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We describe high-affinity, sodium-dependent transport of gamma-aminobutyric acid in slices exposing basal 
lateral membranes and brush-border membrane vesicles prepared from rat renal cortex. In the presence of 
aminooxyacetic acid, to block ¥-aminobutyric acid oxidation, uptake into the intracellular space of slices was 
saturable (apparent Kt, 26 -I- 4 ~M,  mean and S.E.) and concentrative (steady-state distribution ratio at 50 
/~M ),-aminobutyric acid, 47.7 + 2.4, mean and S.E.). Brush-border membrane vesicles accumulated ),- 
aminobutyric acid in the presence of an inward-directed sodium chloride gradient, (apparent Kt, 30-36 /~M)  
with the peak of 'overshoot'  at I0 min. Uptake by vesicles responded to manipulation of the transmembrane 
potential gradient with valinomycin or impermeant anion, fl-Alanine inhibited ),-aminobutyric acid transport 
by slices and brush-border membrane vesicles; inhibitors of neuronal-type v-aminobutyric acid transport 
(e.g., nipecotic and diaminobutyric acids) did not. An 'ABC test'  indicated that ¥-aminobutyric acid and 
fl-alanine do not share a single carrier in either the brush-border or basal-lateral membrane of renal cortex. 
Influx of y-aminobutyric acid into brush-border membrane vesicles, at transequilibrium NaCI, was stimulated 
by t rans-v-aminobutyr ic  acid but not by trans-taurine.  Ion gradient-driven ),-aminobutyric acid co-transport 
was unaffected in freeze-thawed brush-border membrane vesicles; this treatment abolished fl-alanine and 
taurine co-transport. We conclude that rat kidney membranes (brush-border and basal-lateral) possess a 
),-aminobutyric acid-preferring, high-affinity transport mechanism. 

Introduction 

~,-Aminobutyric acid is an inhibitory neuro- 
transmitter present throughout the central nervous 
system of vertebrates. It is synthesized from 
glutamate at GABAergic nerve terminals and re- 
leased upon depolarization into the synaptic cleft, 
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where it binds to specific post-synaptic receptors 
which mediate its neuroinhibitory function. Two 
high-affinity, sodium-dependent transport mecha- 
nisms have been identified in brain which may 
participate in terminating the action of 7- 
aminobutyric acid by removing it from the cleft 
through an uptake process in neuronal cells 
specifically inhibited by nipecotic and diaminobu- 
tyric acids, and an uptake process in glial cells 
inhibited by fl-alanine [1]. 

Evidence showing that y-aminobutyric acid is 
not confined to the central nervous system has 
accumulated. Certain extra-neural tissues [2], such 
as mammalian kidney, pancreatic islets and ovary, 
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contain substantial quantities of y-aminobutyric 
acid, yet, its physiologic roles there are unknown. 
Some evidence suggests that y-aminobutyric acid 
may act as an inhibitory neurotransmitter in pe- 
ripheral nerves [3,4]. However, in rat kidney, it is 
synthesized by a non-neural form of glutamate 
decarboxylase abundant in proximal tubules [5]. 

To determine whether mammalian kidney pos- 
sesses a specific ~,-aminobutyric acid transport 
mechanism similar to or different from those in- 
neural systems, we examined uptake of 2/- 
aminobutyric acid by cortical slices, which prefer- 
entially expose basal-lateral membranes [6,7], and 
in brush-border membrane vesicles prepared from 
rat kidney. In both preparations, high-affinity, 
sodium-dependent ~,-aminobutyric acid transport 
was identified which was inhibited by /3-alanine 
but not by nipecotic or diaminobutyric acids. In 
brush-border membrane vesicles, uptake occurred 
on a 7-aminobutyric acid-preferring system dis- 
tinct from other mechanisms that mediate neutral 
amino acid transport. 

Material and Methods 

Animals. Long-Evans rats (male) weighing 
200-225 g were obtained from Canadian Breeding 
Farms (St. Eustache, Quebec) and fed standard 
Purina rat chow. 

Materials. We obtained reagent grade chemicals 
from Sigma Chemical Co. (St. Louis, MO) or 
Fisher-Scientific (Montreal, Quebec) and radio- 
chemicals from New England Nuclear Canada 
(Lachine, Quebec): 4-amino[U-laC]butyric acid, 
200 mCi/mmol;  fl-[1-14C]alanine, 40-60 m C i /  
mmol; D-[l(n)-3H]glucose, 15-30 C i / m m o l ;  
[methylamine-3H(n)]muscimol, 5-20 C i / m m o l ;  
and L-[5-3H]proline, 5-15 mCi /mmol .  

