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ABSTRACT The rapid development of the gastrointes-
tinal tract posthatch has been described; however, little
information exists concerning the development of the
small intestine in the prehatch period. The present study
examined the morphological, cellular, and molecular
changes occurring in the small intestine toward the end
of the incubation period by examining the expression
of intestinal genes that code for brush border digestive
enzymes and transporters, their biochemical activities,
and the morphological changes in the mucosal layer. The
results indicated that during the last 3 d of incubation
the weight of the intestine, as a proportion of embryo
weight, increased from approximately 1% on d 17 of em-
bryonic age to 3.5% at hatch. At this time the villi could
be divided into two main developmental stages, differing
in their length and shape, with the larger villi often being
pear-shaped and the smaller villi being narrower and
having a rocket-like shape. However, on d 19 a further
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INTRODUCTION

In the hatching chick, yolk provides nutrient reserves
for several days; however, chicks are precocial and di-
rectly forage for exogenous feed. The immediate post-
hatch period is characterized by a transition from the use
of lipid-rich yolk as the nutrient source to exogenous feed
rich in carbohydrates and proteins (Sklan, 2001). This
transition is accompanied by rapid physical and func-
tional development of the gastrointestinal tract (Uni et al.,
1999). During the first week posthatch the small intestines
increase in weight more quickly than the body mass (Ka-
tanbaf et al., 1988; Sell et al., 1991; Sklan, 2001), and rapid
morphological changes occur after hatch with differing
ontogenic timetables of villus growth in the duodenum,
jejunum, and ileum (Sklan, 2001). The accelerated rate of
development posthatch is reflected in the several-fold
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stage of villus development was observed. Activities of
maltase, aminopeptidase, sodium-glucose transporter
(SGLT)-1, and ATPase began to increase on d 19 and
further increased on the day of hatch. The expression of
mRNA for these brush-border membrane (BBM) enzymes
and transporters was detected from d 15. Determining
quantities relative to β-actin indicated that expression of
all parameters examined was low on d 15 and 17, in-
creased 9- to 25-fold on d 19, and all decreased again on
the day of hatch. Relative expression of mRNA of the
different enzymes and transporters were correlated as
were their activities (r = 0.75 to 0.96); however, expression
was not correlated with enzymatic activities. The role of
these parameters in the ontogeny of absorption is dis-
cussed. Thus, major changes in the expression and local-
ization of the functional brush-border proteins prepare
the framework for ingestion of carbohydrate- and protein-
rich exogenous feed posthatch.

elevation in numbers of enterocytes during first few days
posthatch, resulting from the dramatic increase in villus
length (Geyra et al., 2001). Enterocytes, which are round
and nonpolar at day of hatch, increase rapidly in length
and develop pronounced polarity and defined brush bor-
der within hours posthatch (Geyra et al., 2001). Crypts
begin to form on the day of hatching and become defined
within 2 to 3 d, increasing both in cell numbers and in
size while branching is initiated (Uni et al., 2000; Geyra
et al., 2001). In parallel with these morphological changes,
the ability of the intestinal tissue to digest and absorb
nutrients increased steadily during first week posthatch
(Uni et al., 1999; Sklan, 2001). Pancreatic enzyme activity
was observed in the small intestines prehatch (Marchaim
and Kulka, 1967) and increased posthatch (Sklan and Noy,
2000). Furthermore, brush-border enzyme activities also
increased rapidly in the posthatch days (Uni et al., 1999).

Abbreviation Key: AP = aminopeptidase; ATPase = Na+K+-ATPase;
BBM = brush-border membrane; SI = sucrase-isomaltase; SGLT = so-
dium-glucose transporter.



UNI ET AL.1748

Although the rapid development of the gastrointestinal
tract posthatch has been described, little information ex-
ists concerning the development of the small intestine in
the prehatch period. Studies have been carried out on
morphological development and alkaline phosphatase
and maltase activities of the intestinal epithelium in cul-
ture (Black, 1978; Black and Moog 1978). The present
study examined morphological, cellular, and molecular
changes occurring in the small intestine toward the end
of incubation. Intestinal development was assayed by ex-
amining expression of intestinal genes that code for
brush-border digestive enzymes, their transporters, and
their biochemical activities and by the morphological
changes in the mucosal layer.

