
Abbreviations: ACS - apical canalicular system; BW - body
weight; CCK- cholecystokinin; CCK1 and CCK2 - receptors for
gut peptides (CCK and/or gastrin) of type 1 (or A) and type 2 (or
B), respectively; GI - gastrointestinal; GIT - gastrointestinal
tract; GRP - gut regulatory peptide; EU - European Union; HSP
- heat shock protein; PACAP - pituitary adenylate cyclase-
activating polypeptide; PP - pancreatic polypeptide; PRPs -
proline-rich proteins; SI - small intestine; VIP - vasoactive
intestinal polypeptide

INTRODUCTION
At birth the young ruminant becomes abruptly dependent on

the extra-uterine environment with respect to food supply. In
meat production herds, young calves are generally nursed by
their dam and are weaned progressively. In contrast, calves from
dairy herds are separated from their mother immediately after
birth and they receive colostrum during the first two days of life
and then milk or milk replacer. Maintenance at a preruminant
stage over a long period (up to 3/5 months or more) is done in
certain European countries that produce about 750000 tons of
veal consumed annually in European Union (EU). Other calves
coming from dairy herds are maintained at a preruminant stage

during about a 1-month period and then are weaned during a 2-
week period. Weaning transforms the preruminant into the type
of domestic animal that subsequently undergoes the greatest
modifications in its digestive physiology. Thus, during the first
months of life, the calf has to deal with one of three kinds of
situations, requiring physiological and digestive adaptations: to
extra-uterine life, to maintain the preruminant stage over a long
period and up to weaning.

This review deals with these three topics and will
particularly discuss modifications of morphological parameters
characterizing the development of the gastrointestinal tract
(GIT) and the evolution of digestive secretions, as well as some
factors that are responsible for these adaptations. The data are
mostly derived from calves that are separated from their dam at
birth, but some results also concern the lamb. Finally, since these
adaptations are found in other species (including human), one of
the most important goals is to understand the regulatory
mechanisms involved.

ADAPTATIONS TO THE EXTRA-UTERINE LIFE
In the fetus and newborn animal, cannulation of the GIT for

chronic studies on gastrointestinal secretions and digesta
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Young calves have to deal with at least three major situations that require profound physiological and digestive
adaptations: adaptation to extra-uterine life (up to the first postnatal week), maintenance at a pre-ruminant stage over a
long period (3 to 5 months or more), and weaning. This paper reports results obtained on the development (growth and
differentiation) of the gastrointestinal tract, and on digestive enzyme activities as well as some aspects of the regulation
by gut regulatory peptides. In the newborn calf, the maturation of the small intestine depends on pregnancy duration
(preterm vs. full term) and ingestion of colostrum from first milking. The function of gut enterocytes evolves along with
the changes from fetal to adult enterocytes. The origin of dietary protein in pre-ruminant and weaning calves modifies
SI morphology. Chymosin, elastase II and lactase are typical postnatal enzymes, whereas pepsin, ribonuclease and
amylase become important especially following weaning. Nitrogen digestibility increases during the first month of life
and is modified by replacement of skim milk powder with non-milk proteins. Milk formula supplementation with Na-
butyrate increases pancreatic secretions and digestibility. The gastrointestinal tract development depends on gut
regulatory peptides plasma and luminal concentrations. The response to exogenous peptides is in relation with their
number and type of functional receptors and with the animal age. Experimental work with young ruminants is important
not only for the species involved, but also for its implications to other mammalians.
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compositions is difficult, and only a few results obtained with
such techniques are available. There are far more data on tissues
and digestive contents obtained from slaughtered animals. These
data generally concern growth of organs, glands and/or gastric
and intestinal mucosa as well as amounts and/or activity of
enzymes in tissues and digesta. Functions of GI organs are
deduced from the concentrations of marker molecules (DNA,
proteins, enzymes) in the tissues or respective indexes (e.g., total
protein/DNA content) which hardly follow the true secretion
pattern, as for example the secretion of gastric or pancreatic juice.
Only few publications are available on the perinatal period and
those concerning saliva and bile are even more scarce. Apart from
pregastric esterase no other enzymes are present in saliva (1).
Digestive functions develop during fetal life and undergo the
largest changes during the first 48 h of extrauterine life. However,
some of these changes may continue during the first postnatal
month. For example, in the calf, the motility of the GIT becomes
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Stage      Prenatal period   Birth             Postnatal period 

Age (d) 161 191 216 253 260 0 2 7 28 

Live weight * 4.5 10.3 18.4 32.6 34.4 45.8 33.8 42.4 51.5 

Abomasum

Total weight 13 33 61 108 135 183 158 249 338 

Weight of 

the mucosa - - - - 50.9 90.7 87.5 150.4 210.4 

Pancreas 

Total weight 2.6 5.5 8.2 14.4 22.3 22.4 19.6 26.6 40.9 

Small intestine

Total weight 51 - 172 - - 1115 760 876 1362 

Weight of 

the mucosa - - - - - 249 201 126 155 

* empty live weight from birth 

Table 1. Live weight changes of the whole body (kg) and of
some organs (g) during the perinatal period in the calf (from
Toofanian et al., 1974; Le Huerou Luron et al. 1992)
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Fig. 1. Evolution of the weight of the different parts of the
gastrointestinal tract during development when age increases
and after weaning, in the lamb (Guilloteau et al., 1998,
unpublished)

well organized only after first 2-3 days of postnatal life and the
development continues until transition to solid food (2, 3).

Development of gastrointestinal tract
The weight of the abomasum relative to the body weight

(BW) does not change much, but that of the abomasal mucosa
considerably increases in the calf and lamb during the last month
of gestation (by 25%) and during the first 2 to 7 d of life (by 20
to 30%) (Table 1, Fig. 1). Thereafter it does not change until the
age of 21 d, but decreases afterwards (Guilloteau et al.,
unpublished).

The weight of the pancreas changes little but tends to
decrease during the last 3 months of fetal life, i.e. growth of the
pancreas is slower than that of the whole body. During the first
2 d of extra-uterine life, it varies little in calves, but increases in
lambs (by 18%) and during the first week of life it increases by
30% in both species, and then remains stable (Fig. 1) (4-10).
Plasma concentrations of gastrin (during the end of gestation)
and of cholecystokinin (CCK) (just after birth) increase
dramatically. Due to their established trophic effects, these gut
regulatory peptides (GRP) could be implicated in the regulation
of GIT development (11, 12). In the lamb, pancreatic hyperplasia
is marked during the first 2 d of life and then rapidly decreases
between 2 and 7 d of life. After that, the pancreas grows mainly
by hypertrophy (8).

