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Preface

Preface

The pig is omnivorous animal, belongs to the Suidal in the
order of Artiodactyla, and has been bred and improved for meat
production.

Pigs are the most productive among domestic

animals, and develop fast and early with high efficiency of feed
consumption.

In another aspect, pigs has been recognized as one

of the most useful animal models for human medical and
nutritional research, because pigs have anatomical structure and
physiological function fairly similar to those of human.
The body size of common breeds of the pig for meat
production is too big to be utilized as laboratory experimental
animals, and people has been developed relatively smaller sized
pig breeds called miniature pigs with body weight of matured
individuals ranging 30-70 Kg.

Recently a new aspect of research

has been rapidly developed for assessing their possible utility for
th e donor of the organs for xeno-transplantation to human.

More

commonly, miniature pigs have widely used as a model of hwnan
in physiology, pharmacology and nutritional researches .

For

example, newborn piglets have been used as an animal model of
human infant in pediatrics to study their nutritional necessary of
the formula (the formulated artificial milk).
The pig is a very particular omnivorous species with a large
body size and a large number of litter.

During an implantation

process in the pig, the uterine space will be divided among the
mme advanced embryos, leaving the slow ones with too little space
to survive.

Fetuses in the midsection of the uterus between the tip

and the body sometimes have space available that is marginal, that
is, sufficient to survive, but less than enough to normally.
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arise from these conditions.

Unless runts are given special

treahnent at birth, they rarely survive.

Thus, competition for

survival starts from the stages of the embryos and the fetuses in the
pig.
The competition continues after birth.

The pig possesses

characteristic nursing behavior; the piglets born normally distribute
themselves along the udder due to a tendency for each to suckle
consistently only one or two specific teats.
arrangement is called the teat order.

This spatial

Newborn piglets receive no

aid from the sow but are usually ambulatory within minutes after
birth.

Upon standing, piglets move about for seeking teats until

they contact a teat, and begin to suckling.

The central point of the

activity of newborn piglets seems to find a better udder of a dam.
In sows, the mammary gland produce colostrum prior to (1
to several hours) parturition, and secrete continuously in the early 2
or 3 days of lactation, then the secretion is discoru1ected and the
milk is ejected within 10-30 seconds at intervals of 30-90 minutes.
At thi s later stage, suckling stimulus to teats seems to effect on the
milk production (Gill and Thomson, 1955).

Not only changes in

plasma concentrations of hormones, such as prolactin, somatostatin,
insulin, glucagon and vasoactive intestinal polypeptide (Kendall et
al., 1983; Algers et al., 199lt suckling stimulus to a particular teat

must also induce a change in the local environment of each teat
through paracrine pathways. Piglets in a litter may vary ·widely in
body weight at birth, and during suckling, piglets stimulate the
udder by massaging the teats before and after Jet-down (Fraser,
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1980; Algers and Jensen, 1985). Due to ctifference in the intensity
of suckling behavior on the preferred teat and its positions on the
udder among piglets in a litter, the milk production and
composition may be varied among the teats of a given sow.

Thus,

a bigger pi glet with the more intense suckling behavior will have a
chance to suckle th e "better teat".
One of the focal points of pig breeding for obtaining better
meat producing animals would have been how to moderate the
competition among embryos, fetuses and newborn piglets, as
mentioned above .

By moderating these competition, one can

expect to have a Jitter being born and growing uniformly.

But in

modern well-bred pig strains, there are still problems of stillbirth,
runts and piglet's diarrhea .

In order to accelerate further the

efficiency of pig breecting, we have to cope with these problems,
and find the genetical background of these phenotypes that results
in the economical loss in pig production.
Before starting the research of this thesis, the author had a
hypothes is that the piglet's di arrhea should be one of the outcome
of the "better teat competition" among piglets.

The occurrence of

diarrhea in weak and meager piglets would be a good way to
remove them h·om the descendants.

If this is the case,

composition of the milk should differ among teats.

If the teat

which more healthy piglets prefer secrete more nourishing milk,
the strategy of selection of offspring might work. The question is
what nourishing milk is.

It is known that colostrum contains high

activities of protease inhibitors which limit the breakdown of intake
proteins and these inhibitors minimize the potential of colostrum
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proteins to be digested and becomes a source of free amino acids
for neonates.

Thus, free amino acids in colostrum have been

suggested to be an important source of free amino acids for
suckling animals.

Furthermore, amino acids as one of the most

important nutrients for the neonates distributed in the milk in three
form; protein-bound, free peptide and free amino acids.

The free

amino acids can be absorbed directed by the intestine enterocyte, so
that the free amino acids in colostrum and milk will be specially
significant

for

the

newborns

whose

digestive

system

are

und eveloped.
From the background described above, the author tried to
analyze free amino acids concentrations in colostrum and milk
from individual teats of sows in Chapter I.

Because it was found

that glutamine concentration differed among the milk samples
collected from different teats, glutamine was analyzed in Chapter II,
if its concentration can be a cue for teat preference by piglets.

In

Chapter III, the effect of taurine on new born piglets was examined
from various aspects, because taurine was found to be the most
abundant free amino acids in colos trum and became most
abundant free amino acids in milk as a lactational period
progressed.

Finally in 01apter IV, effects of glutamine in milk

was investigated in relation with the occurrence of diarrhea under
glutamine deficient condition.
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Chapter I
Free Amino Acids Concentrations in Colostrum
an d Milk from Individual Teats of Sows and their
Influence on Piglets Growth

6

Abstract
Concentrations of free amino acids in the colostrum and
milk that were obtained from individual teats of sow dams were
quantifi ed . Taurine was the most abundant free amino acids in
the colostrum and maintained at an high level (1-2 mmol/L of
defatted milk) throughout a lactational period.

Other free amino

acids such as glutamine were in trace amounts in colostrum.

The

concentration of glutamine increased to the greatest extent among
all other free amino acids examined during a 25 days of lactational
period, and became the most abundant free amino acids in milk (2
mmol/L of defatted milk ).

Free glycine and glutamic acid also

increased to a large extent (0.7 -1.2 mmol I L of defatted milk).
Immediately after farrowing, no significant differences in
the con centrations of each free amino acid were observed among
colostrum samples obtained from different teats. However, the
co ncentrations of free amino acids in milk from differen t teats
became significantly different as lactational period progressed.

As

for the milk samples obtained from individual teats, there were
significantly positive correlations between the total free amino
acids, and free glutamine, glutamic acid and glycine concentrations.
Piglets were identified every day which teat they suckled.

There

were also significantly positive correlations between the body
weight of each piglet, and milk yield of each teat and the total free
amino acids concentration in milk obtained from each teat.
Cumulatively, a larger piglet suckled a higher milk yield teat from
which higher concentrations of total free amino acids, glutamine,
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glutamic acid and glycine were supplied.

In light of present

findings, the free amino acids in sow dam 's milk can be a possible
participan t to determine the teat preference by piglets.

8
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Introduction
Neonates do not have well developed digestive and
regulatory systems to adapt their food and environment, and yet
they are stressfully challenged by a new environment at birth.
Because newborn mammals do not normally consume solid foods,
their mother's milk is the only source of exogenous amino acids for
the synthesis of proteins, neurotransmitters, hormones, polyamines,
purine and pyrimidine nucleotides, creatine, carnitine, porphyrins
and other biologically important molecules.

Some amino acids,

such as glycine, histidine and taurine, are effective scavengers of
free radicals and therefore may help prevent or alleviate potential
injury.

Thus, milk plays a vital role in the survival and growth of

mammalian neonates.
It has been known that colostrum contains high activities of

protease inhibitors, which limit the breakdown of intake proteins
(Laskowski et al ., 1957). Although the presence of protease
inhibitors in colostrum has important immunological implications,
these inhibitors minimize the potential of colostrum proteins to be
digested and becomes a source of free amino acids for neonates.
Thus, free amino acids in colostrum have been suggested to be an
important source of free amino acids for suckling animals.
Furthermore, milk is an important source of taurine, a {3 -amino
acids that is virtually absent in the foods of plant origin.

A

number of studies have reported the concentrations of free amino
acids in the milk from a number of species, including baboon,
beagle, cat, chimpanzee, cow, gerbil, guinea pig, horse, sheep and
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humans (Atkinson et al., 1980; Vina et al., 1987). Taurine has been
shov-rn to be the most abundant free amino acid in the milk from
beagle, cat, gerbil, mouse and rhesus monkey (Rassin et al., 1978).
The abundance of free taurine in the milk is consistent with its
important role in the postnatal growth and development of such
species as the cat (Sturman,1993).
The pig has been widely used as an excellent animal model
for human nutrition research (Burrin et a!., 1992).

Thus, to

substantiate data on the amino acid nutrition o£ sow's milk, several
reports were focus on the concentrations of free and protein-bound
amino acids in the

colostrum and milk (Beacom and Bowland,

1951; Cuperlovic, 1967; Bengtsson, 1972).

Recently Wu et al. (1994)

reported that taurine and histidine were the most abundant amino
acids in sow's colostrum, whereas glutamine concentrations
increased to the greatest extent among all free amino acids during
lactation.

However these studies neglected the teat-order

behavior that specifically observed in piglets society.

Piglets may

vary widely in body weight within a litter at birth, and they
normally distribute themselves along the udder due to a tendency
for each to consistently suckle only one or two specific teats. This
spatial arrangement being called the teat order.

During suckling,

piglets stimulate the udder by massaging the teats before and after
let-down (Fraser, 1980; Algers and Jensen, 1985), this suckling
behavior effects on the milk production (Gill and Thomson, 1956)
by changing plasma concentrations of some hormones, such as
prolactin, somatostatin, insulin, glucagon and vasoactive intestinal
polypeptide (Kendall et al., 1983; Algers et al., 1991).

Due to

difference in the intensity of suckling behavior on the preferred teat
and its positions on the udder among piglets in a litter, the milk
production and composition may be varied among the teats of a
given sow.
This study was designed to quantify the concentrations of
free amino acids in colostrum and milk samples from sows that
were separately collected from individual teats at different stages
during lactation.

By obtaining these informations, significance of

free amino acids concentrations for determination of the teat order
of piglets was discussed.
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Materials and Methods
Chemicals
All chemicals used for analysis of amino acids in this study
were purchased from Wako Pure Chemical Industries, Ltd.
Sow dams and collection of colostrum and milk
Six sow dams in the Experimental Station for Bio-animal
Science of the University of Tokyo were used in this study.
were Fl of Large White sows and Landrace boars.
parity was from 2 to 6.

They

The range of

Dams were nursing 10.6 piglets on an

average at weaning (ranging from 8 to 13 piglets per litter).

Dams

were free access to water and fed 3 times a day (0600, 1300 and 1700
hr)

with

soybean-corn

recommended requirements.

meal-based

diet

that

met

NRC

On the day of farrowing (day 1 of

lactation), colostrum was collected manually from each teat.

The

first colostrum samples were obtained 0-1 hr after farrowing before
the teats had not been suckled by newborn piglets.

Teats were

identified by numbering as R (right side) or L (left side) 1, 2 and so
on.

At later collections on days 3, 5, 10 and 15 of lactation,

colostrum or milk samples were obtained after an injection of
oxytocin (20 IU units, Atonin-0, Teikoku Zoki Co, Tokyo) via the
ear vein to cause milk letdown.

Before the oxytocin injection,

piglets were isolated from their dams for an hour after the dam
finished the diet given on 1300 hr.

