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Abstract: Transport of seven different amino acids into
brain slices increased as donor rats aged from 1 to 6 days.
Uptakes of 2-aminoisobutyric acid, 2-(methyl-
amino)isobutyric acid, and L-alanine then decreased by
day 14, while uptakes of other amino acids continued to
increase or remained fairly constant. Neutral a-amino
acid transport systems were characterized by measuring
inhibition of uptakes and kinetics for representative
amino acids at different ages. Results indicate that 2-ami-
noisobutyrate and 2-(methylamino)isobutyrate used only
one (and the same) system in brain slices from 6-day-old
rats, with characteristics of system A (the major sodium-
dependent system in most mammatian cells). They used
at least two systems at ages 1, 14, and 23 days, but, of
these, only at 1 day did they use the same systems in the

same proportions. Alanine and leucine used more than
one system at all four ages, and somewhat different com-
binations than used by each other or by 2-aminoisobu-
tyrate or 2-(methylamino)isobutyrate. Their transport
characteristics showed they used mostly system ASC (a
sodium-dependent system distinguished from A) and/or
system L (sodium-independent). We conclude that
system A increases as the brain ages from 1 to 6 days and
declines thereafter. System L probably increases with
aging from 1 to 23 days. Key Words: Brain—Transport
systems—Development— Amino acids-—Rats. Riggs
T. R. et al. Developmental changes in the neutral o-
amino acid transport systems of rat brain over the first
three weeks after birth. J. Neurochem. 42, 1251-1259
(1984).

Although several studies have described the gen-
eral changes in amino acid transport in brain slices
during development (Levi, 1973; Piccoli, 1976; Ser-
shen and Lajtha, 1979), no detailed examination has
yet been made of the transport systems for neutral
amino acids at different times after birth of the rat.
Changes in amino acid transport would be expected
during growth and development of the brain in as-
sociation with the altered requirement for protein
synthesis during this time. In addition, it is during
its development that brain is especially sensitive to
changes in physiological conditions, such as thyroid
hormone supply. Since this latter hormone is known
to alter protein synthesis in developing brain
(Gelber et al., 1964; Geel et al., 1967), the amount
of thyroid hormone would be expected also to

modify the transport of at least some of the amino
acids into this tissue.

In the rat the major development of brain occurs
over the first 20 days after birth (Dobbing, 1971). It
is also over this time that brain development is in-
fluenced by thyroid hormone (Hamburgh et al.,
1964). We have undertaken, therefore, a more de-
tailed study of the changes that occur in amino acid
transport over this time period in brains from
normal and hyperthyroid rats. The present paper
examines the effects of development on transport
of several amino acids in brain slices from normal
rats of different ages from birth to 3 weeks old and
describes some changes in neutral a-amino acid
transport systems that normally take place over this
age. In a separate paper we describe the effects of
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thyroxine on uptake of amino acids by brain slices
at these ages and show some of the changes that
occur in the transport systems when rats are given
thyroxine (Riggs et al., 1984).

MATERIALS AND METHODS

Near-term pregnant rats derived from the Sprague-
Dawley strain were obtained from Spartan Research An-
imals, Haslett, MI, or Charles River Breeding Labora-
tories, Portage, MI. When pups were born, each litter
was maintained at a size of 8—10 animals. Rats were used
at different ages after birth, and unless other specific ages
are given, the results for convenience were grouped from
animals in five age ranges: 1-day group, rats from birth
up to 24 h old; 6-day group, rats 5-7 days old; 10-day
group, those 10 or 11 days old; 14-day group, those 13-
15 days old; and 23-day group, those 22-24 days old.

Brain slices were prepared by decapitating the rats,
dissecting out the cerebellum, and slicing the cerebral
hemispheres on a Mcllwain tissue chopper (New Bruns-
wick) to a thickness of 0.4 mm. Slices were suspended
in 12 ml of buffered Krebs-Ringer solution (pH 7.4) con-
taining 10 mM glucose and a '“C-labelled amino acid
(New England Nuclear) and incubated in a 37°C shaker
bath with reciprocal shaking at 100 strokes/min. For most
experiments, the buffer medium was 25 mM bicarbonate
gassed with 5% C0,-95% O,. In studies of the effects of
pH, 0.01 M phosphate buffer was used, and the gas was
100% O,.

At the end of the incubation period, the medium was
filtered by suction, and brain slices were blotted on filter
paper and treated with 20 volumes of 0.005 M acetic acid
for 10 min in a boiling water bath. Filtered media were
boiled with two volumes of 0.05 M acetic acid. Solutions
were allowed to cool and then filtered. Aliquots were
counted in a liquid scintillation spectrometer (Packard
Tri-Carb).

