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SUMMARY 

I. The uptake of six compounds, sulfate, D-mannitol, urea, cadaverine, creatine, 
and 2,4-dinitrophenol, was measured in incubated slices of mouse brain. The first 
three of these were not actively transported; the other three were accunmlated 
against a concentration gradient. 

2. Sulfate penetrated a space somewhat smaller than inulin space and thus 
was restricted to the extracellular space; D-mannitol penetrated, in addition to the 
extracellular space, a part of the intracellular space; urea penetrated into all tissue 
water. 

3. Incubation in the presence of cyanide resulted in penetration of sulfate into 
ahnost all of the extra- but none of the intracellular space, and in penetration of 
mannitol into all of the intracellular spaces; the penetration of urea was not affected. 

4. Cadaverine, creatine, and 2,4-dinitrophenol were accumulated by the slices 
against a concentration gradient; this uptake was strongly intfibited by cyanide. 

5. The exit of 2,4-dinitrophenol was rapid, that of cadaverine was slower, 
exit of creatine was the slowest. Accordingly, 2,4-dinitrophenol levels reached equilib- 
rium rapidly, but creatine accumulation continued with time. The slow exit of creatine 
could not be explained by its conversion to creatine phosphate. 

6. Transport of 2,4-dinitrophenol is related to that of tyrosine and phenylalanine 
as shown by the exchange of 2,4-dinitrophenol with these two amino acids and by 
the resistance of about one-third of 2,4-dinitrophenol, tyrosine and phenylalanine 
uptake to inhibition by cyanide. 

7. Transport of cadaverine is different from that of the basic anfino acids: 
cadaverine uptake was inhibited by putreseine and spermine, whereas lysine had no 
effect in uptake or in heteroexchange experiments. 

8. Arginine has affinity to both lysine and cadaverine carriers, since it inhibited 
the uptake of lysine and increased the flux of cadaverine. Cadaverine flux increased 
only if arginine and cadaverine were on the same side of the membrane: extracellularly 
for an increase in influx and intracellularly for an increase in efflux. Cadaverine uptake 
and its increase by arginine were abolished by cyanide. 

9- The results show that a variety of compounds, some not present under 
physiological conditions, can be transported in brain by processes with broad 
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specificity for metabolites. In addition, a number of specific transport  mechanisms 
may  be present in this tissue whose function is not clear at the present time. 

INTRODUCTION 

The passage of metabolites into and out of the nervous system has been tile 
subject of a number of investigations in recent years '-5. In a number of these studies 
brain slices were used because they can be investigated under easily defined and 
controlled conditions. Active transport  processes were found for a number of metab- 
olites present under physiological circumstances in the nervous system, and properties 
of transport such as substrate specificity2,~, ~, energy requirements of transport  s-l°, 
and factors influencing transport  mechanisms n were investigated. The studies 
with slices showed transport  processes with high activity in nervous tissue3, 5. 
Studies with the living brain showed that  processes with essentially similar properties 
are present under physiological conditions; in vivo transport from the spinal fluid 
to blood of several compounds was also shown 4,12. 

These studies established that  the passage of metabolites into and out of the 
brain occurs mostly through mediated transport, but little is known about the passage 
of compounds not present in the brain under physiological conditions. The transport  
from the spinal fluid into the blood against a concentration gradient, of foreign 
compounds such as DiodrasO 3, and the uptake by brain slices of organic coin- 
pounds ~*-19 indicated the possibility that  compounds other than the physiological 
metabolites may act as substrate for cerebral transport  processes. In order to study 
the possible presence of transport  mechanisms with specificities different from those 
for physiological metabolites, the uptake, exit, and exchange of severalcompounds 
were measured in incubated brain slices. These compounds included those reported 
to be restricted to extracellular space, those that  penetrate all tissue water, and 
those that  could be metabolic by-products of cerebral metabolism and drugs. Of 
the six compounds studied, sulfate, mannitol, and urea did not show accumulation 
against a concentration gradient in brain slices, but their penetration into the various 
spaces of the slice was not the same; however, the other three compounds, cadaverine, 
creatine, and 2,4-dinitrophenol, were accumulated by the slices against a concentra- 
tion gradient, and some characteristics of this accumulation are reported. 

EXPERIMENTAL 

The preparation of brain slices has been described in detail 6. Young adult 
Swiss mice with an average body weight of 28 g and brain weight of 44o mg were 
used. Brain slices, o.416 mm thick, where prepared from each cerebral hemisphere, 
and approx. 15o nag of tissue was placed in a 25-ml erlenmeyer flask containing 
4.5 nfl of the indicated medium at o ° and oxygenated for I nfin. The flask was stop- 
pered and placed in a shaker bath at 37 ° for a period of 3 ° min, unless otherwise 
indicated. For the uptake experiments, at the end of the first period of incubation 
o.5 inl of tile labeled substrate was added and the incubation was continued. The 
final concentration of the substrate in the medium and the time of incubation are 
given in the legends to the tables. When the effect of inhibitors (cyanide or ouabain) 
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was measured, they were added to the first 3o-min incubation medium. At the end 
of incubation with labeled substrate, the slices were filtered, frozen, weighed, homo- 
genized in 2 ml of 3 os (w/v)HC104, and centrifuged; o.5 ml of the clear supernatant 
was mixed with 16 ml of modified Prockop-Ebert  scintillation fluid 6, and the 
radioactivity was counted in a liquid scintillation counter. The method of determining 
the concentration of a compound in tissue on the basis of radioactivity assumed 
that  the ~C label remains in the original compound. The concentrative uptake 
was calculated according to the following formula: ( T - M  ~ E / I - E ) - 3 I ,  where 
Y" = concentration of compound in the tissue (pmoles compound per ml tissue water) 
3i = concentration of compound in the medium at the end of incubation (pmoles 
compound per ml medium), and E = extracellular (inulin) space of the slices. In 
the exit experiments we assumed that  M = o. 

