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ABSTRACT 

The a n a l y t i c a l  technique' of neutron ac t iva t ion  was 

appl ied  t o  l i v ing  Ni t e l l a  c e l l s  i n  order  t o  measure t h e i r  

sodium and potassium content. 

The t o t a l  f l ux  of 4 x 1011 neutrons per second generated 

by the  Cockcroft-Walton neutron generator  was used i n  t he  

s tudies .  The durat ion of bombardment depended upon the  

element i n  question. The r e su l t i ng  gamma rad i a t i on  was 

detected by a NaI (Tl) detector  and a 128 channel spectrum 

analyzer ,  beta  emission by means of a gasflow counter and the  

-511 MeV. a n n i h i l i a t i o n  rad ia t ion  by means of a coincidence 

counter. Both types of data  from f~ and y r ad i a t i on  were 

analyzed by computer. 

From these  s tud i e s  i t  was apparent t h a t  Na and K 

concentrat ions could be determined i n  N i t e l l a  c e l l s  

s t a t i s t i c a l l y  wi thin  5.7% and 3.5% respect ively ,  using p 

emission data.  Gamma rad ia t ion ,  under t he  same condition, 

was found t o  be l e s s  diagnost ic .  
I 

After  bombardment t h e  N i t e l l a  c e l l s  were checked for  
I 

I 

cytoplasmic streaming, membrane po ten t i a l s  and ac t ion  

po ten t i a l s ,  a l l  of which were comparable t o  the  values 

obtained from normal c e l l s .  



iii 

I n  order  t o  i n v e s t i g a t e  t h e  p o s s i b l e  a p p l i c a t i o n  of 

neutron a c t i v a t i o n  t o  i o n  f l u x e s  i n  N i t e l l a  c e l l s ,  t h e  

e l e c t r i c a l  p r o p e r t i e s  of  normal c e l l s  and c e l l s  t r e a t e d  wi th  

s p e c i f i c  i o n  i n h i b i t o r s  were inves t iga ted .  The e f f e c t  of 

t h e s e  agen t s  on t h e  i o n  t r a n s p o r t  a c r o s s  t h e  c e l l  membrane 

during an a c t i o n  p o t e n t i a l  was observed i n  t h e  change of shape 

o f  t h e  a c t i o n  p o t e n t i a l .  I n  o rde r  t o  prove t h e  n a t u r e  of t h e  

c u r r e n t  c a r r i e r  o r  c a r r i e r s  a f t e r  t rea tment  wi th  t h e s e  i o n  

i n h i b i t o r s ,  neutron a c t i v a t i o n  can be  appl ied.  I n  t h e  case of 

potassium, c a l c u l a t i o n s  show t h a t ,  g iven  a  f l u x  of 10 +12 

2 -12 
neutrons/cm /sec,  t h e  minimum amount of  K d e t e c t a b l e  i s  10 

moles. The amount of K t o  b e  de tec ted  from an e f f l u x  experiment 

-9 i s  i n  t h e  v i c i n i t y  o f  3 x 10 moles. Therefore neutron ac t iva -  

t i o n  i s  a  s u i t a b l e  t o o l  f o r  t h e  a n a l y s i s  of i o n  f l u x e s  i n  N i t e l l a  

c e l l s .  
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To invest igate  the poss ib i l i ty  of applying the ana ly t ica l  

technique of neutron ac t iva t ion  t o  l iving Ni te l la  c e l l s ,  i n  

order t o  measure the ion fluxes of Na, K and possibly C 1  through 

an act ion potent ia l  when changing the  external  chemical environ- 8 

ment by addit ion of ce r t a in  drugs. 

INTRODUCTION 

Ion fluxes i n  the g ian t  c e l l s  of Ni te l la  have been studied 

by several people (1, 2) . In  these publications the fluxes 

were measured by e i the r  flame photometry o r  by radioactive 

t racers .  Flame photometry has the disadvantage t h a t  i t s  

sens i t iv i ty  i s  low, due t o  the small amount of sample avail-  

able. Radioactive t r ace r  techniques, a s  used by these people, 

a r e  qui te  sens i t ive  but  a r e  a l so  time-consuming when eff lux 
- 

i s  being measured. 

Neutron ac t iva t ion  has been used t o  determine ion content 

i n  sepia axons (3) . From these s tudies  it was qu i t e  apparent 



t h a t  a c t i v a t i o n  a n a l y s i s  had s e v e r a l  advantages over more 

e s t a b l i s h e d  a n a l y t i c a l  methods. ~ c t i v a t i o n  a n a l y s i s  does 

not  d e s t r o y  t h e  c e l l ,  making continuous measurements on 

a s i n g l e  c e l l  p o s s i b l e ;  it i s  much f a s t e r ,  depending on the  

h a l f  l i f e  of t h e  r a d i o a c t i v e  i so tope  s tud ied ,  and i s  more 

s e n s i t i v e  than  o the r  convent ional  methods ( 4 ) .  

THEORY 

The essence of neutron a c t i v a t i o n  i s  t o  sub jec t  a sample 

t o  a f l u x  of neutrons from a s u i t a b l e  source.  Under these  

cond i t ions  uns table  nuc le i  a r e  formed. These r a d i o a c t i v e  

i so topes  have very  s p e c i f i c  decay c h a r a c t e r i s t i c s .  The mode 

of decay can be measured and a t t r i b u t e d  t o  t h e  element i t  

came from. The .amount of a c t i v i t y  w i l l  be d i r e c t l y  propor- 

t i o n a l  t o  t h e  amount of t h e  pa ren t  substance p resen t .  

The p r o b a b i l i t y  f o r  a s p e c i f i c  element t o  absorb a 

neutron i n t o  i t s  nucleus depends on t h e  k i n e t i c  energy of 

t h e  i n c i d e n t  p a r t i c l e  and t h e  t a r g e t  a rea  presented by t h e  

nucleus.  The apparent  t a r g e t  a r e a  presented by t h e  nucleus 

2 
i s  expressed barns  ( 6 )  (1 barn = cm ) and i s  r e f e r r e d  



t o  a s  c r o s s  sec t ion .  The c r o s s  s e c t i o n s  f o r  most elements have 

been measured (5) . 
When a t a r g e t  i s  subjec ted  t o  a  neutron f l u x  of a  s p e c i f i c  

k i n e t i c  energy then  t h e  number of processes  under cons idera t ion  

i n  1 second, i s  given by equat ion ( I ) .  

N = # n Gact 

(1 

where 

N = I n t e r a c t i o n  of  a  given type i n  1 second. 

2 # = Neutron f l u x  (neutrons/cm /sec.)  

n = Number o f  n u c l e i  of  t h e  g iven  element which a r e  

exposed t o  t h e  neutron f lux .  

2 Gact .= Act iva t ion  c r o s s  sec t ion .  (cm ) 

The a c t i v i t y  of  t h e  g iven  nucl ide  p e r  second i n  time (t) 

i n  t h e  a c t i v a t i o n  process  with neutrons i s  given by equat ion 

- A t  
At = # Gact n (1-e ) 

where 

A = The number o f  d i s i n t e g r a t i o n s  per  second i n  time t. 
t 

X = Decay cons tan t  and i s  def ined  a s  log 2 
t$ (ha l f  l i f e  of  

i so tope)  



(1-e = The i s o t o p i c  s a t u r a t i o n  f a c t o r .  