In the species with a relatively long gestation period (e.g.
human, cattle, sheep), the development of intestinal structures
starts already during the first third of fetal life (in cattle from d
30 of gestation), and it is enhanced just before birth. In the 175
to 280 d old bovine fetus, growth of the small intestine (SI) is 2
times faster than that of the whole body (13). During the first
week of postnatal life, gut growth is much smaller (14), but
when considering the mucosa layer it is reduced by half (6). The
development of gut mucosa follows a proximal-distal pattern,
i.e. the crypts and villi first appear in the duodenum and then
appear progressively in the more distal parts of the gut (15). The
disappearance of vacuolated fetal-type enterocytes with large
empty vacuoles, a characteristic feature of immature intestine in
lambs and calves, occurs also along the proximal-distal axis (16,
17). These cells are replaced 5 to 7 d after birth by adult-type
enterocytes (lacking empty vacuoles), thereby contributing to
intestinal barrier closure (18). We have found that blocking of
the mucosal CCK1 receptor by a specific pharmacological
antagonist significantly delays the disappearance of vacuolated
enterocytes, thus contributed to slower development of the
intestinal mucosa. Interestingly, the effect was also observed in
the pancreas, in which the CCK1 receptor antagonist led to a
decrease of pancreatic acini size concomitantly with reduction of
pancreatic juice secretion (19). These observations suggest that
the intestine and the pancreas are not mature at the age of 7 days,
and that CCK is implicated in the development of the digestive
organs and exerts its effects through the intestinal mucosal CCK1
receptor.

Digestive productions
After birth GI secretions play a fundamental role in the

transformation of feeds into nutrients that are absorbable in the
intestine and can then be metabolically used. Feeds are first
mixed with saliva and then with gastric juice in the abomasum.
In the duodenum, the feed bolus comes into contact with bile and
pancreatic juice originating from the liver and pancreas,
respectively. The first effect of the five sources of digestive
secretions, which have a high water content, is to dilute the
feeds, thus facilitating transit, homogenization of the medium,
and hydrolysis. Hydrolysis of dietary matters into directly



metabolizable nutrients occurs stepwise and is affected by
various enzymes in gut secretions. However, these enzymes are
only fully active if the characteristics of the medium, notably the
pH of digesta, are adequate. This is the third role of the digestive
secretions, i.e. electrolytes allow to maintain conditions for
optimal enzyme functions. The endogenous supply of digestive
secretions is large and secreted components are reutilized by
animals in addition to the dietary supplies. The composition of
these secretions greatly determines the successive steps of
digestion.

Gastric (abomasal) productions. The secreted amounts of
hydrochloric acid (HCl) are low at birth and shortly afterwards,
although the plasma concentration of gastrin (which enhances
the secretion of HCl) increases (12). However, the secretion of
HCl increases during the first days of life. In accordance, in the
lamb the number of parietal cells (which release HCl) is very
low at birth, but increase 10-fold during the first 72 hours of life
(20, 21). The pH of the abomasal content, which is 7.0 units in
the 87- to 142-days old fetus (22) and 5.8 units at birth before the
intake of the first meal, decreases to 3.0 units in a 2-days old
fasted lamb (10).

From the second trimester of fetal life, the calf (21, 23) and
lamb (8) exhibit a marked clotting activity in the abomasum.
This activity almost exclusivity depends on chymosin, whose
activity is high, whereas pepsin activity is very low at that time.
After birth, the amount of chymosin relative to empty BW of the
calf is maximal at the age of 0 to 2 days and then decreases while
the amount of pepsin, which is 8-fold greater in the newborn
than in the fetus, does not subsequently change much with
increasing age (7, 21). During the first days of postnatal life, the
amounts of chymosin and pepsin are sufficient to coagulate the
amounts of casein ingested by the lamb (8) and calf (7). The
quantity of lysozyme relative to BW is high in the calf at birth
and at the age of 2 days and then strongly decreases until day 7
and afterwards it remains stable (7).

The concentration of abomasal enzymes at birth is different
among breeds and especially among different animal species,
but only slightly affected by sex. Relative to BW, chymosin and
pepsin activities in the abomasum are higher in lambs than in
calves. The pepsin content is higher and the chymosin content
lower in the Manech breed than in the Ile de France breed (9).

This is also the case for the amount of pepsin in Charolais as
compared to Friesian calves (9). Pepsin (calf and lamb) and
chymosin (calf) activities are positively correlated with birth
weight. The amount of lysozyme seems to be lower in neonatal
than in adult ruminants (13).

Pancreatic productions. At birth the pancreatic gland of the
calf is well developed and ready to exert its exocrine function. In
the calf, the pH of the jejunal and ileal contents are similar at
birth and at the age of 4 wk (24). The secretion of pancreatic
juice is very low just after birth. The amounts of pancreatic juice
relative BW increase during the first month and notably during
the first week of life (25). The secretion responds to feeding
from the first day of life, showing a clear-cut cephalic phase
concomitant with the elevation of plasma concentrations of
pancreatic polypeptide (2). However, neither a gastric nor an
intestinal phase is observed (2, 26). In the non-suckling neonatal
calf the exocrine pancreas secretes small amounts (about 1 µl/kg
BW x min-1) of pancreatic juice. The interdigestive pancreatic
secretion steadily increases with age and reaches 4 and 5.5 µl/kg
BW/min-1 in 1 and 4 week old calves, respectively (2, 27).
Pancreatic protein and trypsin secretions transiently increase
pre- and postprandially following the juice volume pattern (2).

Intestinal productions. Small intestinal digestive enzymes are
bound to the apical membrane of the enterocyte brush border. In
the bovine neonate the pH of the whole intestinal content ranges
from 5.5 to 6.5, whereas in older calves such values are only
found in the proximal duodenum (24). Values from 7.0 to 8.0 are
reported in jejunum and ileum and are optimal for the activity of
the principal pancreatic and intestinal enzymes (28). In the
bovine fetus, Toofanian et al. (5) showed that there are high
enzyme activities in the SI and that lactase, cellobiase, maltase
and trehalase are present from the beginning of GIT
development. At the end of the third fetal month, corresponding
to the active period of the morphological differentiation of the SI,
enzyme concentrations (especially of lactase) strongly increase.
Between the sixth month and birth, the specific lactase activity
increases by 50%, the specific activities of cellobiase and trealase
only slowly increase, whereas the activity of maltase does not
change (4, 6). Sucrase activity has never been found in fetal,
young or adult ruminant. To our knowledge, no data are available
on the development of aminopeptidases and alkaline phosphatase
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Fig. 2. Variation in the
distribution of specific
activity of lactase and
maltase (International Units,
IU) in the intestinal mucosa
during perinatal life in calves
(from Toofanian et al., 1974;
Le Huerou et al., 1992)



during fetal life. The specific aminopeptidase N and notably
lactase activities are very high at birth in the calf and during the
first 7 days of life. Their patterns (including those of
aminopeptidase A and alkaline phosphatase) are similar (6, 14,
29). Their maximal activity is reached between 0 and 2 d
postnatally and then decreases between 2 and 7 d after birth. The
specific activities of maltase and isomaltase are not modified
during the first week of life, while activities expressed on an
empty BW basis only represent 43 and 22% of those found on 2
d of life (6). In the lamb, the specific activities of lactase, maltase
and trehalase are higher at 7 than at 1 and 23 days after birth (30).

The distribution pattern of intestinal enzymes throughout the
intestinal tract is not uniform in the bovine fetus, is not modified
at birth and is substantially changed afterwards. This distribution
varies when age increases but also varies dependent on animal
species (Fig. 2). For example, in the newborn calf,
aminopeptidase A and maltase activities are uniformly distributed
throughout the small gut. In contrast, in the lamb, maltase activity
decreases from the duodenum to the distal ileum on day 1,
whereas it is uniformly distributed on day 7 (4-6, 24, 30, 31).

