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SUMMARY 

The effect of heat t reatment  on the transport of amino acids by slices of mouse 
brain was studied: 

I. Brief incubation of slices at 47 °C (up to 30 min) decreased uptake ; increasing 
the temperature further (xo min at 5o °C) abolished transport. 

2. Heat sensitivity was different for the various amino acids, and the pattern 
indicated the existence of transport classes similar to those established in studies 
of substrate specificity of transport. In general the heat sensitivity of acidic amino 
acids and to-amino acids was high, of small neutral and basic amino acids moderate, 
of the large neutrals low. Valine, with high sensitivity, was an exception. 

The pattern of heat inhibition of these classes was similar in influx (5-i5 min) 
and in steady-state (60 min) experiments. 

3. There was no difference in the heat sensitivity between L- and D-isomers. 

4. The properties of the portion of transport remaining after heat t reatment 
were similar to that  in untreated slices. Uptake requires Na ÷ and tile availability 
of energy. The greater effect of lowered Na + on acidic amino acid uptake, and the 
greater effect of weak metabolic inhibitors after heat t reatment may be due to 
lowering of the ATP levels of the slices by heat t reatment itself. 

5. The effect of heat t reatment  was irreversible: further incubation at 37 °C 
did not restore uptake. 

6. There were some differences in heat sensitivity of uptake during development, 
although slices from newborn behaved similarly to those from adult brain. 

7. The heat sensitivity of exchange seemed to be lower than that  of uptake - -  
final evaluation of this needs further study of the effects of altered energy, ions, and 
amino acid concentration. 

8. Because there are differences in the heat sensitivity of the various metabolite 
transport systems, heat t reatment seems to be a suitable method for studying 
overlapping substrate specificity of transport  classes 
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INTRODUCTION 

Brain slices when incubated in media take up amino acids against a concen- 
tration gradient. Various aspects of the transport mechanisms have been studied. 
Accumulation is dependent on available energy and on Na ÷, since metabolic inhibitors 
or the absence of Na ÷ inhibits the uptake of all amino acids ~-n. In many of its proper- 
ties cerebral amino acid transport is similar to the metabolite transport observed in 
other systems. 

Studies, especially of competitive inhibition by amino acid analogs, support 
the existence in brain slices 6-8 and in the living brain 9,1° of multiple carrier systems 
of amino acid transport  with substrate specificities similar to those studied by 
Christensen and coworkers n-13 in Ehrlich ascites cells. In addition to multiple carrier 
systems, the amino acids have multiple affinities to the various carriers, making 
a quanti tat ive evaluation of amino acid movements difficult. 

In the present paper partial denaturation of amino acid carriers by heat treat- 
ment of cereblal slices will be reported. Heat t reatment affects the uptake of various 
amino acids to different degrees, and the differences in rates of heat denaturation 
of the various carriers make a preparation possible in which, because some systems 
are selectively heat inactivated, the properties of the other carriers can be better 
measured. I t  is hoped that  a study of the various properties of amino acid uptake 
after heat t reatment  may help to delineate differences in the properties of the various 
transport  systems. In addition, such studies may also aid quantitative estimation 
of the contribution of particular carriers in the transport of each metabolite. 

METHODS AND MATERIALS 

Young adult Swiss mice were decapitated, the brain was rapidly removed, 
the pons medulla and cerebellum were discarded, and the cerebrum was sliced with 
a Mcllwain tissue slicer at 0.42 mm thickness. The preparation and incubation of the 
tissue and the medium were done as previously described 4, 5, with slight modification 
for heat treatment.  Briefly, slices of half a hemisphere weighing about IOO-I5O mg 
were placed in a 25 ml Erlenmeyer flask containing medium of the following com- 
position: 128 mM NaC1, 5 mM KCI, 2.7 mM CaC12, 1.2 mM MgSO,, 5 mM Na2HPO,, 
IOO mM Tris (pH 7.4). After incubation in a shaking water bath at the given tem- 
perature and time for heat treatment,  flasks were rapidly cooled by immersionin 
an ice bath, medium was added to bring the glucose level to IO mM, O9. was bubbled 
through for I min, and the slices were incubated at 37 °C for IO min. Following this 
period, o.oi #Ci of 14C labeled amino acid was added, usually to a level of 2 mM 
and incubation was continued for the stated time of uptake. For competition studies 
the amino acid inhibitor was added just before the labelled amino acid. The extraction 
of slices and the determination of radioactivity and of extracellular (inulin) space 
were previously described 6,t4. Briefly, slices after the incubation were separated by 
filtration, frozen in solid CO,, weighed, and extracted with 3 % HCI04; the label 
of the extract was determined in a scintillation spectrometer. 

The results unless otherwise stated are expressed as concentrative uptake 
(uptake above the level in the medium) in units of /,moles per ml intracellular 
water. For these calculations (see also legend to Table I) the water content of the 
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tissue is taken as 80% and the extracellular (inulin) space as 52 °o of tissue 
water 14. 