I f  no a c c u r a t e  va lue  of t h e  neutron f l u x  i s  a v a i l a b l e  

a  s u i t a b l e  s tandard  can be  bombarded along wi th  t h e  sample. 

A f t e r  a c t i v a t i o n ,  t h e  two a c t i v i t i e s  can b e  compared t o  

determine t h e  amount of  unknown element p r e s e n t  i n  t h e  

sample. 

PROCEDURE 

I1 Act iva t ion  of  elements 

23 
The elements o f  i n t e r e s t  were Na and K .  From Na , 

I. Source of neutrons 

The Cockcroft-Walton neutron genera to r  h a s  been used 

f o r  t h e s e  s t u d i e s .  

Th i s  neutron genera to r  i s  capable of producing 4.6 x  10 
11 

f a s t  neutrons p e r  second. The following r e a c t i o n ,  using h igh  

energy deuterons,  produces f a s t  neutrons 

5 1 * H 3 - 2 H e  - n  + 2  
4 

lH + 1 0 
He + 17.6 Mev 

The energy of t h e  r e s u l t i n g  neutrons i s  14.7 Mev. Slow 

neutrons o r  thermal neutrons can be  produced by using t h e  

7 8 
moderators H 0 o r  P a r a f f i n  wax. The f l u x  i n  t h i s  case  i s  10 -10 

2 .  



Na24 ( t4  = 15.05 h r s . )  was produced by an n ,  y r e a c t i o n  

i. e. a  neutron i s  absorbed and a  y r ay  i s  emitted.  The 

c ross - sec t ion  f o r  t h i s  r e a c t i o n  i s  .40 + .13 ba rns  (5) using 

23 
a thermal neutron f lux .  Also Ne ( t 4  = 38 sec . )  i s  pro- 

duced by a  n ,  p  r e a c t i o n  from Na23 using t h e  same thermal 

f lux .  

39 
K38 ( t 4  = 7.7 min.) can be produced by a  From K , 

n ,  2n r e a c t i o n .  The c r o s s  s e c t i o n  f o r  t h i s  r e a c t i o n  using 

f a s t  neut rons  i s  2.0 barns.  

I n  t h e  case o f  Na24, t h e  dura t ion  of  bombardment was 

reduced t o  1 t o  1.5 hours. Thermal neutrons were used 

24 
because t h e  c r o s s  s e c t i o n  f o r  t h i s  r e a c t i o n  (Na23 * Na ) 

i s  l a r g e s t  i n  a  thermal f lux .  A l l  samples were contained 

i n  polyethylene v i a l s  during bombardment. 

111. Detec t ion  o f  i s o t o p e s  

A l l  samples were t r a n s f e r r e d  from t h e  polyethylene v i a l s  

t o  a  t h i n  p l a s t i c  envelope which was taped down t o  a  s t a i n l e s s  

s t e e l  counting d i s c .  The mounted samples were p laced  a s  c l o s e  

a s  p o s s i b l e  t o  t h e  s c i n t i l l a t i n g  c r y s t a l  (approximately .5  cm). 

a. Gamma r a y  d e t e c t i o n  

A NaI (Tl) c r y s t a l  s c i n t i l l a t i o n  counter  connected t o  a  

128 channel ana lyzer  was used t o  d e t e c t  t h e  y r a y  spectrum of 



t h e  sample. The 128 channels were c a l i b r a t e d  by means of 

60 22 24  t h e  spec t ra  of Co , Na , and Na . The r a d i o a c t i v i t y  of 

t h e  a c t i v a t e d  samples was counted f o r  2-3 h a l f  l i v e s  of t h e  

r equ i red  i s o t o p e  when measuring t h e  concent ra t ion  of a 

s p e c i f i c  ion.  When t h e  h a l f  l i f e  was being measured, t h e  

a c t i v i t y  was counted during 1/10 of t h e  h a l f  l i f e  of  t h e  

i s o t o p e  i n  ques t ion  a t  successive i n t e r v a l s  a f t e r  bombardment. 

38 I n  t h e  case  of  K , two 0.511 Mev y r a y s  a r e  emi t ted  a t  

180' t o  each o t h e r  when an  e+ p a r t i c l e  a n n i h i l a t e s  w i t h  an  

e l ec t ron .  I n  o rde r  t o  d e t e c t  t h i s  0.511 r a d i a t i o n  a coincidence 

counter  cons i s t ing  of  two NaI (T l )  d e t e c t o r s  on oppos i te  s i d e s  

. of t h e  sample and a s i n g l e  channel ana lyzer  s e t  t o  d e t e c t  t h e  

0.511 Mev r a d i a t i o n  were used. The coincidence counter  w i l l  

only record  an  event  when two .511 Mev y r a y s  are de tec ted  

simultaneously,  thereby c u t t i n g  o u t  any background 0.511 Mev 

r a d i a t i o n  p r e s e n t ,  because t h e  p r o b a b i l i t y  t h a t  two unre la ted  

0.511 Mev y r a y s  a r e  de tec ted  by each c r y s t a l  simultaneously i s  

extremely small. The coincidence counter ,  t h e r e f o r e ,  w i l l  g i v e  

a very a c c u r a t e  count of  t h e  ,511 MEV a n n i h i l a t i o n  r a d i a t i o n .  

b. Beta emission d e t e c t i o n  

, $ emission was de tec ted  by means of a g a s  flow propor- 

t i o n a l  counter.  T o t a l  b e t a  a c t i v i t y  was measured. Counting 



procedures were s i m i l a r  t o  those  descr ibed  i n  t h e  previous 

sec t ion .  I n  t h e  case  of N e 2 3  (t% 38 seconds) t h e  pneumatic 

t r a n s f e r  system was used i n  order  t o  c u t  down on t h e  t ime t o  

t r a n s f e r  t h e  sample from t h e  neutron genera to r  t o  t h e  counter. 

The t i m e  f o r  t h i s  procedure was about 30-45 seconds. (The 

pneumatic t r a n s f e r  system i s  an a i r  p ressu re  operated device 

which shoots  t h e  sample through a p i p e  i n t o  t h e  neutron f lux.  

A f t e r  bombardment t h e  sample i s  shot  back again  i n t o  t h e  

l abora to ry  f o r  counting purposes) .  

c. Analys is  of d a t a  

The y r a y  d a t a  obtained were analyzed by g raph ica l  

means. When a c c u r a t e  va lues  were requi red  t h e  d a t a  were 

analyzed by computer using a program capable of p l o t t i n g  t h e  

log of  t h e  number of counts  a g a i n s t  energy, and c a l c u l a t i n g  

t h e  a r e a  under t h e  peaks o f  t h e  r e s u l t i n g  y r a y  spectrum 

This  a r e a  i s  d i r e c t l y  p ropor t iona l  t o  t h e  i o n  concent ra t ion  

of  t h e  element i n  ques t ion .  

B e t a  decay d a t a  were a l s o  analyzed by g r a p h i c a l  means. 

