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Glutamine uptake by renal cortical brush-border vesicles was compared to transport expressed by the 
functioning isolated kidney. Comparisons were made with regard to sodium dependency and the adaptive 
increase induced by chronic metabolic acidosis in the rat. The results show an absolute dependency upon a 
sodium gradient; sodium-independent glutamine uptake has no counterpart in situ. In addition, acidosis-in- 
duced adaptive increase in reside glutamine uptake has no counterpart in situ. Rather, the apparent 
adaptation reflects extravesicular ¥-glutamyltransferase-mediated conversion to glutamate and subsequent 
accumulation; acidosis-induced adaptation of this enzyme largely explains the apparent adaptation in 
glutamine uptake. Consequently the role of membrane transport in glutamine flux regulation can be assessed 
providing metabolic conversion is controlled. 

Introduction 

Glutanune ~s the most prevalent plasma anuno 
acid [1] representing 60 percent or more of the 
total available armno and amlde mtrogen pool Its 
central role as a mtrogen carrier and lugh rate of 
filtration coupled to near complete reabsorptlon 
[2,3] have lead investigators to the study of 
glutanune uptake into ~solated brush-border  
vesicles [4] These stu&es concluded that uptake 
could be dnven by either a sochum or chohne 
gra&ent, although the former was more effecnve 

Abbrewatlons Hepes, 4-(2-hydroxyethyl)-l-plperazmeethane- 
sulphomc acid, AT-125, a-armno-4-chloro-4,5-dthydro-5-1so- 
xazoleacet~c acid 

Correspondence T C Welbourne, Department of Physiology 
and Biophysics, LSU Me&cal Center, P O Box 33932, Shreve- 
port, LA 71130, U S A 

[4] and that uptake appeared to be independent of 
its metabohc conversion [4] Vesicles isolated from 
chromcally acidotic rats ex/ublted an enhanced 
glutamme uptake [4-7], an observation that was 
difficult to reconcile with the efficient reabsorp- 
tlon of filtered glutamme already exastent [2] On 
the other hand, the report of an adaptive increase 
m membrane glutamane transport holds the prom- 
lse that a more generahzed membrane  transport  
system may play a role m &rectmg mterorgan 
glutanune flow m a vanety  of physiological states 
[8] 

Because of the potential ~mportance of such a 
mechamsm, our concern was the comparison be- 
tween vesicle glutarmne uptake and that exhtblted 
m sltu Specifically, we were mterested in the 
degree of dependency upon a sodmm versus a 
chohne gra&ent and the slgmficance of the re- 
ported adaptwe increase m glutarmne transport  
during chromc metabohc acidosis The results to 
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follow confirm the apphcablhty of isolated mem- 
brane vesicles to the study of glutamlne uptake, 
especially when supported by parallel in sltu stud- 
Ies 

Materials and Methods 

Experiments were carrted out on brush-border 
vesxcles and kidneys isolated from control and 
metabolically acidotic male Sprague-Dawley rats 
wexglung between 350 and 450 g Chromc meta- 
bohc acidosis was reduced by malntatmng rats on 
1 2% NH4C1 in 5% Dextrose for 4 days At ttus 
time blood pH, plasma HCO~- concentration and 
urinary ammomum excretion were 7 32 ± 0 02 vs 
control, 7 42 + 0 02, 18 8 ± 1 2 vs 26 2 -1- 1 4 mM 
and 1690 + 177 vs 106 ± 8 /~mol /100 g per 24 h, 
n = 8, P < 0 05 for all three parameters 

Kidneys were isolated and perfused as previ- 
ously described [9] The perfusate was composed 
of a modified Krebs-Henselelt solution conta~mng 
in mM L-glutanune, 1, NaHCO 3, 24, glucose, 5, 
and albunun, 6 g% After 30 nun of perfuslon, the 
perfusate was switched [10] to one contaamng 
chohne chlonde and chohne bicarbonate m place 
of sodium for a second 30-man period, finally, the 
perfusate was switched back to a new sodium 
contalmng medm The filtered load of glutanune 
was deternuned from the glomerular filtration rate, 
estimated by the clearance of [3H]muhn, and the 
average perfusate glutanune concentration over a 
15 nun clearance penod Glutamme net transport 
(t-Gln) was calculated as the difference between 
that filtered and excreted after subtracting the 
excreted glutamate,  fractional excretion of 
glutamme (FE-Gln) was deternuned as the percent 
of the filtered glutanune excreted Glutamme and 
glutamate in perfusate and unne were determined 
by rmcrofluonmetnc enzymatic assay [11] 