The 14C-labeled compounds: uniformly labeled 14C2urea, uniformly labeled 
1)-LnCimannitol, !I,5-14C,,iicadaverine.zHC1, i-l~Cicreatine monohydrate  and uni- 
formly labeled 2,4-dinitro laCi))henol were from New England Nuclear Corp., Boston, 
Mass., Na2asSO4 from Nuclear Equipment  Corp., l:armingdale, N. Y. 

For the colorimetric determination of creatine the modification of THo.xlas 2° 
of the method of E(;GLETOX et al. 2~ was used: creatine phosphate was measured 
enzymatically22, 2a, the enzymes (glucose-6-P dehydrogenase, hexokinase and creatine 
phosphokinase) were purchased from Sigma Chemical Co. (St. Louis). 

The standard incubation medium contained 119 mM NaC1, 5.0 mM KC1, 
0.75 mM CaC12, 1.2 mM MgSO 4, I.O mM NaH2PO4, I.O mM NaHCO:~, 5 mM HEPES,  
and IO mM glucose. I t  had a computed tonicity of 3oo mosM and pH 7.21 at 37 ~' 

(ref. 24). 
Further experimental details are given in the legends to the tables. 

RESULTS 

Penetration of sulfate, I)-mannitol, and urea into incubated mouse brain slices 
Differences in the extent of penetration were found among the compounds 

tried. The initial rate of penetration of all three compounds into the inulin space 
was very high. Sulfate penetrated more than two-thirds of the extracellular (inulin) 
space within 3 rain. In spite of such rapid initial penetration, even after 9 ° rain 
sulfate did not penetrate the inulin space completely (Table I). Mannitol reached 
complete equilibrium with tile inulin space within 3 rain and slowly penetrated 
the intracellular (non-inulin) space 25, but it did not reach diffusion equilibrium with tl~e 
non-inulin space. The penetration of urea was at the highest rate; it penetrated the 
total tissue water space (extra- and intracellular space) rapidly, reaching equilibrium 
within 3 rain ('Fable I). The addition of a metabolic inhibitor, NaCN, to the incubation 
medium at levels at which it ahnost completely inhibits the active uptake of amino 
acids by the slicesg, 1° did not significantly affect urea distribution, but it increased 
the penetration of sulfate into the extracellular space and mannitol penetration into 
intracellular space. In the presence of cyanide mannitol reached diffusion equilibrium 
with the total tissue water as opposed to sulfate, which still did not come to complete 
equilibrium with the extracellular space and was still excluded from the intracellular 
space (Table I). 

Biochim. t~iophys. Acta, 225 (I97 l) 356-360 



NON-METABOLITE UPTAKE BY BRAIN SLICES 359 

T A B L E  [ 

PENETRATION OF SULFATE, MANNITOL, AND UREA INTO INULIN AND NON-INULIN SPACE IN INCUBATED 
SLICES OF MOUSE BRAIN 

Mouse bra in  slices were i ncuba t ed  in 4.5 ml of buffer  wi th  or w i t h o u t  i .  io-3M NaCN for 30 m i n :  
t hen  0. 5 ml  of IO mM Na2aSso 4, [14C~mannitol, or [14C~urea was added,  and  the  incuba t ion  was  
con t inued  for 3, IO, 60, or 9o rain. The  level of the  c o m p o u n d  in t he  t i ssue  was ca lcula ted  f rom 
the  con t en t  of r ad ioac t iv i ty  of t he  ex t r ac t  (see EXPERIMENTAL). Resu l t s  are expressed  as % of 
inul in  (extracellular)  or  non- inu l in  (intracellular) space p e n e t r a t e d  by  the  compound .  Averages  
of 6-9  expe r imen t s  ~ S.E. are given.  

Incubation 0% of inulin space % of non-inulin space 
time (rain) 

Sulfate Mann itol Urea 

Control NaCN Control NaCN Control NaCN 

3 69 ~ 2.1 80 ~ 1.8 io i 0.9 33 i 1.2 98 ~ 1.2 lOO ~ 0.6 
io 75 :[- 1.9 90 ~: 0.9 4 ° i o .8  60  ~- 1. 4 IIO -L 2.6 IIO :~: 0. 9 
60 73 :[: 2"4 93 ~ 2.6 7.8 :J: 3.I IOI :J: 2.2 105 :~: 1-9 103 ~: 2.0 
9 ° 81 -4- 2.2 90 :J: 1.7 77 :~: 2'3 IOO - -  0. 3 103 ~: 0. 4 IO 5 -~ I '3 

T A B L E  II 

UPTAKE OF CADAVERINE, CREATINE, AND 2,4-DINITROPHENOL IN SLICES OF MOUSE BRAIN 

Mouse bra in  slices were i ncuba t ed  in 4-5 ml of buffer  for 3 ° m in ;  t h e n  0. 5 ml  of cadaver ine ,  
creatine,  or 2 ,4-dini t rophenol  was  added,  to ob ta in  t he  final concen t r a t ion  shown  in t he  second 
column.  The  incuba t ion  was  con t inued  for io, 60, and  90 min .  U p t a k e  is expressed  as t i ssue  to 
m e d i u m  rat io (pmoles  of c o m p o u n d  per  ml  of to ta l  t i ssue  wate r  over  pmo le s  of c o m p o u n d  per  
nil of med ium)  a t  the  end  of incuba t ion .  Averages  of 6-9  e x p e r i m e n t s  ~: S.E. are given.  