The more complex decay curves were analyzed by computer 

using Curnrnings, C. L. S. Q. (7) program. Th i s  program w i l l  

r e s o l v e  a complex decay curve i n t o  i t s  i n d i v i d u a l  components 



when g iven  c e r t a i n  approximate h a l f  l i f e  va lues  obtained from 

t h e  g r a p h i c a l  a n a l y s i s .  The program p r i n t s  o u t  a  FIT va lue  

which i s  a  measure of how wel l  a  c e r t a i n  h a l f  l i f e  decay 

curve f i t s  t h e  o r i g i n a l  complex curve. The program can a l s o  % 

b e  asked t o  vary t h e  h a l f  l i f e  va lues  g iven ,  by c e r t a i n  incre-  

ments i n  o rde r  t o  o b t a i n  t h e  b e s t  FIT va lue  poss ib le .  (A 

FIT va lue  of  1.000 i s  a  p e r f e c t  f i t ) .  Besides g iv ing  F IT  d 

values  t h e  program p r i n t s  o u t  t h e  number of  counts  per  minute /I/ 

I 

(CPM) due t o  each component a t  t h e  end of neutron bombardment 
I 

d 

(EOB) and i t s  s tandard  dev ia t ion  (SIGMA) . 

RESULTS AND DISCUSSION 

I. Gamma r a y  Spect ra  

A t y p i c a l  y r a y  spectrum of  Na24 i s  shown i n  graph I. 

The two peaks a t  1.37 Mev and 2.75 Mev a r e  t y p i c a l  f o r  t h e  

24 
decay o f  Na . The peaks a t  1.72 Mev and 2.25 Mev a r e  due 

t o  t h e  y r ay  i n t e r a c t i o n s  with t h e  NaI ( T l )  s c i n t i l l a t i o n  

c r y s t a l .  When a h igh  energy y r ay  h i t s  t h e  c r y s t a l ,  p a i r  

product ion w i l l  occur ,  i . e .  t h e  y ray  w i l l  form a  p o s i t i v e  

and a negat ive  e l e c t r o n  p a i r .  The two s h o r t  range e l e c t r o n s  

s t o p  and t h e i r  k i n e t i c  energy i s  acquired by t h e  c r y s t a l .  
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The p o s i t r i o n  a n n i h i l a t e s ,  forming two y r a y s  each wi th  an 

energy of  0.511 Mev and a t  180' t o  each o the r .  When both  

t h e  a n n i h i l a t i o n  y r a y s  a r e  captured by t h e  c r y s t a l  along 

wi th  t h e  nega t ive  e l e c t r o n  of  t h e  o r i g i n a l  p a i r  produced, 

t h e  peak a t  2.75 Mev i s  de tec ted .  When one of t h e  ann ih i l -  

a t i o n  y r a y s  i s  l o s t ,  i . e .  0.511 Mev, t h e  peak a t  2.75 Mev - 

0.511 Mev w i l l  b e  observed. When both  t h e  a n n i h i l a t i o n  y 

r a y s  a r e  l o s t  t h e  peak a t  2.75 Mev- 2 (0.511) Mev i s  observed 

(8 ) .  A neutron a c t i v a t e d  N i t e l l a  c e l l  gave t h e  spectrum a s  

shown i n  graph 2. This  c e l l  shows Na24 peaks a t  1.37 Mev a s  

w e l l  a s  a t  2.75 Mev. The l a t t e r  i s  l e s s  pronounced due t o  an 

dec rease  i n  counting e f f i c i e n c y  wi th  an i n c r e a s e  i n  energy. 

+ The t o t a l  number o f  counts  of t h e  1.37 Mev peak was 1054 - 

32.4. This  corresponds t o  a  s t a t i s t i c a l  accuracy wi th in  3%. 

The h a l f  l i f e  va lue  o f  t h e  1.37 Mev peak was d i f f i c u l t  t o  

determine due t o  counting f i g u r e s  which were wi th in  t h e  

s tandard  d e v i a t i o n  of  t h e  background. I t  i s  t h e r e f o r e  

d i f f i c u l t  from t h e s e  t r i a l s  t o  a s s i g n  a  d e f i n i t e  va lue  t o  

t h e  percentage o f  t h e  number of  counts  a t  t h e  1.37 Mev 

24 
energy l e v e l  due t o  Na alone. 

A c e l l  a c t i v a t e d  f o r  K38 produced a  spectrum as shown 

i n  graph 3. Upon comparing t h i s  spectrum w i t h  a  t y p i c a l  
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K~~ spectrum graph 4 i t  can b e  seen t h a t  t h e  a n n i h i l a t i o n  

peak a t  0.511 Mev i s  we l l  e s t ab l i shed  b u t  t h a t  t h e  more 

d i a g n o s t i c  peaks a t  2.16 Mev and 2.67 a r e  b a r e l y ,  i f  a t  a l l ,  

above t h e  s tandard  dev ia t ion  of  t h e  background. A h a l f  

l i f e  study of  t h e  0.511 Mev peak, obtained from a l O O O y  K C 1  

sample, showed t h e  presence of two components; (graph 5) a. 

t3 = 7.0 min and b. t 4  = 19.9 min. The l ack  of  p o i n t s  

a t  l a t e r  t imes decreases  t h e  r e l i a b i l i t y  of t h e s e  h a l f  l i f e  

f igures .  A s i m i l a r  s tudy was done on a  .1 g r  KC1 sample 

using t h e  coincidence counter.  A g raph ica l  a n a l y s i s ,  graph 

6, showed again  two components, a. t$ = 7.3  min and b. 

t.3 = 30-0 min. The l a t t e r  a c t i v i t y  seems t o  b e  due t o  

~1~~ t)i = 32.0 min. A r e p e t i t i o n  of  t h i s  experiment using 

a  N i t e l l a  c e l l  gave da ta  p o i n t s  wi th in  t h e  range of  t h e  

s tandard dev ia t ion  o f  t h e  background making th i s  method of  

counting unusable f o r  K3' a n a l y s i s  of t h e  N i t e l l a  c e l l .  

11. Beta emission 

The t o t a l  b e t a  a c t i v i t y  from a N i t e l l a  c e l l ,  a c t i v a t e d  

f o r  Na24, was recorded a t  c e r t a i n  i n t e r v a l s  t o  o b t a i n  a  decay 

curve (graph 7 ) .  Two components seem t o  b e  p r e s e n t ,  one 

having a t* of 1 . 5  h r  t h e  o t h e r  a t 4  = 15.5 hr .  The 
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24 
l a t t e r  seems t o  be  due t o  Na a c t i v i t y .  A C L.S.Q. (7) 

a n a l y s i s  gave a FIT va lue  of 0.925 f o r  t h e s e  components. 

+ The t o t a l  number o f  counts  a t  EOB was 143 - 7.9 i . e .  a 

s t a t i s t i c a l  accuracy wi th in  5.7%. 

38 
A s i m i l a r  procedure was followed f o r  a K a c t i v a t e d  

c e l l  (graph 8 ) .  Two components a r e  p resen t ,  one wi th  a 

t% = 90 sec ,  t h e  o t h e r  t% = 8 . 1  min. A C.L. S.Q. a n a l y s i s  

38 
gave a FIT value of  1.134 f o r  a 7.7 min. component (K ) t h e  

CPM a t  EOB value w a s  386213 t h a t  i s ,  an accuracy wi th in  3.5%. 

The NaCl sample . I  g r  a c t i v a t e d  f o r  Ne23 gave r e s u l t s  

a s  shown i n  graph 9. The t h r e e  components p r e s e n t  have a . 

FIT value of  1.861. When t h i s  experiment was repeated  f o r  a 

N i t e l l a  c e l l  t h e  r e s u l t s ,  a s  shown i n  graph 10, were obtained. 

Only one major component seemed t o  be  present .  C.L.S.Q. 

+ a n a l y s i s  gave a FIT va lue  of 1.140 f o r  a 8.07- 0.68 sec  

i so tope .  A CPM a t  EOB of 6502 64 i . e .  an accuracy wi th in  10% 

f o r  t h i s  i so tope ,  which i s  probably ( t4  = 11.5 sec)  

23 
produced from Na by a n ,  cr r eac t ion .  