Brush-border vesicles were obtained by dif- 
ferential precipitation using MgC12 [12] Bnefly, 1 
g of d~ced cortex was homogemzed m 9 vol of 250 
mM sucrose, 10 mM Hepes buffer (pH 7 4) using 
10 strokes of a motor dnven Potter-Elvejhem ho- 
mogemzer, 800 rpm The resulting homogenate 
was then spun down at 10 000 × g for 10 nun, the 
pellet discarded and the supernatant recentnfuged 
at 24000 × g for 20 nun The fluffy layer was 
transferred into 4 ml of buffered sucrose and 

MgCI 2 was added to 15 mM After allowmg the 
suspension to stand for 20 nun on an ice bath with 
occasional st:rnng, :t was successively centrifuged 
at 8000 × g and at 21000 × g for 15 nun The 
final pellet was washed and resuspended m 100 
mM manmtol, 10 mM Hepes (pH 7 2) All studies 
were performed on freshly prepared membrane 
fractions Marker enzymes, y-glutamyltransferase 
[13] and alkaline phosphatase [14] for the brush 
border and ( N a ÷ +  K+)-ATPase [15] for baso- 
lateral membranes were run on each preparation 
The media for both transport and metabolism 
studies contained 100 mM manmtol, 10 mM Hepes 
(pH 7 2) and either 100 mM NaC1 or 100 mM 
chohne chloride Glutanune (Sigma) containing 
tracer amounts of L-[U-:4C]glutanune, spec act 
285 mC1/mmol  (New England Nuclear) were ad- 
ded to a final concentration of 100/~M just prior 
to the study Radloactwe purity of the glutatmne 
was assessed in every run and found to be 98 3 + 
1 2% pure, chermcal glutamme, was checked by 
rmcrofluonmetnc assay and found to be 98 5 + 
1 6% glutanune Vesicle uptake of 14C label was 
studied at 23°C employing the rapid-filtration 
techmque [16], uptake was initiated by the ad- 
dmon and prompt nuxang of 100 to 150 /~g of 
membrane protein to 300 #1 media Protein con- 
centratlon was deterrmned with a dye binding 
assay lot (Blo-Rad) using bovine serum albunun 
as the standard At timed Intervals the reaction 
was ternunated by the addmon of a 10-fold volume 
of ice-cold stop solution contalmng media tmnus 
glutarmne, this solution was then promptly ap- 
plied to a Mdhpore filter, HAWP 0 45/~m, under 
light suction The filter was washed using an ad- 
dmonal  3 ml of stop solution, placed in a scmtdla- 
t~on vial and momtored for radloactwlty by hqmd 
scmtdlat~on spectrometry, quenching was moni- 
tored by using the channel ratio method Conver- 
sion of glutamlne to glutamate was deternuned m 
the stock medm, in the media plus vesicles and m 
the filtered vesicles For the latter, washed filters 
contammg the vesicles were trimmed, placed in a 
small volume of water and boded for exactly 3 
nun, samples of the medm and stock were handled 
the same way Ahquots of each were then applied 
to cellulose thm-layer chromatograms (Kodak) and 
developed using n - b u t a n o l / p y n d m e / w a t e r /  
acetic acid (30 30 20 20, v /v) ,  areas corre- 



TABLE I 

QUANTITATIVE RELATIONSHIP BETWEEN FILTERED 
A N D  EXCRETED GLUTAMINE 

Kadneys isolated and perfused xwth 1 mM L-glutamme (Gin) 
Gin In and Gin Out are filtered and excreted glutanune, 
respectively, calculated as descnbecl m Methods t-Gln repre- 
sents the net transport of glutarmne, see Methods FE-Gln, 
fractional excretion of glutanune Results are mean+: S E m 
nmol/wan per kidney for five control rat lodneys 

Gin In Gin Out Glu Out t-Gin FE-GIn 

Control 728+193 62+16 17+: 4 649+:182 85+: 26  
- N a  + 3 9 0 ±  6 5 ~ 3 0 3 ± 7 5 ~ 8 9 + 3 3 a - 2 + :  6 8 a 7 7 7 ± 1 5  ~ 