MATERIALS AND METHODS

Embryonic Tissue Sampling

Embryos (Ross × Ross) were obtained from a commer-
cial hatchery2 from a maternal flock 46 wk in lay. Twenty
embryos were killed for analysis at 15, 17, 19, 20 d of
incubation (15E, 17E, 19E, 20E, respectively) and on the
day of hatch (within 2 h of clearing the shell). For each
embryo, body (with yolk sac) and small intestine weights
were recorded. The jejunum was removed as previously
described (Uni et al., 1995, 1998), and segments (1 cm
long) were taken and placed in three separate tubes: 1)
frozen in liquid nitrogen and stored at −80°C for RNA
expression analysis, 2) fixed in 4% neutral-buffered for-
malin solution for histology, and 3) stored at −20°C for
determination of brush-border membrane (BBM) and
transporter activities.

Morphological Examination

Intestinal samples from 15E, 17E, 19E, 20E, and day of
hatch were dehydrated, cleared, and embedded in paraf-
fin. Serial sections were cut at 5 µm and placed on glass
slides. Sections were deparaffinized in xylene, rehydrated
in a graded alcohol series, and examined by light micro-
scopy (Uni et al., 1995, 1998). Morphometric indices were
determined by computer analysis3,4.

RNA Isolation, Probe Preparation,
and Northern Hybridization

Briefly, total RNA was isolated from chicken jejunal
tissue using TRI-REAGENT-RNA/DNA/protein isola-
tion reagent5 (1 mL/100 mg of tissue) according to the
manufacturer’s protocol. The integrity of the RNA was

2Kvuzat Yavne, Yavne, Israel.
3Photoshop 4.0, Adobe System Incorporation, CA.
4NIH Image, Bethesda, MD.
5Tri-Reagent Molecular Research Center, Inc., Cincinnati, OH.
6Amersham Pharmacia Biotech, Amersham, U.K.
7Biological Industries, Kibbutz Beit-Haemek, Israel.
8Sigma Diagnostics, Sigma, St. Louis, MO.

verified by ethidium bromide staining, and the RNA con-
centration was determined spectrophotometrically. For
Northern blot analysis, 30 µg of total RNA from the jeju-
num was denatured and separated by electrophoresis in
a 1.5% agarose/1.1 M formaldehyde gel. After electropho-
resis, RNA was transferred overnight by capillary transfer
to a nylon filter (Hybond-N6) and then fixed on the filter
by exposure to ultraviolet light at 340 nm for 2 min.

Four probes were used for hybridization: 1) cDNA frag-
ment from the chicken intestine aminopeptidase gene
(Gal-Garber and Uni, 2000), 2) cDNA fragment from the
chicken intestine sucrase isomaltase gene (Uni, 1998), 3)
cDNA fragment from the chicken sodium-glucose trans-
porter gene (Gal-Garber et al., 2000), and 4) cDNA frag-
ment from the chicken Na+K+ATPase gene (Gal-Garber
et al., 2003).

The amount of total RNA per lane was determined
through rehybridization with a probe for the constitu-
tively expressed transcript for chicken β-actin. The five
probes were labeled7 with 32P-dCTP by the random prime
labeling method After a high-stringency wash (0.1× SSC/
0.1% SDS at 57°C), blots were exposed for 24 h at −70°C
to x-ray film in the presence of an intensifying screen.
The abundance of sucrase-isomaltase (SI), aminopepti-
dase (AP), sodium-glucose transporter (SGLT)-1, and
Na+K+ATPase transcripts was normalized to the density
of β-actin transcripts by densitometer scanning.