111. E f f e c t  o f  r a d i a t i o n  on N i t e l l a  c e l l s  

The i r r a d i a t e d  N i t e l l a  c e l l s  were placed i n  a r t i f i c i a l  
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pond water .  (9) under cons tant  l i g h t  condi t ions  a f t e r  being 

checked f o r  r a d i o a c t i v i t y  a s  descr ibed previously.  The c e l l s  

t h u s  t r e a t e d  d i d  n o t  show any s igns  of  degenerat ion a s  t h e i r  

va lues  f o r  cytoplasmic streaming,membrane p o t e n t i a l  and 

a c t i o n  p o t e n t i a l  were d i r e c t l y  comparable t o  va lues  obtained 

from u n t r e a t e d  c e l l s .  The t r e a t e d  c e l l s  seem j u s t  a s  v i a b l e  

as t h e  un t rea ted  c e l l s  and even i n  t h e  c e l l s  which were 

i r r a d i a t e d  f o r  t h e  longes t  pe r iod  of time (1.5 h r s . )  

growth was observed. 

CONCLUSION 

-Determination of  Na and K can b e  made r e s p e c t i v e l y  wi th in  

t h e  s t a t i s t i c a l  e r r o r  of 5.7% and 3.5% using t h e  $ emission 

r e s u l t i n g  from exposure t o  t h e  neutron f l u x  produced by t h e  

Cockcroft-Walton neutron genera tor .  

-The low l e v e l  of  y r a d i a t i o n  produced, under t h e s e  condi- 

t i o n s  i s  less d i a g n o s t i c  f o r  a  s p e c i f i c  i o n  than  t h e  

r e s u l t i n g  b e t a  a c t i v i t y .  

-Neutron a c t i v a t i o n  does n o t  appear t o  have any e f f e c t  on 

cytoplasmic s t reaming, res t ing  p o t e n t i a l ,  a c t i o n  p o t e n t i a l  

o r  growth of  t h e  N i t e l l a  c e l l s  used. 



PURPOSE (PART B) 

To i n v e s t i g a t e  i o n i c  and e l e c t r i c a l  changes during 

a c t i o n  p o t e n t i a l s  i n  N i t e l l a  c e l l s  i n  presence of  c e r t a i n  

drugs and under c e r t a i n  phys ica l  condi t ions .  

INTRODUCTION 

N i t e l l a  c e l l s ,  l i k e  a l l  o t h e r  c e l l s ,  have a p o t e n t i a l  

d i f f e r e n c e  between t h e  i n s i d e  and t h e  o u t s i d e  of t h e  c e l l ,  

t h e  i n s i d e  being more negat ive.  This  p o t e n t i a l  d i f f e r e n c e  

i s  c a l l e d  t h e  r e s t i n g  p o t e n t i a l .  During t h e  passage of an 

impulse, genera ted  by s t imula t ion ,  a  very c h a r a c t e r i s t i c  

change i n  t h e  r e s t i n g  p o t e n t i a l  t akes  place.  This  change 

i s  c a l l e d  t h e  a c t i o n  p o t e n t i a l  o r  spike.  A t y p i c a l  a c t i o n  

p o t e n t i a l  i n  n it el la c e l l s  i n  a r t i f i c i a l  pond water (A. P . W. ) 

(9) i s  shown i n  Fig. 1. 



c 
Fig. 1 

Recently t h e r e  has  been good evidence (10) t h a t  ~ 1 -  

i o n s  move o u t  of  t h e  c e l l  during depo la r i za t ion  (phase A i n  

Fig. 1) , while  K+ i o n s  a r e  thought t o  move o u t  during re- 

p o l a r i z a t i o n  (Phase B Fig,  1) . Phase C i s  an  a f t e r  hyper- 

p o l a r i z a t i o n ,  t h e  undershoot, and i s  i n  o t h e r  t i s s u e s  o f t e n  

a s s o c i a t e d  w i t h  a  K+ equi l ibr ium p o t e n t i a l  more negat ive  than  

t h e  r e s t i n g  p o t e n t i a l .  

Hope (11) i n i t i a l l y  pos tu la ted  t h a t  t h e r e  was a  move- 

ment of ca++ i o n s  i n t o  t h e  N i t e l l a  c e l l  during depo la r i za t ion  

r a t h e r  than  an e f f l u x  of ~ 1 -  ions .  He suggested when t h e  

c e l l  was placed i n  d i s t i l l e d  water t h a t  an i n f l u x  of Ca++ 

i o n s ,  thought t o  be bound t o  t h e  ou t s ide  o f  t h e  plasmalemma 

,was re spons ib le  f o r  t h e  a c t i o n  p o t e n t i a l .  Spanswick (12) 



++ measured a  Ca i n f l u x  i n  N i t e l l a  c e l l  a t  r e s t  b u t  d i d  no t  

f i n d  any apprec iab le  ~ a + +  e f f l u x ,  a s  might be expected i f  

~ a + +  i s  bound t o  t h e  membrane. 

To c l a r i f y  t h e  r o l e  of  va r ious  i o n s  i n  t h e  product ion 

of  a c t i o n  p o t e n t i a l s ,  c e r t a i n  drugs known t o  have s p e c i f i c  

e f f e c t s  on i o n i c  permeabi l i ty  i n  o t h e r  c e l l s  were t e s t e d  

on N i t e l l a  c e l l s .  

The drugs and cond i t ions  t e s t e d  a r e  known t o  have t h e  

following a c t i o n s  o r  e f f e c t s  i n  t h e  c e l l s  s p e c i f i e d .  

I. Tet ra  e t h y l  ammonium (Tm) 

Tasaki and Hagiwara (13) have shown t h a t  TEA w i l l  

de lay  t h e  f a l l i n g  phase of t h e  a c t i o n  p o t e n t i a l  i n  squid 

axons, presumable by slowing down t h e  mechanism which renders  

t h e  membrane permeable t o  K+ ions.  

I n  nerve c e l l  membrane of  Onchidium verruculatum 

Hagiwara and S a i t o  (14) observed t h a t  ~ E A ' d i d  n o t  change 

t h e  r e s t i n g  p o t e n t i a l ,  b u t  caused a similar prolongat ion 

+ of t h e  K phase,  along wi th  a  small  undershoot,  a s  i n  t h e  

squid axon. These r e s u l t s  were s i m i l a r  t o  those  obtained 

from c a r d i a c  muscle c e l l s  (15) .  A t  low concent ra t ion  of 

TEA i n  c a r d i a c  muscle c e l l s ,  t h e  p la teau  was sometimes 



preceded by an i n i t i a l  f a l l  from t h e  peak, q u i t e  s i m i l a r  

t o  r e s u l t s  obta ined  from Mammalian ~ u r k i n  j e  f i b r e s  (16) . 

11. P i c t r o t o x i n  and gamma amino b u t y r i c  a c i d  (GABA) 

I n  decapod nerve c e l l s  (17) GABA i n a c t i v a t e d  i n h i b i t -  

o r y  synapses and increaged t h e  membrane r e s i s t a n c e  50 fo ld .  

P ic ro tox in  was found t o  r eve r se  t h e  e f f e c t  of  GABA. I n  c a t  

nerve c e l l s ,  however, p i c ro tox in  a c t i v a t e d  e x i t a t o r y  synapses 

(17) . I n  Crayf ish  muscle f i b r e s  GABA inc reased  and p ic ro tox in  

decreased C1- conductance i n  t h e  synapt ic  membrane (18) .  