Slgmficantly different from Na +medm,  P < 0 05 

spondmg to authentic glutamme and glutamate 
standards were transferred to counting vials and 
monitored as above 

R e s u l t s  

The quantitative relatlonsinp between filtered 
glutanune and that excreted in the presence and 
absence of sodium IS presented m Table I In 
control rat lodneys glutarmne was filtered at the 
rate of 728 _+ 193 nmol /mm of winch 62 _+ 16 
nmol/man, 8 5 _ 2 6 percent, was excreted as 
glutamlne, glutamme net transport was 649 _+ 182 
nmol /mm In the absence of sochum 78% of the 
filtered glutamme was excreted, the remmning 
22% could be accounted for as excreted glutamate 
The rate of glutarmne transport fell from 649 to 
- 2 nmol /nun  reflectmg virtual ehrmnatlon of net 
transport, intralurmnal conversion of glutamme to 
glutamate and its excretion, on the other hand, 
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dramatically increased Returmng to 140 mM 
sodium results in decreased glutamme excretion, 
73 _+ 60 and glutamate excretion 31 _+ 12 nmol /  
man, the fractional excreuon of glutamane returns 
to 17 _ 8% Thus the effect of chohne is largely, 
but not completely, reversible Glomerular fdtra- 
tlon rate was only shghtly dlmlmshed by exposure 
to chohne falhng from 698 _ 110 to 490 _+ 96/~l/  
man, P < 0.05 with a return toward control, 560 + 
112 #l /mln,  dunng reperfusion with sodium 

In acidotic rat kidneys, Table II excreted 
glutamme was reduced, but tins can not be attri- 
buted to either increased glutamlne net transport 
or a reduced fractional excretion, rather, it was 
associated with a slgmfIcantly increased glutamate 
excretion, 56 _+ 17 vs 17 _+ 4 nmol/rmn In the 
absence of sodium ( - N a  +, Table II) glutanune 
net transport fell to a value not sigmflcantly dif- 
ferent from zero with a huge Increase in glutamate 
excretion, 216 _+ 42 vs 56 _+ 17 nmol/rmn In fact, 
glutamate excretion exceeded that of the control 
rat kidney perfused in the absence of sodium, 
216 _+ 42 vs 89 _+ 33 nmol/rmn That glutamate 
excretion reflects intralumlnal conversion of 
glutanune to glutamate catalyzed by T-gluta- 
myltransferase can be shown by employing the 
potent ininbitor of this enzyme, AT-125 Adding 
AT-125 to the perfuslon media at the concentra- 
tion of 0 23 mM reduced ),-glutamyltransferase 
activity from 1208_ 176 to 52_+ 12 nmol/rmn 
per mg protein; our previous studies have shown 
that this residual actlxaty is associated with the 
lumanal brush border [17] With greater than 95% 
inhibition of the enzyme the fractional excretion 
of ghitamme increased from 5 _+ 2 to 22 _+ 9% but 

TABLE II 

EVIDENCE FOR y-GLUTAMYLTRANSFERASE HYDROLYSIS OF INTRALUMINAL GLUTAMINE 

Results are mean±  S E in n m o l / m m  per kidney for five acidotic rat lodneys and five acidotic rat kidneys perfused with 0 23 mM 
AT-125 m addition to 1 mM L-glutarmne (Gin) For abbrexqatlons, see Table I 

Gin In Gin Out Glu Out FE-Gln (%) FE-Gln + Glu (%) 

Acidotic 481 + 150 22 ± 4 56 + 17 4 6 ± 2 19 + 4 
- N a  + 509+ 153 248+56 216±42 48 7 ± 7  101 +15 
+AT-125 378+ 56 8 7 + 3 9 a  17_+ 8 " 22 ± 9  " 26+ 9 
- N a + + A T - 1 2 5  430+ 72 276±11 35± 3 b 67 +8  b 75± 9 

a Slgmficantly different from aodotlc, P < 0 05 
b Slgmflcantly different from aodotlc - N a  + media, P < 0 05 
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TABLE III 

MARKER ENZYME DISTRIBUTION AND EFFECT OF 
ACIDOSIS 

Results are mean_+ S E for the number of kadneys shown m 
parentheses Values are nmol/rmn per mg protein for 
y-glutamyltransferase, GGT, alkahne phosphatase, AP and 
(Na + + K + )-ATPase are expressed in pmol/nun per mg 