Preparation of tissues. Thin renal cortex slices 
(5-10 mg/slice,  0.08-0.16 mm thickness) were cut 
from hemi-kidneys with a Stadie-Riggs microtome 
and weighed on a Perkins-Elmer autobalance. 
Brush-border membrane vesicles were prepared 
from rat renal cortex by the method of Booth and 
Kenny [8]. Renal cortex from 6-8  rats was ho- 
mogenized in 10 vol. of chilled 10 mM mannitol 
(10 m M ) / 2  mM Tris-HC1 buffer (pH 7.1) to which 
was added magnesium chloride (10 mM final con- 
centration). Membranes (brush-border membrane 

vesicles) sedimenting between 1500 × g and 15 000 
× g were washed and resuspended in 300 mM 
manni to l /20  mM Hepes buffer (pH 7.4). Alkaline 
phosphatase activity in the brush-border mem- 
brane vesicles sample was enriched 12-fold over 
activity in the original cortical homogenate. 

Transport conditions for slices. We measured 
uptake of ~,-amino[U-14C]butyric acid (10-100 
laM) by slices at 37°C under 100% oxygen in a 
modified Krebs  buffer containing D-glucose 
according to a published method [9] (5.6 raM). 
Slices (n = 5-7) were incubated in buffer (2 ml) 
then removed at specified times, blotted, weighed, 
and boiled in 0.25 ml H20  before counting accu- 
mulated isotope by liquid scintillation spectrome- 
try. Slices were also incubated in media containing 
[3H]poly(ethylene glycol) for 45 rain. We estab- 
lished that the extracellular water was 33.7% of 
wet slice weight (and intracellular water, 48.5% of 
wet slice weight) corroborating earlier observations 
[10]. Uptake rates ( amount /ml  intracellular water 
per unit time) on the mediated component and the 
distribution ratio ( cp m /m l  intracellular wa te r /  
c p m / m l  medium) at steady state (45 min) were 
calculated as previously described [9]. 

Transport conditions for brush-border membrane 
vesicles. We measured uptake of ~,-amino[U- 
14C]butyric acid (at 10-100 #M) by brush-border 
membrane vesicles in 10/~1 aliquots of vesicles (10 
/~g protein//~l) suspended in buffered mannitol 
medium at 22°C, mixed with 90 /~1 of isosmotic 
' incubation medium' containing 100 mM manni- 
t o l / 20  mM Tris-Hepes (pH 7.4), with or without 
aminooxyacetic acid (0.1 mM), and either 100 mM 
NaC1 or 100 mM KC1. To terminate transport, 3 
ml chilled isosmotic buffered mannitol were ad- 
ded; the suspension was then rapidly filtered 
through 0.45 micron MF-millipore disc filters and 
washed three times with 3 ml chilled buffered 
mannitol. The filters were transferred to vials con- 
tining 5 ml Formula-963 (NEN) for liquid scintil- 
lation counting. 

To measure trans-stimulation of 7-aminobu- 
tyric acid uptake, brush-border membrane vesicles 
were filled with control buffer 100 mM manni to l /  
100 mM NaC1/20 mM Tris-Hepes (pH 7.4)), or 
buffer containing 1 mM ~,-aminobutyric acid or 1 
mM taurine at 22°C for 30 rain. Pre-loaded 
brush-border membrane (20 /~1) were then mixed 



with incubation buffer (180 /~1) containing NaC1, 
to achieve the transequilibrium condition for NaCI, 
7-amino[U-lac]butyric acid (1.6-106 cpm), and 
unlabelled 7-aminobutyric acid with or without 
taurine to final concentrations of 0.1 mM for each 
amino acid. Influx of 7-amino[U-laC]butyric acid 
was measured at 1 and 10 min. 

Statistics. Values are expressed as mean + S.E. 
Statistical significance was determined by Student's 
t-test. 

Results 

Uptake of 7-aminobutyric acid by slices of rat renal 
cortex 

We examined y-aminobutyric acid by renal 
cortex slices to determine whether it is concentra- 
tive, influenced by substrate oxidation, and depen- 
dent on sodium ion. 

Uptake of labelled 7-aminobutyric acid by slices 
was measured in the presence of 100 mM NaCI 
(100 mM) and [3H]poly(ethylene glycol) (as a 
marker of extracellular space). After incubation 
for 45 min at 37°C, the isotopic distribution ratio 
of 50 #M 7-aminobutyric acid was 2.3. When 
7-aminobutyric acid oxidation was blocked by 
addition of aminooxyacetic acid (0.1 mM), the 
ratio increased to 47.7 + 2.4 (mean and S.E., n = 
6). Partition chromatography of slice extracts con- 
firmed that all the radiochemical was in a single 
band co-migrating with the 7-aminobutyric acid 
standard. 