They a l s o  a f f e c t e d  t h e  C1- a c t i v a t i o n  mechanisms of  i n h i b i t -  

ory  synapses. The e f f e c t  on non-synaptic membranes developed 

slowly and only  wi th  high concent ra t ions  of t h e  drugs. I n  

genera l  GABA seems t o  i n c r e a s e  ~ 1 -  conductance and p ic ro tox in  

appears  t o  reduce it. 

111. Urethane 

Hagiwara and S a i t o  (14) found t h a t  t h e  amplitude of  

t h e  sp ike  i n  Onchidium verruculatum decreased when t r e a t e d  

wi th  urethane. Eventual ly  t h e  c e l l  was found t o  become 

incapable  o f  producing an all-or-none type o f  spike.  The 

e f f e c t i v e  conductance of  t h e  membrane f o r  t h e  depolar- 



i z a t i o n  phase was much smaller  than  t h e  conductance va lues  

obta ined  from t h e  un t rea ted  c e l l .  

The a c t i o n  of  urethane seems t o  be  a t t r i b u t e d  t o  i t s  

l i p i d  s o l u b i l i t y  (19) . 
. . 

I V .  Ethylene diamine t e t r a  a c e t i c  a c i d  (EDTA) 

ca++ de f i c i ency  has  been known t o  produce spontaneous 

f i r i n g  i n  v e r t e b r a t e  c e l l s  such a s  f rog  muscle and nerve 

c e l l s  (20).  

Kishimoto (21) suggested t h a t  EDTA che la ted  t h e  ca++ 

i o n s ,  thought t o  be  bound t o  t h e  o u t s i d e  of t h e  N i t e l l a  

c e l l  membrane, producing spontaneous f i r i n g  due t o  t h e  

l ack  of a v a i l a b l e  ~ a + + .  The spontaneous f i r i n g  i n  t h e  Ca ++ 

d e f i c i e n t  f rog  muscle and nerve c e l l s  was stopped by a d d i t i o n  

o f  ATP and AMP (22) . However, i n  N i t e l l a  c e l l s  spontaneous 

a c t i v i t y  was induced by an a d d i t i o n  of ATP (21) . 

V. Procaine 

+ Procaine diminished Na and K+ conductances i n  t h e  squid 

axon (23) . I n  ar thropod mus.cle f i b r e s  t h e  a p p l i c a t i o n  of 

procaine converted t h e  normal graded response i n t o  an  a l l  

o r  none response.  Kuperman (24) suggested t h a t  i n  frog 



muscle and nerve f i b r e ,  procaine replaced  ca++ i o n s  a t  

membrane a n i o n i c  si tes and i n h i b i t e d  t h e  in f luence  of 

e x c i t a b l e  s t i m u l i  on processes  leading  t o  sodium in f lux .  
r 
1 Procaine seemed s p e c i f i c  f o r  t h e  ca++ r e l e a s i n g  mechanism 

p 
i n  t h e  membranes of  t h e s e  c e l l s .  The membrane conductance 

r 

i n  t h e s e  proca ine  t r e a t e d  frog c e l l s  showed an  i n f l e c t i o n  

j u s t  b e f o r e  t h e  end of  t h e  p la teau  of  t h e  a c t i o n  p o t e n t i a l .  

DNP i s  known t o  uncouple ox ida t ive  phosphorylation, 

t h e  process  leading  t o  t h e  syn thes i s  of  ATP. DNP i n h i b i t s  

t h e  a c t i v e  t r a n s p o r t  system a t  t h a t  p o i n t  where ATP i s  

used (25) .  A 0 .2 M DNP s o l u t i o n  completely i n h i b i t e d  t h e  

e f f l u x  of  Na++ i n  Sepia axons. The e f f e c t  o f  DNP on t h e  

r e s t i n g  p o t e n t i a l  was not  s i g n i f i c a n t  f o r  t h e  f i r s t  two hours. 

However, a f t e r  t h i s  pe r iod  t h e  c e l l  adopted t h e  same 

i o n i c  d i s t r i b u t i o n  a s  t h e  o u t s i d e  medium. I n  Sepia axons, 

when p laced  i n  Ringers so lu t ion ,  t h i s  w i l l  l ead  t o  an 

+ i n c r e a s e  i n  Na+ i o n  concent ra t ion  and a decrease  i n  K 

i o n  concent ra t ion  (26) . 



1 Neutron Ac t iva t ion  

Damage t o  b i o l o g i c a l  systems due t o  neutron a c t i v a t i o n  

i s  caused by chemical changes i n  t h e  c e l l .  These changes 

r e s u l t  mainly from i o n i z a t i o n ,  e x c i t a t i o n  and atom displace-  

ment ( 2 7 ) .  Equal amounts of  r a d i a t i o n  energy caused d i f f e r e n t  

amounts of  b i o l o g i c a l  damage depending on t h e  source of t h e  

r a d i a t i o n .  Secondary i o n i z a t i o n  due t o  r e c o i l  pro tons  from 

f a s t  neutrons caused t e n  t imes more damage b i o l o g i c a l l y  than  

t h e  same amount of gamma r a d i a t i o n .  Thermal neutrons a r e  only 

twice  a s  e f f e c t i v e  i n  producing damage. 



MATERIALS AND METHODS 

Nitel la  ce l l s  were placed i n  a luc i t e  chamber. The 

e lec t r i ca l  connections were made as  i n  ~ i g .  2. 

Stimulators I 

Arnpli f i e r  Oscilloscope 

*- -- - 
electrodes 

Luci t e  chamber 

Fig. 2 



Glass  e l e c t r o d e  B w a s  used t o  record  t h e  membrane 

p o t e n t i a l  continuously.  Upon proper s t imula t ion ,  such 

a s  a vo l t age  pu l se  from e l e c t r o d e  A t o  t h e  ground e l e c t r o d e ,  

%r( 
a n  a c t i o n  p o t e n t i a l  w i l l  b e  recorded by e l e c t r o d e  B. A ""L " 

8 

t y p i c a l  osc i l loscope  t r a c e  of such an  a c t i o n  p o t e n t i a l  i s  \ I  

41 

shown by t h e  heavy l i n e s  i n  Fig. 3.  

Fig. 3 

I n  t h i s  f i g u r e ,  l i n e  D i s  t h e  p o t e n t i a l  d i f f e r e n c e  between 

t h e  r e fe rence  and g l a s s  e l e c t r o d e s  be fo re  t h e  g l a s s  e l e c t r o d e s  

were i n s e r t e d  i n t o  t h e  c e l l  and i s  t h e  zero  reference.  Line 



D i s  normally s t a b l e .  Line E i s  a record  of t h e ' p o t e n t i a l  

d i f f e r e n c e  wi th  t ime between cytoplasm and t h e  ground C 

( f i g .  2)  a f t e r  t h e  g l a s s  e l ec t rodes  were i n s e r t e d .  This  

p o t e n t i a l  w i l l  change during an a c t i o n  p o t e n t i a l .  When t h e  

c e l l  i s  n o t  s t imula ted ,  t h e  d i s t a n c e  between l i n e s  D and E 

w i l l  r ep resen t  the r e s t i n g  p o t e n t i a l .  