Compound Concn. 
(mM) 

Tissue to medium concentration ratio 

Io rain 60 rain 9 ° rain 

Cadaver ine  o.o 5 1.97 £ o.o6 8.3o ~ o.o9 i o . i o  i °-41 
o . io  1.77 ~2 0.02 7.32 - -  o.14 8.20 ~: o.2/ 
1.oo 1.65 ! 0.03 5.58 -[- o . i i  6.48 ! o-31 

io.oo 1.5o i o.o8 4.32 ± 0.06 5.41 ___ o.12 

Creat ine  o. io 1.7o ± o.o7 9.15 2= o-24 13.15 i o.65 
0.50 1.58 ~- 0.04 8.90 ~2 0.31 13.Ol ± 0.24 
1.oo 1.5o ± o.09 8.4 ° ~ 0.44 12.6o -~ 0.30 

2 .4-Dini t rophenol  0.003 3.4 ° i o.12 4.o0 ~ 0.09 4 .08  --L O. II 
0.006 3 "ol ~ O"O9 3 .88 :~ O"14 3"94 :~ 0"23 
0"030 2"55 ~- O'I7 3'85 i O.21 3"9 ° i 0"34 

U p t a k e  and  exi t  o f  cadaverine,  creatine, and  2 ,4 -d in i t ropheno l  

T h e  t h r e e  o t h e r  c o m p o u n d s  t r i e d ,  c a d a v e r i n e ,  c r e a t i n e ,  a n d  2 , 4 - d i n i t r o p h e n o l ,  

w e r e  a c c u m u l a t e d  b y  b r a i n  s l i c e s  a g a i n s t  a c o n c e n t r a t i o n  g r a d i e n t ,  a s  s h o w n  b y  

a t i s s u e  t o  m e d i u m  c o n c e n t r a t i o n  r a t i o  g r e a t e r  t h a n  o n e  ( T a b l e  II). T h e  i n i t i a l  r a t e  

o f  u p t a k e  (as  m e a s u r e d  i n  a I o - m i n  e x p e r i m e n t )  w a s  t h e  h i g h e s t  w i t h  2 , 4 - d i n i t r o p h e -  

no l ,  b u t  t h e  d e g r e e  o f  a c c u m u l a t i o n  (as  m e a s u r e d  i n  t h e  e x p e r i m e n t s  o f  l o n g e r  d u r a t i o n )  

w a s  h i g h e r  w i t h  t h e  o t h e r  t w o  c o m p o u n d s  t r i e d ,  c a d a v e r i n e  a n d  c r e a t i n e .  U p t a k e  

o f  c a d a v e r i n e ,  b u t  n o t  o f  c r e a t i n e ,  s e e m e d  t o  s h o w  s a t u r a t i o n  u n d e r  t h e s e  e x p e r i m e n t a l  

c o n d i t i o n s ,  in  t h a t  a t  h i g h e r  s u b s t r a t e  c o n c e n t r a t i o n s  t h e  t i s s u e  t o  m e d i u m  c o n c e n -  
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tration ratio decreased (Table II). Tissue to medium ratios decreased with increasing 
2,4-dinitrophenol concentration in the influx (Io-min) experiments and did not 
change when equilibrium was established (in the 6o and 9o-min experiments). 

The uptake of these compotmds by brain slices against a concentration gradient 
was strongly inhibited in the presence of I.  IO -3 M NaCN. The concentrative uptake 
of creatine was completely inhibited by cyanide; the influx of cadaverine was also 

T A H L E  11I 

I N H I B I T I O N  B Y  C Y A N I D E  O F  T H E  U P T A K E  OF C A D A V E R I N E ,  C R E A T I N E ,  A N D  2 ) 4 - D I N I T R O P H E N O L  

T h e  e x p e r i m e n t a l  c o n d i t i o n s  w e r e  t h e  s a m e  as  r e p o r t e d  in  t h e  l e g e n d  t o  T a b l e  i i  e x c e p t  fo r  t h e  
p r e s e n c e  of  i - i o  a M N a C N  in t h e  m e d i u n l .  R e s u l t s  a r e  e x p r e s s e d  as  °o  i n h i b i t i o n  o f  c o n c e n t r a t i v e  
u p t a k e  of  c o n t r o l  ( H m o l e s / m l  of i n t r a c e l l u l a r  w a t e r  minus  # m o l e s / n i l  of  m e d i u m  a t  t h e  e n d  of  
i n c u b a t i o n ) .  E a c h  v a l u e  r e p r e s e n t s  t h e  a v e r a g e  of 0 lZ e x p e r i m e u t s .  T h e  s t a n d a r d  e r r o r  w a s  

5-IO%. 

Compound Concn. o o I nhibition 
(raM) 

zo min 60 min 9o min 

( ' a d a v e r i n e  

C r e a t i n e  

0 .05  tOO ~)3 85 
O. I 1) Qg ~ (] 8 5  

t .OO 05  82 S I  

1o .oo  03 ~3 S I  

O. I O 100 100 I OO 
O. 51) I OO I OO I OO 
I .OO 1 0 0  I OO I OO 

2 , 4 - 1 ) i u i t r o p h e n o l  0 . 0 0 3  09 04 ('5 
0 . 0 0 6  67 65 66  
o . o 3 o  f)O 6 4 f14 

lO 

E 

1 i I 
60 

I I 
120 

Time (minutes) 

3.01 

8 

3 0 0 5  

I 
180 

F ig .  i .  T i m e - c u r v e  of  t h e  u p t a k e  of  c a d a v e r i n e ,  c r e a t i n e ,  a n d  2 , 4 - d i n i t r o p h e n o l .  M o u s e  b r a i n  
s l i ces  w e r e  i n c u b a t e d  in  4 .5  m l  of  b u f f e r  fo r  3 ° r a in  ; t h e n  o .5  m l  of  t h e  c o m p o u n d  t o  b e  m e a s u r e d  
w a s  a d d e d ,  t o  o b t a i n  a f i na l  c o n c e n t r a t i o n  of  i m M  in  t h e  ca se  of c a d a v e r i u e  a n d  c r e a t i n e  a n d  
0 . 0 0 3  m M  in t h e  c a s e  of  2 , 4 - d i n i t r o p h e n o l .  T h e  i n c u b a t i o n  w a s  c o n t i n u e d  fo r  l O - 1 8 o  m i n .  U p t a k e  
is  e x p r e s s e d  as  H m o l e s  of  c o m p o u n d  p e r  m l  o f  i n t r a c e l l u l a r  w a t e r  minus  l eve l  o f  t h e  m e d i u m  
( u p t a k e  a b o v e  d i f f u s i o n  e q u i l i b r i u m  levels) .  L e f t  o r d i n a t e ,  c a d a v e r i n e  a n d  c r e a t i n e ;  r i g h t  o r d i n a t e ,  
2 , 4 - d i n i t r o p h e n o l .  O ,  c a d a v e r i n e ;  O ,  2 , 4 - d i n i t r o p h e n ° l ;  ~k, c r e a t i n e .  
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strongly inhibited, although in the longer-term experiments some uptake of cadave- 
rine remained. About one-third of the concentrative uptake of 2,4-dinitrophenol in 
the short-term and also in the long-term experiment was insensitive to the inhibition 
by cyanide (Table Ill) .  The pattern of inhibition by cyanide was similar at all concen- 
trations of the substrates studied. The cyanide-resistant uptake of 2,4-dinitrophenol 
seemed to be resistant also to inhibition by  ouabain, since I-  Io -5 M ouabain (which 
itself inhibited uptake, although somewhat less strongly than cyanide) when added 
to cyanide-containing medium did not increase the inhibition over that  of cyanide 
alone. 

