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Extract

The serum levels of free amino acids have been investigated during the first year of postnatal life in
the rhesus monkey (M. mulatta). Samples of umbilical vein blood were obtained following normal
full-term pregnancies. Infant monkeys were fed Similac®, a proprietary milk formulation with con-
stant amino acid composition, at four-hour intervals throughout the first year of life. Blood samples
were obtained at 2 weeks and at 1, 3, 6, 9 and 12 months of age, and the serum analyzed for all free
amino acids.

A wide range of values was evident for each amino acid at each age studied (table I). When all
values obtained for each amino acid during the entire first year were analyzed, however, it was ap-
parent that taurine, lysine, and 3-methyl-histidine were significantly elevated, and serine, tyrosine,
and leucine were significantly reduced in the umbilical vein samples. By the end of the first month of
life, values for all amino acids were within the normal range for adolescent and nonpregnant adult
animals; further significant changes in amino acid levels did not occur during the remainder of the
year of study.

Speculation

The nutritional correlates of growth and development in most laboratory animals are sufficiently
different from those in the human to question their use in studies related to human nutrition. This
study demonstrates that the patterns of change in the free amino acids of serum in the infant rhesus
monkey are generally comparable to those observed in the human infant, and indicates that this
species may be a suitable experimental counterpart for investigations of protein and amino acid
metabolism which cannot be performed in children.

Introduction and the ability of its cells to incorporate amino acids

[2]. Elevated extracellular levels of amino acids would

The synthesis of all protein molecules depends upon
the availability of adequate amounts of the composite
amino acids. Free amino acids are maintained at higher
levels in the intracellular space than in plasma [14, 15],
and CHRISTENSEN and STREICHER have reported a posi-
tive correlation between the growth rate of an organ

thus lead to their maximum availability for the intra-
cellular synthesis of new proteins [2, 19], and changes
in the serum levels of amino acids might be anticipated
during periods of rapid growth.

In order to study the relation between the state of
nutrition and changes in the circulating free amino
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acids, it is first necessary to define those changes which
occur normally during the various stages of develop-
ment. As part of a series of studies involving nutritional
disturbances during fetal life and infancy in a labora-
tory primate, this communication reports the changes
in the levels of free amino acids of serum which occur
normally during the first year of postnatal life in the
rhesus monkey.

Materials and Methods

M. mulatta were kept in individual cages and maintain-
ed under standard conditions of light, temperature,
and humidity. The date of conception was established
for all pregnancies [7]. Eight pregnant females were
fed a chow diet! supplemented with fruit and vitamins.
Immediately following spontaneous vaginal delivery,
venous blood samples were obtained from the umbilical
cord of the infant. In two newborns, umbilical cord
blood could not be obtained and samples of peripheral
blood were drawn from the femoral vein within five
minutes of birth.

A second group of 15 normal infants were studied
during the first year of extrauterine life. They were
separated from their mothers within eight hours after
spontaneous vaginal delivery and placed in indi-
vidual, heated cages. During the first 24 hours they
were fed a 10 % glucose solution ; during the second day
this was supplemented by an equal volume of Similac®,
a proprietary milk formulation 2. After 48 hours of age,
and for the duration of the study, all animals were fed
full-strength Similac® at four-hour intervals through-
out the day and night. This milk preparation, supple-
mented with vitamins after the third day of life3, and
seasonal fruit after 45 days of age, constituted the total
nutrient intake. The volume of milk ingested, and in-
creases in length, weight and head circumference were

! Purina Monkey Chow®, Ralston Purina Co., St.
Louis, Missouri.