Brush-Border Enzymes
and Transporter Activities

Enzyme activities were assayed in homogenized jejunal
tissue (250 mg tissue/5 mL of 50 mM sodium phosphate
buffer, pH 7.2). Maltase (EC 3.2.1.20) activity was assayed
colorimetrically using maltose as a substrate (Dahlquist,
1964; Palo et al., 1995) and expressed as millimoles of
glucose released per minute per gram of jejunal protein.
AP activity (EC 3.4.11.2) was determined by hydrolysis of
L-leucine-p-nitroanilide for 15 min at 37°C, p-nitroanilide
was determined spectrophotometrically at 405 nm ac-
cording to Benajiba and Maroux (1980), and AP activity
was defined as the production of 1 µmol of p-nitroanilide
per minute per gram of jejunal protein.

The SGLT-1 uptake activity was determined at 37°C.
Briefly, 10 µL of the homogenate was added to 190 µL
of solution containing either 150 mM NaCl or KCl and
30 µM D-glucose-[6-3H(n)]. The reaction was stopped after
3 s by addition of 2 mL of an ice-cold solution containing
150 mmol/L NaCl and 0.25 mmol/L phlorizin (Lescale-
Matys et al., 1993).

The Na+-K+-ATPase kinetic measurements were con-
ducted and phosphate was measured by spectrophotome-
try at 690 nm using a kit (catalog no. 670).8 Na+-K+-ATP-
pase activity was expressed as millimoles of Pi per gram
of protein per min and determined as the difference be-
tween total ATPase activity and ouabain-insensitive AT-
Pase activity (Gal-Garber et al., 2003). Total protein was



SMALL INTESTINE OF THE LATE-TERM EMBRYO 1749

TABLE 1. Weight and relative weight of the small intestine from 17 d
of incubation (17E) until the day of hatch

Item 17E 19E 20E Hatch

Embryo BW (g) 32.84 ± 0.81a 33.93 ± 0.93a 36.48 ± 1.46a 44.59 ± 0.06b

Intestine weight (g) 0.46 ± 0.05a 0.58 ± 0.05b 0.85 ± 0.047c 1.54 ± 0.06b

Intestine with BW (%) 1.4% 1.7% 2.3% 3.4%

a–cValues (n = 20) in rows not followed by the same superscript differ significantly (P < 0.05).

determined using the Bio-Rad protein assay9 for protein
concentration following detergent solubilization.

Statistical Analysis

Results were analyzed by ANOVA and by linear regres-
sion using the general linear models procedure of SAS
software (SAS, 1986). Differences between ages were com-
pared by the Tukey test following ANOVA, and values
were considered statistically different at P < 0.05. Results
are reported as least squares means with standard errors.
Linear regressions were examined between mRNA ex-
pression of the different transporters and enzymes, be-
tween different enzyme activities, and between mRNA
expression and the enzyme activities.

RESULTS

As incubation progressed BW of the embryos increased,
as did the weight of the small intestines. However, small
intestinal weight increased at a much greater rate than
BW, which showed little increase close to hatching. The
enhanced growth rate of the small intestine is clearly
shown by presenting the weights of the intestine as a
proportion of the embryo weight (Table 1). During the
last 3 d of incubation, this ratio increased from approxi-
mately 1% on 17E to 3.5% at hatch.

The morphology of the small intestine also changed
rapidly. Histology indicated that the intestine including
the external muscular layers and the villi were growing
rapidly. Villi at 15 d were rudimentary; however, on d
17 villi at different stages of development were observed
(Figure 1). At this time the villi could be divided into two
main developmental stages (V1, V2), differing in length
and shape (Table 2), with the larger villi often being pear-
shaped and the smaller villi (approximately 65% of the
size of the larger villi) being narrower and with a rocket-
like shape. Adjacent to each larger villus there appeared
to be one smaller villus. A similar pattern was observed
on d 18 and 19, with villi at both developmental stages
growing, mainly in length, while maintaining similar size
and distribution ratios. Examination of the base of the
villi on d 19 indicated some budding at the base of existing
villi. These buds developed considerably, and by d 20 an
additional wave of small villi composed some 30% of
total villi (Figure 2b). The earlier waves of villi had contin-

9Bio-Rad Laboratories, Hercules, CA.