In the young calf (at the age of about 1 week), intestinal
enzyme activities depend on the duration of gestation as well as
on the quantity and quality of the feed ingested after birth.
Newborn calves that are born after 277 d of gestation, seem to
contain more lactase than those that are born at normal term.
However, aminopeptidase A activity is not modified and seems
more dependent on postnatal feeding (32). After birth, the
quantity of colostrum ingested and glucocorticoid treatments
modify the tissue content of several intestinal (and pancreatic)
enzymes (33, 34).

In newborns the digestive processes in the GIT are supported
by lysosomal enzymes present in fetal-type enterocytes which
hydrolyze the macromolecules taken up by the apical canalicular
system (ACS) and stored by large (digestive) vacuoles (18). This
intracellular digestion of nutrients makes an important
contribution to digestive processes in the stomach and gut lumen
of vertebrates, but in mammalian species it is present only in the
perinatal period and concerns the digestion of colostrum and milk
macromolecules and possibly absorption of vitamins and minerals
(18, 35). Brown and Moon (36) have found that only during the
first postnatal day the intestinal vacuoles had no lysosomal
activity which might help to transfer colostral bioactive substances
in an intact form into circulation. Life span of fetal-enterocytes
depends on a number of hormonal factors regulating maturation of
gut epithelium. Our studies in neonatal calves demonstrated an
important involvement of CCK (19).

Conclusions

In general during the 2 postnatal days gastric enzyme
activities (such as of chymosin) increase, whereas proteolytic
pancreatic enzyme activities decrease. Moreover, proteolytic
activities are only developed at the end of the SI. These
conditions, as well as the high pH of abomasum content and that
of the relatively low pH in the proximal duodenum are
conditions that are favorable to reduce enzyme action and thus
allow sufficient absorption of intact immunoglobulin during the
first days of live. In addition, at birth the development of the gut,
based on morphometrical parameters, depends on several factors
such as on the animal itself and/or on nutrition. As concerns the
ability to adapt to the extra-uterine life, at birth (a) the structure
of the GIT is well developed and the enzyme content of the
digestive glands is already important, and (b) the gut regulatory
system is ready to work (12), (c) but it is clear that the GIT is not
yet mature. The degree of maturity depends on species and
breed, nutritional and bioactive factors in colostrum or milk, as
well as on regulatory substances produced by the animal (37).

MAINTENANCE AT THE PRERUMINANT STAGE 
OVER A LONG PERIOD

The GIT and its productions develop after birth during
several months and this evolution mainly depends on age and
nutritional factors. The modifications in digestive functions can
be globally evaluated by measuring digestibility.

Development of the GI tract
If lambs are maintained at a preruminant stage until the age

of 42 d, the weight of digestive organs, expressed as percentage
of the empty BW, largely increases for forestomach, small and
large intestine, but slowly decreases for abomasum, and it does
not show a change thereafter. The duration of the increase of the
SI weight is longer than for the other organs of the GIT (8, 10)
(Fig. 1). Similar results were obtained in the calf (21).
Interestingly, in the calf plasma concentrations of gastrin, CCK,
PP and vasoactive intestinal polypeptide (VIP) follow a similar
trend as that of the GIT growth in the neonatal calf (38). Several
of these GRP are known for their trophic effect on the GI tract.

In the lamb, the villus height decreases in the jejunum and
the ileum, whereas crypt depth increases progressively in the
duodenum. During prolonged suckling (for 8-weeks) of lambs
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Species Lambs Calves 

Physiological

status

Preruminant Ruminant Preruminant Ruminant 

Nature of ingested 

meal

Dam collostrum

then milk 

Hay and 

concentrate

Colostrum then  milk 

replacer (MR) based on 

skim milk powder 

MR based on 

soya

concentrate

Hay and 

concentrate

Age (wks) 1 5 8 8 1 4 16 16 16 

Duodenum

- Crypt depth

- Villus height

145

331

220

278

294

308

302

340

213

718

233

775

200

948

229

740

232

765

Jejunum

- Crypt depth

- Villus height 

142

722

99

311

159

487

202

311

170

996

244

802

266

792

262

726

245

939

Ileum

- Crypt depth

- Villus height 

137

418

122

230

197

300

175

224

198

721

201

450

259

624

219

727

212

491

Table 2. Small intestinal morphology (crypt depth and villus height; µm) in preruminant and ruminant lambs (Attaix and Melin, 1991)
and calves (Biernat, Zabielski and Guilloteau, unpublished).



crypt depth increases markedly in the distal SI (Table 2). In
suckling animals, relative epithelial cell migration rates decrease
when age increases in the duodenum, but do not change in
jejunum and ileum. The epithelium renewal time ranges between
2.1 and 6.3 d. Differences between intestinal sites are especially
noticeable in the youngest animals (39). In the calf,
morphometric parameters are modified with age (Table 2).
Particularly, crypt depth increases in jejunum, whereas villus
height increases in duodenum as well as in ileum. Moreover, in
calves fed milk replacer in which casein is in part replaced by
soy proteins, a decrease of villus height in the duodenum and of
crypt depth in the ileum are observed in comparison with
animals fed with formula based on cow milk proteins. This
concerns also the exocrine pancreas. In the same study we
observed that although the cell number per acinus was not
modified, the size of pancreatic acini was significantly reduced,
likely affecting the exocrine secretion (Biernat, Zabielski and
Guilloteau, unpublished).

Digestive productions
Three digestive enzymes are particularly important in the

young calf fed milk or milk replacer based on skim milk powder.
These are chymosin, elastase II and lactase, produced by the
abomasum, the pancreas and the SI, respectively. These enzymes
are present in high amounts in the GI tissues at birth and further
increase during the first 2 d of life and then decrease with age
(28). In the abomasum chymosin, and to lesser degree pepsin,
coagulate milk proteins. Clotting is crucial to reduce the
abomasal emptying and increase the efficiency of digestive
processes in the small intestine of suckling neonates. We have
calculated that the quantity of secreted enzymes in the
abomasum is sufficient to coagulate the ingested milk proteins,
even if the amounts of enzyme seem to be low in older
preruminant animals (8). Pepsin and chymosin also induce
hydrolytic degradation of dietary proteins in the abomasum. The
second typical enzyme in the young preruminant, i.e. pancreatic
elastase II, cleaves globular proteins like β-lactoglobulin in milk,
but also grain storage proteins, such as conglycinin in soy beans,
which are very resistant towards other proteolytic enzymes (40).
Elastase II becomes therefore particularly important in animals
fed with artificial milk formulas containing plant proteins as
substitutes of milk protein. The third typical enzyme in the
young ruminant is small intestinal brush border lactase.
Maximum lactase activity is high during the first days of
postnatal life, and after that the activity is low (6) but it seems to
be sufficient to digest lactose in milk and milk replacers. In
contrast to lactose, the secretion of pancreatic amylase in
preruminant calves is very low since only negligibly small
amounts of substrate are available in colostrum and milk.
Therefore it is not recommended to incorporate great quantities
of starch in milk replacer formulas (41, 42). Studies in infant
neonates showed, however, that in the first weeks of postnatal
life the pancreas is capable of increasing amylase secretion in
response to nutritional stimulation (43).