Two-S ml colostrum or milk

were taken from each nipple and stored at -80°
free amino acids.
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Piglets
Piglets were marked by punching the ear number, and
weighed at birth, days 3, 5, 10, and 15 of lactation.

Observations

had been done to certify the teat-order of the piglets in the
lactational p eriod .

Analysis of amino acids by HPLC
The milk samples were centrifuged at 10,000 rpm for 10 min
at 4•c to remove fat, mononuclear and other suspended cells and
debris.

One mJ of defatted milk was deproteinized for 2 min with

0.37 mol/L TCA (trichloroacetic acid) , and centrifuged at 10,000
rpm for 5 min at 4•c . The supernatant was filtered through 0.1 fL
m U1trafree-MC (Millipore Co.) and were used for amino acid
analysis.
All amino acids were determined with an anuno acid
analyzer (Hitachi High Speed Amino Acid Analyzer, Model L8500) by u sing "The 110 min Program for Biological Liquid
Analysis" whid1 was supplied by the manufacturer.
Statistical analysis
Data of free amino acid concentrations in the milk were
analyzed by t test and the linear multiple regression method.
P<0.05 was taken as statistical significance.
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Results
Free amino acids in sow dam's colostrum and milk
The concentrations of free amino acids in dam's colostrum
and milk are shown in Table 1.

Taurine was the most abundant

free amino acid in colostrum on the beginning of the lactation.
Glutamine was almost undetectable.

On day 3 of lactation, the

concen trations of th e most free amino acids increased (p<0.05),
except for the following amino acids: ornithine, citrulline, and
asparagine.

On day 10 of lactation, glutamine and glutamic acid

increased significantly and they became the most abundant free
amino acids in the milk.

The increasing trend lasted to the end of

this study, the values over 4 mmol/L in some of the teats on day 25
of lactation.

Taurine maintained in high level throughout

lactational period .

It is noteworthy that the concentrations of

glycine increased to the second abundan t amino acids.
Difference m total free ammo acid concentrations among the
teats
There were no significant differences in concentrations of
free amino acids in the colostrum from different teats during early
hours of the delivery. It is noteworthy that the concentrations of
free amino acids of milk from the different teats diverged each
other later than day 3 of lactation.

Table 1-2 shows a

representative distribution of total free amino acids among
different teats between days 1 and 16 of lactation, and Fig. 1-1
shows changes in the total free amino acids concentrations at each

14
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teat in dam-232.

On day 3 of lactation in this case, the teats of L2,

R2, R6 and R7 became lower in the total free amino acids than other
teats (p < 0.05), and the teats Ll, L3 and L6 became to supply the
highest (p< 0.05) concentrations of total free amino acids.

On day

5 of lactation, R4 and R6 were the lowest in total free amino acid s
(p<0.05) and R3, Rl, L1 and L3 became the richest ones.

On day

10 of lactation, R6 and R5 were lower in total free amino acids than
in the other teats (p<0.05), and R6 significantly higher than RS
(p<0.05).

The teat R4 was atrophied at this moment and milk

samples could not be collected hereafter.

On day 16 of lactation,

RS was lowest in total free amino acids as compared with the other
teats and followed by Rl and L3.

Relationship of total free amino acids in milk and the teat
nursing behavior by piglets
Fig. 1-2 shows the changes in the rank of piglet's body
weight (an order of body weight from heavier to lighter ones) from
the day of birth (day 1 of suckling) to day 15 of 12 piglets delivered
from dam-232 . Except one piglet (E) who stayed at the first rank,
the rest of piglets changed their ranking throughout the
experimental period.
Pig E mentioned above seemed to prefer the lower position
of the udder at first, but most of time during the first 3 days,
alternated his suckling teats between L3 and R3.

He spent short

times for tasting R4 and then, settled at R3 by keeping his 1st rank
for the rest of the period. Relatively higher concentrations of total
free amino acids and glutamine, glutamic acid and glycine were

15

contin uously detected in the milk samples collected front R3.
The pig I was, the second heaviest birth weight, occupied R
4, 5 and then R6, and finally settl ed at R4 on day 3.

At that

moment, the order of the free amino acid concentrations was
R4>R5>R6.

Perhaps because of in terference by pig E, pig I

changed his main teat from R4 to R5 on day 5 when the free amino
acids concentrations were R5>R4>R6. Between days 11 and 15, it
was found that R6 became the fixed teat for pig I, and R4 had
atrophied completely.

Meanwhile, the body weights rank of pig I

dropped from the second to the sixth by day 15, probably due to
insufficient milk yield from R4.

A similar process was observed in

pig D who changed his primary teat from L6 to L5 associating with
a drop of the rank from the 3rd (on day 1) to the 9th (on day 14).
On the other hand, pig H suckled only R2, raised her rank from the
8th to the 3rd.

The total free amino acids of R2 were continuously

increasing to relatively higher levels.

Relation between body weight and total free amino acids in milk
from each teat
The correlation was taken on different days after parturition,
between body weight of the piglets and concentration of the total
free amino acids in milk from the teat they suckled.
some positive correlations.
correlation

coefficients

There were

For dam-232 as an example, the

were

0.052-0.579

throughout

an

experimental period, only on the correlation on day 5 (0.579) was
significant (p< 0.05). In dam-312, the correlation was significant
on day 10.

However, during the whole lactational period, the

16
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correlation coefficients between the body weight and the total free
amino acids or glutamine in milk from the teat they suckled are
0.754 (Fig.l-2) and 0.839 (Fig.l-3), and they are highly significant
(p<0.001).
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Discussion
This study characterizes the distributions of free amino acids
in sow dam's colostrum and milk from individual teats during 25
days of lactation.

Amino acids as one of the most important

nutrients for the neonates distributed in the milk in three forms;
protein-bound, free peptide and free amino acids.

The free amino

acids can be absorbed directed by the intestine enterocyte, so that
the free amino acids in colostrum and milk will be specially
significant

for

undeveloped.

the

newborns

whose

digestive

system

are

Several studies (indicated that taurine is the most

abundant free amino acid in sow's colostrum.

We also found the

high concentration of taurine

(1 mmol/L) in the colostrum before

and soon after farrowing.

Glutamine was too low to be

measurable in the colostrum that was collected before the delivery.
Wu and Knabe (1994) reported that histidine followed by taurine
was the richest amino acid in the sow dan1's colostrum.
According to our result, histidine was less than 100th of taurine
concenh·ation.

It is difficult to reconcile this discrepancy, but

more recently, Toshiyuki and Noboru (1995) reported the similar
results as mine that histidine was much lower in the sow's
colostrum.

Taurine is widely distributed in brain, heart, retina,

liver and muscle, and it serves in such wide respects of
physiological processes as its distribution.

Taurine maintained in

high level throughout the lactation period in sow's milk, and its
actions for the newborn piglets were not so clear that more
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investigations are needed in future.
Before farrowing, concentrations of free amino acids in the
co lostrum were not significantly different among the teats where
samples were taken. Before the start of suckling the colostrum
expected to be ejected from each teat seemed to be uniform in
nutrients for the piglets' first suckling, implying that a sow dam
gives her offspring with the equal chance to exist at first.
The concentrations of free amino acids such as glutamine,
glycine and glutamic acid increased significantly on day 3.

From

the data reported by Toshiyuki and Noboru (1995), the changes of
free amino acids in sow's colostrum occurred early in the 6 hr after
parturition.

According to Wu and Knabe (1994), the total amount

of free amino acids progressively increased with increasing
lactation days, whereas the total anwunts of pro tein-botmding
amino acids decreased during the first 8 days of lactation and
remained constantly throughout the following 3 weeks.

Total free

a -amino acids were 4.6% of total protein bound amino acids in

sow's milk.

Also note that free glutamine plus glutamate in the

milk accounted for as much as 12% of protein-bound glutamine
plus glutamate. For the free amino acids need not digestive process
before absorbed by intestine, sows supply the amino adds in free
state to her offspring v.rill be more effective than in protein bound
way.

Some of free amino acids such as glutamine are an

important source of energy and metabolic substrate for the
enterocy te of intestine (Alice and Rongping, 1998; Laura and
Kretchmer, 1988; Wu and Knabe eta!., 1995).
After teat suckling by newborn piglets started, a uniform
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composition of free amino acids in the colosh·um among teats
became considerably variable.

This empirical variation suggests

that the activity of mammary gland epithelial cells could be
influenced by not only endocrine mechanisms but also paracrine
ones by different intensity and/ or quality of stimulation to each
different teat by each different piglet.

Particularly in pigs, external

appearance of the udder changes dramatically as lactation
progresses.

As shown in Reference Figure 1-1, 2 days after

farrowing, and all udders looks uniform (A), but on 14 days of
lactation the udder of which teat has not been suckled by piglets
se verely atrophied (B). If a dam nurses only one (Reference Figure
1-2) or two (Reference Figure 1-3) offspring, only utilized udder(s)
has grown prominently.
It is well known in many species that suckling-induced teat

stimulation influences plasma concentrations of hormones, such as
prolactin, oxytocin, somatostatin, insulin, glucagon and vasoactive
intestinal polypeptide in sows (Kendall et a!., 1983; Algers et a!.,
1991).

Among them, prolactin involves in stimulation of milk

production and oxytocin is involved in milk ejection.

If the

end ocrine mechanism carried by various hormones is the only
regulator for the mammary gland function and morphology,
however, the conspicuous morphological difference of the sow's
udder mentioned above should not be induced. Particularly in
pigs, some paracrine mechanisms as yet to be defined must control
the geographical difference in mammary gland cells function and
proliferation.

Distinct difference in the concentration of free

amino acids among samples collected from different teats will also

Chapter I

be regulates by paracrine mechanisms including mechanism s
regulating blood flow to a particular part of the udder.
Many investigators have been attracted by the mysterious
teat order phenomena that was observed only in the piglets society.
It was known that different gland sections of the udder may secrete

very different quantities of milk (Donald, 1937a).

Lewis (1978)

indicated that correlations between pig weight gain, and milk yield
and composition were all positive and significant.

These former

studied clearly indicated that the teat order, if any, promote that
the heavier piglet gets th e more milk and can function for as a
selecting bigger and probably better offspring for the next
generation.

One of the essential problems that have no

sati sfactory explanations is "how the piglets can find whether is the
high yield teats?"

This study sh owed the solid relationship

between the body weigh t and the total free amino acids, glutamine,
glutamic acids and glycine concentration of milk.

Further, these

parame ters for each teat correlated with the milk yield from the
respective teat.

It is known that glutamine, glutamic acid and

glycine can stimulate the taste organ of rat (Grill et al., 1987).

If

the piglet also could detect these free amino acids by tasting, that
will be possible for the free glutamine and other free amino acids

such as glycine, glutamic acid could be an indicator of milk yields
of the teats.
When the amino acid concentrations in the milk from each
teat were compared on different lactational days, glutamine,
glutamic acid and glycine concentrations on day 3 correlated with
the respective 3 amino acids and the total free amino acids
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concentrations on day 5 but neither on days 10 or 16.

On the other

hand, glutamine, glutamic acid and glycine concentrations on day
10 correlated with the respective 3 amino acids and the total free

amino acids concentrations on day 16.

Correlation coefficients

between glutamine and other parameters were generally higher.
Thus, glutamine can be a more faithful indicator than glutamic acid
and glycine that can predict the milk yield of a particular teat.

