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SUMMARY 

Tile transport of the biogenic amines, 5-hydroxytryptamine and norepine- 
phrine, was studied using isolated nerve endings (synaptosomes) prepared from rat 
and rabbit brains. The transport was absolutely dependent upon Na +, but maximum 
transport required K +. In the absence of K +, transport increased with increasing 
[Na+] up to about 75 mM, then decreased. High [K +] decreased transport in the 
presence of Na +. In the absence of K +, a lapse of time preceded the blockade of 
transport. Moreover, preliminary incubation of synaptosomes in K+-free media 
containing 15o mM Na + blocked initial transport more than media containing 
5 ° mM Na +. It  is concluded that K+-lack blocks transport as a result of changes 
in transmembrane ion gradients secondary to the inhibition of (Na + + K+)-ATPase. 
K+-lack slightly increased the efflux of stored norepinephrine. 

1NTRODUCTION 

Recent reports have shown that biogenic amines are taken up by nerve endings 
by means of a saturable 1 a Na+-dependent~, 5 process obeying Michaelis-Menten 
kinetics 35. A model transport mechanism similar to that developed by CRANE~ for 
sugar transport has been described for nerve endings s. Amines released by the nerve 
impulse are recaptured by this process, located in the nerve membrane and utilized 
in the synaptic transmission of subsequent nerve impulses 7,9. High ~K+I antagonizes 
transport, probably by competing with Na + for a receptor on the amine carrier 
mechanismS,10,11. 

In contrast to the inhibitory effects of high [K +] on transport, low F K+.] 
facilitates transport~,10,12,13, suggesting that K + is implicated in this process in more 
than one way. The present report concerns the facilitative function of K + in trans- 
.... 
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port and storage of biogenic amines by synaptosomes (isolated nerve endings pre- 
pared from brain) and the relationship between K ~ and 'Na÷l in these processes. 
Evidence is presented to indicate that K + exerts its facilitative effect indirectly, bv 
activating the (Na + + K+)-ATPase, thus maintaining optimum Na + and K + gradients 
across the nlembrane. 

MATERIALS AND METHODS 

Synaptosomes were prepared from rat and rabbit brain stems by tile method 
of RODRIGUEZ DE LORES ARNAIZ AND DE ROBERTIS 11. For the measurement of 
transport, a quantity of synaptosomes equivalent to a concentration of o.25 mg 
protein per ml was suspended in I6 ml of various media containing either 2o ng/ml 
5- laClhydroxytryptamine (Nuclear Chicago, 39 mC/nmole) or 5 ng/ml (~)-!aH l- 
norepinephrine (New England Nuclear, 7 C/mmole). After incubation 15 or 2o rain 
at 37 ~', 4 ml of the incubation mixture were cooled on ice and the synaptosomes 
were separated from the medium by centrifugation at Ioooo ~< g for 5 rain. The 
pellet was washed and assayed for radioactive amine and protein. Protein was esti- 
mated by the method of WARBURG AND CHRISTIAN 15. I l l  SOllle experiments, radio- 
active amines and deaminated metabolites were assayed both in the synaptosomes 
and the incubation fluid. Additional details of the methods used in tkis laboratory 
for the preparation and incubation of synaptosomes are published elsewhere ~6 or 
are given in the text under RESULTS. 

For efflux measurement of 'aHlnorepinephrine from synaptosomes, rats were 
given IOO ng aH~norepinephrine injected into a lateral brain ventricle and killed 
3 h after injection. Synaptosomes were prepared and incubated at 37 ° in Krebs 
bicarbonate solution. During the incubation samples of fluid (o.5 ml) were taken 
at 2o-min intervals and assayed for tke radioactivity lost from the synaptosomes. 
At the end of the incubation the synaptosomes were collected by centrifugation 
and assayed for radioactivitv. The total amount of radioactive amine originally 
present was calculated from the final concentration of radioactivity in the medium 
times w~lulne phts the radioactivity removed in earlier samples plus that remaining 
in the synaptosomes. The efflux of [aHinorepinephrine from the synaptosomes 
during each 2o-min time interval was determined from the increase in the total 
amount of radioactivity in the fluid from one sampling to the next plus radioactivity 
removed in previous samplings. The radioactivity lost from the tissue was expressed 
as a percentage of total radioactivity originally present in the synaptosomes and 
was plotted logarithmically against time on semilogarithmic graph paper. The 
linear portions were used to calculate the half-life of amine in brain and the rate 
constant of efflux. 

