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Extract

The activity of amino acid transport pathways in the small intestine of the 2-day-old
rat was investigated. Transport was determined by measuring the uptake of 1 HIM con-
centrations of various amino acids by intestinal segments after a 5- or 10-min incuba-
tion and it was expressed as intracellular accumulation.

The neutral amino acid transport pathway was well developed with intracellular
accumulation values for leucine, isoleucine, valine, methionine, tryptophan, phenyl-
alanine, tyrosine, and alanine ranging from 3.9-5.6 mii/5 min. The intracellular
accumulation of the hydroxy-containing neutral amino acids threonine (essential)
and serine (nonessential) were 2.7 mM/5 min, a value significantly lower than those
of the other neutral amino acids. The accumulation of histidine was also well below
the level for the other neutral amino acids (1.9 mM/5 min). The basic amino acid
transport pathway was also operational with accumulation values for lysine, arginine
and ornithine ranging from 1.7-2.0 mM/5 min. Accumulation of the essential amino
acid lysine was not statistically different from that of nonessential ornithine. Ac-
cumulation of aspartic and glutamic acid was only 0.24-0.28 mM/5 min indicating a
very low activity of the acidic amino acid transport pathway. Accumulation of
sarcosine and betaine was about 0.5 mM/5 min, which indicates a low activity for the
imino acid-glycine pathway. The presence of 1 HIM alanine significantly (P < 0.01)
increased the accumulation of lysine by 28.5%, which suggests the presence of an
exchange transport system.

These results show that by operation of the neutral and basic amino acid trans-
port systems, the neonatal rat can effectively absorb all the essential amino acids;
however, accumulation of individual amino acids appears to be governed by structural
rather than nutritional considerations.

Speculation

The data presented demonstrate the differential ability of the neonatal rat to absorb
various amino acids. This finding is of potential importance in the formulation and
evaluation of synthetic protein diets.

Introduction
The quality and quantity of dietary protein which
would result in optimal growth and development of
infants at a reasonable cost is a subject that has been

discussed by nutritionists for several decades. Such dis-
cussion stimulated investigation of intestinal transport
at, or shortly after birth [4-6, 13, 15, 30].

A recent article by the authors [15] characterized the
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postnatal developmental patterns of transport of cer-
tain amino acids and sugars. The transport of two
sugars, thought to share a common carrier system, and
of three amino acids, thought to have separate carrier
systems, was found to be maximal immediately after
birth. The three amino acids showed distinct variation
in their developmental transport patterns whereas the
sugars had similar patterns. A study of the kinetics of
the accelerated transport of valine by 2-day-old rat in-
testine [30] suggested the presence of more transport
sites rather than more efficient binding by the carrier.
These studies demonstrate the ability of intestine from
the newborn rat to transport rapidly both amino acids
and sugars.

The availability of formulas containing various
combinations of amino acids suggested the importance
of defining the different pathways of amino acid trans-
port that are present immediately after birth. The pur-
pose of this investigation was to characterize the trans-
port pathways mediating amino acid transport in the
newborn rat with particular emphasis on structural
and nutritional considerations.

Methods and Materials

Two-day-old Wistar strain rats of both sexes were used
as a source of intestinal segments. Rats were killed by
decapitation; the small intestine was quickly removed
and placed in oxygenated isotonic saline. The intes-
tine was then split longitudinally while it was im-
mersed in the saline. Intestinal segments were essen-
tially free of luminal contents and usually weighed
100-300 mg. The segments were then placed in 5 ml
oxygenated Krebs-Tris buffer (pH 7.4) that contained
118 HIM NaCl, 25 mM Tris-HCl, 4.7 HIM KC1, 2.5 mM
CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4 and
8,000-12,000 counts/min per milliliter of 14C-labeled
and nonradioactive amino acid to the desired final
concentration. In addition, 10,000-15,000 counts/min
per milliliter of methoxy-3H-inulin were added to the
medium to measure the extracellular space of the tis-
sue [32]. Segments were incubated at 37° for the indi-
cated time periods, after which they were washed
quickly in saline, blotted and weighed. The segments
then were homogenized in four times their weight of
5% trichloroacetic acid. The homogenate was centri-
fuged and aliquots of the supernatant were counted in
a liquid scintillation spectrometer [38] in a system that
contained xylene-dioxane-ethanol (5:5:3), naphtha-
lene (40 g/liter), 2,5-diphenyloxazole (5 g/liter), and
1,4-bis-2-(5-phenyloxazolyl)-benzene (100 mg/liter).