There seemed to be differences among the three compounds in the time needed to 
reach equilibrimn levels in the tissue. Equilibrium was reached more rapidly with 
2,4-dinitrophenol (30 rain) than with cadaverine (9 ° rain), while it was not reached 
with creatine in 18o rain (Fig. i). Significant differences among the three compounds 
were found also in the apparent kinetic constants of uptake: apparent K m  cadaverine 
7.7, creatine 3.7, 2,4-dinitrophenol 0.6 raM; and Vm, , cadaverine 1.7, creatine 0.6, 
2,4-dinitrophenol 0.03 /mmle/ml per rain. Equilibrium is reached in slices, as has 
been discussed elsewhereT, 2s, when the rate of exit becomes equal to the rate of 
uptake. A measurement of exit rates showed that  in a 3o-min period the exit of 
2,4-dinitrophenol was complete (all the slice content was lost within this time); 
there was also a significant (20-50 %) exit of cadaverine, while no creatine exit 
occurred during this t ime (Table IV). This rapid exit of 2,4-dinitrophenol and 
absence of exit of creatine explains why equilibrium in the slice is much more rapidly 
established with 2,4-dinitrophenol than with creatine (Fig. I). The presence of cyanide 
did not significantly affect exit, although the exit of amino acids from the slices 
was found to be increased in the presence of cyanide 26. In particular, creatine taken 
tip by the slices was retained even in the presence of cyanide in the exit experiments. 
Although the rate of uptake of creatine decreased somewhat after 9 ° min, uptake 

T A B L E  I V  

EXIT OF CADAVERINE, CREATINE, AND 2,4-DINITROPHENOL FROM BRAIN SLICES 

Mouse  b r a i n  sl ices w e r e  i n c u b a t e d  for  6o m i n  in t h e  p r e s e n c e  of  c a d a v e r i n e ,  2 , 4 - d i n i t r o p h e n o l  , 
o r  c r e a t i n e  a t  t h e  c o n c e n t r a t i o n s  n o t e d  in t h e  s e c o n d  c o l u m n .  T h e  u p t a k e  is s h o w n  in t h e  t h i r d  
c o l u m n .  To  m e a s u r e  e x i t  t h e  sl ices w e r e  t r a n s f e r r e d  in to  f r e sh  s t a n d a r d  m e d i u m .  A f t e r  I 5 m i n  
t h e  m e d i u m  w a s  r e p l a c e d  to  k e e p  t h e  level  of  t h e  c o m p o u n d  neg l ig ib le  in t h e  m e d i u m  d u r i n g  

o/ d e c r e a s e  d u r i n g  3 ° m i n  of  exi t .  E a c h  v a l u e  r e p r e s e n t s  t h e  ex i t  pe r iod .  R e s u l t s  a r e  e x p r e s s e d  as /o 
t h e  a v e r a g e  of 6 - 9  e x p e r i m e n t s .  T h e  s t a n d a r d  e r r o r  w a s  ~ 5 - 1 o ° @  

Compound Conch. Control Ex i t  (%) 
( m l~l) concentrative 

uptake ~,lledium I" xo -3 M N a C N  

C a d a v e r i n e  

C r e a t i n e  

2 , 4 - D i n i t r o p h e n o l  

0.05 0.40 21 24 
O. lO o .7 I  22 25 
I .oo 5-45 51 58 

o. Io  0.89 o o 
I.OO 8.19 o o 

0.003 o.o12 I o o  IOO 
0.03 o. I 15 IOO lOO 

Biochim.  Biophys,  Acta, 225 (1971) 3 5 6 - 3 6 9  
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increased up  to the  longest  t ime  measured  (~8o rain). Since in 3o rain no significant 
exi t  of creat ine  occurred,  the  exi t  of th is  compound  was measured also in longer- term 
exper iments ,  e s t ima t ing  creat ine conten t  b y  a color imetr ic  me thod  as well as mea-  
suring the  amoun t  of label  in the  tissue. Longer  incubat ion  t ime  for exi t  (6o min) re- 
su l ted  in each case in a snlall  bu t  measurable  loss of creat ine  f rom the  slices (Table V). 
The  exi t  measured  with color imetr ic  nle thods was somewhat  greater  than  b y  meas-  
uring rad ioac t iv i ty .  This  indica tes  a conversion of a por t ion  of labeled creat ine t aken  
up  to creat ine phospha te ;  this  conversion,  however,  was not  responsible  for the  
re ten t ion  of creat ine  taken  up by  the t issue since only a re la t ive ly  small  por t ion 
of creat ine  t aken  up was conver ted  to  the  phosphate .  

T A t 3 L E  V 

EXIT OF CREATINE FROM BRAIN SLICES 

E x p e r i m e n t a l  d e t a i l s  w e r e  as  d e s c r i b e d  in  T a b l e  IV,  e x c e p t  t h a t  in  t h e  6 o - m i n  e x i t  t h e  m e d i u m  
w a s  c h a n g e d  e a c h  15 ra in .  E a c h  v a l u e  r e p r e s e n t s  t h e  a v e r a g e  of  6 e x p e r i m e n t s .  

Incubation Time of 
uptake exit 

(rain) 

iimoles creatine per ml tissue water (concentrative uptake) 

Exit 

l~C * Colorimetrie " * laC * Colorimetrie * " 

0o -- 7.52 9.79 
(3o 5.91 ().62 1.6 3.2 

90 - ~ 1.2 12. 4 
60 9 .4  9 .0  I .S 2. 5 

18o I4. 9 15. 3 
60  I I .Q [ 1 '5 3.0 3.8 

Estimating creatine by measuring the label taken up. 
* Estimating creatine by the colorimetric procedure 2°. 