The control medium in all experiments was Krebs bicarbonate solution 
equilibrated with O.,-CO., (95:5, v/v) (pH 7.4). Na+-deficient media prepared with 
or without K + were made isotonic with sucrose and contained all other ions normally 
present in Krebs bicarbonate solution. Other media are described under specific 
experiments in RESULTS. 

Radioactivity was estimated by scintillation counting after isolation of the 
various compounds to be estimated. 5-[l~ClHydroxytryptamine was isolated by 
the method of BOGDANSKI el al. 17. Deaminated metabolites of 5-[laC]hydroxy - 
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tryptamine were estimated by the method of TISSARI et al. 16. Tritiated norepinephrine 
and deaminated metabolites were estimated by the method of HAGGENDAL ~s. 

For the measurement of ion concentrations, synaptosomes were incubated 
in media containing o.o 5 /zC [14Clinulin and o.I #C tritiated water per ml. The 
synaptosomes were collected by centrifugation at IOOOO x g for 5 min at room tem- 
perature. Supernatant water was decanted and residual supernatant water was 
aspirated off. After resuspension in 2 ml water, o.5-ml aliquots were removed for 
the estimation of ~C and 3H. The volume of intracellular water was estimated as 
the difference between total water (tritium-labeled) and extracellular water con- 
taining [14C]inulin. Na + and K + in the synaptosomes were measured by flame 
photometry and estimates of intracellular concentrations were made after correction 
for the electrolytes contained in the extracellular water. Since intracellular volumes 
were measured in #1 and large multiplication factors were involved, and a 50 % 
correction was made for inulin binding, more emphasis is placed on the ratios 
~Na+l : [K+], than on the actual concentrations. 

RESULTS 

Accumulation of 5-Ii~C]hydroxvtryptamine versus [Na+! with 6 m M  K + and i1~ 
K+-free media 

Fig. I shows the accumulation of 5-[14C!hydroxytryptamine by rat synap- 
tosomes, expressed as the concentration ratio of intracellular to extracellular amine. 
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Fig. I. Effect  of K+-lack on the  a c c u m u l a t i o n  of 5 - [14C]hydroxy t ryp tamine  by  s y n a p t o s o m e s  incu-  
ba t ed  in med i a  c o n t a i n i n g  va r ious  [Na+]. ((2)), med i a  con ta in ing  6 m M  K +. ((2)), K+-free media .  
S t a n d a r d  m e d i u m ,  Krebs  b i ca rbona t e  so lu t ion  (pH 7.4) equi l ib ra ted  wi th  O i - C ( ) ~  (95:5,  v /v) .  
I so ton ic i ty  in Na+-defic ient  med i a  was  m a i n t a i n e d  by  sucrose.  2o n g / m l  5- [14C]hydroxyt ryp  t a m i n e  
were i ncuba t ed  in t he  va r ious  med i a  i m m e d i a t e l y  af ter  t r ans fe r  of t he  s y n a p t o s o m a l  suspens ions  
to t he  incuba tor .  I n c u b a t i o n  t ime,  15 min .  The  a c c u m u l a t i o n  rat io  (ordinate) is t he  rat io  of t he  
c o n c e n t r a t i o n  of u n c h a n g e d  5- [14C~hydroxyt ryp tamine  in s y n a p t o s o m e s  to t h a t  in t he  m e d i u m .  
Averages  of four  e x p e r i m e n t s  ~ S.E. 
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W h e n  K + was present  in the  medium at  the normal  concent ra t ion  of 6 raM, the  
accunmla t ion  increased with increasing lNa+ 1 up to at  least 15o raM. In the K*-free 
media ,  accumula t ion  increased ahnost  in paral le l  with controls  with increasing 
Na+~ up to about  75 mM but  then decreased as Na ÷ was raised to 15o raM. 

Accumulation of I3Hlnorepinephri~ze versus lNa+2 at 6 mM K + a~d in K+-free media 
The accunmla t ion  of IaH~norepinephrine by ra t  synap tosomes  incuba ted  in 

med ia  conta in ing  var ious  Na + is recorded in Table I. The accumula t ion  of 
iaH~norepinephrine,  like 5- 14Clhydroxyt ryptamine ,  was increasingly s t inmla ted  by 
Na  + up to a [Na+l of I5O mM, when K + was present  in the  media.  Accumula t ion  
was s t imu la t ed  by  iNa+~ up to about  75 mM in the  K+-free medium.  However ,  the 
accunmla t ion  of l aHjnorep inephr ine  was decreased as the iNa+ 1 was increased 
from 75 to 15o mM in the K*-free media.  The inhibi t ion of [iaHinorepinephrine 
accunmla t ion  by  the lack of K + was more pronounced  than  in the  case of 5-il~Cl - 
h y d r o x y t r y p t a m i n e .  For example ,  at  143 mM Na*, tlte accumula t ion  rat io  of 
5 - | i~C~hydroxy t ryp tamine  was 18 in the presence of 6 mM K + compared  to 9.3 
when K + was absent .  In contras t ,  the accunmla t ion  rat io  of [aHlnorepinephr ine  
was 35 in the medium conta in ing () mM K + compared  to 6, when K ~ was absent .  