2 Similac®, Ross Laboratories, Columbus, Ohio. Pre-
pared at a dilution of 132 g Similac powder per liter
of formula. The amino acid composition, expressed as
mg/100 ml of the reconstituted milk, is as follows (data
kindly provided by the manufacturer):

Histidine 40 Cystine 16
Leucine 180 Aspartic Acid 82
Methionine 44 Proline 124
Threonine 77 Valine 115
Arginine 63 Alanine 38
Isoleucine 107 Glutamic Acid 337
Lysine 130 Serine 79
Phenylalanine 87 Glycine 6
Tryptophan 25 Tyrosine 94

3 Paladac®, Parke, Davis & Co., Detroit, Michigan.

recorded. When possible, venous blood samples were ob-
tained at exactly 2 weeks, and at 1, 3,6,9and 12 months
of age. Each blood sample was obtained four hours
after a normal dietary intake, allowed to stand at 5°
for two hours, then centrifuged at 2,000 rpm for 20
minutes at 5°. The serum was separated and stored at
—20° until analyzed. The free amino acid content of
serum was determined by the GERRITSEN et al. modifi-
cation [4] of the method of SpAckMAN et al. [21] using
the Beckman/Spinco amino acid analzyer.

Values for tryptophan and cystine will not be re-
ported because of their instability during storage [3]
and because of specific difficulties involved in the
measurement of free, and protein-bound, tryptophan
[4]. A decrease in glutamine and an increase in gluta-
mic acid have also been noted coincident to prolonged
storage of plasma samples [3]; although glutamine
gives rise to compounds other than glutamic acid, the
sum of both determinations will be presented. The
chromatographic peak for aspartic acid was occasion-
ally superimposed upon the peak for threonine, pre-
venting in such cases the evaluation of both amino
acids.

Student’s ¢ test was used to assess the significance of
differences (p <0.01) when umbilical cord levels were
compared with those at 2 weeks, 1 month, or 1 year of
age. Changes during the entire first year of life were
analyzed by use of the Newman-Kuels multiple range
test [24], which considers all values for each amino
acid before indicating significant deviations from the
series of measurements. Significance for this data was
defined at a level of p <0.05.

Results

Comparison of the free amino acid levels in the full-
term newborn and year-old infant monkeys showed
that in the cord blood samples, levels of taurine, ala-
nine, lysine, and 3-methyl-histidine were significantly
increased, while those of serine and tyrosine were sig-
nificantly decreased (fig. 1). During the first month of
life, taurine, lysine and 3-methyl-histidine showed a
significant fall. Histidine also showed a significant, but
less striking, reduction (fig.2). Serine and tyrosine,
which were low in the cord samples, and phenylalanine,
leucine and isoleucine showed significant increases
during the same period of time (fig.3). Values for as-
partic acid and threonine could not be defined at two
weeks of age because their chromatographic peaks
were superimposed, but all other amino acids did not
show significant changes during the first month of life.

By one year of age, the levels of free amino acids of
serum in the rhesus monkey have reached adult levels,
and the values in animals fed Similac® are not signifi-
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cantly different from those in animals fed commercial
monkey chow. During the first year of life, a wide range
of normal values was evident at all ages studied.
Changes in mean values usually proved nonsignificant
however, when evaluated by the Newman-Kuels test.
Analysis of all values for eachamino acid by this method
indicated that significant differences (p <0.05) were
found only in the umbilical vein samples; taurine, ly-
sine and 3-methyl-histidine were higher, and serine,
tyrosine and leucine were lower in the cord blood than
in all other samples analyzed during the entire first
year of life. The other amino acids did not show signifi-
cant changes (table I).

Fig.1. Serum levels of free amino acids in eight full-
term newborn and ten 12-month infant rhesus mon-
keys. Blocks represent mean values 41 SD. Asterisks
indicate significant differences and arrows indicate
amino acids which are significantly higher in the cord
samples (¢ test, p <0.01).

Table I. Changes in the level of free amino acids of serum during the first year of extrauterine life in M. mulatta.
Figures indicate the mean value 41 SD. Figures in parentheses indicate number of animals studied at each age.
Asterisks indicate values significantly different from all other values for each amino acid during the first year of
life (Newman-Kuels multiple range test, p <0.05).