In  agreement  wi th  THOMAS 2° we found a loss of endogenous creat ine upon 
incubat ion  of slices in a creat ine-free medium.  Brain  slices before incubat ion  
conta ined  abou t  9.5 #moles  of ereat ine  per g t issue and 3.I /~moles af ter  a 9o-min 
incuba t ion  in a creat ine-free s t a n d a r d  medium.  Assuming  t ha t  all the  creat ine  in 
the  t issue was in the  in t race l lu lar  wate r  and  correc t ing  for the  swelling of the  incuba ted  
slices, i t  appears  t ha t  about  one th i rd  of the  endogenous creat ine was lost dur ing  
the 9o-min incuba t ion  in a creat ine-free medium.  In agreement  with THOMAS 9° 
we found t ha t  the  creat ine phospha te  content  of slices af ter  9 ° rain was 1.5 #moles /g  
in the  absence and  2.2 /nnoles/g in the  presence of I mM creat ine in the  incubat ing  
medium.  Less than  20 % of the  creat ine taken  up was conver ted  to creat ine phosphate .  
Increas ing creat ine  in the  incubat ion  medium to 5 mM from I mM in the  9o-min 
exper imen t  increased creat ine  up take  about  2.5-fold, but  increased creat ine phospha te  
conten t  only  3 ° %. 

Subs t ra te  @eci f ic i ty  o f  up t ake  

I t  is not  clear whether  the compounds  tes ted  in these exper iments  are t aken  
up by  a t r anspor t  process wi th  the  funct ion of t r anspor t ing  physiological ly  impor t an t  
metabol i tes .  I t  is possible,  for example ,  with the  not  very  high subs t ra te  specifici ty 

Biochim. Biophys, Acta, -'25 (t':~TI) 356 300 



N O N - M E T A B O L I T E  U P T A K E  BY B R A I N  SLICES 3 6 3  

T A B L E  VI  

E X C H A N G E  OF C A D A V E R I N E ,  C R E A T I N E ,  A N D  2 , 4 - D I N I T R O P H E N O L  

I n t h e  h o m o e x c h a n g e  e x p e r i m e n t s  m o u s e  b r a i n  s l ices  w e r e  i n c u b a t e d  fo r  6o  m i n  ( p r e l o a d i n g  t ime)  
in  t h e  p r e s e n c e  of  u n l a b e l e d  c o m p o u n d  ( c a d a v e r i n e ,  2 , 4 - d i n i t r o p h e n o l  o r  c r e a t i n e )  a t  t h e  c o n c e n -  
t r a t i o n s  n o t e d  in  t h e  s e c o n d  c o l u m n .  A t  t h e  e n d  of  t h e  p r e l o a d i n g  t i m e  t h e  s l i ces  w e r e  t r a n s f e r r e d  
t o  a m e d i u m  c o n t a i n i n g  c o r r e s p o n d i n g  14C- labe led  c o m p o u n d  a t  t h e  s a m e  c o n c e n t r a t i o n ,  a n d  
a c c m n u l a t i o n  i n t o  t h e  s l ices  w a s  m e a s u r e d  a f t e r  3 ° r a i n  of i n c u b a t i o n .  F o r  t h e  h e t e r o e x c h a n g e  
e x p e r i m e n t s  t h e  s l i ces  w e r e  p r e l o a d e d  w i t h  L - l y s i n e  f o r  6o  r a i n ;  [ 1 4 C ] c a d a v e r i n e  w a s  t h e n  a d d e d ,  
a n d  i n c u b a t i o n  w a s  c o n t i n u e d  f o r  3 ° r a in .  T h e  c o n c e n t r a t i o n  of l y s i n e  in  t h e  m e d i u m  w a s  l o o r  4 ° 
t i m e s  t h a t  of c a d a v e r i n e .  T h e  s a m e  p r o c e d u r e  w a s  u s e d  in  t h e  c a s e  of 2 , 4 - d i n i t r o p h e n o l ,  w h e r e  
t h e  s l ices  w e r e  p r e l o a d e d  w i t h  t y r o s i n e ,  p h e n y l a l a n i n e ,  o r  a I : I c o m b i n a t i o n  of t h e  t w o  a t  t h e  
i n d i c a t e d  c o n c e n t r a t i o n s  ( C o l u m n  4)- T h e  r e s u l t s  a r e  e x p r e s s e d  as  o/.,o i n c r e a s e  of  i n f lux .  E a c h  
v a l u e  r e p r e s e n t s  t h e  a v e r a g e  of  3 - 0  e x p e r i m e n t s .  T h e  s t a n d a r d  e r r o r  w a s  ~- 5 - i O ~ o .  

C o m p o u n d  Concentral ion Homoexchange  Heteroexchange 
( raM)  L y s i n e  

I : I O  1 : 4  ° 

C a d a v e r i n e  0 .05  8 o o 
o.  I o  1 5  o o 

I.OO 1 9  o o 

i o . o o  2 2  o o 

C r e a t i n e  i .oo o 

l : Io  tyros ine  • : IO p h e n y l a l a n i n e  • : io  tyros ine  + 
pheny la la  n i ne 

2,4-  D i n i t r o p h e n o l  0 . 0 0 3  o 
0 . 0 3 0  o i2 9 .5  1 () 

of some of the amino acid carriers, that  related compounds are taken up by means 
of an amino acid transport  process. In order to study the possible relationship of 
the uptake of these compounds to amino acid uptake, uptake of cadaverine and 
2,4-dinitrophenol was measured in slices preloaded with amino acids. If cadaverine 
and lysine have affinity to the same carrier, intracellular lysine could be expected 
to exchange with the cadaverine in the medium, and thus influx of cadaverine 
would be greater in slices preloaded with lysine. Cadaverine and lysine seem to have 
different transport  specificities, since intracellular cadaverine increased cadaverine 
influx whereas intracellular lysine had no effect at any of the lysine or cadaverine 
concentrations tried (Table VI). 2,4-Dinitrophenol, on the other hand, may be 
taken up by amino acid transport process, since 2,4-dinitrophenol influx was increased 
by preloading the slices with tyrosine, or phenylalanine, or a mixture of these two 
amino acids. Homoexchange (preloading with a compound increasing its own influx) 
was not found with creatine of 2,4-dinitrophenol under our experimental conditions 
(Table VI). Since 2,4-dinitrophenol influx and the establishment of equilibrium is 
rapid, the 3o-min t ime period may have been too long to measure an increase in 
influx of 2,4-dinitrophenol; creatine uptake, however, is linear in the first 3 ° rain. 