T A B L E  I 

E F F E C T  OF K I L A C K  ON T H E  A C C U M U L A T I O N  OF [ 3 H ] N O R E P I N E P H R I N E  B Y  RAT S Y N A P T O S O M E S  

I N C U B A T E D  I N  M E D I A  C O N T A I N I N G  V A R I O U S  [Nae !  

C o n d i t i o n s  of i n c u b a t i o n  a n d  K~-f ree  m e d i a  as  d e s c r i b e d  for F ig  ~. 5 n g / m l  E:~H]norepinephrine .  
A v e r a g e s  of fou r  e x p e r i m e n t s  @ S . E .  

~Na ~ ] .4ccumulation ratios 
(m M) 

6 m ; l  K *  li+-free 

o r -5 1.7 
25 5.8 4.0 ~ o.2 
5 ° 6 . 4 - 2  i. 4 
75 t6 .8  

IOO 0 . 2  ~ -  i.(9 

I 5 °  33 5.2 q_ o.9 

This  difference m a y  reflect the fact t ha t  more 5 - h y d r o x y t r y p t a m i n e  than  norepine- 
phrine was metabol ized  dur ing the incubat ion  (Table II) .  

Transport of 5-E14Clhydroxytrvp tami~te and [3H!norepinephrine 
Accumula t ion  of 5-E14Clhydroxytryptamine and •3Hlnorepinephrine accounts  

for only  a f ract ion of the  amine  tha t  has pene t r a t ed  the  p lasma  membrane  1°,'6, 
since the amine m a y  be deamina t ed  inside the cell and  the 14C-labeled produc ts  then 
re leased back  into the incubat ion  medium.  Thence,  to t a l  de a mina t e d  metabol i tes ,  
in t race l lu la r  and  extracel lular ,  in add i t ion  to accumula ted  amine  mus t  be deter-  
mined  in order  to assess the  q u a n t i t y  of amine  tha t  has en te red  the cell. Fu r the r -  
more,  in order  to es t imate  the  q u a n t i t y  of amine  carr ied into the  cell b y  the  t r anspor t  
mechan i sm a correct ion mus t  be made  for nonsynap tosoma l  me tabo l i sm and accu- 
mula t ion  and for passive diffusion. This correct ion was made  by  es t ima t ing  amine  
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T A B L E  I I  

EFFECT OF FNa +] ON UPTAKE AND TRANSPORT OF 5-[14C]HYDROXYTRYPTAMINE BY RAT 
SYNAPTOSOMES INCUBATED IN I~+-FREE MEDIUM CONTAINING VARIOUS [ g a  +] 

Condit ions  of i n c u b a t i o n  and  K+-free m e d i a  are described in Fig .  i .  T o t a l  u p t a k e  a n d  m e t a b o l i s m  
a r e  e x p r e s s e d  as  a percentage  of the  5 - [ 1 4 C ] h y d r o x y t r y p t a m i n e  o r i g i n a l l y  present  in the  m e d i u m  
a n d  is c a l c u l a t e d  according  to the  fo l lowing  equat ion :  

A c c u  m u l a t e d  5- [ 14C i h y d r o x y t r y p t a n l i n e  % 
to ta l  d e a m i n a t e d  m e t a b o l i t e  

T o t a l  u p t a k e  a n d  n l e t a b o l i s m  - -  × i oo 
T o t a l  5 - [ x 4 C ] h y d r o x y t r y p t a m i n e  + 
to ta l  d e a m i n a t e d  m e t a b o l i t e  

T o t a l  d e a m i n a t e d  m e t a b o l i t e  a n d  t o t a l  5 - [ I 4 C ] h y d r o x y t r y p t a m i n e  r e p r e s e n t  a c c u m u l a t e d  s u b -  
s t a n c e  plus t h a t  recovered  in the  med ium.  Transpor t  was  e s t i m a t e d  as the  difference b e t w e e n  
to ta l  u p t a k e  a n d  m e t a b o l i s m  as  c a l c u l a t e d  a b o v e  a n d  n o n s y n a p t o s o m a l  a c c u m u l a t i o n  a n d  m e t a -  
b o l i s m  as  e s t i m a t e d  in the  ( N a  + + K + ) - f r e e  m e d i u m  ( a c c u m u l a t i o n  r a t i o  < 2 . o ,  t ransport  

o). 

