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SUMMARY 

i. The concentrative uptake of amino acids by mouse brain slices was measured 
after 5 and 9 ° min of incubation in the presence of varying concentrations of Na + and 
K +. Lowering the Na + concentration in the medium from 148 mM to lO-3 ° mM 
decreased the tissue concentration of both Na+ and K+, with the Na + levels ap- 
proximating those of the medium. Media containing 148 mM Na + and devoid of K + 
led to elevated Na + levels in the tissue. Decreasing only Na÷ in the medium led to 
a greater loss of tissue K + than the omission of K+ from the medium. 

2. The Na + requirement for transport of individual amino acids was not uni- 
form. Lowering the Na+ concentration of the medium strongly inhibited the uptake 
of ~-aminoisobutyric acid, L-~,7-diaminobutyric acid, D-glutamic acid and lysine, 
whereas the uptake of D- and L-aspartic acids, L-glutamic acid and leucine was in- 
hibited to a lesser degree. Even though the two isomers of glutamate were accumulated 
to approximately the same extent under control conditions, differences in uptake were 
observed in Na+~deficient media. 

3. The absence of K+ from the incubation medium led to a marked inhibition 
of amino acid uptake (ranging from 64 to 82 %), and the degree of inhibition depended 
upon the Na + concentration as well as on the amino acid studied. 

4. There was no correlation between tissue levels of ATP and the degree of in- 
hibition of amino acid uptake in ion-deficient media. 

5. Although the data clearly show that accmnulation of amino acids by brain 
slices is ion dependent, the presence of a physiological Na + gradient between tissue 
and medium is not necessary. 

INTRODUCTION 

Brain slices can accumulate amino acids against a concentration gradient. This 
uptake is greater in slices from brain than in those from most other tissues, and it 
occurs through a mediated transport mechanism, the properties of which have been 
investigated in a number of studies 1-~. Recent investigations of amino acid transport 
by brain slices a-7 showed the pattern of substrate specificity to be similar to that found 
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in such systems as Ehrlich ascites tumor cells 8, intestine 9, and kidney TM. Instead of a 
distinct "carrier" for each amino acid, several "transport classes" could be distin- 
guished, each specific for a group of amino acids with similar structure, and with 
considerable overlap between the various classes. 

It  has been shown in a number of tissues and for several amino acids that active 
transport is a Na+-dependent process u-15. Although there seems to be an absolute 
requirement for Na + in most cases, Na+-independent components have been demon- 
strated with some amino acids, e.g., lysine and histidine 16, valine 17 and methionine TM. 
K+-dependent systems of amino acid transport have also been demonstrated in a 
number of tissues 16,19,20 

In view of these findings, we determined the effects of Na + and K + on tile 
uptake of amino acids by mouse brain slices in order to establish whether the effects 
of these ions are the same on all the postulated "carriers". 

MATERIALS AND METHODS 

Brain slices (0. 4 mm thickness) were prepared from the cerebral hemispheres 
of young-adult Swiss mice as described previously 21. Slices (approx. 6oo rag) from the 
brains of two animals were pooled in a 5o-ml erlenmeyer flask containing 16 ml of 
cold medium (4°). The flasks were oxygenated for I min, stoppered, and placed in a 
shaker bath at 37 °. Unless otherwise indicated, the medium was decanted after a 
Io-min preincubation period and replaced by 16 ml of fresh medium of the same 
composition, previously oxygenated and warmed to 37 °, and after 30 min the medium 
was changed again. The total preincubation time was I h. The purpose of these 
changes during the preincubation period was to achieve ionic equilibrium in the slices 
and to obtain a medium of known ionic composition. In the case of experiments in 
K+-free medium, it was of special importance to obtain a medium as nearly free of 
this ion as possible since the leakage of K + from damaged tissue can result in an 
appreciable external K+ concentration in the small volume of medium used 22. 

Slices were separated from the preincubation medium by pouring the flask 
contents on a Buchner funnel and gently shaking for a few seconds to allow for 
drainage of medium. The tissue remaining on the funnel was divided among four 
25-ml erlenmeyer flasks containing 3 ml of oxygenated incubation medium at 37 °, 
and incubation was then carried out at that  temperature. 

The control medium contained IO mM glucose, 128 mM NaCl, 5 mM KC1, 
2. 7 mM CaC12, 1.2 mM MgSO4, IO mM Na2HPO 4, and IOO mM Tris buffered to pH 7.4- 
Incubation media were made 2 mM with respect to the labeled amino acids in- 
vestigated, with a specific activity of o.oo5-o.oi /~C/~mole. 

The experimental media were either K+-free, or IO, 2o or 3o mM with respect to 
Na +. Choline chloride was added in an amount sufficient to substitute for Na + in an 
isomolar fashion. In the case of Io mM Na + medium, only half the usual concentration 
of Na2HPO 4 was used. 

