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The transport of glutamine into rat mesenteric lymphocytes 
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(1) The transport of glutamine into isolated rat mesenteric iymphocytes was studied. (2) This transport 
appears to be dependent upon the Na + gradient. The K m for glutamine transport was about 1.0 mM. (3) A 
large number of amino acids were shown to inhibit the rate of transport of both serine and glutamine into 
lymphocytes. The transport of glutamine was competitively inhibited by serine and that for serine was 
similarly inhibited by glutamine. In contrast, histidine and 2-(methylamino)isobutyrate inhibited the trans- 
port of both serine and glutamine noncompetitively. (4) It  is concluded that glutamine is transported into rat 
mesenteric lymphocytes by a process similar to System ASC described for other cells. 

Introduction 

Most mammalian cells have at least three dis- 
tinct transport systems responsible for the entry of 
neutral amino acids. These are designated as Sys- 
tems A, ASC and L. In addition, System N, which 
preferentially transports the amido amino acids 
and histidine, is present in hepatocytes. These 
transport systems have been characterized on the 
basis of their substrate specificity and p]'operties 
(for review, see Refs. 1-3). 

Systems ASC and L have both been shown to 
be primarily responsible for the transport of neu- 
tral amino acids in lymphocytes [4-6]. In resting 
lymphocytes, System A is either absent or inactive 
[4,7], but it is present after cellular activation 
[4-5]. One particular amino acid, glutamine, has 
been shown to be of importance as an energy 
source for lymphocytes [8-10] and it must be 
present for in vitro proliferation to occur. Indeed, 
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the acute stimulation of proliferation by con- 
canavalin A increases the rate of glutamine utilisa- 
tion by lymphocytes. Furthermore, the transport 
of glutamine across the cell membrane of 
lymphocytes is probably one of the regulatory 
steps involved in the control of glutamine metabo- 
lism [10-14]. hence the specificity and properties 
of the transport of glutamine into rat mesenteric 
lymphocytes have been studied and the results 
compared with those for glutamine transport in 
hepatocytes and enterocytes obtained in other work 
[3,15]; the effect of concanavalin A stimulation on 
glutamine transport has also been investigated and 
the results are presented and discussed. 

Materials and Methods 

Animals.  Male Wistar albino rats (160-180 g) 
were obtained from Batin and Kingman, Grim- 
ston, Hull, U.K. 

Chemicals and enzymes. All chemiclas and en- 
zymes were obtained from Boehringer Corp. 
(London), London, U.K., except for the following: 
glycine, scintillants and all inorganic reagents were 
obtained from Fisons Scientific Apparatus ,  
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Loughborough, U.K.; concanavalin A, nigrosine, 
ouabain, 2,4-dinitrophenol, iodoacetate, rotenone, 
cycloserine, choline salts, serum albumin (Fraction 
V) and all amino acids were obtained from Sigma 
(London) Chemical Co., Kingston-upon-Thames, 
U.K.: Repelcote, Silicone Fluid MS 500 and di- 
nonylphthalate were obtained from Hopkins & 
Williams, Chadwell Heath, Essex, U.K.; foetal 
bovine serum was obtained from Flow Laborato- 
ries, Irvine, U.K.; the serum was dialyzed as de- 
scribed previously [9]; and ion-exchange chro- 
matography resins were obtained from Bio-Rad, 
Watford, U.K. All radiochemical compounds were 
obtained from the Radiochemical  Centre, 
Amersham, U.K. 

Preparation of lymphocytes. Lymphocytes were 
prepared from rat mesenteric lymph nodes as de- 
scribed by Ardawi and Newsholme [8]. Cells were 
suspended in phosphate-buffered saline [16] that 
had been oxygenated for 30 min, under 100% 02 
at 2 - 10 ~ cells/ml until use. 

Incubation procedures. Incubations were per- 
formed at 37°C in 10 ml silicone-treated 
Erlenmeyer flasks in a total volume of 1.0 ml of 
phosphate-buffered saline (which had been 
oxygenated by 100% 02 for 30 rain) supplemented 
with 1% (v/v)  dialyzed foetal bovine serum at pH 
7.2 [16]. The incubation medium also contianed 
[U-laC]glutamine or [U-14C]serine (0.05 /2Ci) to- 
gether with [3H]sucrose (0.2 /~Ci); the latter acted 
as a marker for the extracellular space. 

To study the effect of concanavalin A on the 
transport of glutamine, lymphocytes were in- 
cubated in phosphate-buffered saline with 5 mM 
glucose for 60 rain in the presence or absence of 
concanavalin A, after which cells were separated 
by centrifugation (400 x g for 5 min) and washed 
twice with phosphate-buffered saline, and con- 
canavalin A-activated lymphocytes were then used 
for the measurement of glutamine transport. 