Incubation medium Total uptake and metabolism -4- S.E. Transport 
(raM) 

5-[14C]Hydroxy - F3H]Norepine- 5-[14C]Hydroxy- ~ZH]Norepine- 
tryptamine (°.o) phrine ( ° / o )  tryptamine (°o) Phrine (°//o) 

l ( r e b s '  b i c a r b o n a t e  85 .3  2_ 4 32 .6  ± 6 6o .2  2o.  4 

6 K + ;  5 ° N a  + 74-2 ~z 6 2 4 . 6 i  2.8 49 .7  12.4 

o K + ;  o Na + 25.1 ~ I I2 .2  + 3-7 O.O O.O 

o K + ;  25 N a +  48 .0  ~: 7 1 4 . 2  ~S 2.2 22 .9  2 .0  

o K ~ ;  5 ° N a  + 57.2 ~ 6 i q . 2  ~ i . o  32.1 7 .0  

o K + ;  too  N a  + 4 O-1 i 9 19.7 ~ 2.3 15.o 7.5 

o t(~ ; I5O N a  + 39.5  " 7 t 5 .3  ~= 3 .6 14-4 3 -1 

accumulation and metabolism in synaptosomes suspended in (Na + + K+)-free 
media or in synaptosomes previously incubated for IO rain with I mM ouabain, con- 
ditions which eliminate carrier-mediated transport across the synaptosomal mem- 
brane 16. In the present experiments the correction amounted to 25.1% of the 
5-[l~C]hydroxytryptamine, and 12.2 % of the [3H]norepinephrine originally present 
(Table II) .  

Table  I I  shows that tile transport of 5@4C]hydroxytryptamine or E3H] - 
norepinephrine by synaptosomes incubated in media containing various [Na +] 
responded to the lack of K + in a manner completely analogous to accumulation. 
To illustrate this, transport increased as the ENa +] was increased up to about 5O-lOO 
mM and decreased above this concentration. In Krebs solution transport of 5-II~C] - 
hydroxytryptamine and E3H]norepinephrine were about 4 and 7 times that in a 
K+-free counterpart (15o Na +, o K+). 

Transport of 5-hydroxytryptamine and norepinephrine versus [K +] at normal LNa +] 
Table III shows the effects of various K + levels on 5-hydroxytryptamine and 

norepinephrine transport by synaptosomes that were incubated in media con- 
taining 143 mM Na +. The transport of 5-E14C]hydroxytryptamine and L3H]nore - 
pinephrine was enhanced by 6 mM K+ compared to transport in the absence of 
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K +, but as the [K+~ was increased above 6 mM the transport of amine was progres- 
sively decreased. It should be pointed out, however, that even with 75 mM K~, 
transport was greater than in K+-free media. This finding indicates that high [K+ 
inhibits maximum amine accunmlation but the presence of K + still fulfills some 
requirement of the transport process. Hence the facilitative and inhibitory functions 
{}f K + may be exerted at different points in the transport process. 

T . \ B L E  I I1  

THE EFF]~2CT O F  VARIOUS l (  + LEVELS ON THE TRANSPORT OF 5 - [ 1 4 C I H Y D R O X V T R Y P T A M I N E  ANI} 

3 H ] N o R E P I N E P H R I N E  B'£ RAT AND RAI3BIT SYNAPTOSOMES 

S y n a p t o s o m e s  were  i n c u b a t e d  fo ra in  in m e d i a  c o n t a i n i n g  t h e  v a r i o u s  f,2+ &lid Na~  leve l s  g i v e u  

