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Early organogenesis of human small intestine: scanning
electron microscopy and brush border enzymology
B LACROIX, M KEDINGER, P SIMON-ASSMANN, AND K HAFFEN
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SUMMARY Human small bowel early organogenesis was studied by scanning electron microscopy
and found to be correlated to brush border enzymology. The appearance of the brush border
enzymes sucrase, lactase, and aminopeptidase (measured in a purified apical membrane fraction)
coincides with the first outgrowth of villi (eight weeks). Alkaline phosphatase was detected at
seven weeks. The content of these enzymes furthermore increased up to the 14th week when both
sucrase and aminopeptidase activities were comparable with adult values.

The maturation events occurring during ontogenesis
of the gut and the factors involved in their control
have been mainly studied in rodents. 1-3 In spite of
data47 which emphasised the precocious morpho-
logical5 8-10 and especially enzymatic
maturation 11-14 in the course of human intestinal
development, the precise onset of brush border
enzyme function in the small intestine needed to be
defined.
The purpose of the present study was to

reinvestigate the early enzymatic maturation of the
human small intestine as a function of distinct
morphological events. Such an investigation was
considered important for the following reasons:
precise anatomical guide markers of early foetal age
based on hand morphology are now available;'5
enzyme determination of human foetal gut had
never been performed on purified brush border
membranes; scanning electron microscopic
observations of early human gut organogenesis are
lacking; and lastly, this information is vital for
follow up in vitro studies on the mechanisms
underlying enzyme synthesis in human foetal gut,
like those performed in rodents.1-21

Methods

MATERIAL
Foetal human intestine
Foetal human intestine was obtained between 7 and
14 and at the 22nd week of gestation after legal or
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therapeutic-induced abortions with the informed
consent of the mothers. The abortion material was
kept at 4°C for two to 24 hours in Ham F10 tissue
culture medium until organ removal; only healthy
and undamaged intestinal tracts were used. Foetal
age was determined by the developmental pattern of
hand morphology. 15

Adult human intestinal mucosa
Jejunum was obtained from surgical resections by
the method reported by Hauri et a122 and Kedinger
et al.23 Distal ileum was obtained from irreversibly
brain damaged kidney donors provided by the
French association 'France-Transplant',24 Hopital St
Louis-Pavilon Lugol 2, pl. du Docteur Fournier,
Paris.

SCANNING ELECTRON MICROSCOPY
Small bowel specimens were fixed in 0.2 M
cacodylate buffered 2% glutaraldehyde (pH 7-4) at
4°C. They were then dehydrated, dried in a critical
point drier (Balzers Union) and coated with gold,
using a sputter coater (Balzers Union). The
specimens were examined with a Philips 501 B
scanning electron microscope.

ENZYMATIC ANALYSIS
Enzyme determinations were made on segments
(weighing at least 3 mg) along the length of the
entire foetus small intestine (maximum age, 14
weeks). For the adult studies, jejunum and ileum
fragments weighing approximately 20 mg were used.
The gut samples were kept frozen at -80°C until
homogenisation, purification of brush border
membranes25 and enzyme determinations. Sucrase

925

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.25.9.925 on 1 S

eptem
ber 1984. D

ow
nloaded from

 

http://gut.bmj.com/


Lacroix, Kedinger, Simon-Assmann, and Haffen

activity was assayed according to Messer and
Dahlqvist,26 lactase according to Koldovsky et al,27
alkaline phosphatase according to Garen and
Levinthal,28 and aminopeptidase according to
Maroux et al.29 Proteins were assayed by the method
of Lowry et al.30 All enzyme activities are expressed
as milliunits per milligram of protein: one unit is
defined as the activity that hydrolyzes 1 ,umole of
substrate/min under the experimental conditions.
The number of individual foetal intestines analysed
enzymatically was respectively 3, 6, 3, 3, 4, 4, 1 and
again 1 for the 7, 8, 9, 10, 11, 12, 14 and 22* week
specimens. Fragments of jejunum and ileum were
analysed from respectively six and 21 adult patients.

STATISTICAL ANALYSIS
Results are expressed as the mean ± SEM.
Student's t test was used to analyse the data for
statistical significance of differences between means.
Differences with a p value of less than 0 05 were
considered to be significant.

Results

A MORPHOLOGICAL STUDY
A gradual increase in small bowel length was
observed between the 7th and 14th week of
gestation (Fig. 1). The major age related changes in
the surface features of the duodenum are illustrated
in Fig. 2. The luminal side of the intestinal tube
remains flat until the eighth week which is the stage
at which the villi first appear as rounded projections
(Fig. 2a). The apical layer of cells exhibits short and
very irregular microvillus-like formations (Fig. 2f).
At nine weeks, the villi are more obviously arranged
along longitudinal ridges which are separated by
lines of regularly disposed crypt mouths (Fig. 2b).
Between the 10th and 14th weeks, the villi progres-
sively increase in height and acquire a typical finger
shaped aspect (Figs. 2c and d); the apical brush
borders are composed of regular microvilli (Fig. 2g)
which are similar to those found in the adult
intestine. Figure 2e illustrates the adult duodenal
mucosa composed of convoluted villi. These main
events in villus and microvillus morphogenesis are
corroborated by the histology and transmission
electron microscopy studies performed by both
ourselves as well as by other authors.5 10
The proximodistal gradient of villus morpho-

genesis is particularly clear at the scanning electron
microscopic level at 11 weeks, which is the moment
when the precaecal region just starts to form
protuberances (Fig. 3b). The most proximal part
meanwhile displays well formed villi (Fig. 3a).
* Anencephalic foetus
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Fig. 1 Length of the small intestine extending from the
pylorus to caecum as function offoetal age.

