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SUMMARY 

Label led  Ca ̀ ,+ were incorpora ted  into g ian t  axons  froln the  squid Dosidicus gigas 
by  immersing them in sea wate r  conta in ing  4'5Ca'-' ~. The washout  technique  was used 
and  two kinet ics  for 4SCa2+ outflow were demons t r a t e d  (time cons tan ts  of o.~4o and 
o.oo5 nfin ~, respect ively) .  The second kinet ics  of 4sCa °- outflow was g rea t ly  affected 
by  t e m p e r a t u r e  and b y  some metabol ic  inhibi tors .  Lowering the t empe ra tu r e  of the  
ex te rna l  sea wate r  resul ted  in a reduct ion  of the outflow and add i t ion  of uncouplers  of 
ox ida t ive  phosphory la t ions  or electron t ransfer  inh ib i tors  to the sea water  induced an 
increase in the  outflow. Ouabain,  a t  a concent ra t ion  which has been shown to effectively 
inhibi t  Na~ efflux from axons  of the  same species, does not  affect the second kinetics 
of 4~Cae" outflow. I t  is c la imed here tha t  this  second kinet ics  is re la ted  to an intra-  
axona l  c o m p a r t m e n t  and tha t  the  ra te  of this  Ca" ~- outflow is de te rmined  by  a s t eady  
s ta te  of calciuln up take  and calcium release b y  some in t r a -axona l  s t ructures .  

INTRODUCTION 

Previous  inves t igat ions  have s tud ied  ti le exchange of Ca 2= between a va r i e ty  of 
cells and  thei r  ba th ing  solutions,  using label led Ca" ~ which has been incorpora ted  into 
the cells e i ther  ex te rna l ly  or in ternal ly .  I :or  ex te rna l ly  loaded cells two ra tes  of outflow 
were descr ibed 1,2. The first outflow was in te rp re ted  as the  removal  of Ca 2 F- from the 
ex t race l lu la r  space and the second outflow as the  removal  of Ca ̀ '.+ from the  in t race l lu lar  
space. For  the in te rna l ly  loaded cells, the  few exper iments  done were l imi ted  to  g ian t  
axons  which can be micro- in jec ted  with label led Ca ~- (refs. 3-6)- Here  again,  two 
ra tes  of outflow were descr ibed 4-~. A c o m p a r t m e n t a l  analysis  of this  last  resul t  a,G led 
to the  following conclusions:  (i) the  pe rmeab i l i t y  of the  axon membrane  to  Ca 2+ 
is lnuch higher than  has been previous ly  thought  and,  (ii) as Ca 2 ~ appea red  to be 
bound  largely  b y  the axoplasm,  an inward  grad ien t  and  t r anspor t  exists  t ha t  can be 
reversed only  b y  an act ive  t r anspor t  mechanism similar  to t h a t  known for Na  ~ and 
K +. The slow outflow appea red  to be re la ted  to the  unb ind ing  of Ca ~+ from some 
in t r a -axona l  s t ructures .  For  this  reason, some metabol ic  inhibi tors  would not  have  
an effect upon this  outflow as has been observed before a. 

The purpose  of this  connnunica t ion  is to  present  evidence indica t ing  tha t  Ca ̀ ,+ 
is accumula ted  by  some in t r a -axona l  s t ructure .  I t  is c la imed here t ha t  inhibi tors  of 
energy t ransfer  and  electron t ransfer  react ions  will p reven t  such accunmlat ion,  and  as 
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a consequence of this,  t h e y  will induce an increase in Ca 2+ outflow due to  an in t ra-  
axona l  l ibera t ion  of th is  Ca 2+. 

