorganized structures of stratified and pseudostratified cells, with 
architectural atypia (Fig. 4c) and did not express carbonic anhydrase II (Fig. 4d). Epithelial cells 
in both growth media expressed cytokeratin 19 (Fig. 4f, g), which is found throughout the normal 
fetal human colon (Fig. 4h), whereas alkaline phosphatase, expressed in the upper crypts of 
normal fetal colon (Fig. 4k) was not detected (Fig. 4i, j). 

Effects of LIF on organotypic cultures of epithelial cells 

To identify factors with effects on epithelial cells, growth factors were added individually to base 
medium without serum. LIF showed the strongest effect. When only LIF was added to base 
medium, the cells flattened (Fig. 5a), and then formed clusters of polarized epithelial cells (Fig. 
5b), whereas control cells cultured in the absence of LIF were round (Fig. 5d) and cell numbers 
remained low (Fig. 5e). In the absence of fibroblasts in the collagen matrix, LIF could not sustain 
cell survival (Fig. 5c), and cells also did not survive in the absence of both LIF and fibroblasts 
(Fig. 5f). 

Base medium with LIF and 2% FCS allowed migration of the epithelial cells around the entire 
matrix and formation of complete monolayer (Fig. 5 g), whereas cells in the absence of LIF 
covered only a portion of the matrix (Fig. 5h). Growth of epithelial cells was significantly 
stimulated by LIF (Fig. 5i�k). Cells showed significant incorporation of BrdU (Fig. 5i) with 
increased cell numbers per surface unit (Fig. 5k). 3H-thymidine incorporation of epithelial cells 
was significantly increased on day 3 even without fibroblasts (Fig. 5j). The proliferation was 
solely attributable to LIF-mediated stimulation of epithelial cells (Fig. 5k) and not of fibroblasts 
(Fig. 5l). LIF also did not change collagen constriction by fibroblasts (15.8 +/− 3.0 mm vs. 15.9 
+/− 3.3mm; Fig. 1d). 

Goblet cells represented approximatelly 4% of all enterocytes on day 10, but differences in 
relative numbers in LIF-containing vs. base medium were not significant (3.8 ± 3.5% vs. 4.2 ± 
3.2%, P=0.81) (Fig. 6a, b). Although not statistically significant, there was a trend toward 
increased numbers of goblet cells per surface unit in LIF-stimulated samples (2.25 ± 1.66 vs. 
1.25 ± 0.99 respectively, P=0.13). Cells cultured for 10 days in the presence of BrdU and double 
stained for Alcian blue and BrdU showed that approximately one-third of the goblet cells had 
proliferated, or were derived from cells that proliferated in vitro, during this time period. By 
contrast, relative numbers of enteroendocrine cells were significantly decreased in the presence 
of LIF (Fig. 6d). Cultures labeled for 10 days with BrdU, stained and then counterstained with 
chromogranin A for detection of enteroendocrine cells revealed no proliferating cells (Fig. 6c). 

 



 

DISCUSSION 

The culture of colonic epithelial cells has proven notoriously difficult (9). Currently available 
normal human intestinal epithelial cells are derived from the small intestine and exhibit 
undifferentiated features (34), whereas differentiated enterocytes remain in culture for only 10�
12 days (35). We used an approach that provides a collagen substrate with embedded stromal 
cells, to closely mimic physiological conditions. In three-dimensional organotypic culture, the 
isolated human fetal colonic epithelial cells are maintained under conditions that reproduce key 
features of their native milieu. Complete medium allowed epithelial cells survival for more than 
1 month. Up to 70% of the entire cell population had proliferated during a 10-day incubation 
period. In a similar system, normal adult colonic crypt cells were embedded within a collagen gel 
over a feeder layer of bovine aortic endothelial cells, which increased their survival for up to 16 
days (9). In that model epithelial cells were grown as isolated islands of cells in an acellular 
matrix. In our system, epithelial cells were seeded on top of a collagen matrix with embedded 
fibroblasts. The close proximity of the fibroblasts to epithelial cells allowed formation of a 
microenvironment that closely mimics mucosal compartments in vivo. 

Our organotypic culture of normal human colon cells provides experimental evidence that 
microenvironmental factors regulate the proliferation and differentiation of these cells. Both the 
presence of stromal fibroblasts and growth factor supplementation in the medium were critical. 
The mesenchymal cells accumulated beneath the epithelium, possibly due to attractants released 
by the colonic cells or trapping of randomly migrating fibroblasts at the epithelial interface and 
the developing basement membrane. Areas free of epithelial cells lacked such underlying 
mesenchymal cells, suggesting epithelial cells fostered such localization. During contraction of 
the collagen gel, the majority of the mesenchymal cells expressed α-SMA, indicating 
differentiation to myofibroblasts, as also observed in fibroblasts exposed to TGF-β (36). The 
contribution of mesenchymal cells to epithelial cell growth and differentiation may be twofold: 
1) production of soluble growth factors; and 2) production of matrix proteins that function as 
basement membrane components. Fibroblasts are a rich source of matrix proteins, especially 
collagens and fibronectin. In the intestine, both epithelial cells and myofibroblasts contribute to 
formation of the basement membrane (37; reviewed in Ref. 38). 