The method and the preparation of D-~4C]aspartic acid by enzymatic de- 
carboxylation of DL-aspartic acid with L-glutamic acid decarboxylase was described 
previously*. The D-isomer was separated through AG I-X4, 200--400 mesh in the 
chloride form from Bio-Rad. DL-[~4C~Aspartic acid was from New England Nuclear 
Corp. ; decarboxylase was obtained from Worthington Chemical Corp. ; ATP was 
assayed by luciferase in the scintillation counter 5. Briefly, firefly tails were extracted 
with an arsenate-Mg *+ buffer kept in the cold for 3-4 h until the endogenous ATP 
was broken down. Before use, the extract was added to neutralized, diluted tissue 
extract, and 5-s counts were taken repeatedly and compared to an ATP standard 
(I--O.I  ~zM). 

14C-labeled amino acids were obtained from Calbiochem. Amino acids and 
analogs were also from Calbiochem; most were analytical grade. Puromycin was 
from Nutritional Chemical Corp. ; cychloheximide, ATP, and firefly tails were from 
Sigma Chemical Co. The thixotropic gel was a product of Packard Instrument Co. 

RESULTS 

The effect of heat treatment on the uptake of various amino acids 
Incubation of brain slices at temperatures below 37 °C prior to uptake does 

not affect tile uptake of amino acids. Incubation at higher temperatures is inhibitory; 
5 min at 6o °C abolishes subsequent concentrative uptake. The rate of heat in- 
activation is lower at 47 °C, and at this temperature differences could be seen among 
the amino acids tried (Fig. I). Of the three amino acids tried (one each of a neutral, 
basic, and acidic amino acids, representatives of separate amino acid transport 

uJ [ i~, , , i i , i 
LYS ~ - ~  

a. I(70 w 

AIB 
80 

.~ GLU 
o 60 

g 4 o  ~ ,  

5 0 " ~  I I I  \ ~47"C 

; L U I  • 
0 i ' " 0 , I i i 

5 10 15 20 25 ~ MIN 
DURATION OF HEAT TREATMENT 

Fig. i. Effect of heat  t r ea tmen t  on the uptake of amino acids by slices of mouse brain. ,'k[B -- 
~-aminoisobutyric acid. Brain cortex slices were first heat  treated by  incubation in the Krebs -  
Ringer Tr i s -phospha te  buffer medium (pH 7.4) at  the indicated tempera ture  and t ime; then 
glucose was added (to io raM) and each flask was oxygenated,  incubated at  37 °C for xo rain; 
brought  to 2 mM liC-labeled amino acid with the addition of o.ol /~Ci and fur ther  incubated for 
60 rain. Values are expressed as percent of the concentrat ive uptake of control (37 °C pretreated) 
slices; control concentrat ive uptake q- S.E. were the following: AIB = 2z.2 ± 2.5; lysine = 
7.34 4- 0.60; g lu tamate  ~ 65.o ± z.8 flmoles/ml. Concentrative uptake  was calculated according 
to the following formula 

C = (/~moles/g slice X 1 . 2 5 )  - -  (/~moles/ml medium X 0.52) _ /zmoles/ml medium. 
0.48 

This calculation assumes 80% total water  in the slices and 52% of this water  in extracellular 
space (inulin space). Averages of 5 experiments  are given. 
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classese,S), glutamate uptake was most sensitive to heat treatment and lysine uptake 
was the most resistant. At 30 min heat treatment at 47 °C most of glutamate uptake 
was destroyed, while more than half of lysine uptake remained. For further experi- 
ments, therefore, 3o-min heat treatment at 47 °C was adopted. For control, brain 
slices were incubated at 37 °C for 30 min. Changes at 50 °C were too rapid to be 
reproducible, and were of little use for further studies; but at this temperature too, 
lysine was the most, glutamate the least, resistant to heat treatment (Fig. I). 

The pattern of heat inhibition when a number of amino acids were tested 
seemed to confirm differences in the heat sensitivity of the various amino acid tran- 
sport classes (Table I). The least sensitive are large neutral amino acids with a side 
chain (leucine, phenylalanine, tyrosine) followed by the basic amino acid group 
(diaminobutyric acid, arginine, ornithine, lysine), while the most sensitive group is 
represented by the acidic amino acids (glutamic, aspartic acid) and y-aminobutyric 
acid and/~-alanine. Heat sensitivity is similar within a transport group; only valine, 
with a high sensitivity to heat, seems to differ from related compounds. The pattern 
of heat sensitivity of the various groups was similar whether initial rate (5-I5-min 
uptake) or steady state (6o-min uptake) was measured. In order to measure net 

TABLE I 

E F F E C T  OF HEAT TREATMENT O N  I N F L U X  AND STEADY-STATE UPTAKE. 