In the presence of aminooxyacetic acid (0.1 
mM), uptake of 7-amino[U-laC]butyric acid (50 
/~M) at 37°C was monotonic, approaching the 
steady-state at 45 min. Uptake was unaltered by 
the addition of a supplementary energy source (2 
mM succinate)but was reduced to 11% of control 
when incubations were performed at 4°C or when 
NaC1 (100 mM) in the external medium was 
replaced by choline chloride (100 mM) (Table I). 
7-Aminobutyric acid uptake was unaffected by 
addition of nipecotic acid (0.5 mM), cysteine 
sulfinic acid (1 mM) or muscimol (1 mM) (Table 
I). 

Net uptake of 7-aminobutyric acid in the pres- 
ence of aminooxyacetic acid, showed monotonic 
saturation when the substrate concentration was 
raised from 2 to 100 ram. The mean apparent g t 
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TABLE 1 

UPTAKE OF 7-AMINOBUTYRIC ACID (50 ~M) BY 
SLICES OF RAT RENAL CORTEX 

Uptake of 3,-aminolU-14C]butyric acid (50 ~M) into the 
intracellular space of rat renal cortex slices was measured after 
45 min incubation in a modified Krebs buffer with 
aminooxyacetic acid (0.1 mM) at 37°C; control uptake was 7.9 
ng "r-aminobutyric acid (GABA)/mg wet wt. per min. Where 
indicated, NaC1 (100 mM) in the buffer was replaced with 
choline chloride (100 mM). Uptake in standard buffer was also 
measured at 4°C or in the presence of various potential inhibi- 
tors. Results are for six replicates, n.s., not significant. 

Condition Intracelllular GABA uptake 
(% of control) 

mean + S.E. 

Choline chloride (100 mM) 
On ice (4°C) 

+ Nipecotic acid (0.5 mM) 
+ Muscimol (1 mM) 
+ Cysteine sulfinic 

acid (1 mM) 
+ Succinic acid (2 mM) 
+GABA (1 mM) 
+ fl-Alanine (1 mm) 
+ Taurine (1 mM) 
+ Proline (1 mM) 
+ p-Aminohippuric 

acid (1 mM) 

11+  1 P < 0.0l 
11+ 4 P < 0.01 
95+11 n.s. 
95 + 12 n.s. 

102 + 15 n.s. 
96 _+ 10 n.s. 
10_+ 2 P < 0.01 
18+ 3 P < 0.01 
66 + 4 P < 0.01 
56__+ 5 P <0 . 01  

60+ 9 P < 0.01 

for y-aminobutyric acid uptake was 26 + 4 /~M 
(n = 5) (Fig. 1). fl-Alanine (1 mM), an inhibitor of 
7-aminobutyric acid transport in glial cells [11], 
reduced 7-aminobutyric acid uptake (at 50/~M) by 
renal slices (to 16 + 3% of control); unlabelled 
7-aminobutyric acid (at 1 /zM) inhibited its own 
uptake equally well (to 10 + 2% of control) (Table 
I). The mechanism of fl-alanine inhibition was not 
clearly competitive (Fig. 1). Taurine (1 mM) was 
also inhibitory (66 + 4% of control) but no more 
so than proline (56 + 5% of control) or p-amino- 
hippurate (60 + 9% of control) at similar con- 
centrations (Table I). The effect of p-aminohip- 
purate was not competitive (Fig. 1). 

These findings indicate that basal-lateral mem- 
branes of renal slices possess a high-affinity, 
sodium-dependent mechanism for concentrative 
uptake of 7-aminobutyric acid with properties re- 
sembling those in glial cells [1] but unlike those 
observed in GABAergic  neurons  [12]. 7- 
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Fig. l. Effect of substrate concentration and other substances 
(at 1 mM) on 7-aminobutyric acid (GABA) uptake in the 
concentration range (2-100 ,aM) by renal slices at steady-state 
in the presence of aminooxyacetic acid (0.1 mM). PAH, p- 
aminohippurate. 

Aminobutyric acid oxidation influences net up- 
take. 

Uptake of y-aminobutyric acid by brush-border 
membrane vesicles 

We then compared y-aminobutyric acid uptake 
in brush-border membrane vesicles, with uptake in 
slices in which the basal-lateral membrane is pref- 
erentially exposed. 