The

stability of glutamine concentration in milk from a particular teat
seemed to increase as lactational period progressed . Meanwhile,
d1anges in teat preference by piglets and body weight rank
decrease later than day 10 of lactation.
The author would like to propose a working hypothesis; teat
preference by piglets and body weight rank changes frequently
during the first 10 days of lactational period, because milk yield
and thus glutamine concentration are fairly variable among teats,
but the final teat order is decided when mammary gland activity to
supply milk to each tea t becomes stabilized later than day 10 of
lactation.

Competition for occupying a particular teat will occur

among piglets where glutamine concentration in milk is higher
than the others.

At this stage, sow dam gives her offspring with

the uneven opporttmity to survive.
In conclusion, free amino acids in sow's milk are modified
by the nursing activity of the piglets.

Piglets are individually

different in birth weight, birth time, character, preferred teats
position and relationships with the littermates, so that their nursing
activity are different each other, and leading to the mammary gland
in different development state. The concentrations of some free
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amino acids like glutamine, glutamic acid and gly cine are closely
related with the development of mammary gland, and it serves as
no t only the important nutrients but also as a signal of the
development state of mammary gland that may be recognized by
piglets.

In this way, th e piglets can devel op their sensory systems

and physical power to exist and grow th in the competition with
their littermates and adapt to a new environment.

Chapter I

Table 1-1 .

Free amin o acids and ni trogen compounds in sow's
colostrum and milk
Day of lactat-i o n

10
Amino acid

15

25

Jt mol/ [ rlejnt ted milk

Nu tri tionally non esse ntia l amin o adds

Ala
Ao;p H:

As p
Cy;
G ILil\.tH l

Glu
Gly
Scr
Tyr
t

15 ± 4
il±O
1±4
0 ±(I
0 ± 0
12 ± 6
IY ±·I
15 ± 9
0±0

204
5
103
16
56 1
362

± 82
± 13
±54
± 6
± 259
± 158

29l)

±

164

72 ± .30
18 ± 9

397
29
187
25
1044
588
448
123
31

±
±
±
±
±
±
±
±
±

141
21
74
6
396
191
205
41
12

+13 ± 137
62

± 2-1

469
32
1205
792
518
105
38

±
±
±
±
±
±
±

l25
5
299
Hl
202
28
10

40
47
9
24

±
±
±
±

9
11
3
6

7

±

2

491
36
242
34
1733

±155
±35
± 107
± 11
±530
(i(l~ ±193
822 ±313
159 ±49
42 ± 13

530 ±205
1()8.9
35.7
1980
789

±42.6
± 16.5
±9-!5.6
±412.5

2195 ±1057

345 ±142.8
±17.7

~3.7

utrili ona ll y essentia l am ino acids

Arg

3 ± 9
6 ± 6
0 ± u
0±0
0 ± 0
5±8
O±U
I± 2
0 ± 0
0±0

HIS

Uc
Leu
I\ let

Lr::.
Phc
rrQ

T!u
Val
Oth~r

2

23
7
74
56
16

±
±
±
±
±
±
±
±
±
±

12
11
.j

7
4

10
5
69
22
8

43 ± 12
47 ± 12
7±3
24 ± 7
6 ± 3
26 ± 9
10 ± 6
56± 26
77 ± 27
24 ± 9

12 ± 9
15 ± 5
59 ± 14
99

±

28

30 ± 9

44
63
10
26
9
18
18
69
79
33

±10
±19
±3
±7
±3
± 10
_5
±20
±27
±12

126.9
116.7
23.4
65.4
14.4
86.4
45.6
12n.9
107.1
72.3

±21
±35.7
± 8.4
±15.6
±3
±28.R
± 7.8
±21
±-15.3
±24.9

60
1360
742
41.1
41.1
35.7

± 12
±377.7
±266A
± 17.4
±22.2
±16.5

27.9
80.1
60
5827
1265

± 25.2
±86.7
±16.8
±598
+240

amino acids and ni trogen compoun ds

P-Ser
Tau
PEA
Cit
a·ABA

cy,
CysU1i
D -A ia
EO I-I NH,
Orn

59
1063
612
9
0
0
1
2

±
±
±
±
±
±
±
±

5
100
49
6
0
0
3
5

49

±

2

21 ± 21
1682 ± 137
NI-l,
3R 1 ± 39
Vn lues <He means ±SD n= l4
Urea

34
30
4
18

39
185R
834
15
0
16

99
7
27
35
2866
260

PEA: Phospho ethanol nrnine
a:-ABA: a-antino-n-butyrk-ncid
Cy"th.1: Cy:-.talhionine

±
±
±
±
±
±
±
±
±
±
±
+

6
377
133
3
0
fl

42
6
18
192
27

39 ±
1991 ±
<lOS±
21 ±
9 ±
25 ±
108 ±
J4 ±

20
60
444'1
310

±
±
±
+

4
402
351
4
7
6
40
6
11
23
46-1
112

39
1616
463
23

±
±
±
±

3
19
78
5

11 ± 4

32
77
19
17
36
5523
255

±
±
±
±
±
±
±

5
23
6
9
10
482
96

35 ±-1
1306 ±36(1
317 ±307
33 ±7
23 ±9
3.J ± 11
JS ± 15
2-1 ± 8
28 ± 26
52± 17
4621 ± 717
-128 ± 134
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Table 1-2. Changes in totaJ free amino acid concentrations in milk

sa mples coUected from different teats on different days of lactation *
Day of lactation
1d

3d

Ll

1937.4

517BA

L2

1907.7

34 11.2

L3

1937.4

4993.4

6279.8

4948 .8

5856.0

L4

20'4.9

4310.

6216.6

6290.6

6030.0

LS

1891 .5

4029.4

6179.2

5750.6

6582.6

L6

20ti7 . ~

4786 .6

529 4.0

6073.6

6566.0

L7

1867.2

4673 .6

5522.6

6136.8

6599.4

Rl

2(141.2

4598.4

6938.4

6091.8

5728.0

R2

1ns.s

2905.6

52 iRA

6768.8

7192.8

R3

1830.9

4-155.4

6915.0

531(1.6

6255.2

R4

1598.1

4774.4

3871.6

RS

1831.8

4691.7

5078.2

3120.2

*

870.2

R6

1942.2

1607.6

1630.0

5768.6

6475.6

R7

1806.6

2062.6

5670.2

6745.0

7204.4

Teat number

5d
IJ.

16d

6503.6

6614.6

7139.4

5814 .2

6191.8

6440.4

moi/ L defatted milk

* The production of milk were too Li ttle to be sampled
*

10d

Date of the sow No.232

25

*

.!10-

6

Total FAA 3d
Tota l FAA 5d
Tota l FAA 16J

Total FAA 'IOd
Glu 3d
Glu Sd
Glu 10d

Days of lactat ion

T o tal free amino ac id s

Days o f lacta ti o n

Glutama te

Days of la c ta ti o n

Glutamjne

Days o f lac ta tion

Glycine

11.95'"

0.911"' 0.369

0.1'>67 .

5

0.141

10

0.369

oms

16

0.578 .

0.935'"' 0.354

5

0.165

-O. ll1

10

0.148

·0.268

16

0.463

o.nz··

0.926"' 0.614'

·0.1 81

-0.64

-0.132

-0.362
0.85 ...

~).369

·0.441

-0.083

-0.075

o.n8··

o.845'"

0.839'"

o.n··

16

16
0.563 .

0.927"' 0.905 ' ' '

10

-0.292

0.901 ••• 0.982 "'

5

10
0.06

3

-0.3"18

3

5
009

3

Tab. 1-3. Correlation among the concentrations of free amino acids in the sow's milk
coUected on the different days of a lactational period

3
0.699 '

026

-0.359

0. 13

-0.23 1

-0.322

·ll.7 l

0.505

·0.378

-0.128

0.792'"

0.887"' 0.585 '

0.491

O.B33'"

0.081

0.565'

0.7-t u·~

0.5 14

0.772"

-0.317

-0.005

-0.(12

·0 203

0.025

0.061

0.8R8'" (1.236

0.124

-(1.435

-0.111

0.876" ' 0.73''

.(1.349

-0.001

0.391

0.8"'

O.Y13'"

0521

-0.0 14

0.574'

-0.346

0.426

0.365

0.51

0.83Y'' '

-0.642'

0.453

0.095

0.973"' 0.646'

-0.126
-{).313
-0.25 1

1).851" ' 0.8"'

0.705..

0.044

0.236

0.16<,

0.33 1

tl.522

-0.067

O. t37

0.672'

Glu 16d

11.253

-0.01

GluN H,3d

0235

-0.276

G1uNH,5d

0.883'"

0.85 ...

GluNH, 10d

0.709

·0.365

0005

·0.151

-0.38

-0.664'

0.73W'

0.522

1

n: 12

• P<0.05; •· P<0.01; ' •' p <O.OOO !.

-0.361

GluNH, 16d
Gly3d
Gly5d
Gly IOd

!.

Gly16d

2.

~
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Fig. 1-1.
Ch anges in total free amino acids in milk samp les coll ected from
c:Ufferent tea ts on different days of lactation . The data presented in
Tab. 1-2 are illush·ated .
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Fig.l-2.
Cha nge in the b ody weight ranking am on g a litter of pig.l e ts
du ring 14 d ays of lacta ti on . Symbols in parenth eses ind ica te the
tea t p ositi o n on the fin a l d ay of th e exp erim ents . The to ta l free
amin o acid s con centra tion in th e milk from each tea t is presented
in Ta b. 1-2 and Fig. 1-2.

28

Cha pter I

000

"' -"-

~~
u t:

6000

"'-o
0 <Jl
.5 t::

~ "
c'"ID
4000

"'-o
$
... ..J
......

•

~-a

"'

E 2000

0
1- ::l.

••

R' = 0.569

•
•

0
0

2

3

4

5

6

Body weight (kg)

Fig.l-3.
Correlatjon between body weight m1d total free amino acids
concentrations in defatted milk sa mpled from different tea ts of sow
No .232 be tween days 3-16 of la ctation, a nd there i a signHicant
correla tion (p<0.05).
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Fig. 1-4.
Correla tion between piglets bod y we ight a nd concentra ti on of free
glutamine in defa tted milk sampl ed from different tea ts of sow
No .232 between days 3-"16 of lacta ti on, an d there is a significant
correla ti on (p<O.OS).

30

Chap10r I

Reference figure 1.
A: A miniature sow 2 days after farrowing. The mammary deve lops
w"lifonnly.

B: Udders of a sow(Fl dam of Landrace X Large White) on day 14
of lactation. Two teats on the right side (R3, R5) which have not been
suckled by any piglets are severely atrophi ed.
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Reference figure 2.
A miniature dam w hi ch i. nursing one pig let on day 15 of lactation.
Only one utilized udder (L3) has grown prominently.
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Reference figure 3.

A miniature dam w hi ch nursing two piglets on day 15 of lactation.
Only the utilized udders (Ll and R6) have g rown prominently.
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The Effect of Free Glutamine Concentration in
Milk on the Teat Preference by Piglets
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Abstract
The effect of glutamine con centration in milk on the teat
preference behavior by piglets was studied by nursing piglets by
means of an auto musing device (autosow).

The a utosow which

the author developed has 4 teats to feed artificia l milk all day long
once an hour for 10 min with an antecedent sound signal for
starting each milk feeding. Each 4 newborn miniature piglets of a
litter were all ocated to a particular nipple individually for 2 weeks,
where they received the same cow milk supp lemented w ith 0.5%
taurine (the training period).