The level of amino acids in the medium at  the beginning of the exper iment  was, unless given, 
2 mM. Influx t imes were varied to yield significant concentrat ive uptake  by  the brain slices. 
Hea t  t r ea tmen t  was 3 ° min at  47 °C followed by lO rain at  37 °C before addition of the amino 
acid, as described in Methods and Materials. For  calculating concentrat ive uptake  see legend 
to Fig. i. Incubat ion  t ime for s teady-s ta te  experiments  was 60 rain. Averages of 5 experiments  
4- S.E. are given. DAB, L-2,4-diaminobyturic acid; GABA, y-aminobutyr ic  acid; AIB, ~-amino- 
isobutyric acid. 

Amino acid Incubation 
time 
(rain) 

Concentrative uptake of amino acid 

Initial rate Steady state 

Control Heat treated Control Heat treated 
(Itmoles/ml) (% (ttmoles/ml) (% 

of control) of control) 

Glyc 5 8.97 4- 1.o9 23 43.7 ± 3.9 38 
L-AIa 5 6.97 + 0.50 43 25.9 2t2 1.6 57 
/~-Ala 15 23.6 ..t_ 2. 5 14 56.9 -¢- 1.8 13 
GABA io 11.9 -i- 1.6 12 43 .1 - -  3-3 ix 
AIB  Io 6.23 + 0.62 22 22.7 + 1.5 33 
o-Val 15 4.59 -{- 0.58 1I 6.88 -1- 0.65 17 
v-Leu xo 2.93 + 0.56 72 4.95 4- 0.41 69 
o-Leu (0.2 mM) 1o 0.56 ± 0.07 46 
L-Phe io 2.3 ° 4- o.12 lO 7 2.78 4- o.18 7 ° 
L-Tvr 5 2.33 4- 0.22 58 11.6 + 0. 4 55 
DAt3 5 6.00 a- 0.80 41 21. 4 4- 0.9 47 
L-Orn 1o 1.o8 + O.lO 35 5.18 4- o.15 54 
L-Lys IO 1.I8 2_ 0.26 62 6.48 4- 0.33 58 
L-Lys (o.2 mM) io 0.25 4- o.oi 32 
L-Arg 15 2.08 4- 0.05 35 6.85 4- 0.37 33 
o-Glu 5 9.77 4- 1.o6 7.2 64.3 4- 5. 2 9-4 
D-GIu 1o 16.1 4- 0.9 20 
D-Asp 5 15.67 4- 3.2 24 89.6 4- 6.2 19 
o-Asp IO 21.9 4- 1. 4 29 
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uptake not influenced to a significant degree by exchange and metabolism, and to 
have levels in the medium near the Km of the uptake of amino acids, most compounds 
were 2 mM in the medium. When D-leucine and L-lysine were lowered to 0.2 mM 
tile heat sensitivity increased (Table I). This raises the possibility that the pattern 
of sensitivity is altered at lower amino acid concentrations. 

In order to measure the effects of heat treatment on the transport rather than 
the metabolism of the amino acids, in a number of cases the D-isomers were used. 
Although there is some stereospecificity in the uptake of amino acids by brain slices*, 9, 
the properties of uptake of tile two isomers are similar*, 9, and tile two isomers of 
an amino acid seem to belong to the same transport class ~s. There did not seem to 
be a significant difference in the effect of heat treatment on the two isomers of an 
amino acid among those tried Uptake of L- and D-glutamate and valine was strongly 
inhibited while that of L-and I)-leucine and lysine was inhibited to a much lower 
degree by the heat treatment (Table II). 

TABLE II 

D I F F E R E N C E  IN H E A T  S E N S I T I V I T Y  IN T H E  U P T A K E  OF S T E R E O I S O M E R S  

Averages of 6 experiments .-ix S.E. are shown. 

Amino acid Incubation 
time 
(.*in) 

Concentrative uptake of amino acids 

D-isomer L-isomer 

Control Heat treated Control 
(lamoles/ml) ( % (t*moles/ml) 

of control) 

Heat treated 
C% 
of control) 

Val 15 5.20 --' 0.53 17 6.69 ~ 0.30 28 
Leu io 2.64 - -  o.I 3 65 2.62 ~ o . I  4 5 8 

Lvs 2o 3-95 -[- 0.40 79 4.I9 ~ 0-53 84 
Giu IO 25.44 ~ 1.23 21 20.30-T- 1.15 25 

Although there was clearly a difference in the heat sensitivity of the various 
transport classes, the pattern of substrate specificity of transport did not change 
greatly in the instances tried. The greater inhibition of lysine uptake by leucine after 
heat treatment (Table I II)  would indicate a significant transport of lysine by a 
carrier for neutral and a carrier for basic amino acids. Since the carrier for basic 
amino acids is more heat sensitive, after heat treatment a correspondingly larger 
portion of lysine is transported by the carrier for neutral amino acids and is in turn 
inhibited more by leucine. In most other cases the pattern of inhibition changed 
little after heat treatment, as would be expected if one carrier is the major contributor 
for the uptake of an amino acid (Table III) .  I t  must be emphasized that short inter- 
vals for uptake, especially in heat inactivated slices, result in relatively small uptake 
of amino acids with larger experimental errors of measurements. 