In the lamb, after a 16 h starvation period, the pH of the
abomasal content is about 3.0 at the age of 2 d and varies little
thereafter (from 2.8 to 3.4) (Guilloteau et al., unpublished).
Using the gastric pouch model (44), we have studied the
evolution of gastric secretion in the preruminant calf given milk
substitute based on skim-milk powder, from 5 to 18 wk of age.
Expressed relative to BW, the quantity of gastric juice secreted
is not modified, that of electrolytes (mainly for Cl-) gradually
decreases and that of chymosin steadily decreases, whereas that
of pepsin decreases only between 11/12 - 15/16 weeks and
thereafter becomes more important than that of chymosin (45,
Guilloteau et al. - unpublished). Gastric secretion is also affected

by the content of casein, the origin of other dietary substitute
proteins and the process used to purify them (41, 46, 47;
Guilloteau et al., unpublished).

In the preruminant calf, pancreas enzyme activities increase
during the first month of life by 50 to 160% for most enzymes,
and by 2400% for amylase. After this period, variations are small,
except for amylase (+100% between the age of 1 and 4 months).
The activity seems to evolve in an ontogenic way and is barely
influenced by substrates. Thus, for example, amylolytic activity
increases over a long period despite the low starch content of feed
(2% of dry matter) (48). Pancreatic lipase activity increases with
age, but this enzyme cannot express its full activity in older
preruminants since colipase is a limiting factor (7, 48), which
explains why lipids are sometimes poorly utilized in older
preruminant calves. Studies on mechanisms controlling the
exocrine pancreas in calves showed that plasma concentrations of
CCK increased during the first month of life, and were not
modified thereafter, and plasma CCK pattern was opposite to that
found for somatostatin (38). CCK is considered as a stimulating
factor, whereas somatostatin as an inhibitory factor of exocrine
pancreatic tissue development and secretion of pancreatic juice
enzymes. This is in accordance with the decrease of pancreatic
enzyme secretion following perfusion of CCK1 and CCK2
receptor antagonists administered into the circulation or into the
duodenal lumen (2, 49, 50, 51). Pancreatic secretion is influenced
by nutritional factors (nature of dietary proteins, ingestion of
solid supplement) besides age, breed and sex of animals, rearing
season as well as in situations of maldigestion and digestive
disorders, and by stress factors (28, 48)

Intestinal brush border enzyme evolution in young
ruminants maintained at a preruminant stage has been studied
extensively (1, 6, 28, 41). Interestingly, in 160-days old
preruminant calves, intestinal lactase activity is at least as high
in animals receiving only starch products as in those receiving
only lactose with a milk substitute (41).

Evolution of fecal digestibility
In the calf fed milk from the dam or milk replacers based on

skim milk powder the digestibility increases with age (from 0.87
to 0.96 for nitrogen and from 0.89 to 0.96 for lipids) between the
1st and the 5th wk of age (52), but is not changed thereafter. A
similar ontogenetic pattern is observed for plasma
concentrations of a number of gut regulatory peptides which
stimulate abomasal and pancreatic secretions (38). In the
neonatal lamb, the lower the birth weight, the lower are protein
and lipid digestibilities (53). Studies with by-passing abomasum
by perfusion of food directly into the proximal duodenum
resulted in a decrease of the digestibility of nitrogen by 2-4%,
and fat by 11-13% (54). The reduction in the digestibility is
dramatically enhanced (by 44-70%) after total diversion of
pancreatic juice, indicating that the activity of pancreatic
enzymes is far more important than that of abomasal enzymes
for digestive processes and that pancreatic enzymes are more
diversified towards nutritional substrates (28). The digestibility
of studied substitute proteins was lower than that of milk
proteins. However, progresses in the technological processes
were very spectacular during the last 10 years and non-milk
protein products can now be incorporated in milk replacers in
rather large quantities and without great digestive problems.
However, nitrogen digestibility for protein substitutes used in
milk replacers for preruminant calves is inversely related to the
percentage of hydrolysed proteins evacuated from the
abomasum during 7 h postfeeding (Table. 3), showing that the
abomasum is nevertheless important for predigestion of proteins
and to prepare them for the ensuing and mostly final digestion in
the small intestine. These observations corroborate other results
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obtained by Caugand et al. (55, 56). Thus, they have used an
artificial stomach (57) in which the digestion by HCl and rennin
was studied to simulate in vivo abomasal digestion in the calf,
and finally to predict the range of digestibility for several
substitute proteins tested (58).

Conclusion
In preruminant calves and lambs, functional maturity of

digestive productions depends on the nature of dietary
components, and particularly on the quality of protein. The
digestive capacity of the GIT assures efficient digestion of milk
derived from the dam, but may not be sufficient for artificial
milk formula components. The postnatal evolution of digestive
secretions as well as the digestibility of dietary proteins (in
particular proteins of non-milk origin) may be a limiting factor
in animal growth. We think that this concerns mostly the
secretion of exocrine pancreas enzymes, since in preruminant
calves the reintroduction of pancreatic juice in a 2-fold larger
amount than the physiologic secretion resulted in significant
increase of digestibility of soy proteins (28). It seems also that
the different parts of the GIT (abomasum, pancreas, and different
parts of small intestine) are complementary with respect to
action but long maintenance of preruminant stage seems to
desynchronize the GI development.

ADAPTATION TO WEANING
The shift an animal undergoes from the preruminant to the

ruminant state probably is one of the most spectacular examples
of digestive adaptation in mammals from an anatomical and
physiological point of view. It also concerns strong alliance with
host microorganisms. In this field, a lot of work was carried out
especially between the years 1960 and 1980. The development
of digestive processes in the forestomachs is highly dependent
on nutritional factors and it may be significantly accelerated by
early introduction of solid food (59). In ruminants solid
components of the diet are greatly modified in the reticulo-
rumen by fermentation, and the fermentation products and
microorganisms constitute the major part of biomass entering the
abomasum. Nevertheless, a non-negligible part of the diet can
bypass the forestomachs, reach the abomasum and be digested
like in preruminant (monogastric) animals. Compared with
preruminants, the digesta which enter the abomasum are richer
in dry matter due to omasal absorption of water. As a
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Origin of proteins in 
the diet (1)

Milk Whey Fish 1 Fish 2 Field bean 

Hydrolysed proteins in 
the abomasum (%) (2)

24.0 12.0 12.0 10.0  8.0 

Nitrogen faecal 
digestibility (%) 

97.0 91.0-94.0 91.0 83.0 75.0 

1) Proteins mainly derived from skim milk powder (Milk) and
whey concentrates (Whey); concentrate obtained from white fish
by mild enzymatic hydrolysis (Fish 1); concentrate derived from
a Norvegian fish meal, defattened by means of hexane and finely
ground (Fish 2); concentrate prepared from field bean seeds by
aqueous extraction at pH 8.5.
2) Hydrolysed proteins correspond to nitrogen soluble in
trichloroacetic acid (TCA), present after digestion in the
abomasum at 7 h postprandially.