Then, they were put together to be

ab le to access any one of the 4 nipples (the selection period). The 2
nipple supplied cow milk supplemented with 0.25% and 0.5%
glutamine and the rest of the 2 nipples supplied cow milk w ithout
glutamine s upplementation.
The preference to each nipple by each piglets (number of
accesses and lengths of staying, in cmmection with the time of milk
releasing) was recorded throughout the 1st day of the selection
period. The heaviest piglet visited different teats most h·equently
and finally selected the one of the teat supp lying the highest
glutamine containing milk. The result indicates that piglets can
distinguish the difference in the concentrati on o.f glutam:ine and
p referred

the higher glutamine concen tration.

Thus, free

glu tamine can be at least one of the signals in milk that is preferred
by a piglet.
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Introduction
An early work by Robinson (1969) suggested that growth
rate, growth potential and body composition of growing swine was
influenced by nutritional levels during a certain period early in the
life and that social behavior determined food intake during this
period. Suckling piglets normally dish·ibute themselves along the
udder, and intend to suckle consistently only one or two specific
teats.

This spatial arrangement is called as the teat order.

Due to

difference in yield (Barber et al., 1955; Gill and Thomson, 1955) and
possibly composition (Smith, 1952) of mi lk h·om the different teats,
the nutritional status of individual piglets may vary widely within
litters when the piglets are dependent primarily on their mother's
milk for nourishment.
Newborn piglets receive little a sistance from the sow after
birth and thus, must find food and warmth depending on their
own efforts. Piglets show a strong attraction to auditory, visual,
olfactory and tactile stimuli immediately after birth (Rohde and
Gonyou 1987, 1991; Julie et al., 1990; Tosh.i.o et aJ. 1998).

Sensory

systems play an important role in maternal-neonatal and neonatalneonatal behavior in pigs.

These sensory system help piglets to

find and recognize the teats that they prefer . During the early
hours after birth, most of the piglets fight against each other for
snatching or protect the teat of their preference, until the
establishment of teat order.

Canine teeth grown at birth will help

them to fight each other (Reference Fig.2-1).

Viewing from the

point of growth and survival of piglets, the meaning of the teat
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order will be a nutritional arrangement of the milk production and
quality of the tea ts. It is assumed that the piglets could detect the
differences of the milk production or quality among the teats.

The

questi on will be how they could do it.
There were grea t changes in the concentrations of free and
protein bound amino acids in sow's colostrwn and milk during
lactation period s (Wu et al., 1995; Toshiyuki and Noboru, 1995).
Our s tudies in the previous chapter showed significant difference
in concentrations of glutamine and other amino acids in the milk
sampl es collected from different teats. The teat with the higher
milk yield was shown to produce the more free amino acids.

The

concentration of free glutamine in sows' milk increased to the
greatest extent among all the free amino acids examined.

It is

known that some of the amino aci.ds such as glutamic acid,
glutamine or glycine can be tasted by rat (Gill e t al. 1987).

The

author's ques tion is whether piglets are also sensitive to these free
am ino acids, and can distinguish the different concentrations as a
cue to find a tea t to which relatively better developed marmnary
gland suppli es milk

In this chapter, the author examined the

effect of glutamine supplementation to cow milk on the behavior of
teat preference of piglets reared on an artificial nursing device.
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Materials and Methods
Auto feeding device
For feeding the piglets in the way simi lar to sow's , the
author developed an automatic feeding device.

Essentially, the

device consis ted of: (1) a cooling box for keeping the nulk fresh; (2)
a four-channel roller pwnp driven by the control unit to pump the
milk h·om the cooling box to the teats; (3) a warm bath for heating
milk to 30'C when the milk is ejected from the teats; (4) the teats
made of soft silicon rubber with the size fitting to the piglets
mouth; (5) a control unit for progranuning the time sequence and
the volume of nulk to be fed; (6) individual chambers with a
heating mat on the floor; (7) a cassette tape player, wluch is
switched on and off at the start m1d the end of each feeding,
respectively, playing back a particular music to give the sound
signal to the piglets. Fig.2-1 shows the whole view of the automatic
feeding device.

Animals and feeding condition
Four male crossbred miniatme piglets (Small-ear pig of
Taiwan X G

e ttingen

nuniature schwein X Pittmanmore miluature

pig) in the smne litter were used . Their growth cmves throughout
the experimental period were obtained by measming the body
weight once a day.
Piglets were not allowed to access the teat soon after birth
and thus, deprived of the colostrum . Then they were bottle-fed
with the replacer of cow milk supplemented with 0.5% taurine for

38

Chapter II

10 to 20 hr at 1-2 hr intervals with the sound signal mentioned
above.

After the bottle-feeding, they were transferred to the auto

feeding device with individual chambers and trained for 2 weeks to
suckl e from the teat (teat-1 at the left-end to 4 at the right end)
equipped with the device at intervals of 30 em (the training period,
Fig. 2-1).

The piglets were fed with the replacer for 2.5 min at

ev ery hour.

Feeding volume increased gradually from 15 to 30

ml / hr.
The piglets were, then on day 15 of birth, placed together in
a new cage allowing them to access any of the 4 teats (the selection
period, Fig. 2-2).

The teats and the bottles were exchanged to new

ones. The piglets were designated as A, B, C and D according to
the order of body weight 0•eavier to tighter) by marking the letter
on the back.

The 2 teat (teat-1 and 2) supplied cow milk

supplemented with 0.25% and 0.5% glutamine and the rest of the 2
nipples (teat-3 and 4) supplied cow milk no supplemented with
g lutamine. All teats were supplemented with 0.5% in the milk.
Thirty ml of artificial milk was supplied similarly as during the
training period.
Teat selection behavior
The piglet's behavior was recorded by a video camera for 20
h:r on the 1st day of the selection period until the teat order was
established.

Any accesses to each teat by each piglet (a short or

long period) were plotted as a function of time. The accesses to or
occupations of each teat by each piglet during the feeding period
(once every hour for 2.5 min) were picked out from the record
above and illustrated.
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Results
Body weight gain by the artificial feeding
lt was easy to train the piglets to suckle the artifi.cial teat by

the help of human hand soon after birth.

The growth curve (Fig.

2-3) shows that the body weight at birth were fairly uniform in pigs

A B and C, but pig D was particularly light. Diarrhea was often
observed in all the pi glets at the start of artificial feedi11g with cow
milk supplemented with 0.25% taurine for 3 days.

During this

period, body weight increased slowly or sometime decreased and
the difference in severity of diarrhea seemed to enhance the
difference in boy weight gain.

Pigs A, Band C recovered from the

digestive trouble after day 4 of artificial feeding, but pig D was
continuously suffered from the digestive problem for 2 weeks.

By

day 14 of artificial feeding, just before the selection period, the body
weight of the piglets distributed into a wide range from 628 g to
1385 g.
Teat preference behavior
When the piglets were put together i.n one cage and allowed
to access to any teats, they tended to move from a teat to a teat.

At

the first moment, teat-1, 2, 3 and 4 were visited by A, B, D and C
pigs, respectively

(Fig. 2-4).

When a p articular teat was

occupied by a piglet, this kind of seeking behavior b y the other
Htterma tes induced the positioning of the body so as to make the
teat inaccessible to challengers.

Aggressive behavior, in the form

of groaning, biting or pushing with the nose or shoulder, was often
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shown by challengers toward the piglet suckling the tea ts.

If the

initial d efensive maneuver is n ot successful, the defending piglet
returned the same fighting techniques to the challenger.
As is shown in Figs. 2-6 and 2-7, number of contacts wi th the
teat was highest in pig A who was the heaviest among the 4 piglets;
he contacted with the 4 teats 280 times.

nus might be due to his

superiority to the other littermates that made him to access an y
teats h·eely.

After pig A visited the whole teats for about 10 hr, he

fi11ally selected teat 1 as lus home position for suckling (Fig. 2-5),
although he never stop sampling other teats (Pig. 2-4).

The

second heavies t pig B's fmal h ome position for suckling was tea t-2,
but he also su ckled teat 1 when pig A was absent (Fig. 2-5).

Pig C

(the third heaviest one) stayed on tea t 4 soon after the selection
period started.

Pig D (the lightes t on e) visi ted to the teats-1 and 2

at the begmnmg (Figs. 2-4) and often had chances to take milk from
teat-1 or 2 during the firs t 3 hr, before pig A settled on his home
position, teat-1 (Fig. 2-5).

But after tea ts 1 and 2 were occupied by

pig A and B, pig D s tayed on teat 3.
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Discussion
When piglets are fed artificiaUy, it is easy to cause the
digestive problem su ch as diarrhea is often arisen.

ln the case of

piglets with lower birth weight, deprivation of the colostrum
sometimes causes fatal consequences.

The sow dam produces and

secretes the colostrum continuously in a slow rate for 1-2 days after
parturition and feeds h er litter at hourly intervals, more than 20
times per day.

ln this way, the piglets can get a small but

sufficient amow1.t of the colostrum within a limited time.

It is very

important fm the neonates whose digestive system undeveloped to
lessen stresses caused by food intake.

It seems particularly

difficult to simulate artificially the quality of milk and the way of
feeding by the dam during an early stage of lactation.

In this

study, the piglets were trained to suck le the artificial teat by aid of
hwnan hand, and cow milk supplemented with 0.25% taurine was
used for the replacer.

Though digestive problems occurred, but

most of them recovered when they started to be fed with an aid of
the auto feeding device, which could lessen the stress caused by
irregular feeding interva ls.
Donald (1937 a, b) recognized the nutritional significance of
the teat order with respect to the milk yield of individual teats.
Subsequent studies by Barber et al. (1955), and GiJl and Thomson
(1955), have substantia ted the early report that milk intake and
early growth are closely and positively correlated and th at milk
yield varies greatly among tea ts on a given sow.

The

aforemen ti on ed researchers reported that anterior teats tend to
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produce more milk than posterior teats, and therefore piglets that
suckle from the anterior teats tend to growth faster.
Thomas et al. (1977) summarized the behavior exhibited by
domestic piglets during the establishment of teat specificity .into
three phases.

The initial, or teat seeking phase, is one in which the

piglets search vigorously over the surface of objects encountered in
their environme11t; they do not exhibit agonistic behavior during
this phase and this phase is terminated by oral contact with a teat.
The second phase that of teat sampling is characterized by activity
suckling one teat after another, agonistic behavior is common and
is initi ated at udder during competition for possessing of a teat.
The final phase is that of "teat maintenance.''

This period is one of

relatively calm and involves simply an alteration between sleeping
and sucking from the specific teat or a pair of teats . ln many years,
people puzzled with the mystery of the teat-order phenomenon in
the piglet's society.

There were many researches into the way in

which piglets locate their tea ts.

The importance of visual,

auditory, oliactory and tactile in teat seeking behavior has been
confirmed by some sagaciously designed experiments (Rohde and
Gonyou, 1991; Jeppesen 1982 a, b; Morrow-Tesch and McGlone.
1990 a, b; Lewis and Hurinik, 1986).

However, some of the nature

ques tions have no perfect answers, such as, how the piglets fined
the high yield teats.
Thomas et al. (1977) supposed that piglets could actuaUy
distinguished between low and high yielding teats and therefore
attempts to claim the anterior teats.

But he h ad not found

conclusive evidence to support his hypothesis.
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Chapter I, the author found that the percent of some free amino
acids in the milk from functional teats were increased linearly as
lactation progressed, and that the concentrations among the teats
were different in a given sow.