We measured time-dependent uptake of 2/- 
amino[U-a4C]butyric acid (at 50 /~M) by brush- 
border membrane vesicles at 22°C in an inward- 
directed gradient of NaC1 (100 mM) or KC1 (100 
mM) (Fig. 2a). 7-Aminobutyric acid uptake oc- 
curred by an NaC1 gradient-driven cotransport 
mechanism. In the presence of the NaC1 gradient, 
there was an 'overshoot' with the peak at 10 min, 
representing 160% of the equilibrium value, y- 
Aminobutyric acid uptake then declined until 
equilibrium was achieved at about 1 h. Overshoot 
was not observed when incubations were per- 
formed at 4°C or in the presence of external KC1. 
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Fig 2. (A) Uptake of y-amino[U-]4C]butyric acid (GABA) (50 #M) by renal brush-border membrane vesicles (BBMV) in the presence 
of an inward-directed NaC1 or KCI gradient (100 mM outside, 0 mM inside), at 22°C in the presence of aminooxyacetic acid (0.1 
raM). Each point is the mean+S.E, of five replicates. (B) Simultaneous uptake of D-[l(n)-3H]glucose (50 #M) in the same 
brush-border membrane vesicles preparations. 
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The findings resemble uptake of several other neu- 
tral organic solutes by renal brush-border mem- 
brane vesicles [13]. However, the overshoot phase 
for T-aminobutyric acid uptake was delayed and 
was much smaller than that for the simultaneous 
uptake of D-glucose (at 50 ~M) in the same 
brush-border membrane vesicles preparations (Fig. 
2b). Intravesicular volume at equilibrium was 0.71 
/~l/mg protein (mean, n = 3) for T-aminobutyric 
acid and 1.1/t l /mg protein (n = 3), for D-glucose. 

We measured uptake of T-aminobutyric acid by 
brush-border membrane vesicles in the presence of 
aminooxyacetic acid (0.1 mM) to block any T- 
aminobutyric acid oxidation that might occur in 
contaminating mitochondria in the preparation; 
cytochrome c reductase activity in brush-border 
membrane vesicles was less than 10% of activity in 
crude homogenates of renal cortex. After incuba- 
tion of labelled y-amino[U-14C]butyric acid (50 
/~M) in transport media with aminooxyacetic acid 
(0.1 raM) at 22°C for 75 min, there was no mea- 
surable release of a4CO2 and all radioactivity was 
identified, by partition chromatography, in a single 
band co-migrating with the T-aminobutyric acid 
standard. 

To determine whether uptake of T-aminobu- 
tyric acid represented transport into an osmoti- 
cally sensitive space, we prepared brush-border 
membrane vesicles in the usual mannitol buffer, 
and incubated in media containing 50 /~M T- 
amino[UJ4C]butyric acid, 100 mM NaC1, 20 mM 
Tris-Hepes (pH 7.4) and varying amounts of 
sucrose (100-700 mM). T-Aminobutyric acid up- 
take at equilibrium was inversely proportional to 
external osmolarity (Fig. 3). Extrapolation of the 
regression line to infinitely high osmolarity indi- 
cated less than 5% non-specific binding. 

We measured the effect of transmembrane 
potential on the ion gradient-dependent T- 
Aminobutyric acid transport. Brush-border mem- 
brane vesicles were preloaded with 100 mM KCI, 
200 mM mannitol, 20 mM Tris-Hepes. (pH 7.4) 
and the potassium ionophore valinomycin (8 t~g/ 
ml). Under these conditions, sodium gradient-de- 
pendent l,-aminobutyric acid uptake was stimu- 
lated at early time points (238% of control at 2.5 
minutes, 173% of control at 7.5 min) (Table II). 
When incubations were performed wih a relatively 
impermeant anion in the medium, (Na2SO4, 50 

GABA Uptake by BBMV at 75 Minutes: 
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Fig. 3. Uptake of "/-aminobutyric acid (GABA) by renal 
brush-border membrane vesicles (BBMV) as a function of 
intravesicular volume, brush-border membrane vesicles were 
prepared in regular buffered mannitol (300 mM) and incubated 
in media containing 100 mM NaC1, 20 mM Hepes-Tris (pH 
7.4), 50 /tM y-amino[U-14C]butyric acid, 0.1 mM 
aminooxyacetic acid and varying amounts of sucrose (100-700 
raM). Uptake of T-aminobutyric acid at equilibrium (75 rain) is 
expressed as the mean + S.E. of five replicates. 

mM), so that a favorable electronegative interior 
could not be generated by rapid anion influx 
[14-16] sodium gradient-dependent y-aminobu- 
tyric acid uptake was abolished (Table II). 