Table 3. Relationship between digestion of substitute proteins in
the abomasum and faecal nitrogen digestibility in preruminant
calves fed milk replacers (Paruelle et al., 1974; Toullec et al.,
1974; Guilloteau et al., 1975, 1977 & 1979)

consequence of the fermentation in large forestomachs
(especially rumen), gastric emptying is more continuous and
digesta flow is more regular than in the preruminants or adult
monogastric animals. This results in a significant reduction of
periodic fluctuations and postprandial responses in GI function
below the forestomach (3, 25).

Development of the GI tract
In lambs weaned between 30 and 42 day of age, the weights

of digestive organs expressed as percentage of empty BW, are
higher than in lambs at the same age kept in the preruminant
stage, except for that of SI (Fig. 1). Forestomach development in
calves is associated with a dramatic increase in plasma
concentrations of gastrin, CCK, PP and VIP (38), suggesting an
implication of these GRP in forestomach development.

In the calf, weaning tends to increase the size and number of
pancreatic acini but the number of cells per acinus does not
change (Biernat et al., unpublished). Weaning results in reduced
villus height in the jejunum (lamb) and ileum (lamb and calf),
whereas villus height in the jejunum is increased in the calf
(Table 2). In weaned lambs villus shorthening in jejunum (the
intestinal region where most of the absorption occurs) results in
a reduction of the absorptive area because there is no significant
increase in villus density at this intestinal site. However, the
epithelial renewal times are shorter (3.0-3.1 d) in weaned as
compared with suckling (preruminant) lambs (4.0-5.2 d) at the
same age (39), resulting in a reestablishment of absorptive
capacity.

Digestive productions
The activities of three enzymes (abomasal pepsin and

lysozyme and pancreatic ribonuclease) are considered as
markers of rumen development. Pepsin secretion increases
during weaning, whereas chymosin secretion shows an opposite
pattern and its activity is very small after weaning. However,
chymosin never disappears in the adult ruminant, in contrast to
observations made in most of the other mammals. Using
progressive transition of the diet from solid to liquid, we tried to
transform the ruminant calf back to the preruminant stage. In
these calves pepsin activity did not change, whereas chymosin
activity tended to increase (45, Guilloteau et al., unpublished).
Based on that result it seems that ruminants are able to
successfully adapt to extreme changes in feeding. Lysozyme is
present in herbivores, including bovine and ovine species (13),
and it is produced already immediately after birth. The
production decreases but it is measurable throughout the entire
preruminant stage. However, after weaning lysozyme activity
increases rapidly and contributes to the degradation of
peptidoglycans present in bacteria cell wall in the rumen. Thus,
lysozyme activity was suggested to be important for effective
digestion in preruminant calves which were fed with milk
formula containing bacterial protein as a substitute of cow milk
protein (60, 61). The third typical enzyme in weaned ruminants,
pancreatic ribonuclease, seems to play a major role in digestion
of nucleic acids of microorganisms. Indeed, our studies in calves
demonstrated a marked increase in pancreatic ribonuclease
content in the pancreas tissue after weaning (7).

In the lamb the pH of ruminal and abomasal contents (6.7
and 2.9-3.0, respectively), measured after a 16-h fasting period
are similar in ruminant and preruminant animals of the same
age. After longer fasting, the pH in the rumen and abomasum
tends to increase up to 7.0 and 3.2, respectively (Guilloteau et
al., unpublished). The overall digestive products are increased
in the ruminant in comparison with the preruminant stage.
Salivary water, phosphate buffers and urea in the rumen are



important to obtain optimal digestive activities of micro-
organisms. The urea, produced by microorganism after protein
breakdown is absorbed, excreted through the urine, re-secreted
with saliva or metabolized in the urea cycle. A greater secretion
for abomasal juice and its components is also observed. In
ruminants, in comparison with preruminants, the total
production is greater and the chemical composition is different
(less dry matter mainly due to less ashes and more nitrogen).
Our studies suggest that the ruminant calf produces less gastric
enzymes than the preruminant calf (28, Guilloteau et al.,
unpublished). The secretion of pancreatic juice and its
components per day and per kg of BW is more important in
ruminant than in preruminant calves of the same age (49).
Moreover, in ruminants feeding has minimal, if any effect on
the daily pattern of pancreatic (as well as abomasal and
intestinal) secretions, probably due to the more continuous and
regular gastric emptying. Similar and simultaneous patterns of
pancreatic juice flow and plasma secretin on the one hand, and
of pancreatic proteins and trypsin concentrations and plasma
CCK and gastrin concentrations on the another hand, support
the hypothesis that these GRP play a significant role in the
regulation of pancreatic function (49).

In general, ruminant animals are considered well equipped
with digestive abomasal and pancreatic enzymes (7, 62). In
ruminant calves pancreatic lipase is important for digestion of
fats bypassing the rumen. However, unlike lipase, the colipase
production is not modified after weaning and it may become a
limiting factor if too high amounts of lipids enter the proximal
intestine. Ruminants are capable of degrading efficiently the
carbohydrates that enter the duodenum since pancreatic amylase
and intestinal brush border maltase and isomaltase productions
increase after weaning (6, 7, 63). Structural dietary
carbohydrates, which escape the digestion in the proximal GIT,
can be degraded only by microbial enzymes. After ingestion of
large quantities of cereal grains (in high energy concentrates),
the majority of starch contained in the grains is fermented in the
rumen, but significant amounts may reach the SI in cattle (64). It
has been estimated that starch digestibility in the small intestine
is 42%, and energetically is more efficient than the fermentation
processes in the rumen (65). Therefore there is still a potential to
improve starch utilization for beef production. However, starch
digestion in the small intestine of ruminants is limited (66).
Nevertheless, experiments in ruminant calves have shown that it
is possible to increase the average daily gain by abomasal
perfusion of starch hydrolysate and/or casein. Concomitantly the
protein content in pancreatic tissue and pancreatic α-amylase
secretion are increased (67, 68). This is important because
modern production practices in feedlots and dairies depend on
starch as major supplier of dietary energy. From the
physiological point of view, this underlines that the digestive
function and efficiency of the pancreas can be increased and
optimized, if needed.

Finally, we have recently observed a very effective
adaptation in wild ruminants which has apparently disappeared
in the domesticated calf. Roe deer (Capreolus capreolus)
secretes about 9-14 times more saliva (6.65-13.51 vs 0.5-1.48
ml/10 min/kg BW) than sheep (69). Saliva contains high
amounts of proline-rich proteins (PRPs), whereas the levels are
very low in calf and sheep saliva. Furthermore, the chymotrypsin
content of the pancreas in roe deer is about 30-fold higher than
in the ruminant calf. Importantly, chymotrypsin cleaves the
amino-acid bonds in proteins where proline is present. This
permits the roe deer to reutilize the PRPs (Guilloteau et al.,
preliminary results). Interestingly, the roe deer prefers tannin-
rich plants (70). Because PRPs effectively bind tannins, they
thus reduce their deleterious effects. Partly as a consequence of
domestication, during which cattle and sheep did not normally

ingest great amounts tannin-rich plants for a long time, they may
have lost the ability to secrete high amounts of PRPs.