The fact that the more developed

mammary gland secretes the higher concentration of some amino
acids lead to consideration whether the free amino acids in mill<
can be tasted by piglets as a cue for access to a higher yield teats.
Jeppesen (1981) inn·oduced an artificial sow to study the
influence of n:Ulk yields on teat preference.

He found that piglets

quickly took up fixed positions on the single row of teats on the
model udder.

This provided an ideal opportunity to investigate

how piglets recognize their teats and attempt to change the teat.
The factors such like odor, light and composition of .n:Uil< that may
influence the piglet's behaviors could be controlled easily, and the
activity of piglets could be monitored precisely.
This experiment was designed to simulate the establishment
of teat order using miniature piglets at 14 days of age, which were
reared on the auto feeding device.

Because the piglets had been

reared in the individual cage with the similar teats that were used
in the group cage, the first phase of teat seekli1g (Thomas and
Graves. 1976) was extremely shorten and the piglets could find and
start to suckle the teat immediately.

In the followmg phase of teat

sampling, the biggest piglet (pig A) contacted and tried most of the
four teats, and fmally fixed its home position on the teat which was
rich .iJ.1. free glutamine. This result im.plies that the piglets could
distinguish the difference of the concentration of glutamme by
tasting and preferred the relatively high glutamme diet.

44

Though

Chapter II

the two teats (teat-1 located at the left end and teat-2located next to
teat-1) supplied the same concentration of free glutamine, pig A
selected teat- 1.

In this concern, selection of the teat by pig C and

D, the lightest two, was noteworthy; though the two teats (teat-4
located at the right end and teat-3 located next to teat-4) supplied
the replace without hee glutamine supplementation, pig C, heavier
than pig D selected teat- 4.

Thus, it can be premised that if the

glutamine concentration is the same, the teat located at the end is
better position than the teat located between teats.
Glutamine is an abundant free amino acid m plasma of
animals (Hamilton 1945; Wu and Knabe, 1994) and in sow's milk
Glutamine

serves

as

an

important

fuel

for

enterocytes

(Windmueller and Spaeth, 1980) and as an essential precursor for
the synthesis of protein, purine and some other bio molecules.
Recent research has shown that glutamine is required for the
maintenance of gut-associated lymphatic tissue and intestinal
integrity.

On the other hand, sow's milk contained other

abundant free amino acids such as glutamate, glycine and taurine.
The predominance of free glutamine as well as other amino acids
which secreted in the higher concentrations in the more developed
teats may be candidates for the milk composition signaling the milk
yield. If this were the case, it would be perhaps the result of
evolutionary selection that hee amino acids abundantly yielded by
U1e sow can not only serve as important trophic factors for piglet's
survival but also serve as the indicator of the manunary gland
development.
In conclusion, the auto feeding device is ideal. for artificial
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feeding of the newborn miniah1re piglets and for shidying the
effects of the compositions of milk on the piglet's behavior of teat
ordering.

Piglets

can

distinguish

the

difference

m

the

concentration of glutamine and preferred the higher glutamine
concentration. Thus, free glutamine can be at least one of the
signals in milk that is preferred by a piglet.

This result support

the hypothesis supposed by Thomas et al. (1977) that piglets can
ach1ally distinguish between low and high yielding teats.
Repeated and additional studies will be necessary to clarify
the effects of glutamine; glutamate glycine and some other
compositions of milk may be as a signaJ(s) of high yield teats.

46

Chapter

IJ

Reference figure 4.
A : Newborn pigle ts have two sharp tooth (canine and 1st premola r

teeth) on both side of the up per and lower jaws. TI1e teeth are used
as a weapon to fig ht against the litterma te for th e tea t p referen ce
conflict.
B: A wound on the face of pig let inju red by its litterm ate while
fighting w ith his litterm ates. The p icture was taken 4 hr after the end
of parturiti on .
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Figure 2-1.

The autom ati c feeding dev ice for minia ture pig lets (individuall y
rea ri.ng).
CDCool box for keep fresh milk. @ Roller pump (4 ch annels).
@Hot wa ter b a th for h ea ting the p assing milk.
@Silicon tubing. @Artificial tea t mad e of silicon rubber.
@ Wa rmi.ng m at.
CDProgram timer for control the pump and the p lay of a endless
tap e recorder. @Tap e pl ayer. @ Pow er adapter. @Steel cage.
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Fig.2-2.

The artificial feeding device for miniature piglets (group rearing).
Piglets select any of the teats. Accesses to each teat and su ck ling
from each teat by each 4 piglets were recorded by a video camera on
day 14 of age.
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Fig. 2-3.
Gro w th curve of the mini a ture p igle ts which have been mused
artificiall y immedi ate ly after birth by either the bottle for the first or
then the auto nursin g device.
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Fig. 2-4.

Accsses to each of 4 tea ts(l , 2, 3 or 4) by each 4 (A, B, Cor D) pig.lets. Any
of the accesse a re poltted as a frac tion of time based on the rec rd by a
video-recorders. The artfi cia l milk was suppli ed for 2.5 min once every
hour (immedi a tely after gree ertica l lines). The piglets are designa ted A
to D accorcling to their bod y weight (heavier to lighter). The tea t are
arranged from l to 4. Tea ts 1 and 2 supplied cow milk s up plemented
wi th glutam ine(O.S%) and ta urine(0.5'}{,) and teat 3al1d 4 up ply cow milk
suppl emented wi th onl y taurine(O.S'!'o ).
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Teat 1 .

~Pi g

Teat 2

A

+ Pig B
.- PigC

Teat 3

i• Pig D

Tea t 4

0

14
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Time (hr)

Fig.2-5.

Suck ling position of each piglet. Thi s figure is made based on the
data in Fig. 2-4, by depicting the position of the piglet only during
the period when the n:ti!k is supp lied. See the legend for Fig. 2-4 for
further detail.
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Fig. 2-6.

Frequency of accesses to eac h teat by each piglets. T11is figure is
made based on the da ta in Fig. 2-4. Note th at the heaviest pig A
could most freely visited different teats. See the legend for Fig.2-4
for further detail.

53

Chapter II

7

EllpigA
~ pigB

-;:;

5

~ pi gC

6

~ pigD

~

E

~

3

I

~

1

0

Teatl

Tea t2

Teat3

Tea t4

Fig. 2-7.

The occupancy (the length of time) of each tea t by piglet du ring the
20 hr observa tion . Note tha t pig D (the li ghtest on e) tri ed to suckle
tea t 1 and 2 where glutamine suppl emented mi lk was suppli ed . But
these tea ts were mainl y occupied by pigs A and B, heavier ones. See
the legend for Fig. 2-4 for further detail.
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Effects of Taurine in Milk on New Born Piglets
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Abstract
As taurine is found to be the most abundant free amino acid
in sow's colostrum, significance of this amino acid on the
physiology of newborn piglets v.ras investigated.

The newborn

miniature pigl ets were deprived of their dam's colostrum and
nursed on a replacer based on fresh cow milk.

The piglets from

different litters were di vi ded in two groups, one group suckled the
replacer supplemented with 0.5% taurine, and the other group
suckled the replacer \<\rithout taurine supplementation (mean
taurine concenh·ation of the replacer is approximately 200 J.L mol/L
or 0.0025%).

The first meconium was excreted significantly

earlier (p< 0.05) in the taurine supplemented group than in the no
supplemented group.

Moreover, frequency of defecation at the

day of birth and the following day was significantly higher
(p<0.05) in the former group . Intestinal obstruction like the milk
curd syndrome that easi ly happen s in formula feeding infan ts
occurred in the group withou t taurine supplementation.

The

piglets without taurine supplementation were later fou nd to be
affected witl1 retardation of hair growth. Possible mechanisms
for these phenotypes were di scussed in relation w ith presence of a
large amount of taurine in colos trum of the pig.
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a

Introduction
2-Aminoethane

sulfonic

acid,

or

taurine,

phylogenetically ancient amino acid with a distinct distribution in
the biosphere.

It is presented in high concentration in algae

(Ericson and Carlson J 954; Reynoso and Gamboa 1982) and the
animal kingdom.

In many animal species including mammals, it

is one of the most abundant lower-molecular-weight organic
constituents .

A 70-kg human contains up to 70 g of taurine.

Tamine can be synthesi zed in some species such as adult rats, but
in other species like cats can not synthesis Sttfficient taurine to
meet the need of the body. (Jacobsen and Smith, 1968; Worden and
Stipanuk. M. H., 1985).

Taurine has been shown to be an

essential nutrient for cats, and probably also for primates,
especially dming an early developmen tal period.

A dietary

deficiency of taurine in ca ts results in malfunctioning of a number
of physiological systems; the visual system in which visual acuity,
electroretinogram, and visual evoked responses occur along with
degeneration of the retina and the tapetum lucidum; the
reproductive system in which spontaneous fetal resorption,
abortions and stillbirth occur frequently, and surviving offspring
have often abnormal ontogeny (Imaki et al., 1986; Sturman et al.,
1985; Sturman, 1988; Sturman and Messing, 1991). All of these
changes are accompanied by a decreased concentration of taurine
throughout the body.
As was presented later in thi s chapter in Table 3-1, the
concenh·ation of free taurine is rich in colostrum in all species of
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domestic animals examined.

Thus, a common characteristic

seems that taurine is rich in the colostrum, but it is noteworthy
that only in the sow's milk, high concentrations of taurine are
maintained even when lactational period progresses.

Stephen

and Chavez (1991) reported a significant increase in enzymatic
activity for taurine synthesis in the brain tissue of piglets from the
3rd to 4th week, suggesting that ingestion of taurine may be a
prerequisite for brain development before full accomplishment of
enzymatic capacity for synthesizing taurine by themselves. Thus,
taurine may be specifically needed by piglets for their normal
growth and development in their early life.
The objectives of the present study were to examine the
effect of a low taurine or taurine-supplemented milk replacer on
the digestive functions of ne·w born miniature piglets.
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Materials and Methods
Colostrum and milk samples were collected from Shiba
Goats, Japanese Black Cows, a Thoroughbred Horse and Holstein
Cows for determining concentrations of taurine.

Colostrum

samples Were collected on the day of parturition. All of them
delivered normal offspring in the Experimental Station for Bioanimal Science of the University of Tokyo.
Newborn miniature pi glets were used. Their origins are
described in 0 1ap ter II.

Eighteen piglets born h·om 8 different

dams were separated from th eir mothers soon after birth before
they suckled the colostrum, and were raised in a warm
environment

(24~29"C ).

As piglets in natural condition usually

suckle their dam's teats for less than 30 min at about 2 hr intervals
at their early age, they were bottle-fed at 2 hr intervals on th e day
of birth and the following day, allowing to access a bottle for 2~3
min once every 2 hr. The bottle contained excess amount of the
replacer. The replacer was fresh milk fro m cows at a middle of
lactational period that contained 0.0025% taurine.

Ten piglets

were nursed wi th the replacer supplemented with 0.5% (40
mmol/L) taurine, and the rest of 8 piglets were nursed with the
replacer without taurine supplementation.
The time between birth and th e first excretion of meconium
was measured for each gr oup and the frequency of defecation
within a day was also estimated from on days 1 and 2 of suckling.
Th e an1ounts of milk intake at each suckling from days 1 to 5 of
su ckling (day 1 is the day of birth) were determin ed by the weight
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gain of piglets during the nursing period.

lli

The milk intake record

was omitted when piglets urinated or defecated during the
nursing period.

