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Abstract-Synaptosomes isolated from adult rat cerebral cortices were used for studying the uptake of 
L-leucine by the Na+-dependent route. Three non-metabolizable amino acid analogues, which had been 
used previously to discriminate the Nat-dependent A-type uptake system of animal cells, were employed 
in this study. It was found that Na+-dependent uptake of leucine was insensitive to inhibition by 2- 
aminoisobutyric acid (AIB) and N-methylaminoisobutyric acid (MeAIB) whereas N-methylalanine 
(NMA) was markedly inhibitory. Inhibition by NMA was stereospecific-only the L-isomer had a 
pronounced effect. Na+-dependent uptake of leucine as well as its inhibition by L-NMA were rather 
insensitive to changes in pH from 6 to 9. Kinetic analysis of inhibition by L-NMA of Na’-dependent 
uptake revealed a non-competitive type of inhibition with a K, value of approximately 0.5 mM. 

The uptake of L-leucine into rat brain synaptosomes 
takes place largely by a Na+-independent process 
[l-3] although there is a significant Na+-dependent 
uptake component which has been previously ident- 
ified and partially characterized [4]. For Na+-inde- 
pendent uptake studies, 2-aminobicyclo-(2.2,1)- 
heptane-2-carboxylic adid (BCH) which has been 
found to be a specific inhibitor of the Na+-inde- 
pendent L-type transport system in Ehrlich ascites 
tumor cells [5], is used to discriminate Na+-inde- 
pendency of L-leucine uptake into synaptosomes in 
a Na+-containing environment [3]. For the dis- 
crimination of Na+-dependent uptake, several non- 
metabolizable amino acid analogues such as 2-amino- 
isobutyric acid (AIB), N-methylaminoisobutyric acid 
(MeAIB) and N-methylalanine (NMA) have been 
used to characterize the A-type uptake system for 
neutral amino acid transport in animal cells [6,7]. 
The Na+-dependent AX-type uptake system is 
distinguished from the L-type and A-type systems by 
its insensitivity to inhibition by the above-mentioned 
analogues [6-81. 

Although the physiological role of the Na’-depen- 
dent component for leucine uptake in rat brain 
synaptosomes is unknown at present [4], it is the 
purpose of this investigation to explore further this 
uptake system with the use of several A-type trans- 
port sysiem inhibitions (AIB, MeAIB and NMA) in 
order to provide a better insight into its uptake 
mechanism. In this communication, we report on the 
insensitivity of leucine uptake to inhibition by the 
first two inhibitors. In particular we also wish to 
highlight the specific effect that NMA has on synap- 
tosomal Na+-dependent uptake of L-leucine. 

MATERIALS AND METHODS 

Materials. Uniformly labeled L-[U-14C]leucine 

* To whom all correspondence should be addressed. 

(sp. act 342 mCi/mmol) was obtained from Amer- 
sham International (Amersham, U.K.). 2-Amino- 
isobutyric acid (AIB), N-methylaminoisobutyric acid 
(MeAIB), N-methyl-D-alanine (D-NMA) and N- 
methyl-L-alanine (L-NMA) were obtained from the 
Sigma Chemical Co. (St Louis, MO). Other chemi- 
cals of the finest grade available were purchased 
from either (Sigma) or from Merck (Darmstadt, 
F.R.G.). 

Preparation of synaptosomes. Synaptosomes were 
prepared according to the method of Kurokawa et 
al. [9] as modified by Tan et al. [4]. Cerebral cortices 
obtained from adult male Wistar rats (200-250 g) 
were homogenized in 10~01. of ice-cold 0.32 M 
sucrose in a motorized homogenizer, using a loose- 
fitting Teflon pestle (IKA-Werk, 200 rpm with 10 up 
and down strokes). All subsequent procedures were 
carried out at OX’. The homogenate was centrifuged 
at 1000 g for 10 min and the pellets were discarded. 
The supernatant was centrifuged at 10,OOOg for 
15 min and the resultant pellets were washed once 
with 20 vol. of 0.32 M sucrose, resuspended in 0.32 M 
sucrose (2 mL/g of wet weight of tissue) and then 
layered on 3-130/c (w/v) discontinuous Ficoll density 
gradients in 0.32 M sucrose. The tubes were centri- 
fuged for 20 min at 21,000 g using a SW41Ti rotor in 
a Beckman ultracentrifuge (model L8-7). Synap- 
tosomes obtained from the 3-13% Ficoll interface 
were removed, and diluted with 4~01. of 0.32 M 
sucrose and then centrifuged at 30,000 g with a JA- 
20 rotor in a Beckman high speed centrifuge (model 
52-21) for 25 min. The snyaptosomal pellets were 
resuspended in a medium containing 10 mM Tris- 
HCI and 250 mM sucrose, pH 7.4. 