Conclusions
In ruminants that have already completed the forestomach

development, the small intestine digestive function is relatively
less developed as compared to preruminants, and may limit
intestinal absorption. This is the consequence of the high
efficiency of digestion and absorption in the foregut by the
microorganisms. However, under several feeding conditions a
large part of the meal content escapes ruminal digestion and is
mainly transformed by digestive enzymes produced by the
animal (up to 80% of proteins are digested in this way; 42).
Thus, the digestive system is not able to well and sufficiently
utilize all the components of the meal, because its digestive
capacity is not optimal.

CONSEQUENCES AND GENERAL CONCLUSIONS
During development, transition from one stage to another

stage requires profound physiological and digestive adaptations.
However, maximal digestive capacities of the GIT are not
reached because the adaptations are not sufficient. The young
ruminant (weaned or not weaned) has therefore often difficulties
to adapt to new feeding conditions. Until recently antibiotics
could be used as growth factors and help the GIT to bridge
difficulties during transition periods. However, this practice is
forbidden in the EU since 2006. Therefore it was urgent to find
substances which are able to improve the maturity and
digestibility of the GIT at each development stage. A number of
products have been invented (71, 72, Guilloteau et al.
unpublished), but until now, there are no satisfying products
available.

Based on that, we have tested in the preruminant calf the
effects of sodium (Na)-butyrate, fed as an additive in the diet and
compared its growth promoting effects with those of a fed an
antibiotic. We have measured the effects of Na-butyrate on
zootechnical and physiological traits in calves fed a milk
substitute whose casein was replaced by whey and mainly soy
proteins. The addition of Na-butyrate caused a significant
increase of BW gain and of carcass weight. The digestibility was
also significantly increased by Na-butyrate. The length of the
different parts of the SI and the weight of pancreas were not
modified, but pancreatic secretion as well as the pancreatic
content for some enzymes, were greatly increased by Na-
butyrate. The morphometrical parameters were also modified
(increased crypt depth and villus length in the SI), thus allowing
an enhanced absorption of nutrients (73). These changes were
associated with an enhanced postprandial secretion of GRPs and
particularly of gastrin and CCK. There was also an increase in the
expression of two types of heat shock proteins (HSP27 and HSP
70), mainly in the stomach and colon. This effect may partly lead
to decreased stress effects and to decreased stress of digestion-
associated organs during adaptation to a new dietary situation
(74, 75, 76). In this context, Na-butyrate could also have an effect
during the adaptation to extra-uterine life, particularly during
complicated calvings that are associated with hypoxia. Thus, it
was demonstrated, that Na-butyrate suppresses hypoxia-
inducible factor-1α in intestinal cells during hypoxia (77). We
have shown that plasma levels of GRPs are modified with
hypoxia in newborn calves (78). These modifications probably
have consequences for GIT functions. Sodium butyrate was also
shown to be involved in elimination of cancer cells (79).

In conclusion, experimental work with young ruminants and
results obtained are not only important for the ruminants sensu
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strictu, but may also be part be important for other milk fed farm
animals as well as for human babies. For example, the evolution
with age of several pancreatic enzyme activities (amylase,
chymotrypsin, etc.) or of lactase activity distribution along the SI
seems to be similar in the young ruminant as in humans. One of
the most important goals is to understand the implicated
mechanisms and to have the possibility to improve the
adaptations to a new nutritional stage in the different species
(including humans). Comparative digestive physiology can help
us in this way. Finally, Na-butyrate seems to be a good candidate
as a growth factor to obtain a better maturation of the GIT and to
have better adaptations in altered nutritional situations.

Acknowledgments: The authors would like to thank J.
Chevalier who kindly agreed to produce the illustrations for
this review.

Conflict of interest statement: None declared.

REFERENCES
1. Guilloteau P, Le Huerou-Luron I, Malbert CH, Toullec R.

Les secretions digestives et leur regulation. In Nutrition des
ruminants domestiques, R. Jarrige, Y. Ruckebusch, C.
Demarquilly, (eds), INRA, Paris, 1995, pp. 489-526.

2. Zabielski R, Morisset J, Podgurniak P et al. Bovine
pancreatic secretion in the first wk of life; involvement of a
CCK-A receptor. Regul Pept 2002; 103: 93-104.

3. Zabielski R, Naruse S. Neurohormonal regulation of the
exocrine pancreas during postnatal development. In: Biology
of the Pancreas in Growing Animals, S.G. Pierzynowski, R
Zabielski (eds). Elsevier, Amsterdam 1999, pp.151-192.

4. Toofanian F, Kidder DE, Hill FWG. The postnatal
development of the intestinal disaccharidases in the calf. Res
Vet Sci 1974; 16: 382-392.

5. Toofanian F, Hill FWG, Kidder DE. The development of the
intestinal disaccharase activities in the fetal and newborn
calf. Res Vet Sci 1974; 16: 375-381.

6. Le Huerou I, Guilloteau P, Wicker C et al. Activity
distribution of seven digestive enzymes along small intestine
in calves during development and weaning. Dig Dis Sci
1992; 37: 40-46.

7. Le Huerou-Luron I, Guilloteau P, Wicker-Planquart C et al.
Gastric and pancreatic enzyme activities and their
relationship with some gut regulatory peptides during
postnatal development and weaning in the calf. J Nutr 1992;
122: 1434-1445.

8. Guilloteau P, Corring T, Garnot P et al. Effect of age and
weaning on enzyme activities of abomasum and pancreas of
the lamb. J Dairy Sci 1983; 66: 2373-2385.

9. Guilloteau P, Corring T, Toullec R, Villette Y, Robelin J.
Abomasum and pancreas enzymes in the newborn ruminant:
effects of species, breed, sex and weight. Nutr Rep Int 1985;
31: 1231-1236.

10. Guilloteau P, Le Huerou-Luron I, Tallec M, Beaufils M,
Toullec R. Effect of age and weaning on development of
digestive tract of lambs. In: Proceedings of Symposium on
Growth in Ruminants: Basic Aspects, Theory and Practice
for the Future, J.W. Blum, T. Elsasser , P. Guilloteau (eds).
Berne, Switzerland, 1998.

11. Guilloteau P, Le Huerou-Luron I, Chayvialle JA et al.
Plasma and tissue levels of digestive regulatory peptides
during postnatal development and weaning in the calf.
Reprod Nutr Dev 1992; 32: 285-296.

12. Guilloteau P, Le Huerou-Luron I, Le Drean G et al. Gut
regulatory peptide levels in bovine fetuses and their dams

between the 3rd and 9th months of gestation. Biol Neonate
1998; 74: 430-438.

13. Dobson DE, Prager EM, Wilson AC. Stomach lysosyme of
ruminants. I. Distribution and catalytic properties. J Biol
Chem 1984; 259: 11607-11616.

14. Hubert JT, Jacobson NL, Allen RJ, Hartman PA. Digestive
enzyme activities in the young calf. J Dairy Sci 1961; 44:
1494-1501.