We performed a kinetic analysis of sodium-de- 
pendent T-aminobutyric acid uptake at 7.5 min; 
we were unable to make reliable measurements at 
earlier time points. Brush-border membrane 
vesicles demonstrated saturable, high-affinity up- 
take in the concentration range 10-100 mM y- 
aminobutyric acid (Fig. 4). In three different ex- 
periments, the apparent K t for y-aminobutyric 
acid varied between 30 and 36 btM; the apparent 
Vma x was 35-71 pmol/mg protein per 7.5 min. 
Uptake was inhibited by fl-alanine but not by 
diaminobutyric acid or nipecotic acid; inhibition 
by fl-alanine was apparently competitive (Fig. 4). 
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TABLE II 

EFFECT OF THE ELECTRO-CHEMICAL GRADIENT ON 
y-AMINOBUTYRIC ACID UPTAKE BY BRUSH-BORDER 
MEMBRANE VESICLES 

Uptake of y-aminobutyric acid (50/~M) by brush-border mem- 
brane vesicles was measured at 22°C in the presence of 
aminooxyacetic acid (0.1 raM) and a NaCI or KC1 gradient 
(100 mM outside, 0 mM inside), a Brush-border membrane 
vesicles aliquots were pre-incubated in isosmotic buffer con- 
taining KCI (100 mM) and valinomycin (8/xg/ml) for 30 min 
at 22°C and compared to controls pre-incubated in regular 
buffered mannitol, h NaCI (100 raM) in the external medium 
was replaced with Na2SO 4 (50 mM). Results are for five 
replicates. 

External medium Time Control uptake (%) 
(min) (mean+S.E.) 

total Na-dependent 

NaCI(100mM) 2.5 100_+ 2 100_+ 4 
7.5 100+ 4 100+ 7 

KCI(100mM) 2.5 39_+ 4 0+ 9 
7.5 39_+ 6 0_+11 

NaCI (100 mM) ~ 2.5 185_+ 8 238_+13 
+ valinomycin (8/t g/ml) 7.5 167_+20 173-+18 

Na2SOn(50mM) ~' 7.5 27-+ 6 -11+  9 
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Fig. 4. Concentration-dependent uptake of y-amino[U- 
14C]butyric acid (GABA) was measured at 7.5 min under 
standard conditions. It was unaffected by addition (at 1 mM) 
of diaminobutyric acid (116 + 10% mean _+ S.E. of' control, P > 
0.05) or nipecotic acid (116 _+ 6% of control, P > 0.05); data not 
shown. Inhibition by fl-alanine (0.25 mM) was apparently 
competitive. Data shown are a typical experiment; three experi- 
ments gave similar findings. 

TABLE 11I 

EFFECT OF VARIOUS SUBSTRATES ON UPTAKE OF 
y-AMINOBUTYRIC ACID OR fl-ALANINE BY BRUSH- 
BORDER MEMBRANE VESICLES 

The sodium-dependent component of uptake with y-amino[U- 
14C]butyric acid (GABA) 50/LM) or fl-[u-lac]alanine (50/LM) 
by brush-border membrane vesicles was determined at 7.5 rain 
under standard conditions or in the presence of various com- 
pounds (at 1 mM). Results are for five replicates, n.s., not 
significant. 

Unlabelled substrate Percent of control (mean + S.E.) 

added (1 mM) fl-alanine uptake GABA uptake 
(50 p.M) (50 p,M) 

+GABA 78_+12 P<0.05 35_+ 3 P<0.01 
+fl-Alanine 20_+ 2 P<0.01 51_+ 5 P<0.01 
+L-Proline 75_+ 2 P<0.0I 89_+ 8 n.s. 
+ D-Glucose 88 _+ 9 n.s. 92 _4- 9 n.s. 
+Taurine 27-+ 2 P<0.01 83_+10 P<0.05 

y -Aminobutyr ic  acid uptake was unaffected by 
p -aminoh ippura te  (1 mM) (data not  shown). 

M a m m a l i a n  renal  b rush-border  m e m b r a n e  
vesicles possess a high-affinity t ransport  process 

for f l -amino acids [17,19]. We investigated whether 
y-aminobutyr ic  acid t ransport  occurred primari ly 

on a f l -amino acid-preferring system or on its own 

system by examining  the relative effects of various 
inhibi tors  on uptake of y-aminobutyr ic  acid (50 

/xM) and flzalanine (50 ~M) (Table III), using the 
so-called 'ABC test' [18]. Sodium-dependent  trans- 

port  of y-aminobutyr ic  acid was inhibi ted more by 
the addi t ion of unlabel led 1 m M  y-aminobutyr ic  

acid than by 1 m M  fl-alanine ( P  < 0.01). Con- 
versely, sod ium-dependent  uptake of f l-alanine was 
inhibi ted more by the addi t ion of 1 mM fl-alanine 
than by 1 mM y-aminobutyr ic  acid ( P  < 0.01). 
Furthermore,  taurine (1 raM) strongly inhibi ted 

uptake of fl-alanine, but  had little effect on y- 
aminobutyr ic  acid uptake ( P  < 0.01). These find- 
ings imply that y-aminobutyr ic  acid is t ransported 
on a carrier different from that serving f l -amino 
acids, A more rigorous test of this assumpt ion is 
feasible with t rans-s t imulat ion experiments.  