in  t h e  t a b l e ,  plus a l l  o t h e r  ions  n o r m a l l y  p r e s e n t  in  K r e b s  b i c a r b o n a t e  s o l u t i o n .  "['he s o h l t i o n  
c o n t a i n i n g  5 ° m M  N a  + was  m a d e  i s o t o n i c  w i t h  sucrose ,  t h e n  N + was  a d d e d  to  a c o n c e n t r a t i o n  
of IOO inM. 5 - [ 1 4 C ] H y d r o x y t r y p t a m i n e  (20 n g / m l )  w a s  t h e n  a d d e d ,  a n d  t h e  i n c u b a t i o n s  con-  
t i n u e d  for 2o min .  T r a n s p o r t  was  e s t i m a t e d  as d e s c r i b e d  for T a b l e  I. T r a n s p o r t  b y  s y n a p t o s o m e s  
i n c u b a t e d  in n o r m a l  N r e b s  b i c a r b o n a t e  s o l u t i o n  (6 m M  t(~) was  a r b i t r a r i l y  a s s i g n e d  t he  v a l u e  
of IOO(!o, a n d  t r a n s p o r t  b y  s y n a p t o s o m e s  i n c u b a t e d  in  t he  o t h e r  m e d i a  was  e x p r e s s e d  as a pe r -  
c e n t a g e  of t h a t  in  t h e  c o n t r o l  s o l u t i o n .  I n h i b i t i o n  w a s  e s t i m a t e d  b y  s u b t r a c t i n g  t r a n s p o r t  f rom 
Joo. T h e  n u m b e r s  in  p a r e n t h e s e s  re fe r  to  n u m b e r s  of e x p e r i m e n t s .  

[ K+ ] i Na+ ] 5- [ 14C Jtlydroxytryptamine (° o inhibition ~ S.E.)  
(reAl) (m.;lt) - -  

Rat Rabbit 

o 15(} 78 - -  o. 3 (2) 

3 I43  24 ~ 0.8 (2) 

6 143 o 

12 ~43 20-2z r.4 (2) 
' 5  ~43 32 ~[_ o.8 (-) 

75 143 - -  

too  5 ° 

(} 5 ° -- 

L3H jNorepinepkrim¢ 
(0 0 inhibition ~ S.E.) 

Rat 

7 6 ~ 4.7 (4) 8.5 ~ 4.3 (3) 

o n 

14 ~ 1.4 (3) 
24 ~2 1.9 (3) 32 -~ 3 .2 (3) 

52 ~ 2.8 (4) 
2 9  @ 2 . 2  (3) 

Time lapse for the inhibition of accumulation and transport ha, K+-lack 
The transport of amines by synaptosomes incubated in control media is pro- 

gressive for at least 20 rain. By contrast, the transport of amines by synaptosomes 
incubated in K+-free media begins normally but is ahnost completely blocked after 
5 min (Table IV). This delayed inhibition of the transport process caused by the 
lack of K +, an essential extracellular ion, necessitates the conclusion that the 
inhibition in K+-free media is the result of a secondary time consuming process 
caused by the lack of K +. This situation differentiates from that in which the time 
delay might be caused by the primary reaction between a receptor and a foreign 
chemical. The following experiments show that the time-dependent secondary 
process is dependent upon the presence of Na + in the external inedium. Thus, a 
Io-min preliminary incubation of synaptosomes in a K+-free medium containing 
I5O mM Na + completely blocked the accumulation and transport of 5-[l~C]hydroxy - 
tryptamine introduced into the tissue suspension at the end of the preliminary 
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incubation period. By contrast, a io-min preliminary incubation of synaptosomes 
in a K+-free medium containing 5 ° mM Na + blocked transport by about 6o% 
(Table Il l ) .  

The effect of  K+-lack on the concentration of cytoplasmic N a  + and K + 
The inhibitory effect of Na + on transport in K+-free media might be related 

to changes in the concentrations of intracellular Na + and K +, as a result of the 
inhibition of (Na + + K+)-ATPase. The inhibition of that enzyme by K+-free media 
has been demonstrated in preparations of synaptosomes. 16 The increase in intra- 
cellular [Na+ 1 and decrease in intracellular [K+I resulting from the incubation of 
synaptosomes in K+-free media are shown in Table V. 

T A B L E  IV  

T H E  E F F E C T  O F  t { + - F R E E  M E D I U M  O N  T H E  T I M E  C O U R S E  O F  A C C U M U L A T I O N  A N D  T R A N S P O R T  