15. Toofanian F. Histological observations on the developing
intestine of the bovine fetus. Res Vet Sci 1976; 21: 36-40.

16. Asari M, Kawaguchi N, Wakui S, Fukaya K, Kano Y.
Development of the bovine ileal mucosa. Acta Anat 1987;
129: 315-324.

17. Trahair JF, Robinson PM. Enterocyte ultrastructure and
uptake of immunoglobulins in the small intestine of the
neonatal lamb. J Anat 1889; 166: 103-111.

18. Baintner K. Vacuolation in the young. In: Biology of the
Intestine in Growing Animals, R. Zabielski, P.C. Gregory, B.
Westrom (eds). Elsevier, Amsterdam, 2002, pp. 55-110.

19. Biernat M, Zabielski R, Sysa P et al. Small intestinal and
pancreas microstructures are modified by an intraduodenal
CCK-A receptor antagonist administration in neonatal
calves. Regul Pept 1999; 85: 77-85.

20. Hill KJ. Gastric development and antibody transference in
the lamb with some observations on the rat and guinea-pig.
Q J Exp. Physiol 1956; 41: 421-432.

21. Guilloteau P, Corring T, Toullec R, Robelin J. Enzyme
potentialities of the abomasum and pancreas of the calf. I -
Effect of age in the preruminant. Reprod Nutr Dev 1984; 24:
315-325.

22. Pearson RA, Mello DJ. The composition of ruminal and
abomasal fluid from catheterised foetal sheep during the last
50 days of pregnancy. Res Vet Sci 1976; 21: 100-101.

23. Pang SH, Ermstrom CA. Milk clotting activity in bovine
fetal abomasa. J Dairy Sci 1986; 69: 3005-3007.

24. Miyashige T, Yahata S. Development of intestinal
disaccharase activities in nursing calves. Jpn J Zootech Sci
1980; 51: 58-68.

25. Zabielski R, Pierzynowski SG. Development and regulation
of pancreatic juice secretion in cattle. State-of-the-art. J
Anim Feed Sci 2001; 10: 25-45.

26. Ternouth JH, Roy JHB. The effect of diet and feeding
technique on digestive function in the calf. Ann Rech Vet
1973; 4: 19-30.

27. Zabielski R, Kiela P, Lesniewska V et al. Kinetics of
pancreatic juice secretion in relation to duodenal migrating
myoelectric complex in preruminant and ruminant calves
feed twice daily. Brit J Nutr 1997; 78: 427-442.

28. Guilloteau P, Zabielski R. Digestive secretions in
preruminant and ruminant calves and some aspects of their
regulation. In: Calf and heifer rearing, P.C. Garnsworthy
(ed), University Press, Nottingham, 2005, pp.159-189.

29. St Jean GD, Rings DM, Schmall LM et al. Jejunal mucosa
lactase activity from birth to 3 weeks in conventionally
raised calves. Am J Vet Res 1989; 50: 1496-1498.

30. Toncheva E, Profirov Y, Voynova R. Disacharidase activity in
intestine epithelium microvilli membranes of lambs during
the first month after birth. Arch Anim Nutr 1987; 37: 321-326.

31. Siddons RC. Carbohydrase activities in the bovine tract.
Biochem J 1968; 108: 839-844.

32. Bittrich S, Philipona C, Hammon HR et al. Intestinal
epithelium structure and brush border activities in pre- and
fullterm calves at birth and on day 8 of life. J Dairy Sci 2003;
87: 1786-1795.

33. Blattler U, Hammon HM, Morel C et al. Feeding colostrum,
its composition and feeding duration variably modify
proliferation and morphology of the intestine and digestive

44



enzyme activities of neonatal calves. J Nutr 2001; 131:
1256-1263.

34. Sauter SN, Roffler B, Philipoma C et al. Intestinal
development in neonatal calves: Effects of glucocorticoids
and dependence on colostrum feeding. Biol Neonate 2003:
85: 94-104.

35. Baintner K. Intestinal absorption of macromolecules and
immune transmission from mother to young. CRC Pres,
Boca Raton, 1986.

36. Brown HH, Moon HW. Localization and activities of
lysosomal enzymes in jejunal and ileal epithelial cells of the
young pig. Am J Vet Res 1979; 40: 1573-1577.

37. Blum JW. Nutritional physiology of neonatal calves. J Anim
Physiol Anim Nutr 2006; 90: 1-11.

38. Toullec R, Chayvialle JA, Guilloteau P, Bernard C. Early-
life patterns of plasma gut regulatory peptide levels in
calves. Effects of age, weaning and feeding. Comp Biochem
Physiol 1992; 102A: 203-209.

39. Attaix D, Meslin JC. Changes in small intestinal mucosa
morphology and cell renewal in suckling, prolonged-
suckling, and weaned lambs. Am J Physiol 1991; 4: R811-
R818.

40. Gestin M, Le Huerou-Luron I, Rome V, Le Drean G,
Guilloteau P. Specific regulation of the pancreatic elastase I
and II mRNA expression during postnatal development in
the calf: Reverse transcriptase-polymerase chain reaction
analysis. Pancreas 1997; 15: 258-264.

41. Thivend P, Toullec, Guilloteau P. Digestive adaptation in the
preruminant. In: Digestive physiology and metabolism in
ruminants, Y. Ruckebusch, P. Thivend (eds). MTP Press,
Lancaster, 1980, pp. 513-537.

42. Toullec R, Lalles JP. Digestion in abomasum and in small
intestine (in French). In: Nutrition des ruminants
domestiques. Edited by R. Jarrige, Y. Ruckebusch, C.
Demarquilly (eds). INRA Editions, Paris, 1995, pp 528-581.

43. Zoppi G, Andreotti G, Pajno F et al. Exocrine pancreas
function in premature and full term neonates. Pediatr Res
1972; 6: 880-886.

44. Guilloteau P, Le Calve JL. Technique de realisation d’une
poche abomasale chez le veau en vue de l’obtention de suc
gastrique pur. Ann Biol Anim Bioch Biophys 1977; 17:
1047-1060.

45. Guilloteau P. Digestion des proteines chez le veau
preruminant. These de Doctorat d’Etat des-Sciences
Naturelles, Universite Pierre et Marie Curie, Paris VI, 1986.

46. Guilloteau P, Toullec R, Garnot P, Martin P Brule G.
Influence de l’âge sur les secretions de suc gastrique et
d’electrolytes chez le veau preruminant. Reprod Nutr Dev
1980; 20: 1279-1284.

47. Garnot P, Toullec R, Thapon JL et al. Influence of age,
dietary protein and weaning on calf abomasal enzymatic
secretion. J Dairy Res 1977; 44: 9-23.

48. Guilloteau P, Le Huerou-Luron I. Pancreatic secretions and
their regulation in the preruminant calf. In: Veal perspectives
to the year 2000, Federation de la Vitellerie Française, Paris,
1996, pp.169-189.

49. Le Drean G, Le Huerou-Luron I, Chayvialle JA et al.
Kinetics of pancreatic exocrine secretion and plasma gut
regulatory peptide release in response to feeding in
preruminant and ruminant calves. Comp Biochem Physiol
1997; 117A: 245-255.