Influx of labelled y-aminobutyr ic  acid was 
measured at t ransequi l ibr ium NaC1 in brush- 
border  membrane  vesicles conta in ing  trans-y- 
aminobutyr ic  acid (1 mM), or trans-taurine (1 
mM) and compared with entry into vesicles without 
trans-amino acid. y -Aminobutyr ic  acid influx was 
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TABLE IV 

T R A N S - S T I M U L A T I O N  OF " t -AMINOBUTYRIC AC ID 
U P T A K E  IN B R U S H - B O R D E R  M E M B R A N E  VESICLES 
U N D E R  T R A N S E Q U I L I B R I U M  C ONDIT IONS  FOR NaCl 

Brush-border membrane  vesicles (BBMV) were pre-incubated 
for 30 min at 22°C in buffered mannitol  (100 mM) containing 
NaCI (100 mM) with or without the inside trans-amino acid (1 
mM). Transport  was initiated by mixing pre-loaded brush- 
border membrane  vesicles with 9 vol. of an appropriate buffer 
containing at final concentration, 100 mM  NaC1, 0.1 mM  
y-amino[U-14C]butyric acid (GABA) and 0.1 m M  taurine. Up- 
take of y-amino[U-14C]butyric acid was measured at 1 and 10 
rain; results are mean _+ S.E. of five replicates. 

Inside BBMV Uptake ( p m o l / m g  protein) 

1 min 10 min 

NaCI (100 mM) 16.4 _+ 1.5 48.7 _+ 3.3 
GABA (1 mM) 48.5 _+ 4.6 b 118.3 _+ 3.5 b 
Taurine (1 mM) 19.8 _+ 1.2 73.0 _+ 9.0 a 

a P < 0.02. 
b p < 0.01. 

markedly stimulated by trans-y-aminobutyric acid 
(296 and 243% of control at 1 and 10 min, respec- 
tively) but only slightly by trans-taurine (121 and 
156% of control at 1 and 10 min, respectively) 
(Table IV). Homo-trans-stimulation by 3'- 
aminobutyric acid influx was abolished in the ab- 
sence of sodium ion. 

Hi lden  and Sacktor [20] found reduced 
sodium-dependent D-glucose transport after stor- 
age of brush-border membrane vesicles in buffered 
mannitol (300 mM) at -20°C. Brush-border 
membrane vesicles treated in this fashion lost the 
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Fig. 5. Effect of freeze-thaw treatment of brush-border mem- 
brane vesicles on 3,-aminobutyric acid (GABA) uptake. Trans- 
port of y-amino[UJ4C]butyric  acid (50 ~M) was measured in 
the presence of an NaCI or KCI gradient (1130 mM outside 0 
m M  inside). When brush-border membrane  vesicles were sub- 
jected to three freeze-thaw treatments, uptake of ~,-aminobu- 
tyric acid at 7.5 or 75 min was not significantly different from 
control values. 

capacity for sodium-dependent "/-aminobutyric 
acid transport. However, when brush-border mem- 
brane vesicles were rapidly frozen at -70°C (iso- 

TABLE V 

EFFECT OF RAPID FREEZE-THAW P R O C E D U R E  ON S O D I U M - D E P E N D E N T  U P T A K E  OF VARIOUS C O M P O U N D S  BY 
B R U S H - B O R D E R  M E M B R A N E  VESICLES 

Sodium-dependent uptake was measured (five replicates in each experiment) at the peak of overshoot. Treated aliquots of 
brush-border membrane  vesicles (BBMV) were subjected to three freeze-thaw cycles, n.s., not significant. GABA, y-aminobutyric 
acid. 