In some experiments in which various meta- 
bolic and other inhibitors were used, lymphocytes 
were incubated for 15 rain in the presence or 
absence of an inhibitor, after which cells were 
separated by centrifugation, resuspended and used 
for the measurement of glutamine transport. 

Measurement of transport. In the present work, 
the initial rate of glutamine or serine transport was 
determined by the silicone-oil-layer technique (for 

review~ see Ref. 17). A series of 1.5 ml Eppendorf 
polyethylene tubes were prepared by layering 0.15 
ml of silicone-oil mixture (a mixture of 1 : 1 (v/v)  
silicone fluid MS 550 and dinonylphthalate) on 
top of 0.1 ml of 12% (w/v) HCIO 4. Glutamine or 
serine transport was initiated by the addition of 
0.1 ml of lymphocyte suspension (2- 10 s cells/ml) 
to the incubation medium which contained 
[~H]sucrose to act as a marker of the extracellular 
space together with [u-laC]glutamine or [U- 
~4C]serine to give the required final concentration. 
Samples (0.5 ml) were removed at appropriate 
time intervals and the transport was terminated by 
centrifugation of cells through the silicone-oil-layer 
into HC104 layer at 8500 × g  for 40 s in an 
Eppendorf microcentrifuge. Preliminary experi- 
ments established that, during the incubation, the 
lymphocytes maintained their biochemical viabil- 
ity as indicated by ATP content and the nigrosine 
exclusion test. In addition, no mixing of the layers 
occurred and approx. 95% of the cells were re- 
covered in the HC104 layer after only 10 s of 
centrifugation. 

At the completion of a transport experiment, 
the radioactivity in the HCIO 4 layer was measured 
using a scintillant mixture which contained 750 ml 
Triton X-100, 6.0 g 2,5-diphenyloxazole and 0.15 g 
1,4-bis(phenyloxazolyl)benzene in 1.5 litres 
toluene. Radioactivity was measured in a Beckman 
liquid scintillation counter (Model LS7500). 

In some experiments in which glutamine uptake 
was determined by enzymatic methods, the proce- 
dure was modified. Samples were withdrawn at 
appropriate time intervlas and cells were im- 
mediately separated from the incubation medium 
by centrifugation for 5 s at 8500 × g  in an Ep- 
pendorf microcentrifuge. The lymphocyte pellet 
was acidified with HCIO4 and neutralized as de- 
scribed previously [9] and three or four pooled 
neutralized extracts were used for the assay of 
glutamine. There were no significant differences in 
glutamine determinations between radioactive and 
enzymatic methods. 

Metabolism of glutamine or serine during the 
cours eof the transport studies. In order that the 
uptake of a labelled amino acid should provide an 
accurate estimate of the rate of transport, intracell- 
ular accumulation of the amino acid must not 
restrict transport. This restriction is unlikely~ since 



rat lymphocytes have a high capacity to metabolise 
glutamine [9,10]. Nonetheless, preliminary experi- 
ments were performed to assess the amount of 
glutamine utilised and its fate; during the first 5 
min of an incubation, lymphocytes utilised only 
9% of glutamine in the incubation medium (i.e., in 
the presence of a 0.5 mM glutamine) almost all of 
which was converted to glutamate and ammonia 
(Table I). Furthermore, the initial rate of [U- 
~4C]glutamine transport was linear with time for 2 
min (Fig. 1). This was confirmed by further experi- 
ments in which lymphocytes were incubated in the 
presence of [u-laC]glutamine (0.5 raM) for peri- 
ods up to 15 min. Incubations were terminated as 
described previously [9] .  Glutamine and the 
glutamate formed were separated by the use of 
ion-exchange chromatography (Dowex AG-1 X8, 
acetate form) as described previously [18]. This 
separation indicates that if measurements are re- 
stricted to about 2 min, the uptake of [U- 
~4C]glutamine should represent transport. Similar 
conclusions were made for glutamine-transport 
measurements in enterocytes [15]. 