After incubation the slices were collected by filtration and frozen in powdered 
dry ice. The frozen tissue was weighed and then homogenized in 2 ml of 3 % HC10~. 
The clear supernatant obtained by centrifugation was used for the determination of 
ion and amino acid concentrations, which are expressed on the basis of intracellular 
water after correction for the cation concentration of the extracellular compartment. 
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For analyses of Na+ and K +, aliquots were diluted with ion-free double-distilled water 
and the ion concentration was determined by flame photometry.  

The amount of radioactivity in the samples was measured by  counting o.5-ml 
aliquots of the HC10 4 extract in a Packard liquid scintillation spectrometer. Since 
counting error due to quenching was less than 2 %, correction for individual sample 
counts was not necessary. Amino acid levels in the slice were expressed in terms of 
concentrative intracellular uptake, that  is, level in the intracellular compartment  
above that  in the medium, after correction for the amino acid content of the extra- 
cellular compartment.  Extracellular space of the slices at the end of the incubation 
period was measured using [14C~carboxy-inulin under conditions of the uptake ex- 
periments. 

The proportion of the total  radioactivity in the tissue extracts representing 
unmetabolized amino acid was determined for D- and L-aspartate, D-glutamate, 
lysine and leucine after separation of the amino acids by high-voltage electrophoresis 
and paper chromatography. For electrophoresis, HC10 4 extracts of incubated tissue 
were neutralized with KOH and centrifuged, and the supernatant evaporated to 
dryness. The residue was redissolved in a drop of water and electrophoresed at o ° on 
Whatman 3 MM paper, with 2 % pyr idine-1% aqueous acetic acid (pH 5.2), at 
3o V/cm for ioo rain, or with 2.5 % formic acid-7.8 % acetic acid (pH 1.85), at 
3o V/cm for 240 rain. For paper chromatography (butanol-acetic acid-water;  6:1.5 : 5, 
v/v/v), and in some instances for electrophoresis, 7 ° % ethanol extracts of tissue 
were used. The extent of amino acid metabolism was quanti tated by determining 
the portion of the total  radioactivity represented by  unmetabolized amino acid 
after electrophoretic or chromatographic separation. 

ATP was assayed using the scintillation counter method of TAL, DIKSTEIN AND 
SULMAN 2a. Samples were prepared by neutralizing 3 % HCI04 extracts of tissue with 
I M NaOH and diluting with water. 

D-I4-14C!Aspartic acid was prepared by the enzymatic decarboxylation of DL- 
E4-14C!aspartic acid and separation of the e-alanine formed 24. The incubation mixture 
contained 2 /*moles of DL-[4-14Claspartic acid, 4 /*moles of L-[12C~aspartic acid, 
6o/*moles of sodium pyruvate and 30 mg of L-glutamic acid decarboxylase (L-glutam- 
ate-I-carboxy-lyase, EC 4.i.1.15, Worthington) in a total  vol. of 2.6 ml acetate buffer 
(pH 4.9). Incubation was carried out at 37 ° for 45 rain using the flasks described by 
SABA AND DI LUZlO 25. An additional 2 /,moles of L-[~eClaspartic acid (in 0.5 ml of 
0.26 M acetate buffer) were then added, and incubation was continued for a total 
period of 9 ° rain. The CO s evolved was trapped in Hyamine and counted. Experiments 
using uniformly labeled L-[l~Claspartic acid under the same incubation conditions 
resulted in recovery of 24. 5 % of the radioactivity in 14CO2, agreeing well with the 
theoretical yield of 25 %. When DL-I4-14Claspartate was used, 49.3 % of the radio- 
activity was recovered in ~4C02. The D-I4-14Cjaspartic acid was isolated by  chromato- 
graphy on Dowex I-acetate 26, and the eluate was evaporated to dryness to remove 
acetic acid. Reincubation of the isolated D-[4-14Claspartate with glutamic acid de- 
carboxylase yielded less than 1.2 % of its radioactivity as 14CO2, and the radio- 
chemical puri ty of the D-aspartic acid was demonstrated by paper chromatography 
to be greater than 99 %. 

Observed differences in results are considered statistically significant if P < 0.05 
as determined using a one-tailed t-test. 
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Compounds labeled with 14C were obtained from the following sources: a-amino- 
[I-~4C]isobutyric acid, D-EI-14C3glutamic acid, 2,3-diaminobutyric acid (U.L.), L- 
leucine (U.L.) and [x*C]carboxy-inulin (i.e. inulin labeled with additional [14C]carboxyl 
groups) from Calbiochem; L-aspartic acid (U.L.) and L-lysine (U.L.) from Schwarz 
BioResearch; DL-[4-x4C!aspartic acid from New England Nuclear Corp. 