The spectrometer was adjusted to permit 60% 14C effi-
ciency, 22% 3H efficiency, less than 0.01% 3H efficiency
on the «C channel, and 10% 14C efficiency on the 3H
channel. Amino acid transport is expressed as intracel-
lular accumulation which is defined as the millimolar
concentration of the amino acid in the cellular water
after a given incubation period. This parameter was
calculated on the basis of a modification of a formula
used by Crane and Mandelstam [12] which now takes
the following form: mM (cellular water) = (mM ho-
mogenate supernatant X homogenate volume) — (ex-
tracellular space x tissue wet weight x 0.8 x mM
medium)/(l-extracellular space X tissue wet weight X
0.8). This conversion was based on the assumption that
the water content of the tissue is approximately 80% of
the tissue wet weight [36]. The counting rate of each
individual experiment was mathematically treated so
that 10,000 counts/min per ml were equivalent to the
initial concentration of the amino acid. This permit-
ted conversion of counts to /xmoles amino acid from
identical experiments having somewhat different ini-
tial counting rates.

The source and specific activity of the radioactive
compounds used in this study were: carboxyl-14C-cyclo-
leucine (54 mCi/mmole), methylene-14C-L-tryptophan
(56.5 mCi/mmole), and l-14C-sarcosine (12.9 mCi/
mmole) [39]; 14C uniformly labeled L-asparagine (218
mCi/mmole), L-aspartic acid (229 mCi/mmole), L-argi-
nine monohydrochloride (324 mCi/mmole), L-glutamic
acid (260 mCi/mmole), glycine (109 mCi/mmole), L-iso-
leucine (312 mCi/mmole), L-leucine (344 mCi/mmole),
L-lysine monohydrochloride (312 mCi/mmole), L-phen-
ylalanine (477 mCi/mmole), L-proline (265 mCi/
mmole), L-serine (162 mCi/mmole), L-threonine (208
mCi/mmole), L-tyrosine (513 mCi/mmole) and L-valine
(260 mCi/mmole) [39]; a-3-14C-aminoisobutyric acid
(2.72 mCi/mmole), y-l-14C-aminobutyric acid (1.64
mCi/mmole), £-l-14C-alanine (4.75 mCi/mole), methyl-
14C-betaine hydrochloride (2.6 mCi/mmole), meth-
oxy-3H-inulin (672 mCi /mmole), and l-14C-D-leucine
(24.6 mCi/mmole) [40]; and 14C uniformly labeled L-al-
anine (137 mCi/mmole), L-histidine (256 mCi/mmole),
L-methionine (222 mCi/mmole) and L-ornithine (204
mCi/mmole) [40].

Results

Table I presents the intracellular accumulation of var-
ious neutral amino acids after 5-min incubation. Since
accumulation of neutral amino acids by the small in-
testine was previously shown to be a linear function of
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time through the first 5 min of incubation [27, 28],
these accumulations are assumed to represent initial
velocity. The neutral amino acid transport pathway
was well developed in 2-day-old rats, and accumulation
values were generally in the 3.9-5.6 range. In agree-
ment with results previously obtained by using valine
[15, 30], it was found that accumulation of L-leucine,
isoleucine, methionine, tryptophan, phenylalanine and
alanine by 2-day-old rats was at least twice as high as
accumulation of neutral amino acids by intestinal seg-
ments from adult rats. Accumulation of histidine was
less than one-half that of the other neutral amino
acids. Accumulation of the hydroxy-containing ali-
phatic amino acids threonine (essential) and serine
(nonessential) was identical but also well below the
range observed for most of the neutral amino acids.
Accumulation of D-leucine was not found to be concen-
trative.