Inhibi tory conditions 
Na + is required for concentrative uptake of amino acids in brain slices. There 

is no significant uptake in the absence of Na +, and decreasing Na ~ results in lower 
uptake, to various degrees dependent on the amino acid*, 4 used. Na ~ remains a 
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T A B L E  I I I  

INHIBITION OF UPTAKE BY AMINO ACID ANALOGS 

For  the absolute values of uptake  in the absence of inhibitor see Table I. Incubat ion  was for 
IO rain in 2 mM amino acid and 2o rnM inhibitor. Averages of at  least 4 exper iments  are given. 
For  abbreviat ions see legend of Table I. 

Inhibitor Treatment 
(~c) 

Relative uptake (uptake in absence of inhibitor ~ xoo) 

A IB GA BA D-Leu L-Lys D-GIu 

AIB 37 
47 

L-Leu 37 67 ~o4 
47 48 9 ° 

L-Ile 37 44 48 
47 51 66 

DAB 37 39 
47 37 

L-Orn 37 
47 

L-Lys 37 12I 9 8 

47 XlI I I  7 

L-Arg 37 86 
47 76 

D-Glu 37 58 87 
47 I33 96 

D-Asp 37 x2I 
47 Ix7 

54 1o9 
83 88 

42 Io7 
o 89 

26 xI 3 
6i 94 

42 
65 

o xx 7 
o 97 

requirement in heat-treated slices (Table IV). Decreasing Na + levels from 128 to 
12.8 mM reduced leucine and lysine uptake in control and heat-treated slices to the 
same degree. The uptake of the acidic amino acids became more sensitive to alter- 
ationsin Na+after heat treatment, as shown by greater inhibition of low Na + in heat- 
treated slices both in influx and in steady-state uptake experiments (Table IV). In 
these experiments L-glutamate and D-aspartate were used, since in previous experi- 
ments L-glutamate and L- and D-aspartate showed similar sensitivity to low Na + 
whereas D-glutamate showed higher sensitivity than L-glutamate 4. 

The dependence of amino acid uptake on the availability of metabolic energy 
did not change; the "heat-resistant" portion of uptake was inhibited by metabolic 
inhibitors (Table V). Strong inhibitors of uptake in control slices inhibited uptake 
also strongly in heat-treated slices. With a weaker inhibitor (dinitrophenol) inhibition 
was greater in heat-treated as compared to control slices; this again may be due to the 
lowered levels of available energy after heat treatment. Inhibitors of protein synthesis, 
puromycin at IO/~g/ml and cycloheximide at i /,g/ml, had no effect on the uptake 
of the five amino acids tested in Table V by control or heat treated slices; N-ethyl 
maleimide had a somewhat greater inhibitory effect in heat-treated slices. 

The greater sensitivity of uptake in heat-treated slices to metabolic inhibitors 
may be caused by a diminished supply of energy, the heat treatment interfering also 
with energy metabolism. The ATP content of heat-treated slices was greatly dimi- 
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e0
 

t~
 

G
n 

--
a 

v 

T
A

B
L

E
 I

V
 

E
F

F
E

C
T

 
O

F
 

L
O

W
 

N
a 

+
 C

O
N

C
E

N
T

R
A

T
IO

N
 

O
N

 
A

M
IN

O
 

A
C

ID
 

U
P

T
A

K
E

 
B

Y
 

H
E

A
T

-T
R

E
A

T
E

D
 

B
R

A
IN

 
S

L
IC

E
S

 

H
ig

h
 N

a+
: 

12
8 

m
M

; 
lo

w
 N

a~
 :

 
I2

. 9
 

m
M

. 
B

ra
in

 s
li

ce
s 

w
er

e 
in

c
u

b
a

te
d

 i
n

 h
ig

h
 o

r 
lo

w
 N

a
 +

 m
e

d
iu

m
 a

t 
37

 
"C

 f
o

r 
30

 m
in

, 
th

e
n

 w
a

sh
e

d
 w

it
h

 t
h

e
 s

am
e 

m
ed

iu
m

, 
tr

an
sf

er
re

d
 i

n
to

 f
re

sh
ly

 p
re

p
a

re
d

 N
a 

+
 m

e
d

iu
m

, 
a

n
d

 k
e

p
t 

a
t 

ei
th

er
 3

7 
o

r 
47

 °
("

 f
o

r 
3 

° 
ra

in
. 

G
lu

co
se

 w
as

 a
d

d
ed

, 
to

 
xo

 r
aM

, 
a

n
d

 
th

e 
sl

ic
es

 w
er

e 
in

cu
b

at
ed

 f
o

r 
io

 m
in

 a
t 

37
 "

C
 a

ft
er

 o
x

y
g

e
n

a
ti

o
n

; 
th

e
n

 t
4

C
-l

ab
el

ed
 a

m
in

o
 a

ci
d

 w
as

 a
d

d
ed

, 
to

 2
 m

M
, 

a
n

d
 t

h
e

 s
li

ce
s 

w
er

e 
in

c
u

b
a

te
d

 f
o

r 
xo

 m
in

 f
o

r 
in

fl
u

x
 

o
r 

6o
 m

in
 f

o
r 

st
e

a
d

y
 s

ta
te

. 
C

h
o

li
n

e 
ch

lo
ri

d
e 

w
as

 s
u

b
st

it
u

te
d

 f
o

r 
N

a
 +

 i
n

 t
h

e
 i

2
.8

 m
M

 m
ed

ia
. 