ME'I HODS 

Giant  axons  from the  squid,  Dosidicus gigas, were ex tens ive ly  cleaned, and  af ter  
being securely t ied  at  bo th  ends, t hey  were ex te rna l ly  loaded with  4aCa2 ~. To ex te rna l ly  
load  the  axon fibers wi th  45Ca 2+ they  were immersed  in cold (4 '') art if icial  sea wate r  of 
the  following composi t ion :  43 ° mM NaC1, IO mM KC1, 5o mM MgC12, 5 mM Tris-HC1 at  
p H  8, IO nlM CaC12, and  5" I ° a / ,C / r aM of 45Ca2+. To de te rmine  the t ime course of Ca 2- 
outflow, fibers were t aken  out  of this  art if icial  sea wate r  and  were inunersed in I ml 
of sea wate r  wi thou t  45Ca"-+ at  room t e m p e r a t u r e  of about  18 °. E v e r y  IO or 2o rain the  
ex te rna l  sea wa te r  was changed;  an a l iquot  of the  removed sample  was dr ied  on a 
p lanche t  and  coun ted  in a gas-flow counter  (D-47 Nuclear  Chicago a u t o m a t i c  counter) .  
At  the  end of each exper iment ,  fibers were ex te rna l ly  s t imula ted  IOO t imes/sec while 
ac t ion  po ten t ia l s  were ei ther  ex te rna l ly  or in te rna l ly  recorded: .  Those fibers t ha t  were 
unable  to conduct  IOO full-size p r o p a g a t e d  ac t ion  po ten t ia l s  (from 9 ° to  lO5 mV) were 
discarded.  

RESULTS AND DISCUSSION 

Ca 2+ outflow as a funct ion of t ime  was de te rmined  in 43 axon exper iments .  
Fig. I shows the d a t a  ob ta ined  from one of these  exper iments .  This is a semi logar i thmic  
p lo t  of counts / ra in  col lected dur ing  a Io-min  per iod  as a funct ion of t ime.  Using a 
conven t iona l  procedure  s , two s t ra igh t  lines were ob ta ined  from each exper iment .  The 
slopes of these lines were called 21 for the  fast outflow and  3. 3 for the  slow outflow. 
These lines have been drawn in the  figure. Table  I gives the  slopes compu ted  from each 
exper imen ta l  curve s imilar  to  t ha t  shown in Fig. I .  Clearly there  are two different  
slopes: )'1 = (1.4 ± o.76) "1°-1 min-1, and  )'3 = (5 .4:ki .8)  "I°-3  min-1. In  order  to 
compare  this  d a t a  wi th  previous  da ta ,  one has  to  recallS, 6 t h a t  these )' 's do not  
represent  ra te  constants .  The meaning  of these slopes will depend  on the kinet ic  
model  chosen. Fo r  in te rna l ly  loaded  axons,  for example ,  )'3 will cor respond to the  
following expression : 

k21"k13 
;t2 

/}12 @ 1}13 

where k21 is ra te  cons tan t  of the  unb ind ing  of Ca 2+ from the  axoplasm,  kla , the  ra te  
cons tan t  of Ca 2+ outflow th rough  the axon membrane ,  and  k12, the  ra te  cons tan t  of the  
calc ium binding  ~,6. In  the  case of ex te rna l ly  loaded  axons,  i t  is difficult, if no t  impos-  
sible, to make  a good model .  Thus,  the  m e t h o d  used has severa l  l imi ta t ions :  (i) the  
b ind ing  of Ca 2+ to cellular  membranes  is so intense t ha t  even when chela t ing agents  
are a d d e d  to  the  ex te rna l  sea water ,  all the  Ca 2+ fails to  leave the  axon surface;  thus,  
the  ex t r apo la t ion  of the  slow exponen t i a l  outflow to zero t ime,  which is necessary  to  
compute  the  different  ra te  constants~, 6, conta ins  an i m p o r t a n t  error9; (ii) due to 
b ind ing  of Ca 2+ to axoplasmic  elements ,  the  up t ake  and release of Ca 2+ in axop lasm 
will no t  be uni form bu t  will in i t ia l ly  involve  a grea ter  change in a cor t ica l  l ayer ;  the  
kinet ics  will app roach  t h a t  of a th in  cyl indr ica l  l ayer  and  no t  t h a t  of a solid cyl inder  9; 
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T A B L E  I 