The 2-day-old rats were also able to accumulate ac-
tively the basic amino acids lysine, arginine and orni-
thine (Table II), but at rates much lower than those
observed for most of the neutral amino acids. These
values are assumed to represent initial velocities, since
previous studies have shown that the intracellular ac-

Table I. Intracellular accumulation of neutral a-amino acids1

Table III. Intracellular accumulation of acidic amino acids
and asparagine1

Amino acid, 1 raM

L-Leucine (13)
L-Isoleucine (13)
L-Valine (14)
L-Methionine (12)
L-Tryptophan (12)
L-Phenylalanine (12)
L-Tyrosine (13)
L-Histidine HC1 (12)
L-Alanine (13)
L-Threonine (12)
L-Serine (11)
D-Leucine (11)

Intracellular accumulation, HIM/5 min

5.00 db 0.27
4.54 ± 0.26
5.41 ± 0.18
4.14 ± 0.31
3.97 ± 0.17
4.44 db 0.26
5.04 ± 0.38
1.87 ± 0.13
3.90 db 0.28
2.65 ± 0.19
2.66 ± 0.17
1.06 ± 0.05

1 Intestinal segments were incubated for 5 min at 37° in a
Krebs-Tris medium that contained the indicated neutral
amino acid. Each value represents the mean ± one SEM from
the number of experiments given in parentheses.

Table II. Intracellular accumulation of basic amino acids1

Amino-acid, 1 mM Intracellular accumulation, mM/5 min

L-Lysine HC1 (16)
L-Arginine HC1 (14)
L-Ornithine HC1 (11)

1.92 ± 0.19
1.74 ± 0.11
1.98 ± 0.12

1 Except for the substitution of basic amino acids, the methods
used in obtaining and expressing the results are the same as
for Table I.

Amino acid, 1 mM
Intracellular

accumulation,
mn/5 min

L-Glutamic acid (mono Na+ salt) (10) 0.24 ± 0.02
L-Aspartic acid (mono K+ salt) (9) 0.28 db 0.06
L-Asparagine (10) 2.88 db 0.29
1 Except for the substitution of acidic amino acids and aspara-
gine, the methods used in obtaining and expressing the results
are the same as for Table I.

Table IV. Intracellular accumulation of neutral amino acids
transported by the imino acid-glycine pathway1

Amino acid, 1 mM Intracellular accumulation, mM/5 min

Glycine (12)
L-Proline (13)
Betaine HC1 (12)
Sarcosine HC1 (13)

1.11 db 0.18
1.44 ± 0.13
0.48 ± 0.10
0.46 ± 0.03

1 Except for the substitution of the indicated amino and imino
acids, the methods used in obtaining and expressing the results
are the same as for Table I.

cumulation of lysine after 5 min is a linear function of
time [26]. Since the apparent Km's of lysine and argi-
nine for the basic amino acid carrier are at least as low
as the corresponding Km's of the neutral amino acids
for their carrier [14, 18, 26, 30], this lowered accumula-
tion rate could not be attributed to differences in af-
finity for the carriers. On the basis of unpaired differ-
ence i-tests, the accumulation of the nonessential
amino acid ornithine was found to be identical to that
of the essential amino acid lysine but statistically
greater than that of the essential amino acid arginine
(P < 0.01).

In agreement with findings obtained with segments
from adult rats [14] and Ehrlich ascites cells [17], the
rates of accumulation of glutamic acid and aspartic
acid by the segments from 2-day-old rats were very low
(Table III). The amide of aspartic acid, asparagine,
had a rate of accumulation about 10 times greater
than that of the free acid.

The existence of two transport systems for neutral
amino acids in mammalian small intestine is generally
accepted [3, 22, 34]. One system has high affinity for
neutral amino acids with lipophilic side chains, such as
those listed in Table I. The second system has more
affinity for imino acids, proline, glycine, and the N-
substituted glycine derivatives such as betaine and sar-
cosine [3]. Proline and glycine probably have affinities
for both neutral amino acid transport pathways [22].
Table IV shows the intracellular accumulation of
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Table V. Intracellular accumulation of j3,y and nonmetabolized
neutral amino acids1

Amino acid, 1 mM Intracellular accumulation,
mM/5 rain

Cycloleucine (14) 2.28 ± 0.13
a-Aminoisobutyric acid (15) 0.30 ± 0.03
0-Alanine (11) 0.23 ± 0.04
T-Aminobutyric acid (8) 0.15 ± 0.02

1 Except for the substitution of the indicated (S, y, and non-
metabolized amino acids, the methods used in obtaining and
expressing the results are the same as for Table I.

some amino acids utilizing the imino acid-glycine
pathway. Although their accumulations were apprecia-
bly lower than those of the neutral amino acids shown
in Table I, accumulations of the amino acids that used
both neutral amino acid pathways (i.e., glycine and
proline) were significantly greater (P < 0.001) than the
very slow accumulations of the amino acids that used
only the imino acid-glycine pathway (i.e., betaine and
sar cosine).