Compound  Uptake ( p m o l / m g  protein) (mean _+ S.E.) 

fresh BBMV freeze-thaw BBMV 

Ratio fresh/freeze-thaw 

G A B A ( 5 0 ~ M )  50:1:1  54_+ 3 1.07 (n.s.) 
L-Proline (26/zM) 130___ 12 124_+ 8 0.95 (n.s.) 
D-Glucose(50 p,M) 193_+ 5 79_+ 8 0.41 (P  < 0.01) 
fl-Alanine (98/xM) 297_+ 19 148 _+ 8 0.50 ( P < 0.01) 
Taurine (44 # M) 586 _+ 21 384_+ 40 0.65 ( P < 0.01) 
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pentane on solid CO2) and rethawed (22°C) three 
times, y-aminobutyric acid transport was not al- 
tered (107% control at 10 min) (Fig. 5), whereas 
the sodium-dependent co-transports of o-glucose, 
/3-alanine, and taurine were impaired (41, 50 and 
65% of control, respectively) (Table V). 7- 
Aminobutyric acid uptake by snap-frozen brush- 
border membrane vesicles represented transport 
into the intravesicular space without non-specific 
binding, as shown by osmotic experiments. The 
freeze-thaw procedure had no effect on the diffu- 
sional component of uptake for any of these sub- 
strates. 

Discussion 

GABAergic neurons synthesize 7-aminobutyric 
acid from glutamate on a well-characterized 
glutamate decarboxylase (EC 4.1.1.15) [21], they 
exhibit high-affinity ( K t = 3 0 - 5 0  /~M) sodium- 
dependent uptake of 7-aminobutyric acid which is 
selectively inhibited by nipecotic acid and di- 
aminobutyric acid [12,22], and they innervate 
targets which possess 7-aminobutyric acid recep- 
tors intimately associated with chloride-selective 
channels at the cells surface [23,24]. Our earlier 
studies [5] demonstrated that renal glutamate de- 
carboxylase is different from the neural enzyme. 
In the present study, we characterized renal 7- 
aminobutyric acid transport, using slices and 
brush-border membrane vesicles from rat renal 
cortex. 

Slices demonstrate concentrative uptake when 
7-aminobutyr ic  acid oxidat ion is blocked. 
aminooxyacetic acid did not appear to impair en- 
ergetics of 7-aminobutyric acid transport, since 
succinate did not further increase the rate of y- 
aminobutyric acid transport or the observed slice/  
medium distribution ratio. The apparent K, value 
at steady-state is analogous to the value at initial 
rates [9,25]. In the presence of aminooxyacetic 
acid, we observed a single high-affinity uptake 
mechanism (K t approx. 26 gM) with properties 
typical of other systems mediating neutral amino 
acid transport in kidney slices, for example, de- 
pendence on sodium and temperature. Lack of 
inhibition by nipecotic acid and diaminobutyric 
acid indicates that the 7-aminobutyric acid trans- 
port system in kidney slices differs from that in 
GABAergic neurons. 

7-Aminobutyric acid transport by renal slices 
was impaired by p-aminohippurate. It is unlikely 
that this finding indicates a shared transport 
mechanism for the two compounds, since kinetic 
analysis sowed that inhibition was not competitive. 
The basal-lateral cell surface is predominantly ex- 
posed in slices [6,7]. p-Aminohippurate, an excel- 
lent substrate for the weak organic acid secretory 
mechanism at the basal-lateral surface [27], should 
therefore be readily transported. However, at mil- 
limolar concentrations, p-aminohippurate com- 
petes for energy and the sodium gradient and it 
may inhibit y-aminobutyric acid uptake by these 
effects in the slice. 

Transport of labelled ~,-aminobutyric acid in 
renal slices was inhibited by fl-alanine nearly to 
the same extent as by addition of equimolar un- 
labelled 7-aminobutyric acid. This finding suggests 
that 7-aminobutyric acid may share a B-amino 
acid-preferring transporter in basal-lateral mem- 
branes [15], or that 7-aminobutyric acid uptake, 
occurring on its own unique system, can be in- 
hibited by B-amino acids. Taurine, a good sub- 
strate for the B-amino acid uptake system in slices 
[26], was no more effective as a competitive inhibi- 
tor than c-proline or p-aminohippurate; moreover 
the inhibition by j3-alanine was not clearly compe- 
titive. 