O F  5 - [ 1 4 C J H Y D R O X Y T R Y P T A M I N E  B Y  S Y N A P T O S O M E S  

20 n g / m l  5 - [ t 4 C ] h y d r o x y t r y p t a m i n e  w e r e  i n t r o d u c e d  i n t o  s u s p e n s i o n s  of s y n a p t o s o m e s  in  n o r m a l  
or  in K+-f ree  K r e b s  b i c a r b o n a t e  m e d i a  in  t h e  cold.  T h e  s u s p e n s i o n s  w e r e  t h e n  t r a n s f e r r e d  to  
t h e  i n c u b a t o r  a n d  s a m p l e d  for  a c c u m u l a t i o n  a n d  t r a n s p o r t  a t  o, 5 a n d  15 ra in .  F o r  c o m p a r i s o n  
s y n a p t o s o m e s  w e r e  i n c u b a t e d  a t  37 * in  t h e  b2+-free m e d i u m  15 ra in  be fo re  s u b s t r a t e  w a s  i n t r o -  
d u c e d  i n t o  s u s p e n s i o n .  T h e  i n h i b i t i o n  in  t h i s  i n s t a n c e  w a s  r e v e r s i b l e  u p o n  t h e  a d d i t i o n  of K + 
a t  6 m M  ( a c c u m u l a t i o n  800,'0 of t h a t  in  K r e b s  b i c a r b o n a t e  s o l u t i o n  a f t e r  15 min ) .  A v e r a g e  of 
4 e x p e r i m e n t s  ~ S . E .  

,31cdium Accumulation ratios ~ S .E.  Transport (° o of original amine at o rain) 

o rain 5 rain 15 rain o rain 5 rain 15 mi~t 

K r e b s  0. 5 ~_ 0.2 6 . 2  ~Z I.O I7. 5 ~- I . I  0"9 i 0"4 I2.2 i 4"5 61.2 _~ 7"4 
t 50  m M  N a  ~ ; o K+ 0-4 ~:: 0.3 5-5 ~'~ 1.2 7.2 ~_ 1.8 0.6 ::J_ 1.8 6.1 ~ I. 9 l I .  5 - -  3.0 
LSo m M N a  +; o K+ 

15 m i n  p r i o r  
i n c u b a t i o n  0.3 i 0.2 ~-7 ± 0.3 2.3 ~_ 0.5 0.2 :~ o . i  i . o  ~ 0.8 1. 5 ~ i . o  

5 ° m M  N a ¢ ;  o K + 
15 ra in  p r i o r  
i n c u b a t i o n  0.4  i 0 .2  7 .0  :~_ 1.6 

T A B L E  V 

E F F E C T  O F  V A R I O U S  M E D I A  O N  S Y N A P T O S O M A L  [1%+] A N D  [Na  +] 

S y n a p t o s o m e s  w e r e  i n c u b a t e d  in  t h e  v a r i o u s  m e d i a  l i s t e d  on  t h e  t a b l e  for  v a r y i n g  d u r a t i o n s  of 
t i m e  g i v e n  in  t h e  c o l u m n  h e a d i n g s .  A l i q u o t s  of s y n a p t o s o m e  s u s p e n s i o n  w e r e  r e m o v e d  a t  t h e  
i n d i c a t e d  t i m e  i n t e r v a l s .  A v e r a g e s  of fou r  e x p e r i m e n t s  ± S . E .  

AIedia 5 rain 15 rain 
(raM) 

Na + K +  [Na+]i/  N a  + K+ [Na+~i/ 
(raM) (raM) [K+] i  ratio (ruM) (raM) [K+]i 

ratio 

K r e b s  I 1 9  -4- 16 20 i 4 6 183 ~_ 20 31 z~ 6 6 
o K +, 15o N a  + 12o ~ 12 6 :J2 2 20 19o ± 21 4 2[: 2 47 
o K +, 50 N a  + 3 5 !  4 7 - E  2 5 74 ~- 5 5 ± i ~5 
6 K +, i 5 o  N a  +, 

o . t  o u a b a i n  13o ~z 20 12 ! 2 i i  I 9 o  -}- 25 14 ~_ 3 I4  
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The effect of K+-lack on the e ~ u x  of stored [aM] norepinephrine 
The following experiments were carried out to deterlnine whether K+-lack 

increased the efflux of stored r3H]norepinephrine, analogous to the previously 
reported effects of Na+-lack, which not only increased the efflux of stored (aH~]- 
norepinephrine but also prevented the uptake of exogenous 3Hlnorepinephrine4,~° 
lqg. 2 shows that the omission of K + from normal Krebs bicarbonate solution increased 
the rate constant of efflux from a control value of 0.0020 o.oo37 rain 1. Although 
significant, this change in ]i'efnu x is relatively slight compared to the effect of the 
absence of Na*, which increased kefflu x from the control o.o33 rain ~ to O.OLOO rain l 
(ref. IO). 
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l:ig. 2. Efltux of EaH]norepinephrine from synaptosomes.  Rats  were injected with 5 ° ng LaH j- 
norepinephrine by way  of brain ventricle and killed 3 h later. Synaptosomes  were incubated 
either in normal  Krebs bicarbonate  solution (O) or in K+-free Krebs bicarbonate solution ( 0 ) .  
Ordinate:  [aHJnorepinephrine remaining in synaptosomes  plotted as the percentage of the 
[aH~norepinephrine originally present  (logarithmic scale). Abscissa: t ime in minutes. Averages of 
three exper iments  ~ S.1'2. 