The possible relationship of 2,4-dinitrophenol t ransport  to that  of tyrosine 
and phenylalanine was studied by a comparison of the effects of a metabolic inhibitor. 
In the presence of I mM NaCN the uptake of most amino acids is completely inhibit- 
ed a0. Cyanide did not inhibit 2,4-dinitrophenol uptake completely; about one-third 
of this uptake seemed to be cyanide-insensitive. A similar percentage of tvrosine 
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and phenylalanine uptake was resistant to inhibition by cyanide (Table VII), further 
strengthening the relationship between the transport of these amino acids and that 
of 2,4-dinitrophenol. 

Specificity of cadaveriue trat2sport 
The specificity of cadaverine transport was studied further by measuring 

the effect of structurally related compounds on cadaverine uptake. Cadaverine 
uptake was not influenced by the presence of io-4o-fold higher lysine in the medium, 
but the presence of putrescine and especially of spermine was strongly inhibitory 
(Table VIII). The effect of arginine differed from that of lysine; in the presence of 
4 ° mM but not IO mM arginine in the medium cadaverine uptake greatly increased. 

T : \  HLI'] V I I  

INHIBITION BY CYANIDE OF THE U P T A K E  OF 2,4-DINITROPHENOL, TYROSINE ANn PHENYLALANINE 

Mouse  b r a i n  slices w e r e  i n c u b a t e d  in 4.5 ml  of troffer  c o n t a i n i n g  t .  lo a M N a C N  for  3 ° r a i n ;  
t h e n  0.5 ml  of 0. 3 m M  2 , 4 - d i n i t r o [ t 4 C ] p h e n o l  or, L-I14C!tyros ine  or  L-~14C~phenylalanine w e r e  
a d d e d ,  a n d  t he  i n c u b a t i o n  wa s  c o n t i n u e d  for  60 rain.  Igor o t h e r  de t a i l s  see l egend  to T a b l e  I I L  
E a c h  v a l u e  r e p r e s e n t s  t h e  a v e r a g e  of  4 e x p e r i m e n t s  ~:: S.I'.'. 

C o m p o u n d  ° o i nh ib i t i on  

2 ,4-1) in i t ropheI Io l  64 ± 1.5 
L - T v r o s i n e  7 ° ± ~.S 
L-14aeny la lan ine  5 7 - [  o.(1 

T A B I . E  V I I I  

C O N C E N T R A T I V E  U P T A K E  OF C A D A V E R I N E  IN THE P R E S E N C E  OF D I F F E R E N T  S U B S T R A T E S  

Mouse b r a i n  slices w e r e  i n c u b a t e d  in 4 inl of buf fe r  w i t h  or  w i t h o u t  1. lo  -a M N a C N  for  3 ° ra in ; t h e n  
o. 5 ml  of io lnM [14Cjcadaver ine  a n d  0. 5 ml  of a s u b s t r a t e  w e r e  a d d e d ,  to  o b t a i n  t h e  f inal  
c o n c e n t r a t i o n  s h o w n  in t h e  s e c o n d  c o l u m n .  T h e  i n c u b a t i o n  w a s  c o n t i n u e d  for  5 a n d  3 ° ra in  
iu t h e  case  of  a r g i n i n e  a n d  for  3 ° ra in  in t h e  o t h e r  e x p e r i m e n t s .  

£'ubstralc Concen l ra l ion  
(raM) 

i, moles o f  cadaver ine  pea" m l  o f  in lracelh t lar  water  
above m e d i u m  
. . . . . . . . . . . . . . . . . . . . . .  

5 m~n 30 m l n  30 m z n  ~ N a C N  

None  O. l I  :~ o.oo 2.71 ± 0.08 0.38 ± 0.02 
A r g i n i n e  to o.12 ~ o .o i  2.60 ~ o.o9 
A r g i n i n e  4 ° 3.52 - -  o.~2 [7.5 ° ± o.85 o.54 ± o.o 4 
A r g i n i n e  * 
( p r e i n c u b a t i o n  only)  4 ° 2.24 ~ o.o9 o.4o :{_ O.Ol 
L y s i n e  xo 2.81 ± o. t l 
L y s i n e  4 ° 2.73 ± o.o 9 
P u t r e s c i n e  ~o 1.39 ~ o.o2 
l )u t r e sc ine  4(:) 0 .50 ~ o.o2 
S p e r n I i n e  Jo o.4q l :  o.o 3 
Spe r l n i ne  4 ° o.o 

* In  th is  se t  of e x p e r i m e n t s ,  t h e  slices w e r e  i n c u b a t e d  in t h e  p r e s e n c e  of 4 o m M  a r g i n i n e  
for 3 o rain.  T h e  slices w e r e  t r a n s f e r r e d  in a fresh,  a r g i n i n e - f r e e  buf fe r  a n d  o. 5 m l o f  1 o m M  [laC]- 
c a d a v e r i n e  w a s  a d d e d .  T h e  i n c u b a t i o n  wa s  c o n t i n u e d  for  3 ° inin. Resu l t s  a r e  e x p r e s s e d  in / lmo les  
of c a d a v e r i n e  p e r  ml  of  i n t r a c e l l u l a r  w a t e r  a b o v e  t h e  m e d i u m  (see EXPERIMENTAl.). A v e r a g e s  of 
6 e x p e r i n i e n t s  -7 S .E.  a re  Riven.  
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Tile increase was greater in short-term experiments (in 5 min, 32-fold) than in longer 
term experiments (in 30 min, 6.5-fold), and it occurred only when arginine and 
cadaverine were both present extracellularly. If slices were preloaded with arginine 
and were transferredin arginine-free medium, cadaverine uptake was slightly inhibited 
by theintracellular arginine rather than increased. The uptake of eadaverine was 
strongly inhibited by cyanide, and in the presence of cyanide high extracellular 
arginine had no significant effect on cadaverine uptake (Table vIn). 