RESULTS 

Imdin space and dry weight 
Brain slices undergo considerable swelling upon incubation. Since this may 

depend on the condition of the medium, it was important  to determine water content 
and extracellular space of the tissue under the experimental conditions. In order to 
determine the inulin space (extracellular space plus adherent medium), brain slices 
were incubated using the usual experimental conditions, which included a 6o-min 
preincubation with an exchange of medium, followed by 9o-min incubation in medium 
containing [14C]carboxy-inulin and 2 mM unlabeled amino acid. 

The percent inulin space representing extracellular fluid of the tissue and 
adherent medium was calculated as (counts/min [14CIcarboxy-inulin per gram tissue 
wet wt./counts/min [14C]carboxy-inulin per ml medium) x ioo. The inulin space in 
medium containing 148 mM Na + (and with or without K +) ranged from 59 to 63 % in 
the presence of the various amino acids investigated. There was a slight decrease in 
the size of the inulin space (to approx. 56 %) at lowered concentrations of Na + in the 
presence of all amino acids except aspartic acid, in which case the inulin space was 
51% of the tissue weight in lO-2O mM Na +. Lack of K + had no effect, and when 
K + was combined with low Na +, the tissue behaved as in low Na + alone. 

The dry weight of slices was measured following a 6o-min preincubation period 
and subsequent incubation for 9 ° min in conditions similar to those used for uptake 
experiments. The dry weight of the tissue was 14 ~ i % of the wet weight, and this 
was not affected by the presence of amino acids in the medium or by changes in Na + 
concentration. Changes in the medium affect not only the size of the extracellular but 
also that  of the intracellular compartment,  since only the inulin space was altered 
depending upon the composition of the medium. 

Metabolism of amino acids during incubation 
Since the tissue concentration of amino acid is calculated on the basis of tissue 

radioactivity, it was important to know the extent of amino acid metabolism in these 
experiments. Under our experimental conditions less than 5 % of the tissue radio- 
act ivi ty was in compounds other than D-aspartic and I)-glutamic acids, and L-leucine 
in studies involving those amino acids (Table I). The metabolic inactivity of a-amino- 
isobutyric acid and L-a,y-diaminobutyric acid in mammalian tissues has been de- 
monstrated previously2L Significant metabolism of lysine (29 %) was found after 
9 ° rain of incubation in 3 ° mM Na + medium, and L-aspartate was actively metabolized 
in all media, although less in media lower in Na+. 

Of the radioactivity taken up by tissue exposed to L-[14CJglutamic acid in both 
normal and low-Na + media, approximately 90-93 % was in unmetabolized glutamate 
after 5 rain and 72-82 % after 9 ° rain (Table I). 

After 5 rain incubation less than 3 % of the [14CIaspartate and [14C]glutamate 
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removed from the medium was metabolized to 14CO~. By 9 ° min this figure rose to 
25 %, except in the case of [14C]aspartate in low-Na + media, which was metabolized 
only to the extent of 16 %. The loss of label as 14CO2 is assumed to be minimal in the 
case of leucine and lysine, since less than 1.5 % of the amino acid added to rat brain 
slices was converted to CO 2 in similar experiments 2s. 

Concentrative ,uptake of amino acids by brain slices 
When incubated in media containing 2 mM amino acid, brain slices reached 

amino acid levels considerably greater than those of the medium after only 5 nfin of 
incubation (Table II). Varying degrees of Na + dependence were found (Table III).  

T A B L E  I 

T H E  E F F E C T  OF A L T E R I N G  N a  + A N D  I (  + L E V E L S  ON T H E  M E T A B O L I S M  OF G L U T A M A T E ,  A S P A R T A T E  

A N D  L Y S I N E  B Y  B R A I N  S L I C E S  

I n c u b a t i o n s  and  e lec t rophore t ic  and  c h r o m a t o g r a p h i c  separa t ions  were carr ied out  as descr ibed 
in the  t ex t .  Fo l lowing  i ncuba t ion  wi th  D-aspart ic  acid, D-glu tamic  acid and L-leucinc the  or iginal  
amino  acid accoun ted  for g rea te r  t h a n  95 % of the  r a d i o a c t i v i t y  p resen t  in the  t issue ex t rac t .  

Ion concentration in medium Incubation time 
(m~l) (m/n) 

Na + K + 

% of acid-soluble radioactivity prcsem 
in metabolites 

L-Glu L-,4 sp L-I,ys 

148 5 5 7 41 5 
148 5 9 ° 28 73 13 

IO 5 5 IO 13 6 
IO 5 9 ° 18 14 3 
20 5 5 9 24 12 
20 5 9 ° 23 39 16 
3 ° 5 5 7 27 7 
3 ° 5 9 ° 26 5 ° 29 

148 o 5 - -  26 4 
148 o 90 - -  65 IO 

T A B L E  I I  

T H E  U P T A K E  OF A M I N O  A C I D S  B Y  M O U S E  B R A I N  S L I C E S  

The m e d i u m  con ta ined  lO mM glucose, 128 mM NaC1, 5 nlM KC1, 2. 7 mM CaCI~, 1.2 InM MgS04, 
i o  mM N a 2 H P O  ~ and lOO nlM Tris buffered to  p H  7.4. The concen t ra t ion  of the  respec t ive  amino  
acids  was 2 mM wi th  a specific a c t i v i t y  of o .oo5-o .o l  #C// tmole.  