Preparation GGT AP (Na ÷ + K + )- 
ATPase 

Homogenate 
Control(5) 7164- 64 774- 6 454- 9 
Aodotic(6) 10804- 31 704- 5 464- 7 

Brush border 
Control (4) 57544-443 626+42 1084-15 
AcldoUc (5) 7810+118 5444-36 80+12 

a Significantly different from control, P < 0 05 

the  f r ac t i ona l  e x c r e t i o n  o f  g l u t a n u n e  p lus  g lu ta -  

m a t e  r e m a i n e d  u n c h a n g e d ,  19 + 4 vs 26 + 9% In  

the  absence  o f  s o d i u m  the  ful l  p o t e n t i a l  o f  the  

l u r m n a l  g lu t a rn lnase  to h y d r o l y z e  g l u t a m m e  is u n -  

v e d e d ,  n o w  e h r m n a u o n  of  y - g l u t a m y l t r a n s f e r a s e  

r educes  g l u t a m a t e  e x c r e t i o n  f r o m  216 + 42 to  o n l y  

35 + 3 n m o l / n ~ n  T h e s e  in s l tu  resul ts  c l ea r ly  

d e m o n s t r a t e  the  exastence o f  b o t h  a N a + - d e p e n  - 

d e n t  g l u t a m m e  t r a n s p o r t  a n d  3 , - g l u t a -  

m y l t r a n s f e r a s e - d e p e n d e n t  g l u t a r m n e  hyd ro ly s i s  

C h r o m c  m e t a b o l i c  ac idos is  i nduces  an  a p p a r e n t  

a d a p t a t i o n  tn b r u s h - b o r d e r  N a + - d e p e n d e n t  - 

g l u t a m l n e  up take ,  F i g  1, and ,  as wel l  as a d a p t a -  

t ion  in b r u s h - b o r d e r  y - g l u t a m y l t r a n s f e r a s e  ac t iv-  

i ty  ( T a b l e  I I I )  F u r t h e r m o r e  thts a d a p t a t i o n  was  

n o t  pa r a l l e l ed  by  an  inc rease  m ne i the r  a lka l ine  

p h o s p h a t a s e  ( T a b l e  I I I )  n o r  m a l t a s e  ac t iv i ty  [5] 

T h e  q u e s t i o n  t h e r e f o r e  b e c o m e s  the  ro le  o f  m e t a -  

b o h c  c o n v e r s i o n  o f  g l u t a n u n e  to  g l u t a m a t e  in  the  
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Ftg 1 Sodmm-dependent uptake of label 14C from me&a 
contaamng [i4C]glutarmne, 100 /~M, by brush-border vestcles 
prepared from control (©) and acidotic (e) rat kadneys Points 
are mean + S E from duphcate runs from techmques from five 
control and five ac~douc rats Asterisks mdtcate statistically 

sigmficant difference, P < 0 05 

a p p a r e n t  a d a p t l o n  T a b l e  IV shows  the  N a + - d e  - 

p e n d e n t  u p t a k e  o f  labe l  as e i the r  g l u t a m m e  or  

g l u t a m a t e  m r e l a t i on  to the  m e & a  g l u t a r m n e  hy-  

d ro lys i s  A t  1 nun ,  14% of  the  m e & a  g l u t a n u n e  

h a d  b e e n  c o n v e r t e d  to g l u t a m a t e  whale 50% of  the  

l abe l  w l t l u n  the  ves ic les  appea r s  as g l u t a m a t e ,  

u p t a k e  of  label  Is t he re fo re  s l gmf l can t l y  con-  

t r l b u t e d  to  by  the  t u g h - a f f l m t y  g l u t a m a t e  ca r r i e r  

TABLE IV 

BRUSH-BORDER VESICLE UPTAKE OF GLUTAMINE (Gin) AND GLUTAMATE (Glu) 

Vesicles were incubated m 100 mM manmtol, 100 mM NaC! contatmng 10 mM Hepes buffer (pH 7 2) and 100 pM L-glutarmne 
Measurements were made after 1 nun of mcubauon at 23 o C Results are mean 4- S E from the number of rats shown m parentheses 

Me&a (pM) Vesicle (%) Uptake (pmol/rmn per mg) 