To measure membrane r e s i s t a n c e ,  l i n e  F f i g .  3, 

e l e c t r o d e  A was used t o  g i v e  hyperpolar izing pu l ses  of 

subthreshold l e v e l  t o  C ( f i g .  2) . A t y p i c a l  t r a c e  i s  shown 

i n  F i g .  9. Line D and E s t i l l  perform t h e  same funct ion  a s  

i n  Fig. 3 b u t  t h e  d e f l e c t i o n s  from l i n e  D w i l l  now represen t  

. a record  of t h e  c u r r e n t  flowing through e l e c t r o d e  A and t h e  

c e l l  membrane a t  t h e s e  times. The cur ren t  i s  normally constant .  

The d e f l e c t i o n s  from l i n e  E a r e  t h e  vo l t age  measurements 

of  t h e  hyperpolar iz ing  pulses .  A t  t h e s e  d e f l e c t i o n  p o i n t s ,  

t h e  c u r r e n t  and vo l t age  flowing through t h e  membrane a r e  

known and t h e  r e s i s t a n c e  can b e  ca lcu la ted .  The r e s i s t a n c e  

changes wi th  t i m e  during an a c t i o n  p o t e n t i a l  can be  super- 

imposed onto t h e  vo l t age  t r a c e  a s  shown i n  Fig. 3, l i n e  F. 

S t imula tor  F f i g .  2 was used t o  s t imula te  t h e  c e l l  between 

e l e c t r o d e  A and t h e  ground e l e c t r o d e  C. 



The g l a s s  e l e c t r o d e s  used were micro p i p e t t e s  wi th  

t h e  t i p s  drawn o u t  t o  5-10 microns, f i l l e d  wi th  0.15 M KC1, 

The ground e l e c t r o d e  was s i l v e r - s i l v e r c h l o r i d e .  Records o f  

t h e  r e s u l t s  were made on a two-channel pen recorder  and on 

photographic f i l m  from t h e  d i s p l a y  on a s to rage ,  two-channel, 

o sc i l loscope ,  Tektronix type  RM 564. 
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RESULTS 

I. TEA - 
N i t e l l a  c e l l s  when subjec ted  t o  a  low concent ra t ion  

hl 

of TEA showed a de lay  of t h e  f a l l i n g  phase, Fig. 4. Higher I 

concen t ra t ions  of TEA increased  t h i s  delay of t h e  beginning 

of K+ a c t i v a t i o n  Fig. 5. 

Fig. 4  Fig. 5 

N i t e l l a  c e l l  a c t i o n  p o t e n t i a l s .  N i t e l l a  c e l l  a c t i o n  p o t e n t i a l s ,  
normal, t r a c e  A ;  a f t e r  a d d i t i o n  a f t e r  5 min. i n  0.2M TEA. 
of  TEA, t r a c e  B and C. 



The delay of  K+ a c t i v a t i o n  could b e  reversed  by 

washing t h e  c e l l  w i th  a r t i f i c i a l  pond water (APW) Fig. 6 .  

Resis tance measurements on a t y p i c a l  TEA response 

showed a s l i g h t  i n c r e a s e  i n  t h e  r e s t i n g  membrane r e s i s t a n c e  

as  shown i n  Fig. 7. This  f i g u r e  a l s o  shows a decrease  i n  

t h e  amplitude of  t h e  sp ike  when t h e  a c t i o n  p o t e n t i a l  i s  

prolonged. 

Fig. 6 

i n  0 . 2  M TEA. 

~ e s i  s t ance  . 
Fig. 7 

i measuremen,t of t r a c e  p r i o r  t o  
t h e  a c t i o n  p o t e n t i a l .  



Thus TEA delayed t h e  f a l l i n g  phase of  t h e  sp ike  i n  

t h e  a c t i o n  p o t e n t i a l  o f  N i t e l l a  c e l l s ,  a  r e s u l t  s i m i l a r  

t o  t h e  e f f e c t  of  TEA on o t h e r  e x c i t a b l e  c e l l s .  

The TEA e f f e c t  on a c t i o n  p o t e n t i a l s  were c o n s i s t e n t  

i n  t h e  four  d i f f e r e n t  c e l l s  used. 

11. Pic ro tox in  and GABA -- 
Four c e l l s  t r e a t e d  wi th  d i f f e r e n t  concent ra t ions  of  GABA 

and p i c r o t o x i n  ( .01 M and .1 M) d i d  no t  show much v a r i a t i o n  

i n  t h e i r  a c t i o n  p o t e n t i a l s  a s  compared with normal c e l l s ,  

Figs.  8, 9, 10. 

- r - Resis tance  measurement d 
1 6 e C  t r a c e  p r i o r  t o  t h e  acticn 

p o t e n t i a l s .  
Fig. 8  

Untreated c e l l .  

Fig. 9 

Same a s  i n  Fig. 8 i n  
s a t u r a t e d  GABA so lu t ion .  



A s l i g h t  d i f f e r e n c e  was noted i n  the l eng th  of  time 

f o r  d e p o l a r i z a t i o n  of  c e l l s  i n  s a t u r a t e d  p ic ro tox in  s o l u t i o n  

a s  shown i n  Fig.  11. 

- .  

Fig. 10 

C e l l  i n  s a t u r a t e d  p ic ro tox in  f o r  one minute. 

Fig. 11 

Same c e l l  a s  i n  Fig. 10 i n  s a t u r a t e d  p i c r o t o x i n  
f o r  two hours. 



The r i s i n g  phase i n  Fig. 11 w a s  more r a p i d  while  t h e  

f a l l i n g  phase was prolonged. The e f f e c t  of s a t u r a t e d  

s o l u t i o n  of  p i c r o t o x i n  a f t e r  2 hours soaking w a s  s i m i l a r  t o  

t h e  r e s u l t s  obtained from nonsynaptic membranes o f  t h e  

Crayf ish  (17) . 
Resis tance measurements showed wi th  both  GABA and 

p ic ro tox in ,  a two-fold i n c r e a s e  i n  membrane r e s i s t a n c e  

a f t e r  an  a c t i o n  p o t e n t i a l  had passed, Fig. 9, 10. 

When t h e s e  c e l l s  were s t imula ted  again  t h e  r e s i s t a n c e  

obta ined  was s t i l l  approximately twice t h e  previous  value.  

The a n t a g o n i s t i c  e f f e c t  of p ic ro tox in  i n  r e l a t i o n  t o  GABA, 

as observed by Grundfest  (17) ,  was n o t  found i n  t h e s e  

r e s i s t a n c e  measurements, i n d i c a t i n g  t h a t  t h e  mechanism 

a t  which p i c r o t o x i n  and GABA a c t  i n  many animal c e l l s  

does not  seem t o  be  p r e s e n t  i n  N i t e l l a .  

S ince  t h e  shape o f  t h e  a c t i o n  p o t e n t i a l  was n o t  

s i g n i f i c a n t l y  changed by p ic ro tox in  and GABA, t h i s  i n d i c a t e s  

t h a t  t h e  mode of  ~ 1 -  f l u x  i s  e n t i r e l y  d i f f e r e n t  i n  N i t e l l a  

c e l l .  There i s  evidence f o r  a d i f f e r e n t  mechanism i n  

N i t e l l a  s i n c e  t h e  r e s t i n g  ~ 1 -  f l u x  has  been l inked  d i r e c t l y  

wi th  t h e  process  o f  photosynthesis  (28) . 



111. Urethane 

C e l l s  t r e a t e d  wi th  urethane i n  both  low and h igh  

concent ra t ions  g i v e  r e l a t i v e l y  normal a c t i o n  p o t e n t i a l s .  