Amino acid Concentrative uptake (l~mole/ml intracellular water ± S.E,) * 

5 rain incubation. 9 ° rain incubation 

L-Leu 1-78 ~ 0.09 3.36 ! o.17 
c~-Aminoisobutyric ac id  4,67 ~c o.12 26.94 ± o.9o 
D-Glu 14.45 i 0.49 53.65 ~ 1.62 
L-Glu 17.87 -= 0-34 53.08 ± 1.87 
D-Asp 11.77 j :  0.52 55.7 ° ± 2.41 
L-Asp 17.24 i 0-36 57.61 ± 2.73 
L-~ .y-Diaminoisobutyr ic  acid 6,60 :~ 0.35 34.95 ± 1.26 
L-Lys 0.39 := o . i i  11.42 ± 0.3¢ 

* Concen t ra t ive  u p t a k e  represents  the  concen t r a t ion  of r a d i o a c t i v i t y  a c c u m u l a t e d  by  the  
i n t r ace l l u l a r  c o m p a r t m e n t  of the  t i ssue  above  t h a t  in the  medium.  
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T h e  a m i n o  ac id s  t e s t e d  in  s h o r t - t e r m  e x p e r i m e n t s  c a n  b e  d i v i d e d  i n t o  t w o  g roups .  

T h e  u p t a k e  of  a - a m i n o i s o b u t y r i c  ac id ,  L - a , v - d i a m i n o i s o b u t y r i c  acid,  l y s i n e  a n d  D- 

g l u t a m a t e  was  s t r o n g l y  i n h i b i t e d  b y  a low N a  + c o n c e n t r a t i o n ,  w h e r e a s  t h e  u p t a k e  of 

l euc ine ,  L - g l u t a m a t e ,  a n d  D- a n d  L - a s p a r t a t e  w as  a f f ec t ed  to  a lesser  deg ree  b y  l o w e r i n g  

N a  + in  t h e  m e d i u m .  T h e  p a t t e r n  of N a  + d e p e n d e n c e  f o l l o w i n g  9 o m i n  of i n c u b a t i o n  

was  s i m i l a r  t o  t h a t  s een  a t  5 m i n .  T h e  b e h a v i o r  of D - g l u t a m a t e  was  d i s t i n c t  in  i t s  

g r e a t e r  s e n s i t i v i t y  t o  N a  + l eve l s ;  t h e  9 o - m i n  c o n c e n t r a t i v e  u p t a k e  was  c o m p l e t e l y  

i n h i b i t e d  a t  i o  m M  N a  +, rose  to  5 ° % in  2o m M  N a  +, a n d  r e a c h e d  83 % of  c o n t r o l  in  

3 ° m M  N a  +. T h e  s e n s i t i v i t y  of D - g l u t a m a t e  u p t a k e  t o  N a  + also d e p e n d e d  o n  t h e  l e n g t h  

of i n c u b a t i o n ,  in  c o n t r a s t  to  L - g l u t a m a t e ,  w h i c h  was  i n h i b i t e d  m u c h  less b y  low N a  + 

in  all  c i r c u m s t a n c e s .  

I n  t h e  a b s e n c e  of K + t h e  a c c u m u l a t i o n  of a m i n o  ac ids  b y  b r a i n  sl ices was  

d e c r e a s e d  to  15 -36  % of c o n t r o l  v a l u e s  (Tab le  I l l ) .  H o w e v e r ,  i n  s h o r t - t e r m  expe r i -  

m e n t s  w i t h  L -~ ,~ , -d i amino i sobu ty r i c  acid ,  t h e  t i s sue  r e t a i n e d  67 % of i t s  i n i t i a l  

c o n c e n t r a t i v e  ab i l i t y .  A t  20 m M  N a  +, i t  u s u a l l y  m a d e  n o  d i f f e rence  in  s h o r t - t e r m  

e x p e r i m e n t s  w h e t h e r  K + w as  p r e s e n t  or  a b s e n t ,  e x c e p t  w i t h  a s p a r t a t e .  I n  t h e  l onge r -  

t e r m  e x p e r i m e n t s ,  t h e  a b s e n c e  of K + c a u s e d  f u r t h e r  i n h i b i t i o n  of u p t a k e  in  m o s t  cases.  

