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Accumulation of choline by the rat diaphragm 

Choline is a precursor  for bo th  acety lchol ine  and phosphol ipids .  The p rob lem 
of i ts ent ry ,  therefore,  concerns not  only  the  nervous  t issue bu t  the  cells in general .  
On account  of the  e lect r ica l  charge of choline and the  s t ruc ture  and funct ion of the  
cell membrane ,  the  e n t r y  of choline b y  simple diffusion is thought  to be r a the r  slow. 
I t  is not  surpr is ing t h a t  recen t ly  choline t r anspor t  into squid axon 1, bra in  slices 2, 
synap tosomes  a and e ry th rocy tes  4 has been establ ished.  In  the  present  work the u p t a k e  
of choline b y  the  ra t  d i a p h r a g m  was s tud ied  in order  to  find out  whether  this  subs tance  
possibly  enters  the  cell by  a ca r r i e r -med ia ted  process. 

Tile exper iments  were car r ied  out  on albino ra t s  (8o-12o g). [N-Me-14C]Choline 
was suppl ied  b y  the  Rad iochemica l  Centre (Amersham),  e lu ted  from the  pape r  wi th  
wa te r  and  s tored  at  - 2 o  ° . R a d i o a c t i v i t y  was de t e rmined  by  l iquid sc int i l la t ion 
spec t rome t ry  using a modif ied Bray ' s  l iquid sc int i l la t ion mix tu re  a. The wa te r  content  
was de t e rmined  by  the loss in weight  af ter  keeping the muscle overnight  a t  I iO °. 
The inulin ex t race l lu la r  space was de t e rmined  using the m e t h o d  of RoE  el al. 6. 

The d i aph ragm was excised under  e ther  anes thes ia  and incuba ted  at  3 8° in 
IO ml of the  incuba t ing  solut ion (Krebs b i ca rbona te  buffer, p H  7-4, wi th  2oo mg / Ioo  ml 
of glucose) conta in ing rad ioac t ive  choline (o.o 5 #C/ml).  After  incubat ion  the prepa-  
ra t ion  was r insed with saline and b lo t ted ,  the  muscle weighed,  dissolved in o.5 ml of 
I M NaOH and its r ad ioac t i v i t y  measured.  Fig. I shows t ha t  d i aph ragm incuba ted  
with  labe led  choline accumula tes  rad ioac t ive  mater ia l .  The concent ra t ion  of this  
ma te r i a l  ob ta ined  af ter  I h of incuba t ion  was about  6 7 t imes  higher  in the  fibre 
wa te r  t han  in the  medium.  No equi l ibr ium was ob ta ined  even af te r  2 h of incubat ion .  

In these exper iments ,  however,  the  t o t a l  r a d i o a c t i v i t y  in the  muscle was 
measured  and t ha t  t r a p p e d  in the  in terspace  was only es t ima ted .  The rest  of the  
labe led  substance was assumed to be ma in ly  loca ted  wi th in  the  cell i tself  and  an 
increase in this  fract ion was t aken  as a measure  of the  subs tance  e n t r y  into the  muscle 

10- 

6" 
8- 

6-  

3b 6b ,~o 
Time (rain) 