A
v

er
ag

es
 o

f 
5 

e
x

p
e

ri
m

e
n

ts
 i

 
S

.E
. 

ar
e 

g
iv

en
. 

A
 m

in
o 

ac
id

 
C

on
ce

nt
ra

ti
ve

 
up

ta
ke

 o
f 

am
in

o 
ac

id
s 

In
fl

u
x 

( I
 o

 r
ai

n 
up

ta
ke

) 

U
pt

ak
e 

w
it

h 
hi

gh
 N

a 
+

 
U

pt
ak

e 
w

it
h 

lo
w

 N
a

 +
 

(t
~m

ol
es

/m
l)

 
(%

 o
f u

pt
ak

e 
w

it
h 

hi
gh

 N
a

 +
) 

C
on

tr
ol

 
H

ea
t 

tr
ea

te
d 

C
on

tr
ol

 
H

ea
t 

tr
ea

te
d 

St
ea

dy
 s

ta
te

 (
60

 r
ai

n 
up

ta
ke

) 

U
pt

ak
e 

w
it

h 
N

a
 +

 
U

pt
ak

e 
w

it
h 

lo
w

 N
a

 +
 

(t
~m

ol
es

lm
l)

 
(%

 o
f u

pt
ak

e 
w

it
h 

hi
gh

 N
a

 +
) 

C
on

tr
ol

 
H

ea
t 

tr
ea

te
d 

C
on

tr
ol

 
H

ea
t 

tr
ea

te
d 

G
o

 

D
-L

eu
 

2
.2

6
 ~

 
o

.4
I 

0
.7

3
 -

J:
 0

.o
9

 
6

6
 

4
6

 
4

.2
I 

_]
_ 

o
.I

9
 

1.
13

 _
__

 o
.3

t 
84

 
75

 

L
-L

y
s 

0.
84

 :
J:

 o
.I

i 
0

.4
9

 +
 

o
.I

o
 

37
 

32
 

5
.4

8
 -

t-
 0

.3
2

 
1.

35
 ±

 
0

.2
7

 
6

0
 

7 
° 

L
-G

hl
 

20
.4

 
i 

2.
7 

4
.7

 ° 
+

 
0

.5
2

 
38

 
I3

 
5

2
.4

 
{-

 4
.6

 
6

.1
7

-~
o

.5
5

 
68

 
25

 

D
-A

sp
 

23
.2

 
~

o
.9

 
4

-6
4

+
 

0.
31

 
59

 
x8

 
74

-5
 

+
 

1.
9 

8
.9

7
io

.7
6

 
89

 
I8

 
,4

 



T
A

B
L

E
 

V
 

E
F

F
E

C
T

 O
F 

M
E

T
A

B
O

L
IC

 I
N

II
IB

IT
O

R
S

 O
N

 A
M

IN
O

 A
C

ID
 U

P
T

A
K

E
 D

U
R

IN
G

 
IO

 r
ai

n
 

ln
h

ib
it

o
rs

 
w

er
e 

p
re

se
n

t 
d

u
ri

n
g

 
h

ea
t 

tr
ea

tm
en

t 
an

d
 

th
e 

su
b

se
q

u
en

t 
in

cu
b

at
io

n
s.

 
A

ft
er

 
h

ea
t 

tr
ea

tm
en

t 
sl

ic
es

 
w

er
e 

in
cu

b
at

ed
 

w
it

h
 

lo
 m

M
 

g
lu

co
se

 
fo

r 
io

 
ra

in
 a

n
d

 
th

en
 

w
it

h
 

2 
m

M
 

~
4C

-l
ab

el
ed

 a
m

in
o

 
ac

id
 

fo
r 

1o
 r

ai
n

. 
o 

in
d

ic
at

es
 

n
o

 c
o

n
ce

n
tr

at
iv

e 
u

p
ta

k
e.

 
D

at
a 

ar
e 

ex
p

re
ss

ed
 

as
 p

er
ce

n
ta

g
e 

of
 t

h
e 

co
n

ce
n

- 
tr

at
iv

e 
u

p
ta

k
e 

w
it

h
o

u
t 

in
h

ib
it

o
rs

; 
37

 
°C

 .
..

. 
co

n
tr

o
l;

 
47

 
°C

 =
 

h
ea

t 
tr

ea
tm

en
t.