Even a f t e r  a 12 hour pe r iod  of  soaking i n  a concentrated 

urethane s o l u t i o n  no major changes were observed, Fig. 1 2 .  

Of t h e  four  c e l l s  t e s t e d  only  one s i n g l e  c e l l ,  which had a 

low r e s t i n g  p o t e n t i a l ,  showed s e n s i t i v i t y  t o  urethane. 

The response i n  Fig. 13 was due t o  t h e  a c t i o n  o f  urethane on 

t h e  c e l l  w i th  a low r e s t i n g  p o t e n t i a l .  The dura t ion  of t h i s  

a c t i o n  p o t e n t i a l  was more than  twice t h a t  obta ined  be fo re  

t h e  urethane t reatment .  

Fig. 12 Fig. 1 3  



Resis tance  measurements during t h e  a c t i o n  p o t e n t i a l s  

i n  Fig. 12 showed a s i m i l a r  e f f e c t  a s  i n  animal c e l l s ,  a 

decrease i n  r e s i s t a n c e  during t h e  depo la r i za t ion  a f t e r  which 

t h e  r e s i s t a n c e  re tu rned  t o  a  h igher  va lue  than  b e f o r e  stimu- 

l a t i o n .  A f t e r  s e v e r a l  s t imula t ions  t h e  r e s i s t a n c e  doubled. 

A f t e r  t h e  1 2  hour t reatment  wi th  urethane,  t h e  same c e l l  had 

a membrane r e s i s t a n c e  c l o s e  t o  t h a t  of  t h e  normal c e l l  be fo re  
, 

t h e  urethane was added. The c e l l ,  t h e r e f o r e ,  was eventua l ly  

capable of  counterac t ing  t h e  e f f e c t  of urethane on t h e  

membrane r e s i s t a n c e .  A small  change i n  t h e  shape of  t h e  

a c t i o n  p o t e n t i a l  accompanied t h e  change i n  r e s i s t a n c e .  

I V .  EDTA 

Three N i t e l l a  c e l l s  t r e a t e d  wi th  a  few drops of an aqueous 

s o l u t i o n  of  EDTA gave an a c t i o n  p o t e n t i a l  shown i n  Fig. 14. 

The amount of EDTA used i n  th i s  experiment was about 10 

picomoles, a  l a r g e r  concent ra t ion  stopped a l l  e f f e c t i v e  

response t o  s t imula t ion .  Ins tead ,  spontaneous f i r i n g ,  as 

previous ly  recorded by Kishimoto was observed, Fig. 15. 



Fig.  14 Fig .  1 5  

I f  t h e  c e l l s  were not  washed. Pb C1 r e s t o r e d  a normal 
2 

response,  F ig .  16. 

Fig.  1 6  



Lead i o n s  w i l l  d i s p l a c e  calcium i o n s  from Ca EDTA 

complex i r r e v e r s i b l y  ( 2 9 ) .  Since Pb  C 1 2  has  no e f f e c t  on 

t h e  a c t i o n  p o t e n t i a l  i n  normal N i t e l l a  c e l l s  b u t  caused t h e  

r e t u r n  of t h e  normal a c t i o n  p o t e n t i a l s  i n  c e l l s  t r e a t e d  

wi th  EDTA, i t  appears  t h a t  t h e  a c t i o n  o f  EDTA i s  caused 

p r i m a r i l y  by i t s  c h e l a t i n g  p r o p e r t i e s  wi th  ~ a + +  and not  by 

some secondary e f f e c t .  

I t  was observed t h a t  t h e  EDTA t r e a t e d  c e l l s  needed 

s e v e r a l  s t i m u l i  be fo re  t h e  a c t i o n  o f  t h e  c h e l a t o r  took 

place.  Th i s  sugges ts  t h a t  ~ a + +  i o n s  may indeed be bound 

t o  t h e  membrane, a s  proposed by Kishimoto (30), and so be 

unava i l ab le  t o  EDTA u n t i l  s t imula t ion  r e l e a s e s  them from 

t h e i r  binding s i t e s .  

V. Procaine 

procaine  delayed t h e  depolar iz ing  phase and resolved 

t h e  r i s i n g  phase i n t o  t h r e e  components, Fig. 17. Higher 

concen t ra t ions  o f  proca ine  prolonged t h e  f a l l i n g  phase, 

i .e .  K+ e f f l u x  Fig. 18. 



Fig. 17 

Fig. 18 

Res is tance  measurements showed a response,  Fig. 19 

s i m i l a r  t o  those  obtained by Kuperman on Crayfish.  These 

r e s u l t s  were c o n s i s t a n t  i n  t h e  t h r e e  c e l l s t r e a t e d  wi th  a 

- 0 1  M proca ine  so lu t ion .  

Fig. 1 9 '  



V I .  DNP - 
A N i t e l l a  c e l l  t r e a t e d  wi th  a .01M DNP s o l u t i o n  showed 

a tremendous undershoot upon s t imula t ion  Fig. 20. This  

i n d i c a t e s  t h a t  change from permeabi l i ty  of K+ t o  non- 

permeabi l i ty  i n  t h e  hyperpo la r i za t ion  phase, i s  an a c t i v e  

process  r equ i r ing  ATP. 

Fig. 20 

Res is tance  measurements showed a two- t o  - three-  f o l d  

i n c r e a s e  i n  membrane r e s i s t a n c e ,  Figs.  20, 21, a f t e r  an 

a c t i o n  p o t e n t i a l  had taken place.  This  i n d i c a t e s  t h a t  t h e  

permeabi l i ty  of t h e  c e l l  may be inf luenced by ox ida t ive  

phosphorylation. D i f f e r e n t  concent ra t ions  of DNP 'seem t o  

have d i f f e r e n t  e f f e c t s  as shown i n  Fig. 21 where a 

s a t u r a t e d  s o l u t i o n  of  DNP i n  A. P. W. was added. 



Fig. 2 1  

1 Neutron Ac t iva t ion  

N i t e l l a  c e l l s  subjec ted  t o  a f a s t  neutron f l u x  of 10 8 

2 
neutrons/cm /sec f o r  one and a h a l f  hours ,  showed normal 

cytoplasmic streaming. A s  mentioned be fo re ,  no apparent  

damage from t h i s  t rea tment  could b e  observed. The c e l l s  



were kept a l i v e  f o r  weeks a f t e r  neutron ac t iva t ion  and 

new c e l l s  here  found t o  be growing from the  i r r a d i a t e d  

cells. 

Ce l l s  checked fo r  e l e c t r i c a l  p roper t i es  a f t e r  neutron 

ac t iva t ion  showed normal ac t ion  po ten t ia l s .  One c e l l  

inves t iga ted  d i r e c t l y  a f t e r  neutron ac t iva t ion  showed normal 

streaming and spontaneous f i r i n g ,  Fig. 22 ,  j u s t  a s  those 

found previbusly with EDTA t r e a t e d  c e l l s .  The shape of the  

ac t ion  p o t e n t i a l  was however q u i t e  d i f f e r e n t  showing 3 

d i  s t i n c t  components. 