Intracellular concentrations of amino acids were cal-
culated on the basis of intracellular water, obtained after
subtracting the amount of radioactivity in the extracel-
lular fluid of the tissue from that in total tissue water.
Total tissue water was obtained by dry weight determi-
nation (105°C, 16-20 h, to a constant weight) following a
30 min incubation in the Krebs-Ringer bicarbonate me-
dium. Extracellular fluid content was determined by the
space filled by “-C-labelled sucrose following 30 min in-
cubation under the same conditions used for amino acid
uptake. Thiosulfate space was measured occasionally and
was found to agree well with values for sucrose space.
Calculations were made with values for water content and
distribution as determined for each age and condition
studied. Results are expressed as the distribution ratio,
which is the ratio of the level of labelled amino acid in
intracellular water to that in extracellular water.

RESULTS

Changes in water content and distribution in
brain slices with age and after treatment with
thyroxine or propylthiouracil

Total water content of the brain decreased regu-
larly from about 90% in 1-day rats (Fig. 1) and fell
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FIG. 1. Total tissue water and extracellular fluid space in
brain slices from rats of different ages; effects of treatment
with thyroxine and propylthiouracil. Dry weight (for total
tissue water) and ['“C]sucrose space (for extracellular space)
were determined on brain slices after a 30 min incubation in
normal Krebs-Ringer bicarbonate medium. Rats in the thy-
roxine and propylthiouracil groups were given these agents
as described in Riggs et al. (1984). Values are averages =
SEM for 2—20 samples per group. The vertical bars represent
one standard error on each side of the average value. @,
control; A, thyroxine-treated; X, propylthiouracil-treated.
Adult control rat brains had a total tissue water of 78.8 =
0.5% and an extracellular fluid space of 72.7 = 3.0%.

to below 80% in adults. Similar values were found
in the saline- and thyroxine-treated groups. Extra-
cellular space (calculated as percent of total tissue
water after a 30 min incubation) increased signifi-
cantly between 1 and 6 days in all groups. In the
control group, the value then remained constant at
about 65% until approximately day 18, after which
it increased to above 70% (Fig. 1). Treatment of
donor rats with thyroxine or propylthiouracil pro-
duced an earlier increase in extracellular fluid
space, the maximum value of a little above 70%
being reached by 14 days of age (Fig. 1).

Transports of amino acids into brain slices from
rats of different ages

All seven amino acids tested showed lowest up-
take in 1-day-old tissues, with significant increase
over the first 6 days after birth. When measured at
0.5-1 mM levels for /2 h, transports of 2-aminoiso-
butyric acid (AIB), 2-(methylamino)isobutyric acid
(MeAIB), and L-alanine declined thereafter (Table
1). Uptakes of 1-aminocyclopentane carboxylic
acid (cycloleucine) and L-valine remained fairly
constant, whereas those of L-leucine and L-gluta-
mate rose slowly with age (tested up to 23-30 days,
Fig. 2). When AIB was tested at various levels,
however, less uptake was found in the 14-day-old
tissues than at 6 days only at levels below about 15
mM. These differences were found to be due to a
change in kinetics of AIB uptake between 6 and 14
days (see below). MeAIB uptake, in contrast, was
less at 14 days than at 6 days at all levels tested.
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TABLE 1. Transport of AIB, MeAIB, and alanine into brain slices from rats at ages
1, 6, 14, and 23 days

Distribution ratio for:

Age in days AIB MeAIB Alanine
1 10.45 = 0.85 (14) 8.92 + 0.33 (16) 14.73 += 0.28 (33)
6 24.57 = 0.87 (29)¢ 13.35 = 0.68 (17)2 27.67 = 0.62 (29)°
14 19.05 = 1.00 (18) 9.47 * 0.24 (18)¢ 18.75 £+ 0.51 (40)#
23 16.69 = 0.37 (25)® 9.38 + 0.47 (10) 14.91 = 0.37 (49)°

All incubations were for 30 min in Krebs-Ringer bicarbonate medium with a 1 mM level of amino
acid. Values are average = SEM for the number of samples shown in parentheses for each group.

2 p < 0.001 versus value for next youngest age (line immediately above).
b'p < 0.02 versus value for brain slices from 14-day-old rats.

Uptake of AIB and MeAIB with time in brain
slices of different ages

Figure 3 shows that uptake of AIB and MeAIB
did not decline from linearity for at least 30 min at
all ages studied. However, the uptake curve for
MeAIB in 6-day tissues showed a lag over the first
5-10 min. This lag is similar to that reported earlier
for AIB uptake by the immature rat uterus (Riggs
and Pan, 1972) and can be attributed to a derepres-
sion of uptake. This phenomenon has been found
to occur in many tissues following incubation in
amino acid-free media and has been associated with
an increased activity of transport system A (Gui-
dotti et al., 1978).