The fact that arginine increased cadaverine uptake more in shorter-time 
than in longer-time experiments is probably explained by its effect on cadaverine 
exit. The exit of cadaverine was greatly increased by arginine (Table IX). For arginine 
to have an effect, again it had to be on the same side of the membrane as cadaverine. 
Exit of cadaverine into arginine-containing media was not greater, but if slices 
were preloaded with both cadaverine and argininetheintracellulararginineincreased 
the rate of exit of cadaverine from the cells (Table IX). 

T A B L E I X  

THE EFFECT OF ARGININE ON THE EXIT OF CADAVERINE 

Sl ices  f r o m  m o u s e  b r a i n  w e r e  i n c u b a t e d  in  4-5 m l  o f  b u f f e r  ( i ,2)  fo r  3 ° r a in  ; a f t e r  0. 5 m l  of  i o  m M  
[ 1 4 C ~ c a d a v e r i n e  w a s  a d d e d ,  t h e  i n c u b a t i o n  w a s  c o n t i n u e d  f o r  3 ° m i n .  T h e  s l ices  w e r e  t h e n  t r a n s -  
f e r r e d  t o  a f r e s h  c a d a v e r i n e - f r e e  b u f f e r  w i t h o u t  ( i)  o r  w i t h  (2) 4 ° m M  a r g i n i n e ,  a n d  t h e  i n c u b a t i o n  
w a s  c o n t i n u e d  f o r  t o  m i n .  I n  t h e  l a s t  s e t  o f  e x p e r i m e n t s ,  a f t e r  t h e  f i r s t  3 ° r a i n  o f  i n c u b a t i o n  in  
4 m l  o f  b u f f e r ,  0. 5 m l  o f  i o  m M  ~ 1 4 C ! c a d a v e r i n e  a n d  0. 5 m l  of  4 o o  m M  a r g i n i n e  w e r e  a d d e d  a n d  
t h e  i n c u b a t i o n  w a s  c o n t i n u e d  f o r  5 m i n .  T h e n  t h e  s l ices  w e r e  t r a n s f e r r e d  t o  a f r e s h  m e d i u m  
c o n t a i n i n g  4 ° m M  of  a r g i n i n e  a n d  t h e  i n c u b a t i o n  w a s  c o n t i n u e d  f o r  t o  ra in .  A v e r a g e s  of  4 - 6  
e x p e r i m e n t s  ± S . E .  a r e  g i v e n .  

Nubslrate Experimental conditions t, moles cadaverine per ml intracellular % 
water exit 

Beginning of exit End of exit 

N o n e  ( i)  3 ° r a i n  u p t a k e  c a d a v e r i n e  
l o  m i n  e x i t  b u f f e r  3 .66  4~ 0 .09  2 .55 =~= 0 . 0 6  30 .3  

A r g i n i n e  (2) 3 ° m i n  u p t a k e  c a d a v e r i n e  
t o  r a i n  e x i t  b u f f e r  + a r g i n i n e  3 .66  - -  0 . 09  2 .59  i 0 .02  z0 .3  

A r g i n i n e  (3) 5 m i n  u p t a k e  c a d a v e r i n e  + a r g i n i n e  
i o  m i n  e x i t  b u f f e r  + a r g i n i n e  4-43 ± o. I3 0 .54  ~ 0 .03  87.  9 

D I S C U S S I O N  

Penetration of compounds that do not accumulate in the slice above the concentration 
in the medium 

A number of compounds have been used both in vivo and in vitro to measure 
extracellular space in tissues: sulfate, mannitol,  inulin, sucrose, sorbitol, and 
others ~4-33. Work with brain slices showed that all compounds do not penetrate to 
the same degree, and therefore different spaces are delineated. A second inulin 
space was shown by the finding of a space in slices penetrated by inulin at 37 ° but 
not  at o ° (refs. 24, 25). Sulfate in our experiments penetrated a space somewhat  
smaller than the inulin space, which in the presence of cyanide increased to almost 
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the same size as the inulin space. The mannitol space was larger than the inulin 
space. The larger mannitol space has been observed previously 2a. The most plausible 
explanation for these findings seems to be that mannitol, with a lower molecular 
weight, penetrates a portion of the intracellular space. Similar intracellular penetration 
was indicated also in in vivo experiments 29,a°. The fact that in the presence of cyanide 
mannitol penetrates all of the extra- and intracellular space, while sulfate seems 
to be restricted still to the extracellular space, indicates that in spite of alterations 
in membrane permeability by metabolic inhibitors a portion of selectivity remains. 
Modifications in the structural elements and membranes in incubated slices have 
been observed in a histological and electronmicroscopic study3a, 35 in which we found 
that  the effects of cyanide were more pronounced on neuronal structures such as 
mitochondria, and that at least part of the morphological alterations caused by a 
short-term cyanide treatment were reversible. It  is not clear whether inulin or sulfate 
space is the truer measurement of the extracellular space; the negative charge of 
sulfate may restrict its diffusion to some spaces by electrostatic repulsion. 

Urea in the slices penetrates the total water space, although it does not do so 
in the living animal. KLEEMAN el al. 3G concluded that the major barrier to urea 
penetration into the nervous tissue is at the capillary level and not at the level 
of plasma membrane of the glial or neuronal cells. More recently, POLLAY AND 
KAPLAN a7 showed that urea diffuses into brain tissue approximately according to 
Fick's law of diffusion. Our results showing a rapid diffusion of urea into the intra- 
cellular spaces of brain slices where there is a direct contact of neuronal and glial 
surfaces with the urea solution are in accord with the above findings. The slightly 
larger urea space than non-inulin space which occurs after longer incubation time 
is probably only apparent; it may be the result of the increase of intracellular water 
water (due to swelling) and may also be related to the level of ATP in the slices 
during the incubation in the presence of urea. It was found that after 30 rain of incu- 
bation in the presence of urea the ATP level in the slices decreases to less than one- 
third of the original value, and does not reach the control values for an additional 40 
rain of incubation (F. PlCCOH, unpublished data). It is clear from the lack of inhi- 
bition by cyanide that the penetration of sulfate, mannitol, or urea into cerebral 
slices does not involve a process requiring metabolic energy. 