No c o n c e n t r a t i v e  u p t a k e  of a m i n o  ac ids  c o u l d  be  d e m o n s t r a t e d  a f t e r  5 r a in  of 

i n c u b a t i o n  in  t h e  c o m p l e t e  a b s e n c e  of N a  +. A t  9 ° r a in  a s l i gh t  u p t a k e  of  l y s i n e  a n d  

l e u c i n e  (9-13  %) was  o b s e r v e d  ( u n p u b l i s h e d  o b s e r v a t i o n ) .  

I t  was  of i m p o r t a n c e  to  d e t e r m i n e  w h e t h e r  e q u i l i b r i u m  was  a c h i e v e d  b y  9 ° m i n  

of i n c u b a t i o n ,  s ince  i ons  m i g h t  a f fec t  n o t  o n l y  i n i t i a l  r a t e  of u p t a k e  b u t  a lso  a m i n o  

ac id  efflux. T h e  a c c u m u l a t i o n  of a m i n o  ac ids  was  m e a s u r e d  a t  60 r a in  in  t h o s e  cases  

TABLE 11I 

T H E  E F F E C T  O F  Na + A N D  K + ON T H E  R E L A T I V E  U P T A K E  O F  A M I N O  A C I D S  B Y  B R A I N  S L I C E S  

Amino Time Concentrative uptake in ion-deficient media 
acid (rain) (% of control ± S.E.)* 

Medium Na + (raM) : Io 20 30 148 20 
3ledium K + (raM) : 5 5 5 o o 

L-Leu 5 32 ± 4 47 ± 5 80 ± 6 29 -4- 5 45 ± 4 
9o 56 ± 6 81 ± 4 IOO ± IO 36 ± 2 56 ± 8 

~-Aminoiso- 
butyric acid 5 o 4 ± 2 22 ~ 2 18 ~_ 3 7 ± 3 

9o i5 ± i 21 ± I 32 ± i 15 ± i I 4 i  i 
D-Glu 5 o 9 - -  i 3 ° ± 2 18 ± I 5 1 o 

9o 2 ± o 5 ° ± 2 83 ± 2 2o ~ 3 14 ± 3 
L-Ghl 5 42 -~ 2 76 ~ 3 IO8 ± 3 - -  - -  

90 87 ± 4 116 ± 8 IOO ± 3 - -  - -  
D-Asp 5 3 8 ± 3 71 ~ 2 lO 4 ~ 6 - -  - -  

9o 89 ± 2 88 ± 4 lO5 ± 4 - -  - -  
L-Asp 5 42 ± 4 82 ± 4 91 ± 8 36 ± 3 45 ± 3 

9o 9o ± 5 115 ± 8 117 ~z Io 21 ± 2 43 ± 3 
L-~,7-Diaminoiso- 

butyric acid 5 6 ~: o 17 ± 3 21 ± 5 67 ± 7 22 ± 3 
9o I6 ± o 21 j= 2 29 ~= I 36 ~ 4 25 ~ 3 

L-Lys 5 O O O O O 
90 27 q_ o 37 ± I 5 ° ± 6 32 ± 3 29 ± 2 

* Control values (ioo % concentrat ive uptake) are given in Table II. 
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in which the inhibition at 5 min was significantly higher than that at 9 ° rain (D- 
glutamate, 20 mM Na+; L- and D-aspartate, I0 mM Na+). In all cases the uptake was 
similar after 60 or 9 ° rain of incubation, demonstrating that a steady state was 
achieved. 

Intracellular concentration of Na+ and K + following incubation of brain slices 
The Na + and K + content of incubated brain slices was measured after prein- 

cubation and incubation without added amino acid (Table IV) and at the end of the 
experiment (Tables V and VI). The average intracellular Na + concentration in brain 
slices incubated in a control medium (148 mM Na +, 5 mM K +) was i io  ~equiv/ml 

T A B L E  I V  

T H E  N a  + A N D  K + C O N C E N T R A T I O N  OF B R A I N  S L I C E S  F O L L O \ V I N G  I N C U B A T I O N  I N  T H E  A B S E N C E  OF 

A D D E D  A M I N O  A C I D  

Ion conch, in  medium (raM) 

N a  + K + 

Ion  concn, in  brain slices (l, equiv/ml intracellular water) 

60 rain preincubation 60 rain preincubation + 
9 ° m~n ~ncubatzon 

N a  + K+ K + 

148 5 112 78 51 
IO 5 13 19 I I  
2o  5 2o 28 13 
3 ° 5 27 36  17 

148 o 152 32 2o 

* T h e  N a  + c o n c e n t r a t i o n  o f  t h e  t i s s u e  r e m a i n e d  a t  p r e i n c u b a t i o n  leve ls .  