FIGURE 1. Representative light microscopy (×200) of intestinal villi
from the jejunum of the broiler embryo at 17 d of incubation (A) and
at 20 d of incubation (B). Sections show the pear-shaped villi and rocket-
shaped villi. V1 to V3 = villi in different stages of development. Staining
was with hematoxylin-eosin. Bar = 10 µm.
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TABLE 2. Morphological measurements of embryonic jejunual villi, in different stages
of development, from d 17 of incubation (17E) until hatch

Mean villus height (µm)

17E 19E 20E Hatch

Villi stage 1 (V1) 180.2 ± 4.2a (53%) 186.8 ± 4.9a (55%) 250.9 ± 10.9a (38%) 553.7 ± 5.8a (41%)
Villi stage 2 (V2) 103.9 ± 3.9b (47%) 121.4 ± 3.9b (46%) 170.7 ± 11.6b (33%) 350.8 ± 11.3b (32%)
Villi stage 3 (V3) — — 107.2 ± 10.2c (29%) 142.11 ± 10.2c (27%)

a–cValues (n = 20) in the same columns not followed by the same superscript differ significantly (P < 0.05).
Numbers in parentheses denote the percentage of villi at this stage.

ued to grow, and the third series of developing villi were
now approximately 65% of the size of the next largest
villi. The rate of growth of V1 and V2 between 19E and
20E was 30 to 40%; however, between d 20 and hatch,
growth was twofold in the larger villi and somewhat less

FIGURE 2. Activity of the brush-border enzymes sucrase-isomaltase
(A), aminopeptidase (AP) and the transporters (B), Na+K+ATPase (C),
and sodium-glucose transporter-1 (SGLT-1) (D) in the embryonic small
intestine at 15, 17, 19 d of incubation and on the day of hatch. a–dColumns
with different letters differ significantly (P < 0.05). Results are means,
and bars are SE from 20 embryos.

in the smaller V3 villi. The distribution of the three villus
stages did not change between 20 d and hatch. Further
rapid changes were observed posthatch; however, these
have been previously described (Sklan, 2001).

Examining the activities of the jejunal BBM enzymes
during the last period of embryonic development (Figure
2) indicated low activity of sucrase (not shown), maltase,
and AP on d 15 and 17. Activities of all the enzymes and
transporters examined began to increase on d 19 and
further increased on the day of hatch. Activities of all
enzymes were correlated (r = 0.73 to 0.92).

Expression of mRNA for these BBM enzymes and trans-
porters was determined at the same intervals (Figures 3
and 4) in the embryonic jejunum. Expression of SI, AP,
and SGLT-1 genes were detected from d 15. Determined
quantities relative to β-actin indicated that expression of
all the parameters examined was low on d 15 and 17,
increased 9- to 25-fold on d 19, and all decreased again
on the day of hatch. The relative expression of mRNA of
the different enzymes and transporters were correlated
(r = 0.75 to 0.96), but expression was not correlated with
the enzymatic activities.

DISCUSSION

At hatch the yolk represents the major nutrient supply
to the hatchling until transition to utilization of exogenous
feed occurs. Prior to hatch part of the yolk is transported
to the small intestine via the yolk stalk and is conveyed
to the upper small intestine by antiperistaltic contractions
of the small intestine where digestion initially by pancre-
atic and finally by brush border hydrolases takes place
(Geyra et al., 2001). The ontogeny of these processes in late
embryonic development has not been described, although
posthatch changes have been documented (Black, 1978;
Noy and Sklan, 1995; Uni et al., 1998, 1999).

The embryonic pancreas develops the capacity to se-
crete proteolytic enzymes before hatching; the specific
activities of carboxypeptidase A and chymotrypsin pro-
gressively increase from 16 d of incubation until a maxi-
mum 2 d after hatching (Marchaim and Kulka, 1967).
Pancreatic α-amylase was detected by Marchaim and
Kulka (1967) at 18 d of incubation, but maximum specific
activity was attained 4 d posthatch. Pancreatic lipase in-
creases linearly until 16 d after hatching and then reaches
a plateau. However, lipase is active in yolk digestion prior
to hatching (Noy and Sklan, 1998).
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FIGURE 3. Northern blot analysis for mRNA of sucrase-isomaltase (panel A), aminopeptidase (panel B), sodium-glucose transporter-1 (SGLT-
1) (panel C), and Na+K+ATPase (panel D) from embryonic jejunum (n = 5) at 15, 17, 19 d of incubation and at day of hatch. The same blots were
rehybridized with radioactive β-actin as a reference probe (panel E).