 
V

al
u

es
 

ar
e 

th
e 

av
er

ag
e 

of
 a

t 
le

as
t 

4 
ex

p
er

im
en

ts
 

-~
- 

S
.E

. 
IA

A
, 

io
d

o
ac

et
ic

 
ac

id
; 

D
N

P
, 

2
,4

-d
in

it
ro

p
h

en
o

l 
; 

A
IB

, 
a-

am
in

o
is

o
b

u
ty

ri
c 

ac
id

; 
G

A
B

A
, 

7
-a

m
in

o
b

u
ty

ri
e 

ac
id

. 

A
 m

in
o

 a
ci

d 
C

on
ce

nt
ra

ti
ve

 u
p

ta
ke

 (
tt

m
ol

es
/m

l)
 

U
p

ta
ke

 a
s 

%
 

o
f 

u
p

ta
ke

 i
n

 t
he

 a
bs

en
ce

 o
f 

in
h

ib
it

o
r 

IA
 A

 
D

 N
 P

 
N

 a
C

 N
 

N
-E

th
yl

m
a

le
im

id
e 

I 
m

M
 

0
2

 m
M

 
I 

m
m

 
o

.z
 m

M
 

37
 °

C
 

47
 °

C
 

37
 °

C
 

47
 °

C
 

37
 °

C
 

47
 °

C
 

37
 °

C
 

47
 °

C
 

37
 °

C
 

47
 °

C
 

m
 

tO
 

m
 

,.4
 

o :z
 

oo
 

0 ~Z
 

,g 

A
IB

 
6

.7
7

 ±
 

o
.9

9
 

1.
96

 4
- 

o
.4

7
 

19
 

o 
13

 
17

 
6

.0
 

I 
x 

9
o

 
6

8
 

D
-L

eu
 

2
.4

8
 ±

 
o

.I
9

 
2

.3
2

 ±
 

o
.I

 7
 

I8
 

2 
3

4
 

I3
 

9.
1 

5
.5

 
6

8
 

2
7

 

L
-I

.y
s 

0
.8

2
 d

z.
 O

.I
2

 
O

.4
6 

"~
- 

0
.0

6
 

39
 

I 
3 

° 
2

6
 

o 
o 

Io
2

 
9

8
 

D
-G

Iu
 

I8
.3

 
4-

 0
. 5

 
2.

78
 4

- 
0

.4
5

 
2 

o 
4

3
 

2
o

 
o 

o 
6

3
 

4
6

 

G
A

B
A

 
I2

. 5
 

~ 
1.

4 
2.

42
 4

- 
o

.1
7

 
13

 
o 

16
 

9 
o 

o 
71

 
16

 

tO
 

oo
 

ta
o 

to
 



430 T. YAMAGUCHI el al. 

T A B L E  V I  

THE LEVEL OF A T P  zN HEAT-TREATED BRAIN SLICES 

o t i m e  = a f t e r  3o -min  t r e a t m e n t  ( con t ro l  37 °C, h e a t  t r e a t e d  47 °C) • lO,6O ra in  = 3o -min  h e a t  
t r e a t m e n t ,  IO m i n  i n c u b a t i o n  w i t h  g lucose  a n d  io  or  60 ra in  f u r t h e r  i n c u b a t i o n  a t  37 ~C. T h e s e  
c o n d i t i o n s  w e r e  s i m i l a r  t o  t h o s e  of t h e  i n f l ux  or  s t e a d y - s t a t e  a m i n o  ac id  u p t a k e  e x p e r i m e n t s .  
A v e r a g e s  of 4 e x p e r i m e n t s  4- S .E.  a re  g iven .  

#moles A T P  per ml intracellular water 
Incubation time 
after heat treatment: o xo rain 60 rain 

Con t ro l  1.47 4- o . i 6  2 . i 2  ± o.12 2.07 4- 0.07 
H e a t  t r e a t e d  0.38 -t- 0.03 0.34 - -  0.04 0.28 + 0.02 

nished. In control slices, upon incubation ATP was resynthesized to close to physio- 
logical levels; in the heat-treated slices no recovery of ATP levels was observed upon 
further incubation (Table VI). These lower levels of ATP may be so low as to account 
for much of the observed inhibition, since it was found that  reducing ATP greatly 
was in most (but not all) cases accompanied by a similar reduction of amino acid 
uptake in brain shces 5. 

Irreversibility of inhibition 
Further incubation of heat-treated slices at 37 "~C to allow for possible reversal 

of inhibition was not successful. Untreated brain slices incubated at 37 °C even for 
prolonged periods do not lose their abihty to accumulate amino acids. When slices 
after heat t reatment  were further incubated at 37 °C, uptake decreased rather than 
recovered (Table VII).  This effect is clearly seen with D-leucine: incubation for I8o min 
at 37 °C did not diminish uptake by control slices, but abolished uptake by heat- 
treated slices. 