T A B L E  \ r  

T H E  N a  + C O N C E N T R A T I O N  OF B R A I N  S L I C E S  I~OLLOW'ING I N C U B A T I O N  IN T H E  P R E S E N C E  OF A D D E D  

A M I N O  ACID 

A m i n o  acid Time #equiv Na+]ml intracellular water ± S.E.  
(min) 

M e d i u m  N a  + : r48 zo 2o 3 ° z48 20 
l~Iedium A "+ : 5 5 5 5 o o 

L - L e u  5 IO7 ± 5 I I  2_ I 2O i 2 29 i 5 143 ± 7** 
9 o  127 :~ 6* I i  ± 3 22 :L 2 35 _-L 4 155 i 13"*  

~ - A m i n o i s o -  
b u t y r i c  a c i d  5 9 6  ± 6 13 ± 2 ~5 ± i 29  :L 4 126 ± 9** 

9 ° i i o  ~ 7 9 ± I I6  ± i 26  i 4 128 ± i i  
D-GIu  5 i i o  i 6 12 ::u 3 IS i i 23 :~ i 12o ~ 1 5 .  * 

9 0  1 ° 3  -~ 7 8 ::c 2 15 ± I 20 :L 2* 139 ~ 14 
L - A s p  5 116 :j- 8 13 i 2 23 ± 3 25 -£ 2 166  -L 19 

9 ° 94  -~ 5* 8 ± I 17 ~ 2 19 :L I* 173 ± 15"*  
L-X, 7 - D i a m i n o i s o -  

b u t y r i c  a c i d  5 lO8 ± 4 14 - /  i 20 ± 2 24  : i  i 151 i 7** 
9 ° 124 ± 5* 8 :c  z 18 i I 24 ~ I 136  :J- 5 

L - L y s  5 114 ± i i  14 j_ 2 i 8  ~: 2 29  :J: 3 127 ± 9 
9 ° 126  i 6* 8 : i  i 18 _-t_ 2 28 ~ 3 182 ~ 1 2 " *  

2 o i  i 
2 3 = t _ I  

x8~± I 
2 4 ± 1  
I 8 ± I  
2 I  ~ 2 

2 4 ± 2  
2 I  _-K 2 

2 4 - 5 _ 2  
2 2 Z L  I 

2 0  it- I 

2 5 ~ 3  

* V a l u e s  a r e  s i g n i f i c a n t l y  d i f f e r e n t  ( P  < o .o5)  f r o m  t h o s e  o b t a i n e d  u s i n g  m e d i u m  w i t h  t h e  
s a m e  ion  c o n c e n t r a t i o n  b u t  w i t h o u t  a d d e d  a m i n o  a c i d  (see T a b l e  IV) .  

** V a l u e s  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  c o n t r o l  (148 m M  N a  +, 5 m M  K+) .  
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water after the 6o-min preincubation period (Table IV) and after a 5-rain incubation 
period in the presence of amino acid (Table V). After 9 ° min there was a small but 
significant decrease of tissue Na + with aspartic acid and an increase with the basic 
amino acids and with leucine. 

When the Na + in the medium was lowered to lO-3 ° mM the Na + level in the 
tissue was in each case close to that of the medium. The Na+-depleting action of 
aspartate was again evident in medium containing 3 ° mM Na t. In the absence of K + 
there was usually an increase in tissue Na + by the end of the preincubation period. 

The level of K ÷ in the slices varied with the composition of the medium with 
respect to Na t as well as K÷ (Table VI). At the end of the preincubation period in 

T A B L E  VI 

T H E  I~ + C O N C E N T R A T I O N  OF B R A I N  S L I C E S  F O L L O ~ r l N G  I N C U B A T I O N  IN T H E  P R E S E N C E  OF A D D E D  

A M I N O  ACID 

Amino acid Time 
(rain) 

t,equiv K+/ml intracellular water 4- S.C. 

Medium Na+: I48 IO 20 30 1,48 20 
2lqedium K + : 5 5 5 5 o o 

L-Leu 5 75 4- 2 16 2~: I 25 4- 2 36 4- 2 29 4- I 
90 60 4- 2* I I  4- I 15 ± I 21 : :  I 16 -- 2 

:~- Aminoiso-  
bu ty r i c  acid 5 82 4- 2 16 J_ I 22 ± 3 37 i i 28 : :  4 

90 72 4- 3* I I  ~_ I 15 ± I 21 4- i 1 8 - :  2 
D-Glu 5 77 4- 2 18 4- I 23 4- 2 32 ± i 26 4- 2 

90 67 i 3* 9 4- I 17 ± I* 26 4- i*  17 4- 2 
L-Asp 5 82 4- 3 16 4- o 26 4- 3 36 4- 2 35 :L 5 

90 76 4- 3* 17 4- i*  23 ± 2" 32 ± 2* 22 =: 4 
L-a,?J-Diaminoiso- 

bu ty r i c  acid 5 67 4- 2* 17 4- I 26 4- i 27 4- 3* 31 4- 2 
9o 47 4- 2 8 4- I 13 ± i I6  ± i 15 ± I 

L-Lys 5 7 ° ± 3 17 4- I 17 4- 2* 3o 4- 2 21 4- 2* 
9o 58 ± 2 9 4- i i i  4- I 17 4- I 13 4- I* 

l O 4 - 1  
54-t_o 

IO :~- 2 

6_4-1 
9 : i : I  
64-t:1 

: o : t : 2  
5 : t _ o  

1 3 4 - 1  

7 4 - 1  
7 4 - 1  

* Values  are s ign i f ican t ly  di f ferent  (P < o.o5) f rom those  ob t a ined  us ing  m e d i u m  wi th  the  
same ion concen t r a t ion  bu t  w i t h o u t  a d d e d  amino  acid (see Table  IV). 