The method of Lowry et al. [lo] was employed to 
determine the protein content of the synaptosomes 
using bovine serum albumin as the standard. The 
yield of synaptosomes was 6-10 mg/g weight weight 
of brain tissues. 

Synaptosomal uptake assays. Uptake studies were 
carried out immediately after the preparation of 
synaptosomes. All incubations were carried out in 
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Table 1. Effect of AIB, MeAIB and L-NMA on synaptosomal L-[‘%]leucine uptake* 

Inhibitor 

Uptake of L-[‘%Z]leucine 
(pmol/mg protein/min) 

o/c 
TS TNaS TNaS-TS Inhibition 

No inhibitor 322 2 21 474 * 17 152 0 
AIB (0.5 mM) 320 4 17 467 t 17 147 3.3 
AIB (5 mM) 331 t 17 476 t 14 145 4.6 
MeAIB (0.5 mM) 317 + 13 484 t 22 167 -9.9 
MeAIB (5 mM) 326 ? 15 479 t 10 153 -0.7 
L-NMA (0.5 mM) 330 r 6 399 t 12 69 54.6 
L-NMA (5 mM) 334 ? 8 329 t 14 -5 103.3 

* Synaptosomes were incubated at 25” for 2 min at a leucine concentration of 30 FM in 
either Medium TS or Medium TNaS. Uotake rates were mean t SE of six experiments as 

L 

measured by analysis of variance. 

triplicate at 25” for 2 min and contained 0.25 mg 
synaptosomes, 0.1 @Zi t_-[14C]leucine and other 
selected substances in a final volume of 1 mL. The 
incubation medium used was either Medium TS 
(10mM Tris-HCI, 10 mM choline chloride and 
250 mM sucrose, pH 7.4) or Medium TNaS (10 mM 
Tris-HCl, 10mM NaCl and 250 mM sucrose, 
pH 7.4). At the end of the incubation period, leucine 
uptake was terminated by adding 3 x 5 mL of ice- 
cold Medium TS without choline chlorite and with 
gentle filtration on 25 mm glass fibre filters (What- 
man GF/F). The filters were prepared for liquid 
scintillation counting as described previously [4]. 

Non-specific binding of t_-[ t4C]leucine to the filters 
were determined in parallel incubations at the end 
of which the filters were washed with 3 x 5 mL of 
ice-cold water instead of Medium TS. The radio- 
activity that remained on the water-washed filters 
were then subtracted from that found in the cor- 
responding filters washed with medium TS, and the 
resultant values were taken to represent uptake of 
14C-labeled leucine into synaptosomes. The uptake 
rate of leucine was linear over a 3 min period at 25” 
at a synaptosomal protein concentration of 0.25 mg/ 
mL. No significant incorporation of L-[ “C]leucine 
into trichloroacetic acid-insoluble proteins was 
observed under the conditions for leucine uptake [4]. 

Definitions of uptake systems. The abbreviations 
and definitions of the A-type (alanine-preferring), 
L-type (leucine-preferring) and ASC-type (alanine- 
serine-cysteine-preferring) uptake systems are essen- 
tially the same as those previously defined for the 
Ehrlich cell’s amino acid transport systems [8, 111. 