The numbers of animals used for obtaining this

result are presented in Fig. 3-2.
Other 8 newborn piglets from 4 different darns were
divided in two groups (4 animals for each group) and bottle-fed
for 2 days after birth and then, in the following days nursed by the
auto-nursing device described in Chapter II with the replacer with
or without taurine supplement (5%).
Body weight was measured once a day in normal piglets
(n=9) nursed by their darns, as well as the piglets of the
experimental groups.
Urine samples were collected from a piglet of each group on
day 10 of suckling for measuring free amino acids, ammonia and
urea by HPLC as described in Chapter II.

The samples were

deproteinized by 6% TCA (trichloroacetic acid) solution and
diluted 40 times by the same solution for determining the free
amino acids in the blood samples.
Hair growth of piglets of the 2 groups was compared
macroscopically

from birth to day 14 of suckling, and hair

samples microscopically collected on day 14 of suckling.
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Results
As shown in Table 3-1, the concentration of free taurine was
rich in the colostrum in all species of domestic animals examined.
It is noteworthy that only in the sow's milk, high concentrations of

tauri ne were maintained even when lactational period progressed.
On day 10 of suckling, the piglets nursed v.ith the replacer
supplemented with 0.5% taurine (the taurine group) excreted
higher concentration of taurine and urea into the urine.
in

the

piglets nurse d with

However,

the replacer without

taurine

supplementation (the non-taurine group), the concentration of free
taurine was too low to be detected in th e samples diluted 40-fold
(Fig. 3-1).
On days 1 and 2 of suckling (bottle-fed period), the two
groups consumed almos t same amounts of the replacer.

From

day 3 or later, the taurine group became to take more the replacer
than the non-taurine gro up (Fig. 3-2).

The weight gain of the

former group excee ded the latter, but weight gain of both groups
were lower than that of piglets naturally nursed by their dams (Fig.
3-3).
The average length of time for the excretion of the first
meconium was significantly faster (p<O.OS) in the taurine group
than the non-taurine group (Table 3-2).

The frequency of

defecation per day on days 1 and 2 of suckling is presented in Fig.
3-4. The frequ ency was always higher in the taurine group than
the non-taurin e group.

The differences were significant (p<O.OS)

on days 1 and 2 (Fig. 3-4). The pigl ets in th e non-taurine group
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(fed with only

fresh cow milk) appeared to have a trouble in

defecation due to the stickiness of feces excreted in a form of like
milk curd (Fig. 3-5) .
The growth rates \-\ ere slower in the non-taurine group than
7

in the taurine group.

Both of the artificially raised piglets were

slower in body growth than the dam-nursed piglets during a 7days nursing period (Fig. 3-3).
Retardation of hair growth was frequently observed in
piglets of the non-taurine group.

Hair samples collected at day

14 of suckling showed that some parts of the hair became thin and
bent, and rough on the surface (Fig. 3-6).
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Discussion
The taurine concentration in sow's colostrum and milk was
estima ted as approximately 1 mmol/L or 0.0125%. (See Table 3-1).
Thus, nursing pi glets with cow milk supplemented with 0.5%
taurine (the taurine group) Will result in highly excessive ingestion
of taurine by piglets.

But much larger amounts of taurine itself

and urea were excreted into the urine in a piglet of the taurine
group on day 10 of suckling, suggesting that majority of ingested
taurine was absorbed and excreted either directly or after
ca tabolism . The maximal ingestion of taurine was es timated as 2
g, and an excreted amount was estimated as approximately 1.5 g
per day, if the increased excretion of taurine and urea into urine
was solely resulted from the taurine absorbed.

Thus, a major part

of taurine ingested should be absorbed and excreted through
urination.
It was reported in human, that urinary taurine was

significantly lower in infants fed with a lower taurine milk
replacer, when compared to infants fed wi th human milk
Oarvenpaa et al., 1983c; Rassin et a!., 1983).

Similar phenomena

were observed in monkey at 3 months of age (Sturman, 1988).
This decrease is restored with supplementation of taurine (Rassin
et a!., 1981).

Therefore, the kidney may work to maintain taurine

pools in the way of eliminating the overload taurine and
reabsorbing taurine in the deficiency of exogenous taurine.
Piglets

nursed

wi th

cow

milk

wi thout

taurine

supplementation (the non-taurine group) had a poorer appetite
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than the piglets of the taurine group.

The poor appetite may be

coupled with prolonged passage time of meconium and feces, and
the excrete became sticky.

This symptom seemed similar to so

called milk curd syndrome in human medical practice that is an
intestinal obstruction in neonates as yet little known.

Infants

with milk curd syndrome have a normal discharge of meconium,
and the intestinal obstruction appears usually between the 2nd
and 16th day after birth.

In most of the cases, the milk curd was

found in the distal part of the ileum.

The etiology of the milk

curd obstruction syndrome remains still unclear.

It was

supposed that the composition of artificial milk formula in
connection with transitory absorption deficiency of amino acids,
and the possibility of a temporarily insufficient excretion of bile
acids might affect the milk digestion (Pochon and Stauffer, 1978).
Bile acids are detergents because they contain both
lipophilic and hydrophilic regions, the latter being hydroxy,
sulfate, sulfonate or carboxylate, they serve to solubilize or
emulsify fats to make them more accessible for digestion. Bile
salts are derivatives of cholesterol.

In all vertebrates except for

mammals, taurine is the sole amino acid conjugated with
cholesterol derivatives to form bile salts. Taurine conjugates are
quantitatively the major metabolites of taurine formed

in

vertebrates, although mammals use glycine in addition to taurine
(Haslewood 1978). Under normal conditions, the most common
bile salts are either taurocholate or glycocholate, the latter being
found only in placental animals. Taurocholate is the more efficient
bile salts, as the acidity of the sulfonate function means it remains
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ionized even under th e highly acid conditions that episodically
occur in the upper intestine (Hofmann and Small 1967). Carnivores
tend to be exclusive taurine conjugators of choleic acids.
Herbivores and omnivores tend to be both taurine and glycine
conjugators.
Pretreatment for 3 days with taurine 0.5% in drinking wa ter
led

to

a

70% increase

chenodeoxych olic acid.
supplemental

taurine

of

th e

secretory

maximum

Analysis of the bile acids
demonstrated

a large

for
after

increment

of

tauroconjugates (Belli et al 1988 ). There was a linear correlation
between fat absorption and duodenal bile acids in the formula fed
infants Garvevnpaa, 1983 a, b, c).

Taurine supplementation

improved fat absorption, especially of saturated fatty acids, in
preterm infants (Galeano et al ., 1987).

Jackson et al. (1993)

reported that there were differences in bile acid metabolism
between breast- and formula-fed infant baboons . Infants fed with
human

milk passed a great number and softer stool than those

who received cows' milk formula (Weaver and Lucas 1993).
Cows' milk contained less free amino acids especially lower
taurine than human milk, and higher concentration of saturated
fatty acids which is lower so lubili ty in water. These results suggest
that taurine deficiency and high sa turated fat ty in cows' milk may
cause incomplete digestion of fatty acids in cows' milk feeding
piglets or cause the milk curd syndrome in human infants.
This study suggests that feeding on a low taurine formula
to the colostrum-deprived piglets may cause th e mal growth of hair.
Taurine is synthesized from th e sulfur-co ntaining amino acids
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methionine and cysteine, and thus they are essential components
of th e diet (Huxtable, 1986). Cysteine residues provide covalent
cross-links between the adjacent polypeptides of hair, so that the
structure of hair can be affected by the content of cysteine (Albert,
1982). The change of the hair shape in the non-taurine group in
this study may be caused by insufficient cysteine which were used
to produce taurine to cope with the body needs.
On the other hand, Watanabe et al. (1995) reported that the
injected radiolabeled taurine was present in a free form within the
skin tissue over the epidermis and external root sheaths near the
opening of the hair follicles.

The external root sheath just below

the insertion of the sebaceous glands and the peripheral part of the
sebaceo us glands showed a high taurine distribution.

Whether

taurine can directly affect the formation of hair is still unknown,
but this will be another possibility for the malformation of hairs in
the non-taurine group piglets in this study .
In conclusion, taurine which the richest free amino acid in
co lostrum sugges ted to play important role in the early
development and proper function of diges tive system of newborn
piglets.

Taurine deficiency in formula may be the pathogeny of

milk curd syndrome.

The colostrum deprived miniature piglets

may be used as a model of low birth weight infants to study the

effect of dietary nutrition .
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Tab. 3-1. Concentraho n of free tau rine in defatted milk of various
domeshc animals
Taurine Ln defatted milk, .u.mo l/ L

Species

Less H1an 3days
afte r birth

On 7 days
after bLrth

More than 30 days
after birth

Goat

846 ±303(6)

348 ±11(6}

264 ±83(6)

Japan Black Cow

576 ±153(2}

281 ±23(2)

73 ±25(2)

Horse

241(1)

Cow

988 ±267(6)

436 ±50(6)

209 ± 38(6)

Sow

995 ± 487(8)

11 86 ±108(8)

1202 ±267(8)

Datas adap ted from unpublished data that determined by the author.
umber in parentheses are number of dams used.
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Tab. 3-2. The average l.ength of time for the excretion of the first
meconium tn artificia ll y nursi ng miniature piglets

Treatment

Average±SE

Taurine group

8.07 ± 1.43* (n=7)

Non taurine group

17.07±3.84 (n=7)

*Sig nificantly shorter than none taurine group (p<0.05)
Anlrt1als were d eprived with colostrum after birth and fed with
cow milk with (Taurine group} taurine supplemented in
cincent.ration of 0.5% or without supplementation (non taurine
gro up) in the milk.
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ISl A p1glet fed with cowmilk with taurine
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Fig. 3-1.
Concentrations of free amino acids, urea and ammonia in urine
samples of artificially nursing miniature piglets on day 10 of
suck ling. They were fed with cow milk after birth with or without
taurine supplementation .

* : too low to be detectable.
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Fig. 3-2.

Ch an ges in milk intake at each suckling period in artificiaLl y nursing
miniature piglets. Ta urine group was fed cow milk s upplem ented
w ith taurine (0.5%). Non taurine group was fed with cow mi lk
wi thout the supplement. Es tima tions were mad e 5 times a day from
indi vidual (s) su rvived . Number above each column is number of
p iglets arbitrary ch osen for the estim a ti on.
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Fig. 3-3.

The grow th ra te curves of piglets nursed arti ficia lly (Non ta urine
and 0.5% ta urine groups) or naturall y Dam nursed group). The n on e
ta ur ine group piglets (n=4) were fed with fresh cow mi lk, the 0.5%
taurine group were nursed w ith fresh cow milk suppl emen ted 0.5%
ta mine. (Grow th ra te = body weight/ birth weig ht)
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3
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4

5

Days after birth

Fig.3-4.
Cha11ge in the frequ en cy of defeca ti o n pe r day in artificia lly nursing
pi gle ts fed w ith cow milk supple men ted wi th 0.5% taurine (Ta m in e
group) or n o t (Non -ta urine group ). Valu es are m ean ±SE (n =S for
each group for 1 and 2 days a fter birth, and n= 1 each for 4-5 days
after birth). Significant d ifferen ce (P<O.OS) o n 1 a nd 2 days a fter
bir th .
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A
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Fig. 3-5.

Effects of ta mine supplementation on th e feces of pi gle ts artifi cial
nursing miniatu re. Feces of none ta uri ne s uppl emented p iglets (A)
were harder than those of taurine suppl emented piglet (B), and
contained undigested milk cores.
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'

A

8

Fig. 3-6.