C O N S T A N T S  OF 45C&2+ O U T F L O \ V  F R O M  Dosidicus gigas AXON L O A D E D  B Y  I M M E R S I O N  

A x o n  Diamelev Slopes 
(~) ...... _ 

)'1 /'2 
( ra in  -1 X i o )  ( ra in  -1 X IO a) 

I 7 6 0  1 .38  3 .6  
2 77 ° i . o o  - -  

3 - -  0 . 6 9  3 .4  
4 743  0 . 8 6  6 .9  
5 - -  i . o o  4 .3  
7 75 ° ~ .oo  - -  
8 790  1 .72 - -  
9 7 ° o  1 .38  - -  

IO 745  3 . 4 5  - -  
It  714 1 .38  6. 3 
12 6 0 0  [ . 3 8  4 .0  

13 657 i . o o  5 .3  

I 4  7 ° 0  L 4 7  5 .7  
15 8 2 9  1 .38  6 .3  
16 74 ° 1 .38  6. 3 
~7 864  I ' I 4  5 .8 
18 9 o 0  ~ .36  4 .2  
i 9  672  1 . 4 °  4 .9  
2o  720  3 .45  - - -  
2 I  7 2 0  2.3  ° - -  
22  745  0 . 7 0  8 .0  
25 864  - -  3 .8  
26  91.z , 5 .0  
27  912  3 .8  
28  t o o o  i i -5  

29  720  - - -  3 .8  
3 ° 768  6 .3  
33  7 - '0 5.O 
35 768  - -  + 3  
30  lOO8 4 .3  
4 ° 672  - -  9 . 9  
43  77 ° 1 .38  6. 3 

A v .  4_. S.IL. 1 .4  ~ 0 -76  5-4 k 1.8 

and (iii) there are at least two ext ra-axonal  compar tments ,  connective tissue (basal 
membrane)  and Schwann cells. It  is not  clear how to separate the kinetics of Ca 2 + 
exchange between the Schwann cells and the external  sea water, from the kinetics of 
Ca 2+ exchange between the connective tissue and surrounding solution. Therefore, 
we will l imit our considerations to descriptions of the Ca 2 ~ outflow from external ly 
loaded axons and the dependence of Ca 2. outflow described by  ).2 on various factors 
such as tempera ture  and  metabolic  inhibitors.  

I t  was found tha t  tempera ture  has a dist inct  effect upon Ca z+ outflow described 
by  ).~. In  fact, when the tempera ture  of the external  sea water is lowered from z i  ° to 
4 °, the amoun t  of Ca 2+ collected in a 2o-min period is reduced to at least i o  % of its 
expected value, as shown in Fig. z. This phenomenon,  observed in five experiments,  
suggested tha t  22 was related to the Ca 2+ outflow from an intracel lular  space, and that  
this outflow was associated with a metabolic process, as has been suggested before< l°. 
To determine whether or not  this Ca 2 J- outflow was in fact dependent  on metabolism, 
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several metabolic inhibitors which interact  with the ATP synthesis at different levels 
were tested 15,17. 
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Fig. I. Semi-logarithnlic plot  of Ca 2+ outflow as a funct ion of time. Fiber immersed in sea water  
with 45Ca2+ during 27o rain. Vertical axis represents  counts /min collected in io-min periods in a 
logari thmic scale. Horizontal  axis represents  experimental  time in rain. The vertical bars  represent  
two t imes the s tandard  error computed  from the num ber  of counts. The s t ra ight  line drawn to fit 
the experimental  points  after i i o  min is a regression line of the natura l  logari thm of counts /min  on 
t ime in rain. The other  s t ra ight  line, d rawn to fit the circles, was also obtained as a regression line. 
In  this case circles represent  differences between experimental  values and ordinates on the previous 
line. Tempera ture  of the external  sea water  2o °. Axon diameter:  745 I ~. Axon length: 7 ° mm. 