F i g .  I.  T i m e - c o u r s e  of  c h o l i n e  u p t a k e  in  t h e  r a t  d i a p h r a g m .  T h e  r a t  d i a p h r a g m  w a s  i n c u b a t e d  
a t  3 8o in  K r e b s  b i c a r b o n a t e  b u f f e r  c o n t a i n i n g  l a b e l e d  c h o l i n e  a t  5 ~ M  c o n c e n t r a t i o n ,  ae  = r a d i o -  
a c t i v i t y  p e r  m l  f ib re  w a t e r ;  a i  - -  i n i t i a l  r a d i o a c t i v i t y  p e r  m l  m e d i u m .  T h e  m e a n  v a l u e s  o b t a i n e d  
i n  4 6 e x p e r i m e n t s  a r e  p r e s e n t e d .  
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fibre. This assumption is supported by our experimental findings. Since the latter 
fraction kept increasing for at least 2 h, the possibility of the radioactive material 
having been adsorbed outside the cell must be excluded. Further, in parallel experi- 
ments, the radioactive material in the muscle tissue extracts was identified by paper 
chromatography. The tissue was homogenized in cold distilled water, adjusted to 
pH 4 5 with HC1. Subsequently, the extract was heated at IOO ° for IO min, and 
the precipitated protein was removed by centrifugation. The aqueous extract was 
spotted on chromatographic paper. The chromatogram was allowed to develop for 
16 18 h with the following solvent system: n-butanol-ethanol-acet ic  acid-water  
(8:2 : 1:3, by vol.). For measuring radioactivity the chromatogram was cut into small 
pieces and placed in counting vials together with the liquid scintillation mixture. 
For the identification of the spots of high radioactivity, non-radioactive choline had 
been spotted on the same chromatogram. After the development, choline was visu- 
alized by exposing the chromatogram to iodine vapor. The results revealed that about 
8o 85 o.,.o of all the radioactive material had the same RF as choline. In some other 
experiments the muscle preincubated in the radioactive medium was cut into small 
pieces and kept for 2 h in distilled water. After centrifugation the amount of the 
radioactive material diffused into the water was compared with that precipitated 
with the tissue. It was found that about 75-8o % of the radioactive material diffused 
out of the nmscle fibre segments. It seems, thus, that a greater part of labeled choline 
was not built into the cell membranes though a lesser part of choline might have 
been built into the cell phospholipids in a similar way as it was reported with other 
tissue 7 ~0. 

The choline efflux was measured on a diaphragm muscle strip. The strip mounted 
on a perspex frame was first incubated in the medium with labeled choline (0. 5/zC/ml) 
and after I h was transferred into another vessel in which the non-radioactive solution 
was changed at different periods of time. The solution was collected and prepared 
for measuring radioactivity. At the end of the washing procedure, the muscle strip 
was blotted, weighed, dissolved in the NaOH solution, and its radioactivity was 
measured. One of the efflux experiments is shown in Fig. 2. After a fast initial drainage 
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Fig. 2. The efflux curve  of the  r ad ioac t ive  ma te r i a l  f rom the  r a t  d i a p h r a g m  s t r ip  p repa ra t ion .  
The s t r ip  was p r e incuba t ed  for i h a t  380 in Krebs  b ica rbona te  buffer con ta in ing  io  HM labeled 
choline.  The vo lume of the  wash ing  solut ion was 5 ml. 

Fig. 3- L i n e w e a v e r - B u r k  p lo t  of choline u p t a k e  in the  r a t  d i aphragm.  The d i a p h r a g m  was incu- 
ba t ed  for 1 h a t  38° in Krebs  b i ca rbona te  buffer w i t h  labeled choline a t  different  concen t ra t ions .  
IS] in mM, v in mmoles / l  of fibre wa te r  per  h. The mean  values  ob ta ined  in 4-6  exper in len ts  
are presented.  
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of the radioactive material, probably corresponding to the material's extracellular 
fraction, its intracellular fraction was washed out rather slowly with a half time of 
about 5-6 h. Similar results were found by RENKIN 11, working on the frog sartorius 
muscle. The rather large half time for the effiux of choline from the muscle fibre 
indicates either that the passive diffusion of choline across the membrane is slow or 
that choline is bound inside the cell. The efflux of choline is probably also influenced 
by the electrical potential across the cell membrane. 

In order to study the mechanism of the accumulation of labeled choline in the 
muscle fibre and to test whether it enters the cell by a carrier-mediated mechanism, 
the entry of choline at different concentrations was studied. For this purpose the 
non-radioactive choline was added to the incubating medium in order to obtain the 
desired initial concentration. The results graphically evaluated in a LINEWEAVER 
BURK 12 plot, are shown in Fig. 3. The entry of choline at concentrations from o.I to 
2 mmoles/1 obeyed Michaelis-Menten kinetics. The maximal velocity of entry into 
the fibre water was about 2.8 mmoles/1 per h and the Michaelis constant about 
0.5 mmole/1. The Michaelis constant obtained in our experiments is considerably 
higher than that  for choline in erythrocytes 4 but rather close to that for deca- 
methonium in the guinea pig diaphragm 1~. 