Effect of a preliminary incubation on amino
acid uptake

This derepression of uptake was examined in
more detail by measuring transports of both AIB
and MeAIB following a 3 h preincubation of brain
slices in amino acid-free buffer media. Under these

at 6 days (+39%; p < 0.001), but not at 23 days.
L-Leucine uptake was not altered by preincubation
of 6-day-old brain slices.

Identification of neutral a-amino acid transport
systems in brain slices at different ages

The changes in transport as the brain developed
(Table 1, Fig. 2) suggest that the transport systems
in the tissues change over the first three weeks after
birth. We therefore characterized the transport sys-
tems for the neutral a-amino acids at four different
times over this period, at ages 1, 6, 14, and 23 days.
For this purpose inhibition studies were carried out
on four test amino acids chosen to discriminate
among the transport systems: MeAIB, whose up-
take in most tissues is believed to be limited mostly
or entirely to system A; alanine, which would be
expected to use system ASC extensively; leucine,
as a representative for system L; and AIB, which

conditions AIB showed an increased uptake in tis-
sues from rats of 1, 6, 14, and 23 days of age (Fig.
4), while MeAIB uptake was increased significantly m N
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FIG. 2. Uptake of glutamate, cycloleucine, valine, and leu-
cine by brain slices from rats of different ages. Uptake of a
1 mM level of the amino acid was measured for 30 min in a
normal Krebs-Ringer bicarbonate medium in each case.
Values are averages for 4—8 samples each with glutamate,
3-8 samples each with cycloleucine, 4-15 values each with
valine, and 4-—10 values each with leucine.

used at 1 mM, and uptakes were measured from normai
Krebs-Ringer bicarbonate medium. A: Values of AIB uptake
are averages of 2—29 samples each. The line for the 1-day
values was calculated by the method of least squares from
all 6 points; for 6 days, the 40 and 60 min points were not
used for a similar calculation. B: Values of MeAIB uptake are
averages of 2 samples/point. The lines were calculated by
the method of least squares with all 6 points from 14-day
tissues, but with omission of the 5 min point at 6 days.
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FIG. 4. Effect of a preliminary incubation on uptake of AIB
by brain slices from rats of different ages. Test slices (x) were
incubated in amino acid-free Krebs-Ringer bicarbonate me-
dium for 3 h, then transferred to fresh medium containing 1
mM [*C]AIB, and uptake was measured for 30 min. Control
uptake {®) was measured without the 3 h preincubation.
Values are averages = SEM for 6—29 samples in each case.
Statistical comparisons, preincubated versus control: #p
< 0.02; ’p < 0.01; °p < 0.001.

has been used widely as a model for system A, but
usually has been found to use system L. and perhaps
system ASC to some extent also (Christensen,
1975).

The results (Tables 2-5) demonstrate the pres-
ence of the above three transport systems for neu-
tral a-amino acids. The presence of the sodium-de-
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pendent systems A and/or ASC was shown at all
ages by decreases of 75-90% or more in uptakes of
AIB, MeAlIB, and alanine when Na*-free media
were used. In addition, AIB and MeAIB uptakes
were very sensitive to a decrease in incubation tem-
perature and generally were inhibited more strongly
by AIB, MeAIB, and alanine (A-system amino
acids) than by leucine, valine, and phenylalanine
(L-system amino acids). These are distinguishing
characteristics of system A. Alanine uptake showed
less sensitivity to temperature or addition of AIB
and MecAIB than did the latter two amino acids,
properties characteristic of transport system ASC.
Leucine transport, in contrast, showed only mod-
erate sensitivity to most inhibitory conditions at one
age or another, but showed more Na*-independent
uptake than did the other amino acids. This latter
characteristic, especially, distinguishes transport by
system L.

The results of Tables 2—5 also show a number of
systematic changes in the inhbitory pattern for
each test amino acid as the age of the donor rat
increased, a fact demonstrating that changes oc-
curred in the transport systems over the period of
1-23 days. Most striking among these changes are
the increases with age in inhibition of AIB transport
by leucine, isoleucine, valine, phenylalanine,
MeAIB, or proline (Table 2, lines 10-13, 5, and 8);
the decline with age in inhibition of MeAIB uptake

TABLE 2. Inhibition of AIB transport by different agents and conditions in brain slices from rats aged
1, 6, 14, and 23 days