Fig. 2. Effect of t empera ture  upon ~SCa 2+ outflow. Fiber  externally loaded for 60o min. Vertical 
axis represents counts /min collected in 2o-min periods in a logarithmic scale. Abscissa represents 
experimental  t ime in min (note t ha t  the exper iment  s tar ted 16o min after removal  of the fiber from 
the sea water  with 4~Ca2~). Horizontal  lines represent  the t ime during which each sample was 
collected. Dashed line was drawn with a slope of 0.005 min -1. Axon diameter:  912 /~. Axon 
length: 8o ram. 

Fig. 3a depicts the da ta  obtained with a representat ive uncoupler, showing tha t  
2 mM 2,4-dinitrophenol induces an increase in the amount  of 4~Ca2+ collected in a 20- 
rain period, and therefore, in the amount  of Ca 2÷ released by  the fiber. One also can see 
tha t  once 2,4-dinitrophenol is removed from the external sea water, the amount  of 
Ca 2+ released by  the fiber decreases toward  a new and smaller value. A similar result 
was obtained with NaN 3, another  uncoupler  used (see Fig. 3b). In  the case of the 
uncoupler carbonyl  cyanide m-chlorophenylhydrazone,  however, the amount  of Ca 2+ 
released by  tile fiber did not  decrease, as shown in Fig. 4. Table I I  summarizes the 
results obtained in 23 experiments. 

A tenta t ive  interpretat ion of these effects can be given, considering tha t  Ca 2+ 
uptake  and Ca ~+ liberation from intracellular structures and, in particular, from 
mitochondria  could modify  the t ime course of Ca 2+ outflow. I t  is known tha t  some inhi- 
bitors of oxidative phosphorylat ion inhibit  Ca 2+ uptake  by  isolated nli tochondria ll-la, 
and nritochondria have been shown to be present in giant  axons 14. The general 
results obtained with uncoupling agents, electron and energy transfer inhibitors, 
when externally applied to axon fibers, have shown tha t  they  enhance Ca 2+ outflow, 
which can be interpreted as an indication of an intra-axonal  release. I t  seems, therefore, 
tha t  these inhibitors increase the amount  of intra-axonal-free Ca ~+, perhaps by 
lowering the Ca 2+ uptake  capaci ty  of the mitochondria.  

Fur ther  evidence tha t  these inhibitors induce an intra-axonal  liberation of Ca 2+ 
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was ob ta ined  by  comput ing  the  t ime cons tan t  of the  increase in Ca  '= l ibera t ion  from 
the fiber. The t ime cons tan t  ob ta ined  is s imilar  to  the  first ra te  cons tan t  measured  by 
L t ' xoRo  and co-workersS, 6 in axons in te rna l ly  loaded with ~sCa2+, i.e. 5" Io-'~ rain-~, 
which is p ropor t iona l  to the  pe rmeab i l i ty  of the  axon membrane  to Ca °! . 

The inhibi tors  used in this  work in te rac t  with the  ATP synthesis  at  different 
levels 1s,17. Al though amy ta l  and  cyanide,  which in te rac t  with the  electron carr ier  
chain,  d id  produce  the effect observed with  the  uncouplers,  they  were not  as effective. 
Since a t ) rompt inhibi t ion of the  Na  + efflux has been demons t r a t ed  by  us in in tac t  axons 
from D. <,iotas using 6 llIM amyta l  and 3 mM cvanide  16, the  pe rmeab i l i ty  to thein was 
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Fig. 3. Effect  of 2 ,4-dini t rophenol  and  NaN a upon 45Ca2+ outflow. A. F iber  ex t e rna l l y  loaded for 
24o rain. Dashed  l ine was d r a w n  wi th  a slope of o.oo36 rain -1. The ver t ica l  ba r  on expe r i men t a l  
po in t  ob ta ined  a t  z7o min  represents  two t imes  the  s t a n d a r d  error  compu ted  from the  n u m b e r  of 
counts .  The difference be tween  th is  po in t  and  t h a t  one on the  regression l ine is s igni f icant  (t-test 
gave  P < o.oox). T e m p e r a t u r e  of the  ex t e rna l  sea w a t e r  abou t  2o °. p H  of the  ex t e rna l  sea water  
abou t  7.8. Axon  d i ame te r :  829 t*. Axon  l eng th :  6o ram. t3. F iber  e x t e r n a l l y  loaded  dur ing  14oo 
min. Ver t ica l  ba r  on e x p e r i m e n t a l  po in t  a t  24o rain represents  two t imes  the  s t a n d a r d  error  
c o m p u t e d  as before. The difference be tween  th is  po in t  and  t h a t  one on the  regression line (dashed 
line) is significant.  Axon d i ame te r :  72o t,. Axon  l eng th :  65 mm. 