B ENZYMATIC ANALYSIS
At seven weeks of gestation, sucrase activity (Fig. 4)
is undetectable. From eight weeks onwards, its
activity increases progressively until 14 weeks
(p<0-001 from one week to the next). The amounts
present at this developmental stage are not signifi-
cantly different from those present in the adult
jejunum or ileum. No further marked changes occur
thereafter (assays performed during mid and late
gestation - that is, 20 to 36 weeks, not illustrated),
although individual variations are more important
than between eight and 14 weeks of foetal life.
Higher amounts of enzyme activity were observed in
the proximal than in the distal part, at eight and nine
weeks, reflecting the maturation process. At 10
weeks and onwards, the main proximodistal
differences foreshadow the adult pattern of sucrase
activity differences between the jejunum and ileum.
Low levels of lactase activity (Fig. 4) are

detectable in the proximal but not distal parts of the
intestine at eight and nine weeks. At later stages,
when lactase is present all along the small intestine,
no clear cut gradient is visible. Lactase activity is low
up till 12 weeks and increases significantly
(p<0001) at 14 weeks, but even then it remains far
lower than at term (305.6±33.4 mU/mg prot) or in
the adult jejunum (p<0c001).
The quantitative development of aminopeptidase

(Fig. 5) is very comparable with that reported for
sucrase. It becomes detectable at eight weeks,
thereafter increases progressively (p<0001) until
11-12 weeks and more abruptly at 14 weeks
(p<0-001), at which point the levels of its activity
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f

Fig. 2 Scanning electron microscopic aspect ofduodenal luminal surface at 8 (a), 9 (b), 11 (c), 14 (d) weeks ofgestation
and in the adult (e). (Original magnification: x320). Higher magnification of the apical microvilli at 8 (f) and 14 (g) weeks
(original magnification: x20 000). Arrows indicate a line of crypt mouths.
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Fig. 3 Scanning electron microscopic aspect ofluminal
surface ofan 11 week old foetal intestine: a: proximal
duodenum; b: precaecal region. (Original magnification:
x320).

are those of the adult intestine. From the moment
aminopeptidase is present in the foetal intestine and
until nine to 10 weeks, one observes a clear
proximodistal gradient of maturation. Its distri-
bution is thereafter inversed; indeed at 14 weeks and
in the adult intestine, highest aminopeptidase
activity is found in the distal part.

Alkaline phosphatase (Fig.5) is the only enzyme
which is present in significant amounts as early on as
seven weeks. The increase of its activity is less
marked than that of the other enzymes until 12
weeks and no apparent proximodistal differences
are obvious. Alkaline phosphatase activity rises
abruptly at 14 weeks (p<0-001), the levels
remaining, however, far lower than those of late
gestation (3518-2±443-1 mU/mg prot) or of the
adult intestine (p<0-001).

.at400
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7 8 9 10 11 12 X4 Adult
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Fig. 4 Sucrase and lactase activities expressed in mUlmg
brush borderproteins as afunction ofage and their
proximo-distal distribution.mm=duodenum,
proximal and distaljejunum, proxinal and distal
ileum. Small bowel ofthe youngestfoetuses were subdivided
into two or threeparts. From the 10th week onwards, the
whole small intestine was divided intofive to 20 segments,
which were assayed separately and reported osfollows: the
firstpostgastric and the lastprecaecal segments (presumptive
duodenum and distal ileum: Istand Sth columns) were
plotted separately, whereas the intermediate segments were
pooled into three groups corresponding respectively to the
presumptive proximaland distaljejunum and to the
proximal ileum (2nd, 3rd and 4th columns).

Discussion

The present study uses a new method of dating early
foetal age with accuracy, namely, on the basis of the
morphological features of the hand. 15 This approach
enabled a perfect linear curve relationship to be
established between intestinal length and real age.
The second novelty of the present study is the

demonstration of a clear parallelism between
morphological and enzymatic differentiation.
Indeed, the first outgrowth of villi in the duodenum
at eight weeks coincides with the appearance of
digestive enzyme activities. Similarly, the proximo-
distal morphological maturation is paralleled by a
proximodistal appearance of enzyme activities
which is particularly marked for lactase and amino-
peptidase at the earliest stages.
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Our results further confirm and define the
existence of a proximodistal distribution of enzyme
activities in the foetal intestine12'4 31 32 which
resembles the adult pattern.33 34 Our data on the
evolution of the different enzymes between the 8th
and 14th week are somewhat at variance with
previous studies.12 14n3 These discrepancies could
be because of erroneous assessments of foetal ages
and/or to the differences in the technical approach
used - that is, determining enzyme activities in
purified brush border membranes rather than in
whole homogenates increases the assay sensitivity
considerably. Purification of sucrase activity is thus
enhanced three or 10 fold, depending on the
maturation state of the brush border membrane
itself. This is less dense at eight or nine weeks than
btween 10 and 14 weeks of gestation.
A further interesting finding is the significant

reduction in specific enzyme activities in a 22 week
old anencephalic foetus (mean activities in the
whole intestine: sucrase: 300; lactase: 20; amino-
peptidase: 291 mU/mg prot); alkaline phosphatase
was less affected (404 mU/mg prot). These data
raise the problem of the role of glucocorticoids in

the functional maturation of the human gut, as it is
known that high amounts of corticosterone sulphate
are produced by the human foetus and moreover
that the concentration of this corticoid is
significantly lower in the plasma of mothers carrying
anencephalic foetuses.36 Although, no data on the
control of human intestinal enzyme synthesis in the
course of development are available, there is
considerable evidence for the direct involvement of
glucocorticoids in the ontogenesis of the small
intestine in rodents.16 20
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