% Inhibition of AIB uptake at age

p versus p versus p versus
Inhibitor 1 Day 6 Days 1 day 14 Days 6 days 23 Days 14 days
Na*-free medium 74 *+ 1.1 (9) 86 = 1.1 (10} <0.001 88 = 0.5(16) <0.05 83 = 0.7 (%) <0.001
Incubate at 18°C 88 = 0.7 (14) 85 = 0.9 (18) <Q.05 79 = (.8 (46) <0.001 85 x 1.4(6} <0.02
pH 5.4 (Pi buffer) 49 + 2.7 (4) 49 + 5.9 (8) n.s.“ 32+ 1L.1(7) <0.02 46 = 2.6 (4) <0.001
10 mM AIB 75 + 4.9 (6) 85 + 0.6 (4) n.s. 80 = 1.6 (12) n.s. 63 = 0.5017) <0.001
20 mM MeAIB 33 £ 44 (4) SO = 0.7 (4 <0.01 52 = 4.7 (6) n.s. — —
10 mM Alanine 83 + 0.4 (5 89 + 0.3 (4) <0.001 79 * 2.5(13) n.s. 80 = 1.7 (4 n.s.
10 mM Serine 78 + 1.0 (4) 86 = 0.5(4) <0.001 81 = 2.2 (10) n.s. 66 = 0.5 (1) <0.001
10 mM Proline 37 £ 2.6(4) 58 £ 2.1 (4) <0.001 61 = 0.7 (35) n.s. 43 = 2.9 (14) <0.001
10 mM Cycloleucine 76 = 1.0 (4) 87 £ 1.3(8) <0.001 80 = 0.4 (33) <0.001 72 = 1.2 (16) <0.001
10 mM Leucine 34 £ 4.6(7) 57 = 1.5 (19) <0.001 56 = 3.9 (24) n.s. 78 = 1.4(6) <0.001
10 mM Isoleucine 27 = 2.9(6) 45 = 2.4 (12) <0.001 68 + 2.28 (16) <0.001 53 = 39(9) <0.01
10 mM Valine 23 £ 5.0(4) 53 + 2.3(10) <0.001 61 = 2.3 (31 n.s. 79 = 1.3 (6) <0.01
10 mM Phenylalanine 27 = 5.1 (11) 50 = 2.0(16) <0.001 55 + 1.6 (30) n.s. 64 * 3.2 (6) <0.05
10 mM Glycine S1+32@) 65 = 1.4 (4) <0.01 70 = 0.7¢ (14) <0.01 60 = 1.5(1D) <0.001
10 mM Sarcosine 44 + 2.9 (14) 48 + 0.9 (14) n.s. 50 = 2.1 (16) n.s. — —

AIB was at 1 mM and incubation time was 30 min, except both 30 and 60 min incubations were used with 14-day tissues. Results
are given as inhibition of the distribution ratios produced by the inhibitory conditions, expressed as a percent of the control distribution
ratio (absence of inhibitor) at each age. Control distribution ratios for AIB are given in Table 1. Values are averages + SEM for the

number of samples given in parentheses in each case.
2 n.s. = not significant statistically (p > 0.05).
% Values obtained from 30 min incubations only.
¢ Values obtained from 60 min incubations only.

J. Neurochem., Vol. 42, No. 5, 1984



TRANSPORT SYSTEMS IN DEVELOPING BRAIN 1255
TABLE 3. [Inhibition of MeAIB transport by different agents and conditions in brain slices from rats aged
1, 6, 14, and 23 days
% Inhibition of MeAIB uptake at age
o p versus p versus p versus
Inhibitor 1 Day 6 Days 1 day 14 Days 6 days 23 Days 14 days
Na*-free medium 89 + 0.9 (6) 91 = 0.8 (12) n.s.? 92 + 0.6 (6) n.s. 91 = 2.4 (6) n.s.
Incubate at 18°C — 98 + 0.6 (6) — 92 + 1.4 (6) <0.01 86 =+ 0.8 (6) <0.01
pH 5.4 (Pi buffer) 69 = 2.9 (6) 35 £29(6) <0.001 35 + 4.1 (6) n.s. 45 + 4.0 (6) n.s.
10 mM AIB 77 = 1.1 (6) 77 = 1.2 (12) n.s. 46 = 6.7 (6) <0.001 33 = 2.7(6) n.s.
10 mM MeAIB 75 = 2.1(6) 66 + 3.5(12) n.s. 58 £ 1.5(6) n.s. —_ —
10 mM Alanine 85 + 0.4 (6) —_ — 62 + 1.7 (6) <0.001% 63 + 3.4 (6) n.s.
10 mM Leucine — 19 += 4.6 (16) — 37 = 3.6 (6) <0.05 39 + 3.3 (6) n.s.
10 mM Valine 46 = 3.1 (6) 20 = 2.6 (12) <0.001 56 + 1.8 (6) <0.001 28 + 3.4 (6) <0.001
10 mM Phenylalanine 61 £ 1.6 (6) 21 = 2.6 (6) <0.001 18 + 1.5 (14) n.s. 27 + 2.4 (6) <0.01

MeAIB was at 1 mM and incubation time was 30 min. Values were calculated as described in the legend to Table 1. Control distribution
ratios for MeAIB are given in Table 1. Values are averages = SEM for the number of samples given in parentheses in each case.