T A B L E  V I I  

T H E  E F F E C T  OF Na + A N D  K + ON T H E  A TP C O N C E N T R A T I O N  O F  B R A I N  S L I C E S  F O L L O W I N G  

I N C U B A T I O N  

Ion concentration in medium 
(raM) 

Relative A T P  concentration in brain slices 
(% of control ~- S.E.)* 

Na + K + 5 rain incubation 90 rain incubation 

148 5 ioo  IOO 
IO 5 94 ± 6 65 4- 5 
2o 5 lO9 ± 5 86 ~ 5 
3 ° 5 143 4- 3 123 4- 7 

148 o 63 4- 4 35 4- 2 
20 o 69 ± 4 23 4- 2 

* The average  concen t r a t i on  of ATP was  found to  v a r y  on ly  wi th  changes  in ion concen t r a t i on  
in  the  medium,  bu t  was  not  affected b y  the  presence of added  amino  acid. 
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control  media, tissue K+ was 78 raM; when Na  + was lowered in the medium, tissue 
K + levels approximated the Na + concentra t ion of the medium. Fur ther  incubat ion 
in the absence of amino acid resulted in lowered tissue K + (Table IV). This loss of K+ 
upon prolonged incubat ion was prevented by most  amino acids except lysine and 
L-e,7-dianlinoisobutyric acid, with aspartate  having the greatest effect. I t  is of 
interest tha t  the absence of K+ was not  as effective in lowering tissue K + as was a 
decrease in Na + in the medium. 

A T P  conle~zt of brai,~ slices after incubatio~ 
The ATP content  of incubated brain slices was not  influenced by  the presence 

of different anlino acids in the medium. ATP levels were significantly elevated in 
media containing 30 inM Na i- (Table vii). Further  lowering of Na + had only a small 
effect and this insensit ivity of ATP levels to lack of Na + may  reflect an impaired 
utilization of ATP. Omission of K + significantly decreased tissue ATP. Although the 
absolute level of ATP varied considerably, the percent change from control  was 
similar in each preparation.  Therefore, the data  are given as percent change relative 
to control  levels. 

I)ISCUSSION 

The requirenlent for Na + in the t ranspor t  of metaboli tes such as amino acids 
and sugars has been well docunlented in several tissues, and tlle mechanisms that  have 
been proposed to explain this phenonlenon have been discussed 9,29 3a. The present 
investigation has focussed on the effect of decreased Na + levels, rather  than the 
complete absence of Na + which has been studied by  other workers. Our data  confirm 
previous reports tha t  the active t ranspor t  of amino acids is also an Na~-dependent 
process in the brain. I t  has been observed tha t  the ion dependence of amino acid 
t ranspor t  varies in different tissues. For  example, al though lysine uptake was shown 
to be Na + dependent  in brain, this is not  the case in kidney 15, and the inhibition of 
c~-aminoisobutyric acid uptake  in the absence of K + was strong in brain but  weak in 
reticulocytes and diaphragm ~9,'°. 

Shifts in the Na + and K + concentrat ion of cerebral tissue occur after slicing and 
prior to incubat ion a4-a6 al though partial restoration of the original tissue electrolyte 
levels takes place during the course of incubat ion 22,a6,a7. in agreement with the 
findings of BACHELARD, CAMPBELL ANI) MCILwAIN a6 and KEESEY, WAI.LGREN AND 
MCILWAIN "2, our data  show tha t  the nmximunl at tainable restorat ion of Na ~- takes 
place during the preincubation period, after which the levels of Na + remain stable 
(Table IV). However,  there is sonle leakage of K + as incubat ion progresses. The loss 
of K t which occurs in media low in Na + has been noted previously a6. 

In the present studies, ion effects were noted in both short- and long-term 
uptake  experiments. After 5 rain of incubat ion the dominant  process is amino acid 
influx which gives a measure of the initial rate of accumulation. By 9 ° rain, a stead)'  
state of anlino acid accunmlat ion against a concentrat ion gradient is reached. This 
s teady state represents an equilibrium between inf lux efflux, and the metabolism of 
the compound being measured. In our experiments, metabolites represented only a 
small port ion of the tissue radioact ivi ty  at five min, and most  amino acids tested were 
not  significantly metabolized in the long-term experiments. Moreover, amino acid 
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metabolism did not appear to have a major effect on uptake, since the effect of ions 
on the accumulation of L-aspartate was not different from their effect on the uptake 
of the unmetabolized D-isomer. 