For the transport of [U-~4C]serine into 
lymphocytes, preliminary experiments indicated 
that the initial rate of uptake was linear for at least 
2 min (results not shown) and no significant 
changes in rate were observed when 10 mM 
cycloserine was included in the incubation medium. 
Furthermore, when lymphocytes were incubated in 
the presence of [U-14C]serine (0.5 mM) for periods 
up to 10 min, all the radioactivity was recovered as 

TABLE I 

TIME-COURSE OF GLUTAMINE METABOLISM BY RAT 
MESENTERIC LYMPHOCYTES 

Lymphocytes were incubated (2.107 cells/ml) for the times 
indicated in the presence of 0.5 mM glutamine. Incubations 
were terminated as described in Materials and Methods. Rates 
of utilisation (indicated by a minus sign) or production are 
given as means± S.E. for four separate experiments (each ex- 
periment consists of two cellular incubations). 

Time of Rates of utilization or production 
incubation (nmol/mg protein) 
(rain) 

Metabolites: glutamine glutamate aspartate ammonia 

5 -3.5±0.1 0.3±0.1 0.6±0.1 
10 -7.2±0.3 4.5±0.2 1.8±0.1 2.6±0.2 
60 -58.5±4.433.4±2.6 14.1±1.9 36.3±2.9 
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Fig. 1. Time-course of the transport of glutamine by rat 
mesenteric lymphocytes in the presence (O) or absence (O) of 
added Na +. The initial concentration of glutamine was 0.5 
mM. For experiments performed in the absence of added Na ÷, 
choline replaced Na +. 

serine which was separated by the use of ion-ex- 
change chromatography (Dowex AG 1-X8, for- 
mate form) [19]. It is considered that [U24 C]serine 
uptake measured over the first 2 min should there- 
fore represent the uptake of serine under the con- 
ditions used here. 

Intracellular water of mesenteric lymphocytes 
was determined as the difference in volume availa- 
ble to [U34 C]sucrose and that available to 3H20. 
The value was found to be 2.37 _+ 0.08/~1 per mg 
lymphocyte protein (mean of six cell preparations). 

Analytical methods. Glutamine and other 
metabolites in neutralized extracts of lymphocytes 
were determined by the same methods as de- 
scribed previously [9]. Cell protein was determined 
by the biuret method [20]. 

Expression of results. Two to four replicate de- 
terminations were made for each value presented 
in the results section. The initial rate of glutarnine 
or serine uptake is expressed as nmol amino acid 
taken up per min per mg protein of cells, calcu- 
lated on the basis that 1.107 lymphocytes are 
equivalent to 0.851 _+ 0.05 mg prtoein. 

Results 

General properties of glutamine transport 
Ion and energy dependence. The concentration 

ratio of intra- to extracellular glutamine achieved 
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after 2 rain of incubation at 0.5 mM glutamine, 
was 2.43 + 0.3 (radioactively determined). These 
results suggest that the transport of glutamine is 
energy-dependent. This was supported by the find- 
ing that treatment of rat mesenteric l ymphocytes 
with various concentrations of 2,4-dinitrophenol, 
rotenone or iodoacetate decreased the rate of 
glutamine transport (Table II). The decrease in 
rate was, however, small, suggesting either a low 
rate of entry of these inhibitors or an ability to 
maintain an Na + gradient for a long period of 
time despite a decrease in the rate of ATP forma- 
tion. Many active transport processes utilise the 
energy of the Na ÷ gradient and this was investi- 
gated by studying the effect of ouabain and the 
dependence of transport on Na ÷. Incubation of 
rat lymphocytes for 15 min with 1 mM ouabain 
decreased the rate of transport of glutamine by 
60% (Fig. 2). The Na + in the incubation medium 
(NaCI and NaHCO~) was replaced by equivalent 
concentrations of choline chloride and bi- 
carbonate. In the absence of added Na +, the rate 
of glutamine transport was low (Fig. 1) (about 
20% of that in the presence of Na+). The effect of 
increasing the Na ÷ concentration is shown in Fig. 
3. The concentration required to produce the 
half-maximal effect was about 10 mM. It was also 

TABLE 11 

EFFECTS OF VARIOUS METABOLIC INHIBITORS ON 
THE INITIAL RATES OF GLUTAMINE TRANSPORT IN 
MESENTERIC LYMPHOCYTES 

For details of experimental procedures see Mateirals and Meth- 
ods. The rates of transport were measured after 1 rain incuba- 
tion. The results are presented as mean _+ S.E. with the numbers 
of separate cell preparations given in parenthesis. Statistical 
significance of differences between control rates and rates in 
the presence of an inhibitor is indicated by * (P  < 0.01), ** (P  
< 0.001). 