Fig. 4- Effect  of ca rbony l  cyan ide  m-ch lo ropheny lhydrazone  (CCCP) upon aSCa2~ outflow. Fiber  
ex t e rna l l y  loaded for 72o nlin a t  4 .  Semi loga r i thmic  p lo t  of Ca 2+ outflow as a funct ion  of t ime.  
T e m p e r a t u r e  of the  ex t e rna l  sea wa te r  abou t  2o °. Dashed  line was d rawn wi th  slope of o.oo 5 rain 1. 
Vert ical  bar  on expe r im e n t a l  po in t  a t  28o rain is two t imes  the s t a n d a r d  error. The difference 
be tween  this  po in t  and  t h a t  one on the  regression line is s ignif icant .  Axon  d ia lne te r :  768/~. Axon 
l eng th :  64 ram. 
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T A B L E  I I  

EFFECT OF METABOLIC INHIBITORS UPON 45Ca2F OUTFLOW 

T h e  i n h i b i t o r s  w e r e  d i s s o l v e d  in  t h e  e x t e r n a l  s e a  w a t e r .  

555 

Inhibitor Total number Cohen. Type of Effect upon 
of experiments inhibitor* 4'5Ca2+ outflow 

Increase 1~rone 

2 , 4 - D i n i t r o p  h e n o l  3 2 m M  U n c o u p l e r  3 o 
N a N  a 2 5 ° m M  U n c o u p l e r  2 o 
C a r b o n y l  c y a n i d e  

m - c h l o r o p h e n y l h y d r a z o n e  6 2 0 / ~ g / m l  U n c o u p l e r  5 i 
( ) l i g o n l y c i n  2 2 / , g / m l  U n c o u p l e r  o 2 
K C N  4 3 m M  E l e c t r o n  t r a n s f e r  2 2 
A m y t a l  4 6 m M  E l e c t r o n  t r a n s f e r  2 2 
A n t i m y c i n  2 5 # g / m l  E l e c t r o n  t r a n s f e r  o 2 
( ) u a b a i n  4 o . o i  m M  T r a n s p o r t  o 4 

* P o i n t s  of  i n h i b i t i o n  of  u n c o u p l i n g  a g e n t s ,  e l e c t r o n  a n d  e n e r g y  t r a n f e r  i n h i b i t o r s  c a n  b e  
f o u n d  in  re fs .  15 a n d  17 . 

not  rate limiting. Thus, amyta l  and cyanide m a y  be acting on the mitochondria  
through an indirect effect on Ca 2+ outflow. On the other  hand, we do not  know 
whether  the permeabil i ty to ant imycin was rate limiting. The same may  be true in the 
case of oligomycin, which has been shown to inhibit the incorporat ion of a2p to ATP 
in the mitochondriaaL 

The lack of ouabain effect f rom the outside indicates tha t  the Ca 2+ movements  
under investigation are not  coupled to Na + transport .  The concentrat ion of ouabain 
used has been shown to effectively inhibit the Na + efflux from axons of the same 
species 16. 

At present it is not  clear why the temperature  induces a decrease in Ca ~ ~ outflow. 
A sinmlar result has been obtained witll axons internally loaded with 45Ca2+ (ref. 6). 
One possible interpretat ion is tha t  there exists a Ca '~ ~ carrier within the membrane  
whose mobil i ty is reduced by a reduction in the temperature.  
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