Thus, pancreatic enzymes are present and active during
embryonic development; brush-border enzymes have
also been detected in the embryonic intestine. The ontog-
eny of SI in mammals has been documented. In the mouse
intestine, SI is expressed at low levels late in fetal develop-
ment when the stratified endoderm cells transform into
columnar epithelium with nascent villi (Tung et al., 1997).
This low level of SI is maintained until 16 to 17 d postnatal
when rapid increases in expression occur preweaning
(Boudreau et al., 2001). In chickens, development is clearly
different because there is no suckling phase, and complex
carbohydrates must be digested and taken up soon after
hatch. In chicken embryos, the temporal pattern of SI
expression shows activity before hatch and before any
carbohydrate is ingested, with a major increase in expres-
sion at 19 d incubation. In mammals SI activity is induced
by cdx2 and other transcription factors binding to the SI
promotor region (Krasinski et al., 2001). It has been shown
in the chicken that cdxA, which is similar to mammalian
cdx2, binds to the SI promotor region (Sklan et al., 2003).
Initiation of this transcription is regulated, at least in part,
by cdxA, which is expressed in increasing quantities dur-

ing this period (Sklan et al., 2003). Expression of cdxA in
chicks was found from early embryonic stages when it
participates in axial determination during gastulation
(Frumkin et al., 1994; Geyra et al., 2002), and both cdxA
mRNA and protein concentrations increased in the jeju-
num with developmental stage, reaching a plateau after
hatch. In pre- and postnatal mammals and chicks, concen-
trations of mRNA of SI and cdx2 were not correlated
(Boudreau et al., 2001; Sklan et al., 2003).

In the small intestine of mammals and humans, active
transport of glucose has been observed in the fetus, brush-
border glucose transport gradually increases with gesta-
tional age with a spurt in activity during the final stages
of gestation (Ferraris, 2001). SGLT-1 expression has not
been found to be influenced by cdx genes in mammals.
The major apical transport of glucose in mammals is by
SGLT-1, however, GLUT5 is capable of some glucose
transport (Ferraris, 2001), and in some birds passive trans-
port has been reported to be major route of transport
(Chediack et al., 2001). Expression of SGLT-1 mRNA in
developing chick embryos was low until 19 d incubation
when a dramatic transient surge in expression was ob-
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FIGURE 4. The ratio of mRNA expression of sucrase-isomaltase (SI),
aminopeptidase (AP), Na+K+ATPase, and sodium-gluocse transporter-
1 (SGLT-1) relative to β-actin in the embryonic jejunum at 15, 17, 19 d
of incubation and at day of hatch. a–cColumns with different letters
differ significantly (P < 0.05). Results are means, and bars are SE from
10 embryos.

served, which decreased by hatch. The pattern of expres-
sion of SGLT-1 with development is, however, somewhat
different from that of SI. Thus the chick, which must
assimilate exogenous carbohydrates soon after hatch, ex-
presses both SI and SGLT mRNA during the late embry-
onic stages, but the ontogeny of these process appear to
be controlled by different mechanisms.

Few studies have examined the ontogeny of ATPase
in the chick; however, in the rat ATPase expression was
not detected in the small intestine at 16 to 17 d gestation
but was observed at cell junctions and in the basal mem-
brane from 18 to 19 d gestation (Amerongen et al., 1989).
Activation of the α1 subunit of the Na+, K+-ATPase gene
appears to be under the control of multiple protein factors
that bind to the negative regulatory regions and appear
to regulate transcription activity (Yu et al., 1996). It has

been shown that intestinal uptake can be estimated from
ATPase activity (Park et al., 1988); however, because activ-
ity increases with age (Sklan and Noy, 2000) this compari-
son should probably be limited to animals of similar de-
velopmental stages. Expression of mRNA of jejunal AT-
Pase was detected from 15 d of incubation in the chick
and showed a major increase on d 19 before decreasing
at hatch; in contrast, ATPase activity increased gradually
from d 15.