T A B L E  V I I  

P O S S I B L E  R E C O V E R Y  O F  I N F L U X  A F T E R  H E A T  D E N A T U R A T I O N  B Y  L O N G E R  P R E I N C U B A T I O . N "  

B r a i n  c o r t e x  s l ices  w e r e  p r e i n c u b a t e d  a f t e r  h e a t  t r e a t m e n t  for Io ,  6o, o r  18o m i n  in K r e b s - R i n g e r -  
T r i s - p h o s p h a t e  bu f fe r  ( pH  7.4) w i t h  xo m M  g lucose  a f t e r  o x y g e n a t i o n ;  t h e n  2 m M  t4C-labeled  
a m i n o  a c i d  w a s  a d d e d  to  e a c h  f l a sk  a n d  i n c u b a t e d  for  i o  ra in .  D a t a  s h o w n  a re  p e r c e n t  of concen -  
t r a t i v e  u p t a k e  of v a l u e  of i o  ra in  p r e i n c u b a t i o n .  A v e r a g e s  of a t  l e a s t  4 e x p e r i m e n t s  w i t h  S .E.  a re  
s h o w n .  See l e g e n d  of T a b l e  I for  a b b r e v i a t i o u s .  

Concentrative uptake 
Preincubation 

time : io min 60 min x8o rain 

37 °C 47 °C 37 °C 47 °C 37 °C 47 °C 
(#moles/ml) (% of (°/So of (% of (% of (% of 

control) control) control )  (control control) 

A I B  6.70 -¢- 0 .80 36 99 24 - -  - -  
D-Leu 2.57 - -  0 .26  76 9I  71 9 I  3 
L-Orn 0.75 -:- o . i  t 25 74 o 63 o 
L-Lys  1.3I i o-03 62 96 o o - -  
D-Glu 20.2 + o .6 t  23 82 4 72 o 
G A B A  14.2 ! 0.87 32 90 I8 

Biochim. Biophys. Acta, 266 (I972)  422 -435  
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432 T. YAMAGUCHI el al. 

I t  was hoped that with protection by the presence of substrate the selectivity 
of inactivation could be increased, if all transport systems except the protected one 
were inactivated. Lysine was found not to protect from inactivation by heat. If 
during the heat treatment (47 °C for 30 rain) 2 or 5 mM lysine was present in the 
medium, and subsequently the slices were drained, transferred to fresh medium, 
and incubated with 2 mM I'C-labeled amino acid, the heat inactivation of lysine 
or glutamate uptake was not significantly changed. Having glutamate present 
during heat treatment caused greater inhibition, rather than protection, of the 
subsequent uptake of D-glutamate or L-lysine. 

The influx of amino acids was also inhibited at steady-state conditions (ex- 
change) by heat treatment, although the inhibition was somewhat less than that of 
the initial rate of uptake. For these experiments control and heat-treated slices were 
first incubated with unlabeled amino acids to reach steady-state levels; then the slices 
were transferred into a medium that was identical except that it contained the amino 
acid in the labeled form. Influx was thus measured under conditions where intra- 
cellular levels of the amino acid did not change. Since incubation in 2 mM amino 
acid did not give the same steady-state levels in control and heat-treated slices, 
to make intracellular levels more comparable, in some experiments the level of the 
amino acid in the medium was increased with heat-treated slices or was decreased 
with control slices. The flux at equilibrium in most cases was decreased by heat 
treatment (Table VIII), although at comparable intracellular levels steady-state 
uptake (exchange flux) was inhibited less than influx (compare Tables I and viii) ,  
indicating less heat sensitivity of uptake at steady state as compared to initial rate 
of uptake. 

Newborn 
The uptake of amino acids by slices from newborn mouse brain was also in- 

hibited by heat treatment, but the pattern of heat inhibition was somewhat different 
from that of slices of adult brain. Lysine uptake is somewhat higher and glutamate 
uptake is lower in newborn slices as compared to adults *,16, but the uptake of lysine 

TABLE I X  

S E N S I T I V I T Y  OF A M I N O  ACID U P T A K E  B Y  S L I C E S  OF N E W B O R N  M O U S E  B R A I N  TO H E A T  T R E A T M E N T  

Slices from six hemispheres of newborn mice (less than 24 h old) with a total weight of approx.  
IOO mg were combined for each incubation flask. The sequence of incubations was 30 rain for 
heat  t r ea tmen t  (37 cC for control or 47 °C for the heat  t reated group), io rain wi th  glucose, and 
then xo min (for influx) or 60 min (for s teady state) with 2 mM liC-labeled amino acid. Averages 
of six experiments  :~ S.E. are given. AIB, ~-aminoisobutyric acid. 

d mino acid Concentrative uptake of amino acids 

Influx Steady state 

Control Heat treated Control Heat treated 
(ttmoles /ml) ( °/o (t~moles/ml) ( °/o 

of control) of control) 

AII3 4.86 = 0.26 16 20.29 + 0.52 20 
L-Lys 2.1o i 0.42 o 8.82 ± 0.63 29 
D-GIu 7.74 i o.92 o 34.39 -: 0-27 53 

Biochim. Biophys. Acta, 266 (1972) 422-435 
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was more inhibited and that of glutamate less inhibited by heat treatment in new- 
born slices, indicating some differences in heat sensitivity of uptake in different 
developmental stages (Table IX). 