Gin Glu Gin Glu Gin Gin 

Control (5) 86 + 3 14 5:3 50 + 5 50 + 6 22 +_ 4 21 + 5 
Aodosxs (5) 784- 3 22 4- 5 a 30 5:7 a 70 4- 8 a 25 5:6 55 5:8 ~ 

a Slgmficantly &fferent from control, P < 0 05 
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[4,16] Vesicles from chromcally acidotlc rat kid- 
neys hydrolyze more of the glutanune to gluta- 
mate, 225:5%, consistent with the enzymatic 
adaptation shown m Table III, glutamme uptake 
was not different from control whereas glutamate 
uptake increased from 21 + 5 to 55 + 6 pmol/rmn 
per mg Tlus difference in glutamate uptake ade- 
quately explains the apparent adaptation in 
glutanune uptake shown in Table IV 

Discuss ion  

Although brush border glutanune uptake has 
been studied prewously, no attempt was made to 
relate uptake to that occumng m sttu The impor- 
tance of companng transport charactenst~cs at 
these two levels has recently been emphasized 
[12,18] Accordingly, our purpose was to apply 
tlus approach to luminal glutanune transport, 
specifically regarding Na + dependency and the 
apparent acidosis-induced adaptatmn The present 
study revealed an absolute dependency of m sltu 
glutamme uptake upon a sodium gradient as pre- 
viously predicted [19,20], these finding, therefore, 
rule out the exastence of the putative ,/-glutamyl 
cycle mediated [21] and chohne gradient driven 
processes [4] 

Our second concern was the apparent adaptive 
increase m glutamme uptake exhtblted by brush- 
border vesicles from chromcally acidotic rat kid- 
neys [5-7] As noted by those reporting enhanced 
transport, an adaptation ts paradoxical since all 
filtered glutamane is normally reabsorbed Conse- 
quently an apparent 30-50% increase [5,7] con- 
veys no obvious physiological advantage Unlike 
the in VlVO kidney [2], the isolated kidney exhibits 
less than complete glutanune reabsorptton, tlus, of 
course, is advantageous since ~t leaves room for an 
adaptation to be expressed However, no adapta- 
tion was observed, neither in absolute absorption 
rate nor in expressed efficiency at a g~ven load 
What was evident was an increase m lntralununal 
glutamme hydrolysis catalyzed by y-gluta- 
myltransferase McFarlane and Alleyne [5] prew- 
ously correlated the adaptive uptake of glutamane 
exlublted by brush-border vesicles with a parallel 
adaptaUon in y-glutamyltransferase, an observa- 
tion confirmed m the present study Unlike the 
previous study, our results show no increase in 

glutamme uptake, on the other hand, uptake of 
label in the form of glutamate was clearly m- 
creased suggesting that the association of y- 
glutamyltransferase and uptake is dependent upon 
the metabolic conversions of glutanune Note- 
worthy brush border glutamate uptake exlub~ts a 
lower Vm~ , but bagher affinity than does the 
glutanune transporter [4,16,22] Our results sug- 
gest vesicle uptake of glutamate derived from 
glutarmne may be dependent upon extraveslcular 
hydrolysis, it may also be that both the lumanal 
glutamane and the glutamate transporter adapt m 
harmony 

The physiological sigmficance of mtralununal 
glutarmne hydrolysis has been carefully studied by 
Sdbernagl [23] His m wvo studies clearly show 
that httle of the filtered glutanune undergoes m- 
tralumanal hydrolysis because the afferent tubule 
contains the glutarmne transporter and relatively 
little of the hydrolytic enzyme [24], accordingly, 
the higher concentration of y-glutamyltransferase 
downstream should be deprived of filtered gluta- 
mane However, Sllbernagl [23] has estimated a 
pentubular capillary to lumen flux of glutarmne 
wluch allows y-glutamyltransferase to contnbute 5 
to 10% of the excreted ammomum Although 
agreeing in the mam with tlus analysis, we suspect 
there may be more to the role of y-gluta- 
myltransferase in glutamlne hydrolysis in wvo, 
particularly in metabohc acidosis [9,25,26] In this 
regard the acidosis-reduced adaptation is largely 
hrmted to the outer cortex [21] and expressed on 
both the lurmnal and antllununal regions of prox- 
imal tubules [25], the adaptation reflects both an 
increased Vma ~ and decreased K m [26] Finally the 
enzyme's adaptation is specific for glutanune [26] 
consistent w~th significant extracellular glutamlne 
hydrolysis and subsequent enhanced glutamate 
uptake by tubule cells in chronic metabolic acido- 
sis 
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