%n.s. = not significant statistically (p > 0.05).
& Compared with 1-day value (column 2).

by decreased pH or addition of AIB, alanine, or
phenylalanine (Table 3, lines 3, 4, 6, and 9); the
sharp drop with age in effectiveness on alanine up-
take of decreased temperature or addition of AIB
or MeAIB, as well as the changes in effects of de-
creased pH or 10 mM isoleucine or phenylalanine
(Table 4, lines 2, 4, 5, 3, 11, and 13); and the age-
related changes in leucine transport produced by
omitting Na* or by adding alanine, valine, or AIB
(Table 5, lines 1, 6, 8, and 4).

The results also show that no two of the test
amino acids used the same transport systems to the
same extent at any of the ages studied, except for
AIB and MeAIB at 1 and 6 days. This conclusion

is based on comparisons of the effects of the various
inhibitors on the four test amino acids, taken two
at a time, and using the data of Tables 2-5. Figure
5 illustrates the type of result obtained, a compar-
ison of the effects of the six inhibitory conditions
tested on both AIB and MeAIB in 1-day-old brain
(data in Table 2, column 2 versus those in Table 3,
column 2). A highly significant correlation of effects
is given (p < 0.01), with none of the points on the
graph showing a significant deviation from the
regression line calculated for either parameter. The
slope of the line is not 1.00, since a decreased pH
and 10 mM valine or phenylalanine all had a greater
effect on MeAlIB uptake than on AIB uptake. Such

TABLE 4. Inhibition of alanine transport by different agents and conditions in brain slices from rats aged
1, 6, 14, and 23 days

% Inhibition of alanine uptake at age

p versus p versus p versus
Inhibitor 1 Day 6 Days 1 day 14 Days 6 days 23 Days 14 days
Na*-free medium 78 + 3.9 (6) 84 + 0.9 (5) n.s.? 87 = 1.2 (6) n.s. — —
Incubate at 18°C 70 = 1.2 (6) 73 =2.2(12) n.s. 38 = 3.4(15) <0.001 — —_
pH 5.4 (Pi buffer) 23 + 2.7 (1D 17 = 1.1 (13) <0.05 -2 =+ 7.8(6) <0.01 63 = 1.9 (6) <0.001
10 mM AIB 57 £ 1.5(3) 50 = 2.1(5) <0.05 26 + 2.0(6) <0.001 35 = 2.1(6) <0.02
10 mM MeAIB 30 = 3.3(6) 26 + 2.8 (6) n.s. 20 * 3.3 (6) n.s. [ =534 <0.02
10 mM Alanine 79 = 1.0 (3) 83 = 1.7 (6) n.s. 76 + 1.1 (6) <0.01 79 = 3.5(6) n.s.
10 mM Serine 80 = 0.7 (6) 81 + 0.8 (6) n.s. 58 + 1.0(6) <0.001 — —
10 mM Proline 60 = 2.2 (6) 70 + 1.5 (12) <0.01 51 = 1.8 (6) <(0.001 — —
10 mM Cycloleucine 66 = 1.1 (6) 68 = 0.6 (6) n.s. 50 = 3.5(6) <0.001 — —
10 mM Leucine 46 + 3.0 (10) 43 = 1.5 (6) n.s. 45 + 2.4 (6) n.s. 62 = 1.7 (12) <0.001
10 mM Isoleucine 25 = 1.5 (18) 36 = 2.7 (6) <0.01 43 + 3.4 (6) n.s. — ——
10 mM Valine 56 + 3.1 (6) 69 + 1.0 (6) <0.01 65 = 1.1(6) n.s. 63 = 3.3 (6) n.s.
10 mM Phenylalanine 19 = 7.6 (6) 39 = 2.5(6) <0.05 32 £ 3.7(6) n.s. 53 = 3.0(6) <0.01

Alanine was at 0.5 mM and incubation time

was 30 min. Values were calculated as described in the legend to Table 1. Control

distribution ratios for alanine were: 1 day, 19.22; 6 days, 33.23; 14 days, 18.29; 23 days, 14.88. Values are averages = SEM for the

number of samples given in parentheses.
4n.s. = not significant statistically (p > 0.05).
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a result would be expected for the inhibitor amino
acids, valine and phenylalanine, if AIB had a rela-
tively higher affinity for the common transport car-
rier(s) than did MeAIB.