RESULTS 

Inhibition of synaptosomal uptake of L-leucine by 
AIB, MeAIB and NMA 

The effect of selected A-type uptake inhibitors on 
L-[r4C]leucine uptake into rat brain synaptosomes 
was studied in a medium without Na+ (Medium TS) 
as well as in a medium containing Na+ (Medium 
TNaS) which measured Na+-independent uptake 
and total uptake of leucine respectively. Na+-depen- 
dent uptake, the uptake due to Na’, is the difference 
in uptakes assayed in Medium TNaS and Medium 
TS. It was found that AIB, MeAIB and L-NMA had 
no effect on Na+-independent uptake (Table 1). In 
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Fig. 1, Effect of NMA on uptake of L-( “Clleucine by rat 
brain synaptosomes. Uptake rates were measured at 25” 
for 2 min at a leucine concentration of 30 PM in the presence 
of L-NMA in Medium TS (o--O), L-NMA in Medium 
TNaS (u), D-NMA in Medium TS (A-A) and 

D-NMA in Medium TNaS (A-A). 

the presence of a Na+ concentration of 10 mM, there 
was an increase in uptake of leucine to about 47% 
at an external leucine concentration of 30pM. L- 
NMA showed marked inhibitory effects on this 
increase in the presence of Na+ and complete inhi- 
bition of this component was observed at an inhibitor 
concentration of 5 mM. In contrast, both AIB and 
MeAIB showed no significant effect on Na+-depen- 
dent uptake of L-leucine under similar conditions. 

Stereospecific effect of NMA on Na+-dependent 
uptake 

The effect of D-NMA and L-NMA on Na’-depen- 
dent uptake of L-leucine can be seen on Fig. 1. The 
D-isomer had no effect on leucine uptake whereas 
the L-isomer inhibited uptake in a concentration- 
dependent manner. The Na+-dependent uptake 
component was totally abolished at L-NMA con- 
centrations of 2 mM and higher. Using a Dixon plot 
where the reciprocals of the uptake velocities of 
leucine were plotted against the concentration of L- 
NMA, it was found that L-NMA inhibited Na*- 
dependent leucine uptake of rat brain synaptosomes 
with a Ki of 0.53 mM (Fig. 2). 
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Fig. 2. Dixon plot of L-NMA inhibition of Na+-dependent 
L-[“‘C]leucine uptake. Uptake rates were measured at 25” 
for 2 min at a Ieucine concentration of 30 PM in the presence 
of different concentrations of L-NMA. Na+-dependent 
uptake rates were obtained from the difference in uptake 

rates assayed in Medium TS and Medium TNaS. 
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Fig. 3. Effect of pH on Na+-dependent L[r4C]leucine 
uptake. Uptakes were measured at 25” for 2 min at a leucine 
concentration of 30 PM over a pH range from 6 to 9. Results 
were expressed as Na+-dependent uptake in absence of 
inhibitor (O----O) and % inhibition of Na+-dependent 

uptake in presence of L-NMA (M). 

Effect of pH on L-NMA inhibition of Na+-dependent 
uptake 

The uptake of L-leucine in the presence and 
absence of L-NMA was investigated over a pH range 
from 6 to 9. The results are shown on Fig. 3. Na+- 
dependent uptake of leucine as well as its inhibition 
by L-NMA appeared to be insensitive to pH changes 
over the pH range studied. 

Effect of substrate concentration on Ieucine uptake 

The effect of L-NMA on leucine uptake was stud- 
ied as a function of leucine concentration from 0 to 
100pM. The results are shown on Fig. 4. A con- 
centration of 0.5 mM L-NMA was used in the exper- 
iment and inhibition was measured over the range 
of leucine concentrations indicated above. Velocities 
of uptake due to the Na+-dependent component 
were obtained in the presence and absence of L- 
NMA. Lineweaver-Burk plots of the data (Fig. 5) 
showed two linear lines meeting at a point on the x- 
axis (K,,, = SC ILM), demonstrating that L-NMA 
inhibited Na+-dependent uptake of L-leucine’in a 
non-competitive manner. The V,,,,, was reduced from 
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Fig. 4. Effect of leucine concentration of t-[“‘C]Ieucine 
uptake. Uptake rates were measured at 25” for 2 min at 
various concentrations of Ieucine. Medium TS (O---O. 
curve A), Medium TNaS (A-A, curve B), Medium 
TNaS + 0.5mM L-NMA (O--0, curve C). Curve D 
(O---O) representing Nat-dependent uptake rates, was 
obtained from the difference in uptake rates between curve 
B and curve A. Curve E (W-m) representing Na+- 
dependent uptake rates in the presence of 0.5 mM L-NMA, 
was obtained from the difference in uptake rates between 

curve C and curve A. 
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Fig. 5. Lineweaver-Burk plots of Na+-dependent uptake 
of leucine in the absence of L-NMA (M) and in the 
presence of 0.5 mM L-NMA (M). The data were 
obtained and replotted from curves D and E of Fig. 4, 
respectively. The lines were fitted by a least square 

regression method. 