Effects of taurine supplementa ti on 011 the grow th of hair of
artifi cially nursing miniatur piglets. H air samp les were collected
from th e sho ulder area on the 14 da ys a fter birth. The ha ir of none
taurine su pp lemen ted pi g lets (A) is thin and has be11ts, but the hai r
of taurine supplemented piglet (B) grows sh·aight.
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New Born Piglets
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Abstract
During l.actational period, glutamine is noticeably increased
to the highest concentration of free amino acids in sows' milk.
Significance of this amino acid on the early development of
intestinal structure of newborn piglets was investigated.

The

newborn miniature piglets were deprived of their dam's colostrum
and nursed on fresh cow milk replacer by an auto feeding device.
The piglets from the same Etter were divided into two treatments,
one group suckled the replacer supplemented with 0.5% taurine
only

(group

A);

and

other

group

suckled

the

replacer

supplemented with 0.5% taurine and 0.5% glutamine (group B).
The piglets were scored for diarrhea every day and the sections of
the small intestine from piglets from each group was histologically
examined 14 days after birth.

The piglets that were fed with the

replacer without glutamine supplement were frequently suffered
h·om diarrhea.

The villas in small intestine were higher in the

height in group A than in group B.

The intraepithelial lymphatic

tissue were more developed in group A than in. group B.

It

suggesting that glutamine may be functioning from early bfe for
the normal development of intestinal structure.
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Introduction
The studies in the previous chapters have shown that
glutamine is one of the most abundant free amino acids in the sows'
milk in accordance with several reports (Wu and Knabe, 1994;
Toshiyuki and Noboru, 1995). Glutamine is also in the highest
concentration in plasm a.

Such a predominance of glutamine is

consistent with its versatile role as an essential precursor for the
synthesis of molecules such as proteins, purine and p yrimidine
nucleot.ides, NAD+, and amino sugars, and as a major fuel for
ra pidly dividing cells (Krebs, 1980).
The small intestine of the postabsorptive adults rat extracts
25-33% of arterial glutamine in a single pass, which accow1ts for
30% of whole-body glutamine utilization (Windmuller, 1982).

Intralum.inaDy delivered glutamate and glutamine are metabolized
extensively by the small intestine mucous; 66 and 98% of luminal
gl utamine a.nd g lutamate is catabolized .in a single p ass by rat
jejunum, respectively (Windmuller and Spaeth, 1975; 1976).
Simi la rl y, 96 and 95 % of enterally delivered glutam ate is extracted
in the first pass by the human sp lanchnic bed (Battezza ti et al.,
1995) and by porcine portal drained viscera (mainly intestine)

(Reeds et al., 1996).

It is also reported that most glutamine and

almost ail glutam a te in the cliet do not enter the portal circulation
and are n ot availa ble to extra intestinal tissues (Battezzati et a!.,
1995; Stoll et al., 1998).

Indeed, the small intestine is a major organ

of glutamine utilization in mammals in the postabsorptive state
(Windmuller and Spaeth, 1980; Wu a11d Knabe, 1994) and converts
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glutamine into citrulline for endogenous synthesis of arginine (Wu
and Knabe, 1995).

The latter is an essential amino acid for young

and weanling mammals (Visek, 1984) including pigs (Mertz et al.,
1952).
Recent research has shown that the supplement of glutamine
to the traditional glutamine-free total parenteral nutrition so lution
prevents intestinal atrophy in humans and rats under catabolic
conditions (Buchman et al.,1995; Li eta!., 1994; Schroder et al., 1995;
Souba et al., 1990; Tamada et al., 1992).

In addition, intestinal

intraepithelial lymphocyte utilizes glutamine as an important
energy source and requires glutamine for proliferation (Dugan et
al., 1994; Wu eta!., 1996).
In sows' milk an increase in free amino acids (including

glutamine) takes place in the early period of lactation.

It may be

presumed that glutamine will be needed by piglets .i n the early
period of life.

The objective of the study in this chapter was to

determine the effects of dietary supplementation of glutanline on
the growth and development of small intestine in colostrum
deprived newborn miniature piglets.
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Materials and Methods
Animals and feeding
Fmu newborn miniature piglets from four sows were nursed
artificially. They were deprived of colostrum by separating from
their dams soon after birth, and fed by a bottle (training for the
artificial teats for 1-2 days after birth) and then fed by the auto
feedi11g device described in Chapter II.

The formula was fresh

cows ' milk with supp lementation of 0.5% taurine in the group A,
and 0.5% of taurine and 0.5% of glutamine in the group B.

The

milk were fed for 2.5 min at m1 hourly interval for 12 days without
warming up before feeding and thus, the temperature of milk was
10

(stress-feeding). The volume of diet was increased from 12

ml/hr at the third day to 25 rnl/hr at the 14th day when this study
firtished.
The appearance of feces and frequency of defecation were
observed and scored daily based on viscosity of feces (0, no
diarrhea; 1, stiff flowing feces; 2, easy flowing feces; 3, watery
diarrhea).

Intestinal sampling and histology
The piglets were killed on 14 days

after birth.

Pigs were

anesthetized by intramuscular injections of ah·opine and ketamine
at doses of 0.05 and 4.76 mg/kg body wt.

After the intestine was

removed, the intestine was immedjately placed in physiological
saline solution and the mesenteric web was removed, allowing the
intestine to be lain straight. Samples were placed on a smooth
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surface in six parts of equal length.

This arrangement allowed

collection of tissue at seven equidistant points along the length of
the small intestine fl·om the duodenum (segment 1) and proximal
jejunum (segment 2) to distal jejunum (segment 6) and distal ileum
(segment 7) (Cranwell and Maughan 1989). Thus regardless of
animal size, ti ss ues were collected from the same relative site along
the small intestine.

Intestinal content was removed from tissue

samples with mild sa ln1e washes . Tissue samples

(~3

em) from

each segment were weighed and immersed in Bmmd's Solution.
The fixed sam ples were processed by the standard paraffin method.
Sections (5/..L M thickness) were cut and stained with hematoxylin
and eosin.

Measurements of villous height and crypt depth were

made on twenty to fifty well-orientated villa using an ocular
rrucrometer t.mder the microscope of 10 X 10 condition.
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Results
Animal observations

Body weight of the piglets in the two group increased slowly
at the first 2 days.

During this stage, piglets were trained to fit the

teats and the cows' milk based diet.
the pigs at this stage.

Diarrhea occurred in some of

When the piglets began to suckle the milk

from the auto feeding device, they appeared to li.ve a regular living
style of eating-sleeping-eating.

In the piglets in the group B with

glutamine su pplementation, diarrhea was alleviated and the body
weight increased linearly.

But in the piglets of the group A

without glutamine supplementation, severe diarrhea continued to
occur (Figs.4-1, 4-2).
Intestinal morphometry

The piglets that nursed with the formula with 0.5%
glutamine supplementation h ad
structure.

a

wel l-developed

intestinal

ln the duodenum, many well -developed glandulae

duodenales could be fined in the glutamine supplemented group B,
but less in the group A (Fig.4-3).

In the piglets of group A, the villi

of jejunum were in good shaped where many crumples were
observed on the out side surface of the villa (Fig. 4-4).
One of the most noticeable differences was that the gut
i.ntraepithelial lymphatic tissue

in the ileum were much better

developed in the group B than in the group A.

The lymphatic

noduli occupied big areas with clear boundaries among the noduli
(Fig 4-5).
The heights of villi and crypt depth in the intestine of
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different parts were shown in the Tab. 4-1.

The average villous

height in the small intestine was significantly higher in group B
than in group A.
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Discussion
The miniature pig offers several advantages for determining
the effect of dietary composition on intestinal morphology in
human clinical nutrition. First, pig has a gastrointestinal tract
structure s imilar to that of human and has been widely used as an
animal model for studying human intestinal growth and parental
nutrition (Burrin et al., 1990; Reeds et al., 1993).

The miniature pig

is small in body size, so that is easy for handling in laboratory
condition, and the intestine exhibits a relatively short postnatal
period of maturation (Klein and McKenzie, 1983; Moughhan and
Rowan, 1989), and its structure is easily affected by weaning or
dietary

nutrition

(Du.nsford

et

al .,

1989;

Hampson,

1986;

Henworthy, 1976).
Glutamine is an abundant free amino acid in the p lasma of
animals (Hamilton, 1945; Wu et al., 1994) and in sows' milk (Wu
and Knabe, 1994).

Glutamine has been demonstrated to be a

major energy source for the adult rat sma ll intestine (Wi.ndmueller
and Spaeth, 1980), and it role as a fuel and a precursor for amino
acid synthesis in the gut of neonatal pig (Wu et al., 1995).
Glutamine is hydrolyzed to glutamate and ammonia at acidic pH
(Krebs, 1980).

However, Wu (1996) reported that dietary

glutan1_ine was not subject to measurable acid hydrolysis in the
s tomach and upper parts of duodenum.

It means that dietary

suppl ementation of free glutamine was indeed available for the
small

intestine

for

metabolic

utiliza ti on.

Several

reports

confirmed that the level of dietary nutritional effect on the growth
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and integration of the small intestine after weaning (Pluske et al.,
1996; Btu-rin et al., 1991).

According to the previous reports mentioned above and
described in Introduction of tills chapter, it can rationally expected
that a gradual i.ncrease in free glutamine concentration in sow's
milk does have some favorable effects on the function and
development of the intestine. Indeed, the villi of the intestine of
piglets in the group B supplemented with glutamine were tall and
well shaped with a large surface area due to the presence of many
crumples.

These

phenotypes

may

be

resulted

from

supplementation of glutamine in the cow milk
The intestine, traditionally viewed as an organ of digestion
and

absorption

of

nutrients,

immunological function.

maintains

an

indispensable

The intestinal mucous has a unique

interface with microbial and chemkal environment in which it
must protect the internal mliieu from potentially hostile pathogens.
To that end, the intestinal immune system has developed into a
complex organ known as the gut-associated lymphatic tissue . As
compare with better

known

immune organ, such as

the

reticuloendothelial system, liver and spleen, the gut is the largest
immune organs in the body Gohn, 1990).

In this study, lymphoid

tissue of the glutamine supplemented piglets developed so well
indicates that glutamine of the milk may be used by the irrunune
tissue in the early period of life.

In contrast, the piglets fed with

low concentration of glutamine took longer time to recover from
diarrhea.

This symptom should be coupled with the atrophic
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changes in the intestinal structure.
Diarrhea in piglets is one of the major problem in pig
production. It will not be realistic that the milk secreted from
every teat simultaneousl y decreases to an extremely low glutamine
concentration . A more realistic situation will be as follows; the
number of the teats that secretes milk with sufficient glutamine
concentra ti on depends on sow's general nutritional condition.

If

the darn is in a malnutritional condition, a lager number of
offsprin g

forced

to

suckle

concentration of glutamine.

the

tea t supplying insufficient

Thus, more piglets will be suffered

from diarrhea and have higher risk for survival.

However, even

in this kind of situation, pig has a good scheme to make heavier or
stronger piglets be able to survive selectively by means of
introducing uncompromising competition among a Jitter to seek for
the teat with better milk yjeld and higher glutamine concentration
in milk.