Additions Concentration Initial rate ofglutamine 
to (mM) transport (nmol/min 
incubation per mg protein) 

None (control) 1.60 _+ 0.05 (4) 
2,4-Dinitrophenol 0.1 1.39_+0.02 (3) 

0.5 0.92 + 0.07 (3) * 
lodoacetate 2.0 1.26 _+ 0.07 (4) 

5.0 1.17_+0.06 (4) * 
Rotenone 5 a 1.10_+0.09 (4) ** 

~' #g /ml .  
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Fig. 2. Effect of ouabain concentration on the initial rate of 
glutamine trnasport by rat mesenteric lymphocytes. Lympho- 
cytes were preincubated for 15 min with concentrations of 
ouabain indicated. The initial concentration of glutamine was 

0.5 mM. 

observed that Li + could not substitute for Na + 
(Table III). These results are in contrast to those 
found for the System A in ascites tumour cells [21] 
and for System ASC or System N in hepatocytes 
[3,22], but are similar to that found for the System 
ASC in pig erythrocytes and rabbit reticulocytes 
[23]. 
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Fig. 3. Effect of Na + concentration on the initial rate of 
glutamine transport by rat mesenteric lymphocytes. The initial 
concentration of glutamine was 0.5 mM. For experiments in 
which the Na + concentration was below 140 raM, choline 
replaced Na +. 



TABLE III 

EFFECTS OF Na + OR Li + ON THE INITIAL RATE OF 
G L U T A M I N E  T R A N S P O R T  BY M E S E N T E R I C  
LYMPHOCYTES 

For details of experimental procedures, see Materials and 
Methods. The rate of transport was measured after 1 min 
incubation. In the absence of N a t  we replaced NaC1 and 
NaHCO 3 with equal concentrations of choline chloride and 
choline bicarbonate, respectively, and in the presence of L i t  
NaCI and NaHCO 3 were replaced by equal concentrations of 
LiCI and choline bicarbonate, respectively. The results are 
presented as means_+ S.E. for six separate experiments. 

Concentration of ion (raM) Rate of glutamine transport 

Na + Li + (nmol/min per mg protein) 

100 0 1.65 +__ 0.04 
0 0 0.40 + 0.02 
0 10 0.36 __+ 0.03 
0 50 0.51 __+ 0.02 
0 100 0.56 _+ 0.05 

Concentration dependence. The K m for gluta- 
mine transport (obtained from a double-reciprocal 
plot (Fig. 4)) was about 1.0 raM. This value is an 
order of magnitude higher than values for System 
ASC operation with other amino acids in several 
cell types (see Ref. 1). Similar values were ob- 
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Fig. 4. Double-reciprocal plot showing how the initial rate of 
glutamine transport varied with the concentration of the amino 
acid. The initial rates of glutamine transport were measured 
over a 1 min time intervals. Results are the menas of two 
separate experiments (each consists of two separate cellular 
preparations). 
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tained for glutamine transport in rat hepatocytes 
and enterocytes [3,15], respectively. 

Inhibition of glutamine transport by other amino 
acids 

The study of the inhibitory effect of one amino 
acid on the transport of another amino acid has 
proved useful for the characterisation of amino 
acid-transporting systems and such studies have 
indicated the existence of a number of amino-acid 
transport systems in mammalian cells [1]. In order 
to obtain information about the substrate specific- 
ity of the transport system for glutamine in rat 
mesenteric lymphocytes, the effect of various 
amino acids on this process together with their 
effects on the transport of serine were investigated. 
From a Dixon plot (Fig. 5), serine appears to be a 
competitive inhibitor of glutamine transport, with 
a K~ of approx. 4.0 mM. The inhibition of the 
transport of serine by glutamine was also competi- 
tive (K~ = 3.3 mM) (results not shown). On the 
other hand, histidine, which is known to use Sys- 
tem N in rat hepatocytes [3], was found to inhibit 
the transport of glutamine in lymphocytes in a 
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Fig. 5. Dixon plot of the effect of serine on the initial rate of 
glutamine transport by rat mesenteric lymphocytes. Rates of 
glutamine transport were measured over 1 rain intervlas at 
various concentrations (mM) of glutamine: O, 0.5; 0 ,  1; A, 2. 
Lines were drawn according to the method of least squares. 
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Fig. 6. Dixon plot of the effect of histidine concentration on 
the initial rate of glutamine transport by rat mesenteric 
lymphocytes. Rates of glutamine transport were measured over 
I min time intervals at various concentrations (mM) of gluta- 
mine: O, 0.5; ~ ,  1, zx, 2. Lines were drawn according to the 
method of least squares. 