DISCUSSION 

Knowledge of substrate specificity of amino acid transport is crucial to elucidate 
the role transport mechanisms play in the metabolism of the organism, and to under- 
stand pathological changes affecting metabolite distribution. Several transport 
classes, each consisting of a number of amino acids with related structure, could be 
distinguished on the basis of their net ionic charge (acidic, neutral, basic) and sizer,S, n. 
In bacterial systems carriers with greater specificity (affinity to a single amino acid 
only) have also been described is, l~. There may be differences in the substrate speci- 
ficity of uptake, exit, and exchangeT,'s, ~°. In brain as in other organs considerable 
overlap was found among these transport classes. An example in brain slices is that 
leucine inhibits lysine uptake but lysine does not affect leucine uptake (leucine and 
lysine belong to different classes, with leucine having some affinity to the lysine 
carrier)e, xs. 

The differences in substrate specificity of amino acid transport between various 
organs are not as well worked out. Little if any acidic amino acid transport was found 
in the intestine, and in brain and sarcoma differences could be found between short 
chain and long chain basic amino acid transport, but no difference in intestinal 
mucosa and kidney. (For a recent survey of tissue differences, see ref. 8.) It  is likely 
that specific systems exist in various tissues according to specific needs of the parti- 
cular tissue, and thus other systems are not necessarily good models for the brain. 

Changes in substrate specificity were found during development in brain in 
the relative amount of the carriers and in the affinity of one amino acid (y-amino- 
butyrate) to the carriers 2x. A number of changes occur in the brain during develop- 
ment, in amino acid transport and in the composition of the amino acid poolle, z~-'~4. 
This behavior is to be expected if transport mechanisms participate in the deter- 
mination of the composition and supply of the intracellular metabolite pool. Another 
example of developmental changes in a cell is the rabbit reticulocyte, which upon 
maturation to an erythrocyte retains only one (L-type) of three neutral amino acid 
transport systems initially present ~5. Changes during development in cerebral neuro- 
transmitter amine (norepinephrine) transport have been recently reported 2e. 

Of particular interest are recent findings in neural tissue elements of transport 
systems with possible neurotransmitter function. Snyder and collaborators 2~ found in 
addition to a regular also a specific high affinity transport system for glutamic acid 
in brain symaptosomes (pinched-off nerve endings) and could separate a population 
of synaptosomes that selectively accumulated acidic amino acids. Glycine was also 
recently found to be taken up by two different transport systems in slices from the 
central nervous system, one with low affinity, predominantly in cortex cerebellum 
and midbrain, and one with high affinity, predominantly in spinal cord medulla and 
pons. The low affinity system was shared by other small neutral amino acids; the 
high affinity system was specific for glycine *s. For most putative neurotransmitters, 
where their rate of metabolism is not high enough to explain activity of very short 
duration, release and reuptake were suggested for activation and inactivation. In 

Biochim. Biophys. dcta, 266 (1972) 422-435 
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this especially the transport and specific binding of y-aminobutyric acid were studied, 
most recently for taurine m-3t. 

It  is possible that transport systems for other metabolites overlap with amino 
acid transport systems. The possible overlap of hexose and amino acid transport was 
studied in some detail 3 ,33; evidence for such overlap in the brain is lacking. A trans- 
port system was found 34 in brain for diamines (putrescine, cadaverine) which is 
different from the transport system for related amino acids. 

The differences in heat inactivation indicate differences in the properties of the 
various carriers. Heat treatment is unlikely to have a uniform effect in all parts of the 
nervous system. Differences in amino acid levels and transport have been found 
between various areas of the nervous system35; there were differences between parti- 
culate fractions, nuclei, mitochondria, and synaptosomes ~ and between neuronal and 
glial fractions 37. This heterogeneity in transport is in accord with the complex struc- 
ture of the nervous system. 

It  has to be emphasized that heat treatment may also inhibit transport in- 
directly. Tile lowering of ATP levels in heat-treated slices (Table VI) indicates such 
an indirect effect through decreasing available energy. Lowering ATP levels in slices 
resulted in lower uptake of amino acids 5, with differences in sensitivity to lower 
ATP among the various amino acids. The inhibition of uptake by lowered ATP also 
depended on the agent used to lower ATP 5. For these reasons it is not clear how 
much reduction of the supply of energy contributed to the inhibition of heat treatment 
of transport. 

The smaller inhibition of exchange as compared to uptake (Table IX) is of 
interest. This result is in accord with the finding that uptake and exchange do not 
occur through the same carrier for each amino acidlT, as. Homo-exchange and hetero- 
exchange of amino acids have been shown to occur in the brain~, 4° and have pro- 
perties similar to those described in other systems. 

It  is clear that transport processes in the brain occur through multiple carriers 
and in multiple structures. The inhibition by heat treatment described here points 
out one possibility for at least partially separating some of the mechanisms involved. 
Such separation is necessary if we want to fully understand metabolite transport in 
organs where genetic selection cannot be used as an experimental tool. 
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