Uptake of compounds above medium levels 
There is relatively little information available about the uptake of compounds 

that are not present in the brain under physiological conditions. Some time ago 
McILWAIN AXD GRINYER as investigated the effects of some pyridine and phenozine 
derivatives on the metabolism of carbohydrates, and showed that brain cortex 
slices from guinea pig accunmlated such derivatives as pheniafromine, diazine 
green, neutral red, ethyl red, nicotinamide, and nicotine. The concentration in the 
tissue, for most of them, was 5o-3oo times that of the substance remaining in solution. 
The author emphasized that these concentrations were not reached by a process 
of combining with tissue constituents but were dependent on metabolic activities 
in the slice. More recently, energy-dependent active uptake was found with the 
following compounds: carbacho139, methonium compounds39, a°, and nletaraminoP 1. 
Calcium was found to be actively concentrated by slices of brain cortex from raO" 
and guinea pig 4a, but this uptake was not affected by inhibitors such as ouabain 
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or 2,4-dinitropheno142, 4a. The level of creatine in cerebral tissue is high, close to 
IO/,moles/g, part  of which is lost when slices are incubated in a creatine-free medium 2°. 
Creatine is taken up by  such slices from a medium against a concentration gradient; 
the uptake is inhibited by the absence of 0 2 or glucose 2°. The uptake of creatine 
is accompanied by resynthesis of creatine phosphate; with o.15 mM creatine in the 
medium about 20 °'o (ref. 44), with i mM creatine about IO °'o (ref. 20), of the compound 
taken up was converted to the phosphate. Our studies confirmed these findings 
and showed that  in longer-term incubation or with higher levels in the medium 
slices accumulate creatine above the level in the living brain. Although a part  of 
the creatine taken up is converted to creatine phosphate the metabolic conversion 
is not mainly responsible for the uptake or retention of creatine in brain slices. 

Cadaverine is formed by enzymatic decarboxylation of lysine in microorganisms; 
there is no evidence that  it is formed in the brain. The need for a mechanism to trans- 
port cadaverine into the brain is not clear at the present time. The lack of effect of 
lysine in the exchange or the uptake experiments makes it unlikely that  cadaverine 
has affinity to the lysine transport  mechanism, and the distinction of the transport  
mechanism of diamine from that  of lysine is also supported by the finding that  cada- 
verine and putrescine did not inhibit the uptake of lysine by brain slicesL 

The inhibition of cadaverine uptake by diamines with related structure 
(putrescine and spermine) shows the presence in brain tissue of a transport mechanism 
with affinity to a number of related amines. The dramatic increase of cadaverine 
flux by arginine demonstrates the complexities in the substrate specificity of cerebral 
transport.  I t  seems likely from our results that  cadaverine flux and lysine flux 
are mediated by two separate carriers and neither compound has a significant affinity 
toward the carrier of the other. Arginine seems to have affinity to both of these carriers, 
since it inhibits lysine uptake 7 and it also increases cadaverine flux. The effect of 
arginine on cadaverine flux probably occurs through a process of "competitive stinml- 
ation,,~ 6 since the effect occurs only if the two compounds are on the same side of 
the membrane:  extracellularly for an increase in uptake, and intracellulary for an 
increase in exit .The "competitive stimulation" of uptake, like uptake itself, is depend- 
ent on the availability of metabolic energy, as shown by the inhibition of both 
by cyanide. 

There was no significant exit of creatine in short-term experiments, as was 
also indicated in the time-curve of uptake (Fig. i), where the linear increase of slice 
levels with time showed a break only after 9 ° min. Creatine exit was relatively 
small also in long-term experiments. High uptake of some compounds, coupled with 
low rate of exit, points out the possibility of considerable accumulation of a substrate 
in the brain even if its level in the blood is relatively low. 

The uptake of 2,4-dinitrophenol seems to be partially energy-independent, since 
more than one-third of 2,4-dinitrophenol uptake is unaffected by cyanide or by 
ouabain. This might be related to a certain degree of heterogeneity of the transport  
system of 2,4-dinitrophenol. 2,4-Dinitrophenol itself inhibits transport  in brain slices. 
We found that  near the levels used in the present study (0.02 raM) 2,4-dinitrophenol 
inhibited the uptake of a number of amino acids lO-2O % and lowered the ATP 
level in slices by about 30 %. Morphological studies34, 35 indicate that  in incubated 
slices of brain the neurons are more sensitive than glial cells to cyanide, suggesting 
that  in the presence of cyanide it is still possible to measure the residual glial transport  
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of 2,4-dinitrophenol. In its specificity 2,4-dinitrophenol transport is related to the 
carrier system of structurally related amino acids, since heteroexchange between 
phenylalanine or tyrosine and 2,4-dinitrophenol could be demonstrated and the 
percentage of uptake of these compounds that is resistant to inhibition by cyanide 
is also similar. 2,4-Dinitrophenol therefore may be taken up because of its affinity 
to a carrier whose physiological function is the transport of normally occurring 
metabolites. 

The presence in brain tissue of transport mechanisms for compounds not ordi- 
narily present in the tissue and the possibility of physiological transport mechanisms 
being involved in the transport of foreign substrates emphasize the possible parti- 
cipation of active processes in the movement not only of natural substrates but also 
of products not normally components of the brain. The different behavior of the 
three actively accumulated compounds in turn emphasizes the selectivity of the 
brain barrier system also with foreign compounds. The possibility of a complex 
interaction between non-metabolites and metabolites is indicated by the finding 
that one structural analog inhibits cadaverine uptake while another one increases 
cadaverine uptake or exit depending on its location. 
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