Amino acids Cord 2 weeks 1 month 3 months 6 months 9 months 12 months
(8) (5) (6) (7) (10) (10) (10)

Histidine 1.7240.35 1.064+0.25 1.44+0.17 1.2840.78 1.324+0.44 1.004+0.28 1.26--0.42
Phenylalanine 1.684+0.28 2.324+0.62 2.2940.37 2.364+0.65 1.774-0.33 1.804-0.45 1.871+0.33
Lysine 4.464-1.62*% 1.744+-0.71 2.27+1.02 2.374+1.90 3.22+1.54 2.264-0.85 2.51--0.82
Tyrosine 1.464-0.33% 3.2410.85 2.6541.22 2.6740.72 2.2440.94 1.9240.50 2.092-0.44
Leucine 2.034-0.48*% 2.63-+0.66 3.324-0.79 3.3140.54 2.4240.27 2.364-0.75 2.6510.44
Isoleucine 1.2740.20 1.6340.33 1.914-0.41 1.8940.38 1.374+0.20 1.4440.51 1.5440.23
Taurine 5.384-1.33*% 3.624+1.35 3.174+1.06 3.28+0.73 3.274-0.95 3.744-1.26 3.374-0.58
Serine 2.524+0.30*% 4.414-0.91 3.544-1.02 4.73+0.84 3.83+0.65 3.8440.95 4.404-0.58
Methionine 0.724+0.12 0.921+0.56 1.044-0.44 1.004+0.33 0.844-0.06 0.734-0.26 0.81-+0.20
Arginine 1.5740.65 1.534-0.55 2.364-0.31 2.2941.41 3.384-1.39 2.054+0.95 2.624-1.02
Glutamine+

glutamic acid 12.324-2.11 11.194+3.28 12.674+2.30 11.164-2.13 10.481-2.34 10.32+2.96 12.274-2.27
Alanine 4264-1.04 3.174+1.08 3.154-0.28 3.294-0.56 2.734+0.85 2.8940.81 3.164-0.40
Glycine 4.394+0.64 4.1140.73 4.8541.16 4.954+0.20 5.01-4-1.01 4.974+1.43 5.024-0.67
3-Methyl-histidine ~ 2.4440.59* 0.334-0.23 0.644-0.40 0.204-0.17 0.3640.22 0.3140.13 0.414+0.29
Valine 2.944+0.58 3.314+0.82 3.9940.81 4.304-1.43 3.524-0.61 3.19+1.08 3.5940.51
Proline 3.98+1.61 4944126 5444140 5.17-41.11 5.23+1.00 4.874+0.87 5.3641.11
Aspartic acid 1.2840.60 - 1.904+0.37 1.1940.04 1.104-0.42 1.084-0.35 1.214-0.30
Threonine 2.0540.31 - 2.64+0.91 2.6940.06 2.0340.75 1.864+0.63 2.124-0.44
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Discussion

The circulating amino acids are primarily important
as they reflect and contribute to the larger pool of intra-
cellular amino acids. They may, however, provide
evidence of nutritional disturbances or the presence of
congenital or acquired abnormalities of amino acid
metabolism [6, 22, 23]. Investigations by LICHTEN-
sTEIN [10], Scureier [16], SEriNt ef al. [18], and GHA-
pimt and Pecora [5a] have indicated that the levels of
circulating amino acids are frequently elevated in pre-
mature infants. In the full-term human infant, how-
ever, levels of most amino acids are not significantly in-
creased over those found in adults. The recent report of
LinosLAD and BALDESTEN [11] indicated that although
the total value of all amino acids studied was higher in
the cord blood of human infants than in nonpregnant
women, only taurine, lysine, alanine, phenylalanine
and glutamic acid showed significant increases.
DickinsoN et al. [3] and Guapmvr and Pecora [5a] also
indicated that only a few amino acids of cord blood,
most notably taurine, lysine, glutamine, and threo-
nine, were clevated over adult values. The present
study indicated that, with the exception of taurine, ly-
sine, alanine and 3-methyl-histidine, amino acids in
umbilical vein blood of full-term infant rhesus monkeys
were not significantly elevated over the levels in ado-
lescent or nonpregnant adult animals. It is apparent,
therefore, thatin both human and subhuman primates,
values for most amino acids are within the adult range
at the time of full-term birth.