Similar calculations were made comparing inhib-
itory effects on uptakes of the four test amino acids
with each other at each age studied. Only with AIB
versus MeAIB at both 1 and 6 days was a high cor-
relation coefficient given, along with small devia-
tion of individual points from the regression lines
(correlation coefficient at 6 days was 0.95, p <
0.001). We therefore conclude that these four amino
acids did not use the same transport systems in the
same proportion in any other case examined. The
characteristics of uptakes of alanine and leucine
were distinct from each other and from those of
AIB and MeAIB at all four ages studied, while
transports of AIB and MeAIB showed some signif-
icant differences from each other in both the 14-
and 23-day-old brain slices and were the same only
at 1 and 6 days.

Kinetics of transports of AIB and MeAIB at
different ages

Transport kinetics were determined by measuring
uptakes of 0.1-60 mM levels of the two amino acids
in 10 min incubations, since uptake was linear for
both of them at this time (Fig. 3). The Lineweaver-
Burk plots for AIB are shown in Fig. 6 (for slices
from 1- and 6-day-old rats) and Fig. 7 (14- and 23-
day-old rats). Data for MeAIB (obtained at 6 and
14 days) gave plots of the same type found for AIB
at these ages. A single straight line described the
uptake in 6-day tissues for both amino acids. In all
other cases two separate lines could be calculated
from the data, which showed slopes and, in most
cases, intercepts on the ordinate (the 1/v, axis) that

T.R. RIGGS ET AL.

were significantly different from each other. The
nonlinear uptake of these amino acids suggests that
each of them uses more than one transport system
in tissues of these ages (shown for AIB at 1, 14,
and 23 days and for MeAIB at 14 days). It should
be noted also that there is not great separation of
the two lines found for AIB in the 14-day-old tissues
and that its saturable uptake at 14 and 23 days is
almost identical at low AIB levels and different only
at high levels (Fig. 7).

AIB transport by the single system it uses at 6
days had a K of 1.0 = 0.1 mM and a V,, of 16.4
+ 1.0 wmol/ml of intracellular water per 10 min.
Values for MeAIB at 6 days were: K, 3.8 = 0.5
mM and Vi, 19.5 = 1.5 pmol/ml of intracellular
water per 10 min. These numbers were calculated
from Eadie-Hofstee plots, but similar values were
obtained from the Lineweaver-Burk plots. The sig-
nificantly lower K, for AIB uptake compared with
MeAIB is consistent with the finding from the in-
hibition data, noted above, that Al1B has a higher
affinity for their common transport carrier than
does MeAIB.

DISCUSSION

The results show that major changes occur in up-
take of the amino acids tested over the first three
weeks after birth of the rats. Of the seven amino
acids used, largest effects were found for AIB,
MeAIB, and alanine. The more detailed study of
their uptakes, plus that of leucine, shows that the
neutral a-amino acids undoubtedly are transported
by systems A, ASC, and/or L in rat brain slices at
all ages studied. These systems have been found in
fetal, newborn, and adult mouse brain (Sershen and
Lajtha, 1979), and the present results are consistent

TABLE 5. Inhibition of leucine transport by different agents and conditions in brain slices from rats aged
1, 6, 14, and 23 days

% Inhibition of leucine uptake at age

p versus p versus p versus
Inhibitor 1 Day 6 Days 1 day 14 Days 6 days 23 Days 14 days
Na*-free medium 59 + 0.9 (6) 72 + 1.9 (6) <0.001 — — 85 + 1.0 (6) <0.001°¢
Incubate at 18°C 50 = 1.8 (6) 56 = 4.0 (6) n.s.? 50 £ 2.5(6) n.s. 76 = 4.6 (6) <0.001
pH 5.4 (Pi buffer) —44 £212(6) —-50 = 1.74(6) n.s, —4 = 8.0 (6) <0.001 13 = 4.22(6) n.s.
10 mM AIB 16 = 2.6 (6) 16 + 2.4 (6) n.s. 46 + 2.1 (6) <0.001 39 = 3.2(6) n.s.
10 mM MeAIB 17 = 0.6 (5) 19 + 2.0(6) n.s. 42 + 4.0(6) <0.001 27 = 3.5(6) <0.02
10 mM Alanine —17 = 4.9 (6) 10 = 5.8 (1) <0.01 36 + 2.6 (6) <0.01 53 + 1.8(6) <0.001
10 mAM Leucine 36 = 4.1 (6) 39 + 3.1(6) n.s. 57 £22(8) <(0.001 — —
10 mM Valine 4 * 6.6 (5 28 + 0.8 (15) <0.001 48 + 3.7 (6) <0.001 54 = 1.4 (6) n.s.
10 mM Phenylalanine — 48 + 2.3 (10) — 53 + 1.7 (6) n.s. 70 = 4.3 (6) <0.01

Leucine was at 1 mM and incubation time was 30 min. Values were calculated as described in the legend to Table 1. Control
distribution ratios for leucine were: 1 day, 3.36; 6 days, 4.92; 14 days, 5.92; 23 days, 7.86. Values are averages = SEM for the number

of samples given in parentheses.