50. Le Drean G, Le Huerou-Luron I, Gestin M et al. Comparison
of the kinetics of pancreatic secretion and gut regulatory
peptides in the plasma of preruminant calf fed milk or
soyabean protein. J Dairy Sci 1998; 81: 1313-1321.

51. Desbois C, Le Huerou-Luron I, Dufresne M et al. The CCK-
B/gastrin receptor is coupled to the regulation of enzyme

secretion, protein synthesis, and p70 S6 kinase activity in
acinar cells from ElasCCKB transgenic mice. Eur J Biochem
1999; 266: 1003-1010.

52. Grongnet JF, Patureau-Mirand P, Toullec R, Prugnaud J.
Utilisation of milk and whey proteins by the young
preruminant calf. Influence of age and whey protein
denaturation (in French). Ann Zootech 1981; 30: 443-464.

53. Houssin Y, Davicco MJ. Influence of birth weight on the
digestibility of a milk replacer in newborn lambs. Ann Rech
Vet 1979; 10: 419-421.

54. Guilloteau P, Toullec R, Patureau-Mirand P, Prugnaud J.
Importance of the abomasum in digestion in the preruminant
calf. Reprod Nutr Dev 1981; 21: 885-899.

55. Caugant I, Petit HV, Charbonneau R et al. In vivo and in
vitro gastric emptying of protein fractions of milk replacers
containing whey proteins. J Dairy Sci 1992; 75: 847-56.

56. Caugant I, Petit HV, Ivan M et al. In vivo and in vitro gastric
emptying of milk replacers containing soybean proteins. J
Dairy Sci 1994; 77: 533-540.

57. Savalle B, Miranda G, Pelissier JP. In vitro simulation of
gastric digestion of milk proteins. J Agric Food Chem 1989;
37: 1336-1340.

58. Caugant I. Digestion gastrique et intestinale de proteines
laiteres et vegetales chez le veau preruminant: etudes in vivo
et in vitro. These de Docteur de l’ENSAR, ENSA Rennes, N
93/5, serie B/43, 1993.

59. Greenwood RH, Morrill JL, Titgemeyer EC. Using dry feed
intake as a percentage of initial body weight as a weaning
criterion. J Dairy Sci 1997; 80: 2542-2546.

60. Guilloteau P, Toullec R. Digestion of milk protein and
methanol grown bacteria protein in the preruminant calf. I -
Kinetics and balance in the terminal small intestine and
faecal balance. Reprod Nutr Dev 1980; 20: 601-613.

61. Guilloteau P, Patureau-Mirand P, Toullec R, Prugnaud J.
Digestion of milk protein and methanol grown protein in the
preruminant calf. II - Amino acid composition of ileal
digesta and faeces and blood levels of free amino acids.
Reprod Nutr Dev 1980; 20: 615-629.

62. Guilloteau P, Corring T, Toullec R, Guilhermet R. Enzyme
potentialities of the abomasum and pancreas of the calf. II -
Effect of weaning and feeding a liquid supplement to
ruminant animals. Reprod Nutr Dev 1985; 25: 481-493.

63. Pierzynowski SG, Zabielski R, Westrom B, Mikolajczyk M,
Barej W. Development of the exocrine pancreatic function in
chronically cannulated calves from the preweaning period
up to early rumination. J Anim Physiol Anim Nutr 1991;
65:165-172.

64. Theurer CB. Grain processing effects on starch utilization by
ruminants. J Anim Sci 1986; 63: 1649-1662.

65. Owens FN, Zinn RA, Kim YK. Limits to starch digestion in
the ruminant small intestine. J Anim Sci 1986; 63: 1634-
1648.

66. Kreikemeier KKD, Harmon DL, Brandt RT, Avery TB,
Johnson DE. Small intestinal starch digestion in steers:
effect of various levels of abomasal glucose, corn starch and
corn dextrin infusion on small intestinal disappearance and
net glucose absorption. J Anim Sci 1991; 69: 328-338.

67. Swanson KC, Benson JA, Mattews JC, Harmon DL.
Pancreatic exocrine secretion and plasma concentration of
some gastrointestinal hormones in response to abomas
infusion of starch hydrolyzate and/or casein. J Anim Sci
2004; 82: 1781-1787.

68. Swanson KC, Mattews JC, Woods CA, Harmon DL.
Influence of substrate and/or neurohormonal mimic on in
vitro pancreatic enzyme release from calves postruminally
infused with partially hydrolyzed starch and/or casein. J
Anim Sci 2002; 81: 1323-1331.

45



69. Fickel J, Goritz F, Joest BA et al. Analysis of parotid and
mixed saliva in roe deer (Capreolus capreolus L.). J Comp
Physiol B 1998; 168, 257-264.

70. Verheyden-Tixier H, Duncan P. Selection for small amounts
of hydrolysable tannins by a concentrate-selecting
mammalian herbivore. J Chem Ecol 2000; 26: 351-358.

71. Lalles JP, Bosi P, Smidt H, Stokes R. Nutritional
management of gut health in pigs around weaning. Proc
Nutr Soc 2007; 66: 260-268.

72. Gorka P, Pietrzak P, Kotunia A et al. Sodium butyrate
supplementation in milk replacer and starter mixture on
rumen development in calves. J Physiol Pharmacol 2008; 59
(suppl.3): 22-22.

73. Zabielski R, Godlewski MM, Guilloteau P. Control of
development of gastrointestinal system in neonates. J Physiol
Pharmacol 2008; 59(suppl. 1): 35-54.

74. Guilloteau P, Rome V, Le Normand V, Savary G, Zabielski
R. Is Na-butyrate a growth factor in preruminant calf?
Preliminary results. J Anim Feed Sci 2004; 13(suppl. 1):
393-396.

75. Guilloteau P, Zabielski R, David JC et al. Sodium-butyrate
as a growth promoter in milk replacer formula for young
mammals. The milk fed calf as a model to study the
mechanisms involved. J Dairy Sci 2009; 92(3): 1038-1049.

76. Sikora A, Grzesiuk E. Heat shock response in
gastrointestinal tract. J Physiol Pharmacol 2007;58(suppl.
3): 43-62.

77. Miki K, Unno N, Nagata T et al. Butyrate suppresses
hypoxia-inducible factor-1 activity in intestinal epithelial
cells under hypoxic conditions. Shock 2004; 22: 446-452.

78. Guilloteau P, Le Huerou-Luron I, Chayvialle JA et al. Gut
regulatory peptides in young cattle and sheep. J Vet Med A
1997; 44: 1-23.

79. Pajak B, Orzechowski A. Sodium butyrate-dependent
sensitization of human colon adenocarcinoma COLO 205
cells to TNF-α -induced apoptosis. J Physiol Pharmacol
2007; 58(suppl. 3): 163-176.
R e c e i v e d : November 19, 2008
A c c e p t e d : January 20, 2008
Author’s address: Dr. Paul Guilloteau, INRA, UMR 1079,

Systeme d’Elevage, Nutrition Animale et Humaine (SENAH),
Domaine de la Prise, 35590-Saint Gilles, France. Phone: +33 2 23
48 53 55, Mobile phone: +33-6-09594157; Fax : +33-2-23485080;
e-mail: Paul.Guilloteau@rennes.inra.fr

46