noncompetitive manner (Fig. 6) with a K i for 
histidine of approx. 8.0 mM. Similarly, the inhibi- 
tion of serine transport by histidine was non-com- 
petitive, with a K, of approximately 8.3 mM (re- 
sults not shown). 2-Methylaminoisobutyrate, a 
nonmetabolisable amino acid analogue that is 
transported only by the Na+-dependent System A 
in most cells [1], caused only about 20% inhibition 
of both glutamine and serine transport in 
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Fig. 7. Dixon plot of the effect of 2-(methylamino)isobutyrate 
(2-MAIB) concentration on the initial rate of glutamine trans- 
port by rat mesenteric lymphocytes. Rates of glutamine trans- 
port were measured over 1 rain time intervals at concentrations 
(raM) of glutamine: % 0.5; n, 2. Lines were drawn according to 
the method of least squares. 

lymphocytes, and this inhibition was found to be 
noncompetitive with respect to glutamine, with a 
K~ of approx. 140 mM (Fig. 7). Similarly, the 
inhibition of serine transport by 2-(methylamino)- 
isobutyrate was noncompetitive (K i = 90 mM) (re- 
sults not shown). 

Effect of concanavafin A stimulation on glutamine 
transport 

An increase in the rate of transport of amino 
acids across the cell membrane is a feature of the 
response of mammalian cells in general to growth 
stimuli [24,25]. The incubation of lymphocytes with 
concanavalin A increased the initial rate of 
glutamine transport. (1.57 + 0.08 nmol /min  per 
mg protein for resting cells and 2.44 + 0.11 nmol /  
min per mg protein for concanavalin-A-stimulated 
cells). The V (maximal velocity) of glutamine 
transport increased from 5.6 to 8.0 nmol /min  per 
mg protein, but there was no change in the value 
of the K,,. 

Discussion 

The results of this study on the rate of gluta- 
mine transport into mesenteric lymphocytes sug- 
gest that it is achieved by a carrier similar to that 
known as the System ASC [1]. The following points 
are in support of this suggestion. 

(i) The transport of glutamine is energy-depen- 
dent and probably uses the free energy of the Na ~ 
gradient. 

(ii) The transport of glutamine was competi- 
tively inhibited by serine and vice versa. The K m 
for glutamine transport was similar to the K, for 
the inhibition of serine transport by glutamine 
and, similarly, the K m for serine transport is simi- 
lar to the K i for the inhibition of glutamine trans- 
port by serine. 

(iii) 2-Methylaminoisobutyrate, a selective sub- 
strate for the System A, and histidine, a selective 
substrate for the System N, caused noncompetitive 
rather than competitive inhibition of glutamine 
transport. 

(iv) Amino acids that inhibit the uptake of 
glutamine inhibit the uptake of serine to the same 
extent. 

However, if the transport ASC system is re- 
ponsible for glutamine transport  into rat 



mesenteric lymphocytes, it is different from that 
reported in other cells, since it appears to trans- 
port a large number of amino acids (results not 
shown). In this respect it is similar to System ASC 
present in pig lymphocytes [5]. Indeed, it was 
concluded that the System ASC was responsible 
for the utpake of all neutral amino acids in pig 
lymphocytes [5]. Consistent with this view, the rate 
of transport by the System A was found to be low 
or absent in lymphocytes from rat spleen or the 
pig [4,5,7]. Similarly, the System A is absent in 
other blood cells, including erythrocytes and re- 
ticulocytes [26--7]. It is concluded, therefore, that 
neither the System N of rat hepatocytes [3,24] nor 
the System A of rat enterocytes [15] makes a major 
contribution to the transport of glutamine into rat 
mesenteric lymphocytes and that glutamine is 
transported into these cells mainly via a system 
resembling the System ASC of other cells. 

During mitogenic stimulation of lymphocytes, 
an increase in the transport of both syntheitc and 
natural amino acids was reported [24,28,29]. It has 
been proposed that mitogen-mediated stimulation 
of amino acids transport in lymphocytes requires 
de novo synthesis of a protein factor or a compo- 
nent of the transport system [30,31]. The present 
work indicated a 55% increase in the rate of 
glutamine transport in concanavalin-A-stimulated 
lymphocytes. This stimulation resulted from an 
increase in the V of glutamine transport with no 
change in the Km. By analogy with insulin stimu- 
lation of glucose transport, it is possible that the 
rate of glutamine transport is enhanced by in- 
creasing the number of carriers in the cellular 
membrane. 

Glutamine is an important fuel for rat 
mesenteric lymphocytes [9-14]. The marked in- 
crease in the rate of glutamine transport upon 
mitogenic stimulation of lymphocytes provides 
further support for the importance of this amino 
acid during proliferation. How far the increase in 
rate of transport of glutamine into lymphocytes is 
an important step for control of the rate of 
glutamine utilisation remains to be established. 
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