2 A negative value is given when the uptake was stimulated rather than inhibited.

b n.s. = not significant statistically (p > 0.05).
¢ Compared with 6-day value (column 3).
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FIG. 5. Comparison of effects of inhibitory conditions on up-
takes of AIB and MeAIB in brain slices from 1-day-old rats.
Test amino acids were at 1 mM and incubation time was 30
min. Inhibitory amino acids were present at 10 mM. Standard
abbreviations are used for the amino acids. —Na*, incuba-
tion in the absence of Na* in the medium; pH 5.4, incubation
in Krebs-Ringer phosphate buffer at this pH. The two lines
were calculated by the method of least squares and repre-
sent the lines of best fit based on the deviations on both the
x and y axes. Correlation coefficient for the points is 0.93 (p
< 0.01). None of the points deviated significantly from either
of the lines of best fit, as drawn. The data plotted are taken
from the second columns of Tables 2 and 3.

with their presence in rat brain from birth. An anal-
ysis of the inhibition and kinetic results permits at
least a partial description of the changes that occur
in these systems as the donor rats age from 1 to 23
days old.

The pattern of inhibition of MeAIB uptake in the
brain slices is that characteristic of system A at all
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FIG. 6. Reciprocal (Lineweaver-Burk) plots of saturable entry
of different levels of AIB into brain slices from 1- and 6-day-
old rats. AIB was at 0.1 to 40 mM levels and incubation time
was 10 min. Nonsaturable entry (0.09/10 min at 1 day and
0.05/10 min at 6 days) was calculated by the method of Akedo
and Christensen (1962} and subtracted from total uptake to
give saturable entry (vy) in pmol/mt of intracellular water per
10 min. @, 1-day tissues; A, 6 day tissues. The lines were
calculated by the method of least squares. Slopes of the two
lines calculated for 1 day were significantly different from one
another (p < 0.01). Two to seven values were averaged for
each point at 1 day; 2-12 values were averaged for each
point at 6 days.
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FIG. 7. Reciprocal (Lineweaver-Burk) plots of saturable entry
of different levels of AIB into brain slices from 14- and 23-
day-old rats. AIB was at 0.08 to 60 mM levels and incubation
time was 10 min. Nonsaturable entry (0.13/10 min at 14 days,
0.06/10 min at 23 days) was subtracted from total uptake to
obtain saturable entry (vo) in umol/ml of intracellular water
per 10 min. @, 14-day tissues; A, 23-day tissues. The lines
were calculated by the method of least squares. Two lines,
with significantly different slopes and y intercepts, were cal-
culated at each age (p < 0.01 to p < 0.001). Only the lines
for 14-day tissues are drawn on the large graph; lines from
both ages are shown in the inset. Two to nine values were
averaged for each point at 14 days; 2-7 values were aver-
aged per point at 23 days.

ages studied. This fact in itself is not surprising,
since MeAIB transport is generally limited exten-
sively or exclusively to system A in most tissues
(Christensen, 1975). Furthermore, in the tissues
from 6-day-old rats, the Lineweaver-Burk plot does
not suggest more than one system for this amino
acid. If this is indeed the case, we may conclude
that MeAIB uptake at this age is limited to system
A, within the limits of detection. Very similar char-
acteristics were found for uptake of the amino acid
at 1 day and 6 days; however, significantly greater
inhibition was given by a decreased pH and by va-
line and phenylalanine at 1 day than at 6 days (Table
3, column 2 versus column 3). These differences are
likely due to use of a second system by MeAIB at
1 day. The evidence suggests that AIB used two
systems at 1 day (see Fig. 6) and also that AIB and
MeAIB used the same systems in the 1-day-old tis-
sues (Fig. 5). Hence, we may conclude that MeAIB
also used these same two systems at 1 day. The
development from 1 day to 6 days, therefore, re-
sulted in disappearance of one system used by
MeAIB. In addition, uptake at 6 days was much
greater than at 1 day, Therefore, we may conclude
that there was an increased amount of transport
by system A as the brain aged from I day to 6
days old.

The results with AIB were very similar to those
for MeAIB over this same age period, with only
minor differences. AIB used the same two systems
at 1 day as did MeAIB (Fig. 5). It used only one
system at 6 days (Fig. 6), and this latter system
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appeared to be the same one used by MeAIB at this
age, i.e., system A.

Alanine uptake, on the other hand, showed about
the same characteristics at 1 day as at 6 days, but
its transport inhibitory pattern was significantly dif-
ferent from any of the others. Its high Na* sensi-
tivity (Table 4) suggests that it probably used an
ASC-like system at these ages. The increase in
system A activity by 6 days could account at least
partly for the increase in alanine uptake by this
time, since alanine would be expected to use this
system.