Use of the nonmetabolized amino acids cycloleucine
and cc-aminoisobutyric acid for the study of various
aspects of intestinal transport are well documented [1,
10, 35]. Table V shows that the accumulation of the
cycloleucine was concentrative and reached values that
were about half of those attained by most of the neu-
tral amino acids listed in Table I. In contrast, the rate
of accumulation of «-aminoisobutyric acid was only
about one-eighth that of cycloleucine. Table V also
indicates that the presence of the amino group at the a
position appears to be a prerequisite for active neutral
amino acid accumulation in 2-day-old intestine. A sim-
ilar requirement has been shown to exist in adult ham-
ster intestine [18].

Numerous studies on the stimulation of basic amino
acid transport by various neutral amino acids in the
intact adult mammalian intestine have been pre-
viously reported [23, 24, 26, 31]. This stimulation has
recently been attributed to an exchange transport sys-
tem [29]. In order to determine whether the exchange
transport system is already present in intestine from
2-day-old rats, lysine accumulation was determined in
the absence and presence of various amino acids
(Table VI). Lysine accumulation in the presence of
alanine or leucine was significantly stimulated, by 25.8
and 11.9% respectively. Both alanine and leucine have
been shown to stimulate lysine transport in adult in-
testine [26, 29]. Valine, which did not stimulate lysine
transport in adult intestine [26, 29], did not stimulate

lysine transport in intestine from 2-day-old rats. Argi-
nine caused a significant inhibition of lysine accumula-
tion, as would be expected on the basis of their trans-
port by the basic amino acid pathway [16].

Discussion

The active accumulation of amino acids by small intes-
tine from 2-day-old rats appears to be mediated by two
major transport systems. The more active of these
transport systems has the highest affinity for neutral
L-amino acids with lipophilic side chains. Introduction
of hydrophilic groups into the side chain results in a
decrease of affinity for this pathway as is illustrated by
the significant decrease in the accumulation of serine
as compared with alanine. The second transport path-
way has affinity for the basic amino acids. Amino acid
transport pathways having similar affinitives have been
extensively described in adult mammalian intestine.
By the operation of these two transport systems, the
neonatal rat can effectively absorb all the dietary
amino acids classified as essential. Accumulation of
these amino acids has been studied at a concentration
of 1 mM. Since we have made no effort to study the
kinetics of the accumulation of each of these amino
acids, it is not possible to infer that the maximal ca-
pacity of accumulation of these amino acids would
correspond to the accumulation at 1 mM.

Despite the nutritional importance of the operation
of these two transport pathways, intracellular accumu-

Table VI. Effect of various amino acids on intracellular ac-
cumulation of 1 mil lysine1

Amino acid
Intracellular accumulation of lysine

mM/10 min % control2 P*

None (17)
Alanine (17)
Arginine (17)

None (20)
Leucine (20)
Valine (20)