The sensitivity of uptake to lowered Na + levels varied with the amino acid 
tested. The uptake of L-~,7-diaminoisobutyric acid, c~-aminoisobutyric acid and lysine 
was strongly dependent upon the presence of Na +. In some instances these amino 
acids also appeared to promote Na + retention and K+ loss by the tissues that concen- 
trate them. The dependence of leucine on Na + was intermediate, being less than that 
of L-a,~,-diaminoisobutyric acid, a-aminoisobutyrie acid, and lysine, and greater than 
that of the acidic amino acids. A decrease in the efflux of leucine may have occurred, 
since in the steady state control levels were attained at a lower Na + concentration 
than in the shorter incubation periods. 

Brain slices retained their ability to concentrate L-glutamate and D- and L- 
aspartate in media with low Na + levels. The greater inhibition of the initial rate of 
uptake (especially in IO mM Na +) indicates either a decreased efflux of amino acid, or 
that the influx of amino acid is more sensitive to low Na + concentrations than is 
efflux. The similar response of glutamate and aspartate uptake to increasing Na + 
concentration was compatible with a common transport mechanism for these amino 
acids. 

Some differences between stereoisomers were observed at low Na + levels, where 
D-glutamate uptake was inhibited to a much greater extent than that of L-glutamate 
(Table III) .  The tissue uptake of D- and L-glutamate under control conditions was 
similar. The different effects of decreased Na + on the uptake of the two isomers cannot 
be ascribed solely to metabolism since L-glutamate was metabolized to only a very 
small extent in 5 nfin of incubation. It is therefore possible that the interaction of 
tim carrier with the region of the a-carbon of glutamic acid was modified by the 
presence or absence of Na +. 

The effect of the complete absence of K + varied, depending upon the Na + 
concentration and the amino acid studied. The decrease in amino acid uptake produced 
by the complete absence of K + was not due to nonspecific tissue damage, since it was 
possible to restore uptake by replacement of K+ (unpublished observations). It would 
not appear that the effect of K + ions is necessarily related to concomitant alterations 
in Na + levels, since it was found in short-term experiments that L-a,7-diaminoiso- 
butyric acid, while quite sensitive to Na +, was least affected by changes in K +. On 
the other hand, aspartate was less sensitive to lack of Na + and more affected by 
changes in K +. These two amino acids also differed in that aspartate promoted 
retention of K + in the tissue whereas L-a,7-diaminoisobutyric acid led to K + deple- 
tion. A possible role for K+ in amino acid transport is also suggested by long-term 
experiments in low-Na + media (2o mM) where the absence of K + resulted in additional 
inhibition of the uptake of D-glutamate, L-aspartate and leucine. However, the tissue 
ATP was also significantly depleted under these conditions. 

According to present views, Na + might affect the affinity of postulated carriers 
for nonelectrolyte transport 15,29,a°, possibly through the formation of an (Na+)x - 
carrier complex 11, al, 32, where x is variable depending on the amino acid being trans- 
ported. While it is possible that K+ only modifies the reaction of Na + with the carrier 
and thus acts indirectly, a (K+)x - or (Na+)x-(K+)x-carrier complex must also be 
considered in view of the present data. 
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Some workers have postulated that  an Na + gradient (Na+out > Na+tn) is 
necessary for amino acid transport,  probably connected with energy production u, 30, 33. 
However, our findings support the conclusion of WHEELER AND CHRISTENSEN 13 and 
SCHAFER AND JACQUEZ 32 that  such an Na + gradient is not a prerequisite for transport,  
although some type of electrochemical potential gradient may be required for the 
accumulation of amino acids. In the absence of K +, Na+ln is greater than Na+out 
before incubation, yet brain slices are able to concentrate amino acids; and uptake 
also occurs when Na+ln approximately equals Na+out in low-Na + media. The relation- 
ship between energy production and ion gradients is still obscure. While active trans- 
port is by definition an energy-requiring process, in agreement with VIDAVER n and 
EDDY,  MULCAHY AND THOMSON 33, in our study of the effects of inhibitors of energy 
utilization on amino acid uptake in brain slices 3s we found no consistent correlation 
between the tissue levels of ATP and the extent of concentrative uptake of individual 
amino acids. However, it is possible that  the nearly uniform effect of K÷-deficiency on 
transport  is related to the depressed ATP levels. Clearly, the available energy in the 
tissue is important.  However, energy sources other than ATP nlay be involved, or 
very small amounts of ATP might be sufficient; also, the various amino acids may 
have widely differing energy requirements for their transport. 
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