464 pmol/mg protein/min in the uninhibited state to 
268 pmol/mg protein/min in the presence of 0.5 mM 
L-NMA. 

DISCUSSION 

Several transport systems with overlapping speci- 
ficities have been described for the uptake of neutral 
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amino acids by animal tissues [12,13]. These trans- 
port systems have been characterized with the aid 
of a number of non-metabolizable amino acid 
analogues. For uptake of the branched-chain amino 
acid leucine, the Na+-independent L-type transport 
system appears to be predominant [ 1,2] and this 
uptake is efficiently blocked by BCH (a non-meta- 
bolizable analogue) in various cell types [5] as well 
as in synaptosomes [3]. Besides the observation of 
Na’-dependent uptake, L-leucine is also transported 
into synaptosomes by a prominent Na+-dependent 
process [4]. Under appropriate conditions of uptake, 
this component could contribute up to one-third of 
the total rate of leucine uptake (Table 1). Inves- 
tigation of this Na+-dependent uptake component 
using A-type system uptake inhibitors give rather 
unexpected results. These inhibitors (AIB, MeAIB 
and NMA) have been previously shown to inhibit 
specifically the A-type Na+-dependent component 
[6,7, 121 and any residual uptake which is insensitive 
to inhibition by these inhibitors is often viewed to be 
a result of uptake due to the ASC-type uptake system 
[7,13,14]. Our findings show that all the three ana- 
logues lack the ability to inhibit leucine uptake in 
the absence of Na+ and these results are consistent 
with previous observations that these inhibitors do 
not inhibit Na+-independent uptake. In addition, 
AIB and MeAIB are also non-inhibitory towards 
Na+-dependent uptake which could mean that Na+- 
dependent uptake is unlikely to be that of the A- 
type. It is of interest that the principal Na+-depen- 
dent system for neutral amino acid transport in rabbit 
ileum is quite unlike the A-type uptake system as it 
is not inhibited by either AIB or MeAIB [15]. This is 
often extrapolated to mean that the Na’-dependent 
component of amino acid uptake is that of the ASC- 
type since there is a lack of model substrate restricted 
to the ASC-type uptake system [14, 161. In contrast, 
however, NMA shows marked inhibition towards 
the Na+-dependent uptake component of leucine 
uptake. A small NMA-inhibitable component of 
branched-chain amino acid transport was also 
observed in human placental tissues [6]. Hence cau- 
tion must be exercised here in claiming ASC-type 
involvement since NMA is a known A-type uptake 
system inhibitor [6]. Thus it appears that the Na+- 
dependent component of leucine uptake in synap- 
tosomes is neither truly A-type or truly ASC-type as 
defined earlier by the use of such analogues. 

Studies on the effect of pH on Na’-dependent 
uptake of L-leucine and its inhibition by L-NMA 
show little change in uptake rates when uptake was 
assayed at pH values of between 6 and 9, an obser- 
vation which is more characteristic of an ASC-type 
system than that of an A-type system [8, 171. Thus 
this system appears to be unique and distinct from the 
variety of transport systems encountered by Sershen 
and Lajtha [13] in mouse brain slices. 

The distinctiveness of this Na+-dependent uptake 
component for L-leucine is further shown by the 
stereospecific nature of its inhibition by the L-isomer 
of NMA and the non-competitive nature of its inhibi- 
tion as demonstrated by the double-reciprocal plot. 
It is noteworthy that a similar non-competitive type 
of inhibition by vincristine on leucine uptake in rat 
cortical synaptosomes was previously inferred from 

Hill-type plots [18]. Research is now underway to 
further characterize the nature of this Na+-depen- 
dent component for leucine uptake in rat brain 
synaptosomes. 
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