Limited information is available as to neonatal AP ac-
tivity. Intestinal transport of amino acids has been re-
ported in chick embryos before hatch and increasing after
hatch (Lerner, 1984), and neutral endopeptidase activity
has been reported in mouse enterocytes on d 17 (Landry
et al., 1994). In this study, expression of mRNA for AP
was detected on d 17 of incubation and showed high
expression on d 19, which decreased by hatch. Activity
increased exponentially from d 15.

Thus, expression of mRNA of all the BBM enzymes
and transporters examined followed a similar pattern; in
addition, biochemical activities were similar to each other,
but the pattern differed from that of the mRNA expres-
sion. Although mRNA expression is not necessarily corre-
lated with protein activity, for SGLT1 activity this was
reported (Ferraris and Diamond, 1997); however, in this
study increases in activity of all enzymes and transporters
followed a large increase in expression observed on d 19.
Changes in expression of mRNA would be expected to
precede changes in activity, which was observed, and,
although mRNA expression returned to relatively low
levels at hatch, sufficient protein was apparently present
to maintain activity levels. It is tempting to speculate that
expression is sinusoidal and responds to signals con-
nected to decreases in activity; however, more time points
would be needed to determine this. It is clear that the
signals triggering activity connected with carbohydrate
digestion are occurring much before the system is ex-
posed to dietary carbohydrates.

The major, but transient, acceleration in mRNA expres-
sion for all the parameters examined observed on d 19
coincided with a new wave of villus development. Major
increases in mRNA expression were not noted in the
earlier waves of villus development observed on d 17.
Numerically this developmental stage involved an addi-
tional growth of 50% in villus size, but this was less
than the several-fold increase in RNA expression. Thus
additional factors must be involved in the increased ex-
pression on d 19. In mammals systemic and luminal fac-
tors are involved in gastrointestinal tract development in
the prenatal period. Glucocorticoids influence enterocyte
differentiation, and in addition, other growth factors and
hormones are obtained from amniotic fluid (Connell et
al., 1995; Trahair and Sanglid, 1997). In chicken embryos,
amniotic fluid is also ingested by the embryo (Romanoff,
1960) and administration of insulin-like growth factor-1
and insulin have specific stimulatory effects on embryonic
growth (Christensen et al., 1999; Schmidek et al., 2001).
Therefore it can be hypothesized that factors in the am-
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nion or in the yolk influence developmental function of
the intestine.

Villi lining the avian intestine originate from longitudi-
nal ridges running the length of the embryonic intestine.
At 9 d three ridges form due to constrictions mediated
by bands of microfilaments with three more appearing
about 1 d later (Burgess, 1975). Thus initial formation
of villi occurs in several stages, which apparently also
characterize the later development observed in this study.
Information on chickens is sparse as to the cellular and
molecular changes occurring. In the mammalian intestine,
morphogenesis includes definition of the crypt-villus axis
as well as the duodenal-colon axis, which can be followed
by use of molecular markers (Gutierrez et al., 1995). In
chickens, the assembly of the villus cytoskeleton during
embryogenesis has been documented by following ex-
pression of the cytoskeletal proteins, fimbrin, villin, and
the 100-kD subunit of the calmodulin protein complex
(Shibayama et al., 1987). Substantial increases in concen-
trations of all three cytoskeletal proteins were observed
close to hatch, although cellular location was diffuse. This
changed rapidly with localization to the adult pattern
occurring between 19 d and hatch. These changes in cy-
toskeletal proteins are parallel to the major changes in
brush-border enzyme and transporter activities close to
hatch reported here. It is possible that localization of the
proteins to the brush border may temporarily perturb
translational control.

Major changes in expression, localization, and ability
of functional brush-border proteins thus prepare the
framework for posthatch ingestion of carbohydrate-and-
protein-rich exogenous feed.
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