DISCUSSION 

Tile facilitative effects of low [K+j on the transport of amine into synaptosome~ 
is similar to that shown for tile uptake of norepinephrine by heart slices s,13, tile 
uptake of 5-hydroxytryptamine and norepinephrine bv synaptosomes 1°,12, tile 
uptake of amino acids and sugars by a variety of tissues 19 22 and the uptake of 
5-hydroxytryptamine by platelets 2s. 

The mechanism by which K + facilitates transport of amino acids and glucose 
has not been clearly defined. It has been suggested 2~ that tile increased transport 
of glucose was secondary to increased tissue respiration when [K +] was raised 
above normal. RINGS et al. 2~ have postulated that transport depends upon the energy 
provided by the downhill gradient of K + by means of which the carrier mechanism 
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returns to the exterior surface of the plasma membrane. Extracellular K+ maintains 
the normal level of intracellular K +. As an alternative possibility, it was suggested 
that amine could enter the cell by means of energy provided by the downhill move- 
ment of Na +. Evidence has been reported in support of the idea that gradients of 
both Na + and K + may participate in glycine transport by Ehrlich mouse ascites 
tumor cells 26 28. A study of particular interest demonstrated that K + stimulated 
absorption of only those sugars that are actively transported ~9. Because K + stimulated 
active transport in conjunction with Na +, a possible link between (Na ÷ + K+)-ATPase 
and the transport of sugars 29, inorganic phosphate ~° and glycinO 1 was suggested. 
No details of the possible link-up were described. 

We have shown that K+-free media, like ouabain, block synaptosomal (Na* .'- 
K+)-ATPase, suggesting that K + participates in an energy-producing aspect of 
transport. The enzyme was blocked almost instantly, whereas the development of 
transport block could be measured temporally. These facts suggest that the inhi- 
bition of transport is the secondary result of the primary inhibition of (Na + + K+) - 
ATPase, perhaps the result of redistribution of electrolytes. In support of this argu- 
ment is the fact that a Na + gradient facilitates transport of 5-hydroxytryptamine, 
whereas high [Na+)0 increases the transport inhibiting effect of both K+-lack and 
ouabain ~6. Moreover, freshly prepared synaptosomes, nearly emptied of Na ÷ and 
K +, fill up with Na + when incubated in K+-free Krebs solution while losing some 
of their remaining K +. These synaptosomes transport amines for about 5 rain then 
stop. Prior incubation of synaptosomes in an identical medium blocks the transport 
of subsequently added substrate, but significant transport occurs under identical 
conditions in a medium containing only 5 ° mM Na ÷. Thus, the inhibition of transport 
in K+-free media (and ouabain 16) is related to !Na+!0, the transport becoming blocked 
as the corresponding !Na+li increases. By contrast transport takes place, increasing 
with time, in identical media containing 6 mM K +, although [Na+!i was also high, 
but [K+!i increased to about 25 raM. These results indicate that transport is inhibited 
by high ~Na~li but not if [K+!i is maintained by electrolyte transport. Since the 
intracellular metabolism of amine is blocked when accumulation is blocked or both 
are correspondingly increased by the various alterations of media, the reaction 
site nmst be at the cell membrane, not at possible intracellular binding sites (see 
refs. IO and 16). 

The question to be answered is: how do all these facts fit into our adaptation 
of the Na + gradient hypothesis6, 25 that the energy for transport is provided for by 
the Na + gradient across the cell membrane? In synaptosomes [K+~i and iNa-~i 
relative to each other are the reverse of those found in most types of cells. This 
raises the question of whether or not the tissue is functioning normally; but the 
same question faces all who work with any cell fraction. The synaptosomes transport 
K + in the normal direction a2, and we are sure tttat amine transport occurs under ttte 
conditions we describe. It  would be extremely difficult to measure the ion content 
of nerve endings in situ. Being functionally specialized to release neurotransmitter, 
the nerve ending might very well differ in this regard fronl the rest of the nerve. 