A wide range of normal values has been reported
during infancy in the human [5b, 16, 20], but several
reports have indicated that significant changes may
occur in plasma levels of a few amino acids during the
first days or weeks of postnatal life. GHapimi and PE-
cora [5b], MatnEws and PartTincToN [12], La Du
et al. [9], and MENkes and Avery [13] reported that
plasma levels of tyrosine often became elevated shortly
after birth; in premature infants, values up to 20 mg %
were occasionally observed. La Du et al. [9], MENKES
and Avery [13], and Berry and LEoNaRrD [1] reported
that plasma phenylalanine levels were also frequently
clevated during the postnatal period. A significant rise
in tyrosine levels in serum was evident during the first
weeks of extrauterine life in rhesus monkeys and was
accentuated by the low value in umbilical cord blood.
A postnatal increase in levels of phenylalanine in serum

Fig.3. Serum levels of free amino acids which increase
during the first month of extrauterine life in M. mulatia.
Circles indicate mean values at each age. Asterisks indi-
cate a significant increase from the cord value (¢ test,

p <0.01).
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also occurred but was not significant when considered
with all other measurements obtained during the first
year. KrercaMER [8], has noted that the activities of
enzymes responsible for the metabolism of tyrosine and
phenylalanine are reduced during fetal and perinatal
life, and ScrIVER has recently cautioned against over-
interpretation of the resultant transient elevation of
these amino acids [17].

Human newborns have low plasma levels of the
branched-chain amino acids, leucine, isoleucine and
valine [3, 5a)], and BERrRY and LeonarD [1] reported
that the levels rose following initiation of feeding. Leu-
cine and isoleucine demonstrated a rise after birth in
newborn monkeys, but the rise was only significant for
leucine and was primarily due to low umbilical cord
values. A significant increase in serine also occurred
during the first month of life in the monkey and was
similarly due to reduced levels in umbilical cord blood.

Guapmr and PEcora [5b] noted decreases in tau-
rine, lysine and threonine values during the first 10 days
of life in human infants, and DickiNsoN et al. [3] and
ScHREIER [16] also reported postnatal decreases in
taurine and lysine. For methodological reasons, threo-
nine values during the postnatal period could not be
defined in the present study, but significant decreases
were noted for both taurine and lysine. The change was
due to a reduction of the elevated levels in umbilical
cord blood and produced values comparable to those
found in older control animals.

In general, therefore, the postnatal changes observ-
ed in individual circulating free amino acids in the
macaque infant are similar in direction to those report-
ed in the human neonate, and where significant
changes occur, they are usually seen in both species.
It is apparent that the postnatal changes in amino acid
levelsin the monkey result in normal adult values, with
umbilical cord values presumably reflecting a differ-
ence between fetal and postnatal pathways of amino
acid metabolism.

The values reported for several amino acids in this
study are significantly higher than those established
for human infants [5a, b, 11, 16]. Part of this discre-
pancy may be due to methodology; GERRITSEN et al.
reported that their ultracentrifugation modification
[4] of the method of SPaAckmMAN, STEIN and Moore [21]
resulted in higher recoveries for several amino acids
than were reported after either picric acid or sulfosali-
cilic acid deproteinization. The possibility that the
higher levels reported in this study represent ‘leakage’
of amino acids from hematologic elements [20] must
also be considered. Whether these changes reflect true
species differences or procedural and methodologic
differences, cannot be defined at the present time.
Despite these differences, however, these data suggest
that studies relating the effects of excesses or deficien-

cies of dietary protein and amino acids, when perform-
ed in this subhuman primate, may aid in defining the
changes in intermediary metabolismaswellasingrowth
and development which occur, but are difficult to fully
evaluate, in states of human malnutrition.

Summary

Changes in the free amino acids of serum have been
studied during the first year of extrauterine life in the
rhesus monkey. A wide range of normal values was
apparent and it was necessary to consider all values for
each amino acid in order to establish the significance
of the changes. Taurine, lysine and 3-methyl-histidine
were significantly elevated, and serine, tyrosine and
leucine were significantly reduced in umbilical venous
serum in comparison with values characteristic of the
older animal. By the end of the first month of postnatal
life, the serum levels of these amino acids had reached
the levels found in older control animals and further
significant changes did not occur. The umbilical cord
level and all subsequent values for all other free amino
acids were not different from those in nonpregnant
adults.
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