2
3
1

2
2
2

.41

.03

.04

.50

.79

.28

±
±
±

±
±
±

0.18
0.16
0.05

0.15
0.16
0.13

125
43

111
91

.8

.1

.9

.5

<0.01
<0.001

<0.05

1 Intestinal segments were incubated for 10 min at 37° in a
Krebs-Tris medium that contained 1 mM L-lysine without or
with 1 mM of the indicated amino acid. Each value represents
the mean ± 1 SEM from the number of individual experiments,
as indicated in the parentheses.
2 Per cent of control value equals average intracellular ac-
cumulation of lysine in the presence of the added amino acid
divided by that in absence of added amino acid.
3 Probability values were obtained by paired-difference t test.
P < 0.05 was considered significant.
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lation of amino acids appears to be governed by struc-
tural rather than nutritional considerations. For exam-
ple, the essential neutral amino acids phenylalanine
and threonine and the essential basic amino acid lysine
were not accumulated more rapidly than their struc-
turally similar nonessential amino acid counterparts
tyrosine, serine, and ornithine. In contrast, modifica-
tions in the structure of the neutral amino acid pro-
foundly influenced the rate of accumulation. Lowering
of neutral amino acid accumulation by introduction of
the hydrophilic hydroxy group has already been men-
tioned. Replacement of a hydrogen in a methyl group
of alanine with the negatively charged hydrophilic car-
boxylate group to form aspartic acid virtually abol-
ishes amino acid accumulation. Removal of the net
negative charge and most of the hydrophilic properties
of the side chain of aspartic acid by formation of the
amide asparagine results in reappearance of active ac-
cumulation, presumably by the neutral amino acid
pathway [14]. The slow accumulation of histidine as
compared with other neutral amino acids that was
noted in this study has also been reported for adult rat
intestine [14] and this also seems to be due to struc-
tural considerations. The finding that a variety of epi-
thelial cells appear to have a low isoelectric pH (i.e.,
pH 3.5 or lower) [2, 20, 37] raises the possibility that
the pH microclimate in the region of histidine uptake
may be low enough to favor the formation of the posi-
tively charged imidizolium cation form of histidine [9].
This possibility is supported by the finding that the
influx of lysine and histidine across the intestinal
brush border are mutually inhibitory [9]. Predomi-
nance of the imidizolium cation form would lower the
affinity of histidine for the neutral amino acid system
[25], or perhaps even classify histidine partially as a
basic amino acid.

The neutral amino acid transport pathway with ab-
solute specificity for amino acids such as betaine and
sarcosine [22] does not appear too well developed in
intestine from 2-day-old rats. This conclusion is based
on the very slow accumulation of sarcosine as com-
pared with that of glycine and proline. Munck [22] has
shown that the rates of transport of these three amino
acids are comparable in adult rat intestine. Accumula-
tion of proline and glycine by 2-day-old rats is attrib-
uted to their low affinity for the primary neutral
amino acid transport system. Extremely slow accumu-
lation of a-aminoisobutyric acid in the 2-day-old rat
indicates that this nonmetabolized amino acid is trans-
ported by the imino acid-glycine pathway, as was first

suggested by Akedo and Christensen [1]. Baker and
George [3] have recently shown that the pattern of
betaine and a-aminoisobutyric acid uptake along adult
rat intestine is very similar, which further indicates
that a-aminoisobutyric acid is transported by the same
pathway as is used by betaine and sarcosine. The slow
accumulation of a-aminoisobutyric acid can not be ex-
plained by loss of affinity for the primary neutral
amino acid transport system because of the lack of
a-hydrogen, since cycloleucine was actively accumu-
lated.

The presence in 2-day-old intestine of the transport
systems responsible for stimulation of lysine accumula-
tion by certain neutral amino acids [30] may be of
nutritional significance. Accumulation of the basic
amino acids by neonatal rats was slow compared with
that of the neutral amino acids. Since both lysine and
arginine are nutritionally essential, it is interesting to
speculate that this transport pathway increased the ac-
cumulation of these basic amino acids to levels re-
quired to meet the needs of the rapid rate of neonatal
protein biosynthesis.

Recent studies have indicated that the intestinal ab-
sorption of amino acids from dipeptides occurs more
rapidly than from the free amino acid [11, 19] and is
apparently mediated by an independent transport sys-
tem [8, 33]. Since low molecular weight peptides ac-
count for most of the nitrogenous material in the in-
testinal lumen during digestion of a protein meal [7,
21], this transport system may represent a potentially
important pathway for mediating amino acid absorp-
tion from dietary protein.

Summary

The activity of amino acid transport pathways in the
small intestine of the 2-day-old rat was determined by
measuring the intracellular accumulation of 1 mM con-
centrations of various amino acids by intestinal seg-
ments after 5 or 10 min.

The amino acid transport pathways mediating the
accumulation of neutral amino acids with lipophilic
side chains and that of basic amino acids showed the
greatest activity. The pathways mediating the trans-
port of the acidic amino acids, imino acids, and N-sub-
stituted amino acids showed minor activity. The pres-
ence of an exchange transport system was suggested by
the ability of alanine and leucine to stimulate lysine
accumulation.

These results indicate that, by operation of the neu-
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tral and basic amino acid transport systems and possi-
bly the exchange transport system, the neonatal rat
can effectively absorb all the essential amino acids;
however, accumulation of individual amino acids ap-
pears to be governed by structural rather than nutri-
tional considerations.
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