The dependence of colonic epithelial cells on fibroblasts for long-term growth on a collagen 
matrix suggests that soluble growth factors are released by the stromal cells (39). Myofibroblasts 
are a rich source of growth factors including HGF, bFGF, IGF, and KGF (40; reviewed in Ref. 
38), although the nature of the stimulatory factors released by the mesenchymal cells in our 
model is not clear. Along with the release of fibroblast-derived growth factors, colonic epithelial 
cells require exogenous growth factors in culture medium for survival, especially during the first 
3 days of culture, when the collagen-constricting fibroblasts have not yet reached a homeostatic 
balance. The complete growth medium induced a balance between proliferation and 
differentiation. Our minimally supporting base medium contained EGF, which can stimulate 
proliferation of intestinal epithelial cells in vivo (20, 41, and 38) and insulin and transferrin, 
which are survival factors. LIF was the most significant factor for proliferation of enterocytes, 
while it did not induce differentiation. It can be secreted by colorectal carcinoma cells (42) and 
can stimulate their proliferation (43) by binding to LIF receptors expressed by colonic epithelial 
cells (44). Colonic fibroblasts express both LIF receptor A and gp130 (44). LIF, however, did 
not stimulate proliferation of colon-derived fibroblasts in our model. However LIF stimulation 

 



 

was not sufficient, and cultures were still dependent on collagen-embedded fibroblasts, 
suggesting that the fibroblasts produce additional yet to be identified factors. LIF was also 
synergistically active with SCF and ET-3, which showed little activity on their own (data not 
shown). The mechanisms underlying this synergy are currently being investigated. LIF also 
appears to have a similar effect with HGF, which induces a flat, migratory epithelial phenotype. 
Synergistic effects of LIF and HGF in our model resembles intestinal wound healing with 
epithelial restitution (45). HGF and AMF combination promoted differentiation, as shown by 
induced expression of CAII. This would be in agreement with known effects of HGF on 
differentiation (46). The action of LIF on goblet cells is not yet clear. Some goblet cells 
proliferated or differentiated from proliferating enterocytes, whereas enteroendocrine cells were 
maintained without proliferation. Our finding that 33% of goblet cells had incorporated BrdU 
during a 10-day culture period suggests that they developed through differentiation of 
proliferating enterocytes. A common precursor has been suggested for both goblet and 
enteroendocrine cells (47). However, our culture conditions allowed proliferation/differentiation 
of goblet cells but not enteroendocrine cells. 

In summary, our model provides a novel approach to investigate colon epithelial cell 
proliferation and differentiation, and to dissect the role of individual growth factors in the cross-
talk between the epithelial and mesenchymal compartments. 
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Fig. 1 
 

              
Figure 1. Colonic culture preparation. a) Human fetal colon section at 18 weeks’ gestation. b) Fetal colon section after 
isolation of mucosa. Epithelial layer is stripped, including the bottom of crypts. c) Isolated crypts shown by phase contrast 
microscopy. d) Constriction of collagen over time (mean ± SD of 32 measurements of 4 samples in duplicate). Samples on 
day 10 are constricted to the same extent in both base medium (BM) and base medium (BM + LIF) when LIF is added 
(detailed later in Results). 
 
 



Fig. 2 
 

                              
Figure 2. Organotypic culture of human colon. a) Colonic epithelial cells attached within 60 min and began spreading 
from clusters ~6 h later. Inset: lower magnification, note: non-constricted collagen. Bar = 50 µm in all sections. b) Four 
days after seeding colonic cells onto the collagen matrix. As the collagen matrix constricted, epithelial morphology 
changed to a columnar shape. Mucin-producing goblet cells, based on their morphology and Alcian blue-positive staining, 
were distributed throughout the epithelial cell layer (arrowheads). Fibroblasts (arrows) migrated closely underneath the 
epithelial layer. Inset: constricted reconstruct on top partially covered by the epithelial layer. c) Ten days after seeding, the 
columnar epithelial layer was continuous and well-polarized. Arrowheads indicate area selected for electron microscopy 
in Fig. 3. Inset: Epithelial layer covering the entire collagen matrix. d) Twenty days after seeding, total cell number was 
decreased and cells were flattened. e) Fibroblasts remaining dispersed throughout the collagen; those migrating toward the 
epithelial cell layer expressed α-SMA as a myofibroblast marker. f) Left, α-SMA-positive intestinal subepithelial 
myofibroblasts in normal fetal colon at 18 week of gestation (left) and section of entire fetal colon stained for α-SMA 
(right). 
 



Fig. 3 
 

 
                             
Figure 3. Electron micrographs of colonic epithelium cultured for 10 days. a) Absorptive enterocyte with brush 
border (arrowhead 1), tight junction complex (2), desmosomes (3), interdigitating folds (4), immature basement 
membrane depositions (5), and underlying mesenchymal cells (6), with rough endoplasmic reticulum (X14,500). 
b) Apical junctional complexes with tight junction (2) and desmosomes (3); formation of regular brush border (1) 
(X47,500). c) Goblet cell with mucin-containing granules, tight junction (2), and brush border (1) formation. Fibroblasts 
closely underlie the epithelium (6), with immature basement membrane (5) (X14,500). d) Neurosecretory cell containing 
specific vesicles (7) and larger secondary lysosomes (8) with underlying fibroblasts (X14,800). 