The dependence of transport of organic solutes upon Na + or Na + K + gradients 
has been amply demonstrated by numerous workers6,2~-28,33, 34. KOSTYO AND 
SCH.~HDT a3 presented evidence which they interpreted as establishing the independence 
of the transport of ~-aminoisobutyric acid from INa+]i and I K*]i. They have shown 
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that the transport of ~-aminoisobutyric acid by rat diaphragm is blocked by I mM 
ouabain at 3 ° rain, but not by IO/,M ouabain at 4 h, although iNa ~ It and IK+!i are the 
same in both cases. Because of the time element it seems apparent that considerable 
cation transport occurred while the [ions~i were changing, indicating that (Na + + K +)- 
ATPase was not completely blocked by the low Iouabain!. The fact is that in these 
and the present experiments, organic substances are transported when electrolytes 
are in tlm process of being transported regardless of the I ionsl in the total cytoplasm. 
Otherwise transport of organic molecules nmst be directly mediated 1) 5, (Na + -[- K+) - 
ATPase, an hypothesis that ltas been previously tested<~-L What follows is our inter- 
pretation of tile data. 

Transport of :<-aminoisobutyric acid (or amines in our experiments) could 
have occurred with low concentrations of ouabain if transport is controlled by the 
iNa+ i and K+7 at the transport site, that is, the carrier site on the membrane. 
It is known that local lions I at the membrane can differ from those in the cytoplasm. 
Thus, movements of ions during the passage of a nerve impulse take place at the 
membrane. More to tile point, KAYE el al .  aa trove sltown, using a Na + precipitant 
and electron photomicrography, tlmt ouabain produces local accumulations of Na~ 
at the cell membrane. The accuinulations were interpreted as being Na~ bound to the 
Na + carrier. Regardless of the interpretation of tlmir photographs, their work points 
up tlte fact that incoming Na '  will raise Na+li at the membrane before it being 
distributed throughout the cytoplasln and in position to be quickly removed. In the 
presence of low concentrations of ouabain, there may be sufficient transport of ions 
to maintain ion gradients in the immediate vicinity of functional pumps, presumably 
very near to the carriers for organic molecules, even though ion gradients are small 
througttout the cytoplasm as a whole. A likeh, site of residual gradients would be at 
tile junction of membrane and storage vesicle. 

All the effects of K+-lack can possibly be explained in terms of a Na + gradient 
at the carrier site for organic molecules and maintained with the aid of extracellular 
K +. The INa+10 will have variable effects on transport depending upon the resultant 
Na ' i  i, provided that K% also participates in transport. Intracellular K + may partici- 

pate in the transport process by reducing the affinity of the carrier for amine, acting 
in competition with Na +, or by some mechanism related to a K -~ gradient a~. If K + is 
as weak a competitor of Na~ at the interior of the membrane as it is at the exterior 
(Table I I I  and ref. 3), then K*i could not compete effectively against high [Na~ ii 
(Table III) and the affinity gradient at the carrier in the presence of 15o mM Na ", 
no K +, would be less than in the presence of 50 mM Na +, no K+. Conversely, Na~ 
deficiency inhibits transport by slowing the rate of the initial attachment of amines 
to carrier at the outside surface of the membrane. The above interpretation does not 
preclude the possible role of the K+ gradient z5-28 (described above) in amine transport, 
a possible modification of our earlier model a. 

The effect of K + lack and ouabain 1~ is significantly greater on norepinephrine 
titan on 5-hydroxytryptamine transport. Why this is so is not known, but qualitatively 
the two amines show nearly identical responses to the various experimental proce- 
dures we have employed. One possible reason for the difference is that the K + gradient 
is a less important factor in 5-hydroxytryptamine transport titan in norepinephrine 
transport. 

KT-lack also has a slight effect on the storage of norepinephrine in adrenergic 
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nerve endings in heart slices 3 and in synaptosomes. The small increase in the rate of 
efflux of amine from tissues incubated in K+-free Krebs media can be explained by 
the failure of the pump mechanism to recapture amines tending to escape. 

NOTE ADDED IN PROOF (Received July 2oth, 197o ) 

While this manuscript was in preparation, a paper by WHITE AND KEEN 37 ap- 
peared reporting that a Na + gradient was not the sole source of energy for the trans- 
port of norepinephrine by synaptosomes. The basis of their conclusion was that raising 
the Na + concentration from 156 to 286 mM increased the accmnulation of norepine- 
phrine by synaptosomes incubated in control medium but not by synaptosomes 
treated with metabolic inhibitors. Under the conditions of their experiments, ion 
transport was probably abolished 32. The experiments of WHITE AND KEEN a7 were 
therefore similar to our experiments on the effect of K+-lack and ouabain on the 
uptake of norepinephrine (above and ref. 16) which we have discussed. 
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