To determine whether y-aminobutyric acid 
transport could be identified in preparations rep- 
resentative of the luminal surface of the proximal 
tubule, we studied 7-aminobutyric acid uptake by 
brush-border membrane vesicles. As is the case for 
other neutral amino acids and sugars, we observed 
that entry of y-aminobutyric acid into the osmoti- 
cally active space of brush-border membrane 
vesicles was stimulated by an inwardly directed 
sodium chloride gradient. In the presence of the 
imposed sodium gradient, y-aminobutyric acid was 
transiently accumulated by brush-border mem- 
brane vesicles above its equilibrium value; over- 
shoot was not observed in the presence of a KC1 
gradient. Furthermore, y-aminobutyric acid up- 
take was affected by manipulations of the trans- 
membrane potential gradient, suggesting electro- 
genic cotransport of 7-aminobutyric acid with one 
or more sodium ions. Brush-border membrane 
vesicles preloaded with KC1 and valinomycin gen- 
erate an electronegative interior [13]. Under these 



conditions, Na gradient-dependent 3'-aminobu- 
tyric acid co-transport was stimulated. When a 
relatively impermeant anion (sulfate) is substituted 
for a highly permeant anion (chloride) in the exter- 
nal medium, rapid anion influx favorable to the 
cotransport of sodium and neutral substrates is 
impaired [13]. Under these conditions, sodium-de- 
pendent T-aminobutyric acid transport was 
abolished. 

It is likely that y-aminobutyric acid uptake by 
brush-border membrane vesicles represents uptake 
into vesicles derived from the proximal tubule 
luminal membranes rather than by contaminant 
basal-lateral membrane vesicles. Our brush-border 
membrane vesicles preparations were highly en- 
riched in alkaline phosphatase activity (a brush- 
border enzyme). Furthermore, 3'-aminobutyric acid 
uptake by brush-border membrane vesicles was 
reduced in the presence of other neutral organic 
substrates (D-glucose or L-proline). These com- 
pounds are transported across the luminal surface 
of the proximal tubule [14,15] and compete for the 
inward-directed sodium chloride gradient [13]. 
Brush-border membrane vesicles uptake of 3'- 
aminobutyric acid was unaffected by p-aminohip- 
purate. 

Because sodium-dependent T-aminobutyric acid 
co-transport by brush-border membrane vesicles is 
relatively slow compared to that of many a-amino 
acids and hexoses, we were unable to measure 
initial rates accurately enough for kinetic analysis. 
Instead, we calculated an apparent K t by measur- 
ing uptake at 7.5 min. While this value may be 
different from the 'true' K t calculated at the initial 
rates, it was useful for analyzing the effects of 
various transport inhibitors. As observed in slices, 
uptake of T-aminobutyric acid by brush-border 
membrane vesicles was unaffected by established 
inhibitors of the neuronal T-aminobutyric acid 
transport mechanisms (e.g., nipecotic and di- 
aminobutyric acids), but it was substantially re- 
duced by fl-alanine, an inhibitor of T-aminobu- 
tyric acid transport in glial cells. Kinetic analysis 
indicated that fl-alanine was a competitive inhibi- 
tor of T-aminobutyric acid transport by renal 
brush-border membrane vesicles. Three findings 
indicate a specific T-aminobutyric acid-preferring 
system: (i) in the so-called 'ABC test' [18], labeled 
3'-aminobutyric acid uptake was inhibited by the 
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addition of unlabelled T-aminobutyric acid more 
than by fl-alanine or taurine, whereas labelled 
fl-alanine uptake was strongly inhibited by ad- 
dition of unlabelled fl-alanine or taurine, but 
minimally by 3'-aminobutyric acid; (ii) influx of 
T-aminobutyric acid into vesicles at NaC1 equi- 
librium exhibited marked 'trans-stimulation' by 
3'-aminobutyric but not by taurine, an excellent 
substrate for the fl-amino acid transporter [17,19]; 
(iii) T-Aminobutyric acid uptake was preserved in 
brush-border membrane vesicles subjected to 
several rapid freeze-thaw procedures, whereas up- 
take of fl-alanine, taurine, and D-glucose was sub- 
stantially reduced. The freeze-thaw procedure did 
not change the time of peak uptake, the equi- 
librium uptake value or the sodium-independent 
diffusional component of uptake. Cryolability un- 
der these conditions is apparently a particular 
property of the transport protein involved rather 
than a non-specific effect on brush-border mem- 
brane vesicles integrity. 

The role of dedicated T-aminobutyric acid 
transport in mammalian kidney is unknown at this 
time. In rat blood, the concentration of T- 
aminobutyric acid is about 0.8 #M [28], two or 
three orders of magnitude lower than the range for 
most other amino acids. In view of the extremely 
small filtered load it would seem irrelevant to have 
a specific T-aminobutyric acid transport mecha- 
nism, if its sole function were to conserve endoge- 
nous 3'-aminobutyric acid pools. A more appealing 
speculation is that high-affinity renal 3'-aminobu- 
tyric acid transport, demonstrable in both renal 
slices and brush-border membrane vesicles, repre- 
sents a mechanism by which the renal 3'-aminobu- 
tyric acid content is maintained at a high level, or 
by which local extracellular 3'-aminobutyric acid 
concentrations are minimized. 
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