The present results show that choline is accumulated inside the muscle fibre 
and that its entry obeys Michaelis-Menten kinetics. This fact suggests that  its entry 
is mediated by a carrier. The difference between the choline concentration in the 
medium and inside the cell can be partly due to the fact that  choline is electrically 
charged and, therefore, distributed according to its electrochemical potential across 
the membrane. Further, a similar concentration difference would be obtained if choline 
were bound inside the cell; it is known, for example, that aeetylcholine is practically 
bound in the nerve endings 14,15 and decamethonium in the diaphragm muscle fibre 16. 
There is not enough data on the possible energy-driven transport mechanism which 
could also cause the concentration difference. 
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T h e  e f f ec t  o f  c o p p e r  on m e m b r a n e  e n z y m e s  

Copper has a var iety of effects on cells, modifying the facilitated diffusion of 
glycerol across erythrocytes  1, 2, Schwann cell 3 and squid axon membranes a and altering 
the C1- permeabil i ty of frog skin ~ and molluscan neurones ~. CuC12 is the copper salt 
frequently used in permeabili ty studies and so was used in the present investigation, 
al though it is little dissociated in aqueous solution. However,  CuC12 is still able to 
a t tack lysine, histidine and cysteine residues 6. Cu(lI) also induces mitochondrial  
swelling 7 and inhibits tile oxygen consumption of brain homogenates 8, and sub- 
arachnoid injections in pigeons cause the rapid onset of convulsions and death 9. This 
convulsive action is believed to be due to a direct effect on the plasma membrane 
of brain cells. These workers conclude that  it is primarily the nficrosomal Mg2+-ATPase 
and not the (Na~-K÷-Mg2+)-ATPase which is inhibited by copper 1° al though EPSTEIN 
A_NI) MCILWA~N u found both enzymes to be sensitive to i5o/zM Cu(II).  

We have suggested elsewherel", ~a that  both these enzyme systems could be 
implicated in the passage of ions across the cell membrane  and have therefore studied 
their differential sensitivity to Cu('l a in greater detail, using a microsomal preparat ion 
from rat brain, and rat e ry throcyte  ghosts. We have not used a Tris buffer system 
when the preparat ion is exposed to Cu(Ii),  since these two agents interact strongly 
in dilute solutioniL 

Microsomal preparations were made from rat brain as previously described I5 
except tha t  EDTA was not used at any stage, and the microsomal pellet was gently 
homogenised in IO mM Mg 2+ and recentrifuged to reduce Ca 2+ concentrat ion to a 
level which did not inhibit ATPase activity. The final microsomal pellet was suspended 
in neutralised, deionised water, and the resulting specific act ivi ty and the (Na+-K +- 
Mg~-+)-ATPase: Mg2+-ATPase act ivi ty ratio both proved to be the same as tha t  found 
previously ~5. I -ml  aliquots of the preparat ion were mixed with I ml of CuCI,, of ap- 
propriate concentrat ion and left for Io  rain. o.5-ml samples were then taken and 
assayed for ATPase act ivi ty over IO rain at 37 °. The reaction medium was made up 
in 5o mM hist idine-HC1 buffer. 

Ghosts were prepared from rat erythrocytes  by haemolysis of washed cells in 
3 mM MgCI,, plus o.5 mM EDTA,  followed by  three washings with IO mM MgC12 
and one wash with deionised water. The ghosts were suspended in deionised water, 
and o.5-ml samples were mixed with 0. 5 ml CuC12 of appropriate concentration and 
left for IO min at 37 °. The reaction was started by  addition of I ml of ions plus ATP 
in • mM imidazole-HC1 buffer and was stopped after 3 ° rain. 
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