Aging of the tissue beyond 6 days led to a decline
in uptakes of AIB, MeAIB, and alanine at the low
levels used in most of the experiments. Although
the general characteristics of these transports re-
mained about the same as in 6-day tissues, several
significant differences occurred by day 14, the most
prominent one being the apparent appearance of a
second system for both AIB and McAIB. Trans-
ports of these two amino acids was also different
from one another at 14 days. The drop-off in total
uptake can mean only a decreased use of system A
(since this is the only system these amino acids use
at 6 days), presumably the result of a decrease in
its amount. The second system used at 14 days is
likely L. Both AIB and MeAIB inhibited leucine
uptake about twice as much at 14 days as earlier
(Table 35). In addition, AIB uptake was inhibited in-
creasingly by the L-system amino acids as the
donor rat aged (Table 2, lines 10-13). This type of
progression suggests that system L activity in-
creased with aging, especially after 6 days, and/or
that AIB increased its use of system L over this
time,

An increase in system L with age is also sug-
gested by the fact that leucine uptake continued to
increase over the entire period studied here, 1-23
days (Fig. 2). Leucine appeared also to use system
A and/or ASC to some extent at all ages, however,
as shown by its high Nat sensitivity (60% at 1 day
and increasing to 85% by 23 days, Table 5). This
increase undoubtedly represents progressively
greater uptake by system ASC, since the results
(discussed above) suggest that system A activity
declined after day 6.

The kinetics of AIB and MeAIB uptakes provide
further information about the changes in brain
transport systems with development. A comparison
of the Lineweaver-Burk curves for AIB uptake at
6 days (Fig. 6) and 14 days (Fig. 7) shows that both
the slopes and y intercepts are different from one
another, whether one considers the 14-day results
to follow a single line or the two lines drawn in Fig.
7. Furthermore, the differences represent increases
in both gross K, (negative inverse x intercept) and
gross V., (inverse y intercept) with aging from 6
to 14 days, a situation resulting in greater AIB up-
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take at low levels in 6-day tissues and greater up-
take at high levels at 14 days, as noted earlier. Since
the results suggest that system A activity decreased
with aging over this time, we may conclude that the
second system, appearing after 6 days and by 14
days, has a higher V,, for AIB than does system
A. Furthermore, the change in gross K, in itself
suggests that AIB is using a new system, i.e., one
with a different affinity for the amino acid. For
MeAIB the lower uptake at 14 days than at 6 days
at all levels was associated with a lower gross V.,
at the older age.

A comparison of the Lineweaver-Burk plots for
AIB transport at 1 and 6 days (Fig. 6) shows that
uptake at high levels was not greatly different at
these two ages, but that much greater uptake was
observed in the 6-day tissues than at 1 day when
low levels of the amino acid were used (i.e., below
about 5 mM). This increase in a relatively low K,
system corresponds to the increase in use of system
A over this age. Figure 7 shows, on the other hand,
that aging from 14 to 23 days did not result in clear
differences in AIB uptake until high levels were
used, i.e., somewhat greater uptake was found at
23 days than at 14 days only at levels above about
10 mM (see inset in Fig. 7). If this is indeed the
case, the results provide further evidence for a
change in the transport systems used by AIB over
this age, with an increase in the amount of a high
K, system, which is probably system L.

The four age groups chosen for study are, of
course, arbitrary and are only points used to indi-
cate the over-all changes that occur in the transport
systems with brain development. Nevertheless, the
above results suggest the general patterns of these
changes. An A-like system is present at birth, in-
creases in activity from 1 to 6 days, and then de-
clines by day 14. System L, in contrast, appears to
increase regularly with aging of the brain, while
system ASC probably also increases its activity
with aging, although its pattern of change is less
clear. The high system A activity at 6 days may
make it difficult to demonstrate that AIB or Me AIB
uses more than one system at that age (if, indeed,
they do), even though the other systems are present
then.

The inhibition results reported here for 1-day-old
brain slices are similar to those of Sershen and
Lajtha (1979), who showed the effects of several
inhibitory conditions on uptakes of amino acids in
brain slices from fetal, newborn, and adult mice.
These workers concluded that systems L and ASC
were fully developed in the fetal tissue, but that
system A showed developmental changes after
birth. However, they did not measure transport in
tissues between birth (1 day) and adult. It is difficult
to explain the results reported here in terms of
changes in only one of the transport systems used
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by all four test amino acids we studied. The work
of Sershen and Lajtha suggests the presence of at
least 10 amino acid transport systems in mouse
brain, including those for the neutral and acidic
acids and those for specific amino acids such as y-
aminobutyric acid. If the transport systems in rat
brain are as complex as those in the mouse,
changes, such as found here, with development are
perhaps not surprising.
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