This "tea t order" paradigm will allow the pig, which is a

very particular omnivorous species with a large body size and a
large number of litter, still to exist on the earth.
Further studies must be needed p articularly to analyze the
involvement of oth er amino acids such as glutamate and glycine as
a cue for teat selection. Future stud y on the change in sows' milk
composition in different nutritional condition of the dam will be
helpful for w1derstanding the mechanism of occurrence of diarrhea
in suckling piglets.

lt is author's tmsolved question whether the

supp lemen tation of glutamine to the dam can reduce the mortality
of piglets.
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Tab. 4-1. Villous height and crypt depth of piglets in group Aand B
Position

Gro up A

Group B

mean±ES

mean±ES

Duodenum
Jejunum
Ileum

658±13.5
578.2±17.6
3 8.1±14.6

767±25.6
813.6±12.2
534.4±12.7

**
***
***

Duodenum
jejunum

132.0±13
99.1± 1.8

212.0±14.7
130.0±10.4

**
*

Villos height( l-Im )

Significance

Crypt depth( 1-1m)

*: p<0.05
* *: p<O.OJ

* * *: p<0.001
Group A: supplemented taurme(O.S%)
Group B: supplemented taurine(0.5%) and glu tami ne(O.S%)
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Fig.4-l.

Gro w th curve of a rti ficially nu rsing mini a ture pi glets. A received
cow mi lk s upp lemented only with 0.5% taurine. Group B received
cow milk supplemented w ith g lutamine and 0.5% ta urine, and
group . Valu es are the m ean ± S.E.. of 5 p ig lets for each group .
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Fig.4-2.
Daily scores of degree of di arrh ea in artifi ciall y nursing ntiniature
piglets. They were fed w ith cow milk with a taurine
suppl ementa tion after bi rth with (A, B) or without (C, D) an
addition al glutamine s uppl em enta tion (0.5°/r,). Diarrhea score: 0; no
diarrhea, 1; stiff fl ow ing, 2; easy fl owing feces, 3; severe, wa te ry
cli arrhea .
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Fig. 4-3.

The secti on of the du odenum of artifi cially nursing minia ture
piglets 14 days after birth. They were fed with cow milk w ith a
ta urine supplementa tion after birth without (A) or with (B) a n
additional supp lem enta tion of glutamine (0 .5%).
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Fig. 4-4.

The sec tions of the villi in the jejunum of artificiall y nursing
miniature pi g lets 14 days afte r birth. They were fed witl1 cow milk
with a taurine supplementa ti on after birth without (A) or with (B)
a11 additi ona l s upplementation of glutamine (0.5%).

90

Chapter 1\

Fig. 4-5

The secti on of the ileum of artificia lly nursing minia ture p igle ts 14
days after birth. They were fed with cow milk with a taurin e
suppl ementa tion after birth without (A) or with (B) an additi onal
suppl em entation of glutam ine (0 .5%,).
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The pig is most productive among domestic animals, and
grows fast with a high efficiency of food consumption.

Frequent

occurrence of diarrhea in piglets is one of the serious economical
problems in pig industry, the prevention of this disease has long
been a target of veterinary science.

The pig has very particular

nursing behavior, which motivated the author to correlate this
nursing behavior with the occurrence of diarrhea in piglets.

In

deal with this problem, the author tried to introduce a new aspect,
i.e. free amino acids in sow's milk.

Furthermore, because the pig

has many anatomical and physiological similarities with human,
it has been recogruzed that the pig is one of ideal animal models
for human medical and nutritional research.

The study in pigs

to analyze the relation between the occurrence of diarrhea and
free amino acids in the milk will present suggestive information
for the nutrition of human neonates receiving formulated milk.
Neonates do not have well-developed digestive and
regulatory systems to adapt their food and environment, and yet
they are stressfully challenged by a new environment at birth.
Because newborn mammals do not normally consume solid foods,
their mother's milk is the only source of exogenous amino acids
for the synthesis of proteins, neurotransmitters, hormones,
polyamines,

purine

and

pyrimidine

nudeotides,

creatine,

ccu-nitine, porphyrins and other biologically important molecules.
Some amino acids, such as glycine, histidine and taurine, are
effective scavengers of free radicals and therefore may help to
prevent or aUeviate potentia l injury.
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role in the survival and growth of mammalian neonates.
The concentration of free amino adds in milk is different
between species and changes during the lactation period.

It is

known that the colostrum contains high activities of protease
inhibitors, which

limit the breakdown of intake protein.

Although the presence of protease inhibitors in colostrum has
important immunological implications, these inhibitors minimize
the potential of colosb·um proteins to be digested and becomes a
sow·ce of free am.ino acids for neona tes.

Thus, free amino acids

in colos b·um have been suggested to be an important source of
free amino acids for suckling animals.

Furthermore, milk is an

important source of taurine, a {3 -amino acid that is virtually
absent in the foods of plant origin.
The pig as a multiple pregnancy species has its special
characteristics in reproductive process and nursing behavior.

In

sows, the mammary gland produces the colostrum prior to (1 to
several hours) the parturition, and secretes it continuously during
the early 2 or 3 days of lactation, and then the secretion ceases.
After that, the normal mi lk is ejected for 10-20 seconds at one
episode and the episode recurrs at 30-90 minutes i.nJervals. It
has been well known that the piglets born in different body
weight and their posh1atal growth are significantly different
among the Jittermates.

The teat order behavior is the

phenomena that observed only in pig.

The big p.iglets seem to

have a benefit from the fixed position of the teat.
This study was designed to identify the distribution of free
amino acids in each teat during the lactation and the relationship
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between the growth of piglets and the concentration of free
amino acids in the sows' milk.
[n chapter I the author dealt with the concentrations of free
amino acids in the colostrum and milk whid1 were obtained from
individual teats of sow dams during the lactation period.
Observations were done to certify the tea t-ord er of the piglets in
the lactation period. Taurine was the most abundant free amino
acid s in the colostrum and maintained at a high level (1-2 mml / L
of defatted milk) tlu·oughout a lactational period.

Other free

amino acids such as glutamine were in trace amounts in
colostrum.

The concentration of glutamine increased to the

grea test extent among all other free amino acids examined during
a 25 days of lactational period, and became the most abundant
free an1ino acids in milk (2 mmol/L of defatted milk).

Free

glycine and glutamic acid also increased to a large extent (0.7-1.2
mmol/L of defatted milk) .
Immediately after farrowing, no significant differences in
the concentrations of each free amino acid were observed among
colosh·wn samples obtained from different teats.

However, the

concentrations of free amino acids in milk from different teats
became significant different as lactational period progressed. As
for the milk samples obtained from individual teats, there were
significantly positive correlations between the total free amino
acids,

and

free

con centrations.

glutamine,
There

glutamic

were

also

acid

and

significantly

glycine
positive

correlations between the body weight of each piglet, and milk
yie ld of each teat <md the total free amino acids concentration in
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milk obtained from each teat.

Cumulatively, a larger piglet

suckled a higher milk yield teat from which higher concentrations
of total free amino acids, glutamine, glutamic acid and glycine
were supplied.
Jn chapter 11, the effect of glutamine supplementation on
the teat nursing behavior in piglets artificially fed was analyzed.
The a uthor hypothesized that the piglets can distinguish the
difference of the concentration of free amino acid by taste sensory.
ln this study miniature pigs were used. One of the reasons for

choosing miniature pigs rather than commercial pigs is that the
nursing behavior of the pig is expected to be expressed more
ln this study, an auto feeding

prototypically in miniature pigs.

device (autosow) was assembled and used for feeding the
newborn miniature piglets. The newborn miniature piglets were
reared on the autosow individually with the cow's milk for two
weeks.

Then, they were transferred into a new environment

where 4 of the piglets could access to any of the 4 teats. Two
teats ejected the milk supplemented with 0.25% and 0.5%
glutamine, respectively and the other two teats ejected the milk
without supplementation.

The sequence of behavioral events

leading to the formation of teat nursing order was described.

At

the first 1-3 hours, the piglets showed the similar style of teat
nursing behavior like which classified as three stages of "teat
seeking", "teat sampling" and "teat defense".

Finally, the

heaviest piglet selected the teat ejecting 0.5% glutamine and the
second heaviest selected one ejecting 0.25% glutam.ine.

The

lightest two selected the teats ejecting the rnilk without glutamine
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This

supplementation.

result

implies

that

piglets

can

distinguish different concentrations of glutamine and prefers to
higher concentration.

To the best of the au thor's knowledge,

this is the fiJ·st experiment that testifies the role of taste sensory in
the teat nursing behavior.

It is suggested that the predominant

free glutamine and other free amino acids in sows' milk may be
tas ted by piglets as an indicator of developed mammary gland.
Chapter lll and IV were designed to investigate the effects
of supplementation of taurine and glutamine on the physiology
of newborn miniature piglets.

The newborn piglets were

deprived of their dam's colostrum and nmsed with fresh cow
milk. In the first treatment, the piglets from different litters were
divided

in

two groups, one group suckled the replacer

supplemented with 0.5% taurine, and the other group suckled the
replacer

without

taurine

supplementation

(mean

taurine

concentration of the replacer is approximately 200 !lmol/L or
0.0025%).

The first meconium was excreted significantly earlier

(p< 0.05) in the taurine supplemented group than in the no
supplemented group.

Moreover, frequency of defecation at the

day of birth and the following day was significantly higher
(p <0.05) in the former group . mtestinal obstruction like the milk
curd syndrome that happens in formula feeding infants occurred
in the group without taurine supplementation. These results
suggest that taurine deficiency and high saturated fatty acids in
cows' rn.ilk may cause incomplete digestion of fatty acids in cows'
milk feeding piglets or cause the milk curd-like syndrome in
human infants. Another observation is that the piglets without
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taurine supplementation were later found to be affected with
retardation of hai1· growtl1. Whether taurine can clirectly affect fue
formation of hair is unknown.
In the second treatment the piglets from the same litter
were clivided into two treatments, one group suckled the replacer
added with O.SO/o glutamine and 0.5% taurine; and other group
suckled the replacer supplemented 0.5% taurine only.

The

piglets were scored for diarrhea every day and various parts of
the small intestine from each pig was histologically examined 14
days after birth.

The piglets receiving the replacer wiiliout

glutamine supplementation were easy to be affected with
diarrhea . The villi of the small intestin.e were higher in height in.
the glutamine supplemented group.

The submucosal lymphatic

tissue was well-developed in the glutamil1e supplemented group.
These results mclicate that glutamine may be functioning on the
intestine development, such as epithelial proliferation a11d
submucosa l lymphatic tissue development from eaxly life.

Tt was shown in this study that sow's udder secrete the
milk rich in free amil1o acids which are clifferent in the
concentration among the teats and the stage of lactation period.
Free

ammo acids such as glutamine, glycine and glutamate may

play important roles not only as nutrients but also as a signal for
determining teat nursing behavior.

There are two clues

suggesting that some of free ammo acids operate as an mdicator
of the development of the mammary gla11d.

The first, these

amjno acids seems to be effective to stimulate the taste organ of
piglets.

TI1e second, concentrations of these amino acids change
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according to the developmental stages, and the more the
mammary gland develops, the more free amino acids are secreted
into the milk.

In this study, the piglets appeared to prefer to the

glutamine-supplemented milk.

If piglets could distinguish the

difference i11 glutamine concentration among the teats, they will
be rewarded by nutritionally and energetically rich milk for
growth and development.
ln conclusion, the free amino acids in porcine milk may
play important roles in several aspects of breeding of the piglets
by effecting on the development of digestive system, immune
system and the teat nursing behavior.

Further studies on the

function of the free amino acids in porcine milk will be helpful to
understand the mysterious phenomena of teat order and to
develop a practical measure to prevent the occurrence of the
piglet diarrhea.
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