Fig. 22 



V I I I .  D i s t i l l e d  water 

The e f f e c t  of d i s t i l l e d  water on t h e  sp ike  of a normal 

c e l l  can b e  seen i n  Fig. 23. The sp ike  recorded i n  APW 

d i d  no t  show any undershoot l i k e  those  g e n e r a l l y  observed 

i n  t h e  sp ikes  recorded i n  d i s t i l l e d  water.  The a c t i o n  

p o t e n t i a l  was a l s o  considerably delayed i n  d i s t i l l e d  water 

a s  seen i n  Fig. 24. This  e f f e c t  was r e a d i l y  r e v e r s i b l e .  

Fig. 23 Fig. 24 

Traces A ,  a c t i o n  p o t e n t i a l s  of  N i t e l l a  c e l l s  i n  A. P. W. 

Traces B, a c t i o n  p o t e n t i a l s  o f  N i t e l l a  c e l l s  i n  d i s t i l l e d  water. 



Three cel ls  washed w k h  d i s t i l l e d  water  and s t imula t ed  
Z 

r epea ted ly  became i n s e n v t i v e  t o  s t i m u l a t i o n  and no a c t i o n  

p o t e n t i a l  could be gener  d i t i o n  of .05 m l  

APW t o  t h e  2 m l  ba th ing  n would r e s t o r e  t h e  normal 

spike.  Again t h i s  was r Addi t ion  o f  any o f  

t h e  fol lowing 05 m l  - 2  . 25) , - 2  M Ca c12 

o r  . 2  M N a  C 1  (Fig. 26) t o  an insen  e cell  caused a 

s l i g h t  r e s t o r a t i o n  o f  t h e  spike.  

i 
L I 

I SOMJ. - 
.2 S E C  

F 

)----------i 
2 Sec 

Fig. 25 Fig. 26 



Higher concent ra t ions  o f  t h e s e  i o n s  d id  no t  improve t h e  

response.  Addit ion of .05 m l  o f  . 2  M (NH ) CO gave 
4 2  3 

t h e  response a s  shown i n  Fig. 27 The a c t i o n  p o t e n t i a l  

was c l e a r l y  divided i n t o  two components. The l a s t  component, 

+ presumably t h e  K e f f l u x  was delayed by 1.5 seconds a f t e r  

i n i t i a l  depo la r i za t ion  had taken p lace .  

Fig. 27 

I X  S t imula t ion  

R e p e t i t i v e  s t imula t ion  o f  N i t e l l a  c e l l s  reso lved  t h e  

normal a c t i o n  p o t e n t i a l  i n t o  two major components, Fig. 28. 

S imi la r  r e s u l t s  were observed wi th  proca ine  t r e a t e d  c e l l s ,  

Fig. 22. However, t h i s  t r a c e  showed one e x t r a  component. 



Fig. 2 8  

Some Ni te l la  c e l l s  contracted when stimulated by 

damaging the membrane with a g lass  electrode. A par t icu lar  

c e l l  was observed t o  contract  semi-rhythmically for about 

f ive  minutes. Each contraction was. associated with a 

s l i g h t  depolarization of the  membrane Fig. 29. 

Fig. 29  



This  i s  d i r e c t  evidence f o r  t h e  c o n t r a c t i l e  p r o t e i n  

i n  N i t e l l a  c e l l s  a s  r e f e r r e d  t o  by Kishimoto t o  expla in  

cytoplasmic streaming (31, 32) . 

DISCUSSION 

From t h e  r e s u l t s  obtained it i s  apparent  t h a t  t h e  

a c t i o n  p o t e n t i a l  i n  N i t e l l a  c e l l s  conta in  a t  l e a s t  t h r e e  

components, Figs.  13,  17 ,  18 ,  22. Usual ly,  only two 

components were observed, Figs.  14,  15,  22, 27. Under 

s p e c i a l  condi t ions  a t h i r d  component was found t o  b e  

p r e s e n t  i n  t h e  f i r s t  one, i n d i c a t i n g  a c l o s e  interdependence. 

The l a s t  two components have been a t t r i b u t e d  t o  ~ 1 -  and K+ 

e f f l u x  r e s p e c t i v e l y .  The f i r s t  component could b e  caused 

by a Ca++ i n f l u x ,  a s  some o f  t h e  EDTA experiments i n d i c a t e .  

I f  t h i s  f i r s t  component i s  Ca++ then  an i n t e r e s t i n g  

s i m i l a r i t y  wi th  muscle and nerve c e l l s  can b e  observed. 

I n  t h e s e  v e r t e b r a t e  c e l l s  Ca++ i s  involved i n  t h e  a c t i o n  

p o t e n t i a l  d e p o l a r i z a t i o n  process  (33) .  The small  Ca++ 

i n f l u x  found by Spanswick was not  l a r g e  enough t o  account 

f o r  complete d e p o l a r i z a t i o n  of  t h e  membrane, b u t  it could 



exp la in  a  t r i g g e r i n g  mechanism f o r  ~ 1 -  e f f l u x .  The EDTA 

experiments a l s o  suggest  t h a t  t h e  presence of ca++ on t h e  

membrane w i l l  i n h i b i t  spontaneous a c t i v i t y .  I n  h e a r t  

muscle f i b r e  ca++ c o n t r o l s  t h e  pace maker a c t i v i t y ,  an 

i n c r e a s e  i n  ~ a + +  concent ra t ion  w i l l  r a i s e  t h e  c r i t i c a l  

d e p o l a r i z a t i o n  f o r  e x c i t a t i o n  t h e r e f o r e  decreasing t h e  r a t e  

of  bea t ing .  Regular f i r i n g  h a s  been observed i n  N i t e l l a  

c e l l s  Fig. 22.  The frequency was slowly decreasing and 

i s  probably due t o  an  i n c r e a s e  i n  t h e  ca++ i o n  concent ra t ion  

a t  t h e  a c t i v e  s i te  which c o n t r o l s  t h e  t r i g g e r i n g  of ~ 1 -  

e f f l u x .  

I n  muscle f i b r e  ca++ i o n  r e l e a s e  i s  t h e  i n i t i a t i n g  

f a c t o r  f o r  con t rac t ion .  The con t rac t ions  observed i n  N i t e l l a  

c e l l s  were a s s o c i a t e d  w i t h  a  s l i g h t  depo la r i za t ion .  I t  would 

b e  i n t e r e s t i n g  t o  show t h a t  t h i s  d e p o l a r i z a t i o n  i s  caused by 

++ a Ca i n f l u x .  The mechanism by which t h e  submicroscopic 

c o n t r a c t i o n s  a r e  synchronized t o  make a  major con t rac t ion  i s  

unknown. Somehow,. damage t o  t h e  c e l l  w i l l  i n i t i a t e  t h i s  

synchronizat ion process .  

There i s  evidence i n  muscle and nerve c e l l s  t h a t  Ca ++ 

i s  non-ionical ly  bound t o  t h e  membrane (34) . A s i m i l a r  



binding system f o r  t h e  ~ a + +  i n  N i t e l l a  c e l l s  would b e  more 

l i k e l y  than t h e  p o s t u l a t e d  i o n i c  binding mechanism, because 

i n  t h e  l a t t e r  case  nega t ive  charges w i l l  b e  l e f t  behind when 

~ a + +  i s  r e l e a s e d  during an  a c t i o n  p o t e n t i a l  r e p e l l i n g  any ~ 1 -  

i o n  moving ou t  during depo la r i za t ion .  I o n i c  r epu l s ion ,  i n  such 

a system, would b e  economically unfavourable f o r  t h e  c e l l  a s  

more energy i s  needed t o  t r a n s p o r t  ~ 1 -  o u t  of t h e  c e l l .  

I t  i s  apparent  from t h e s e  s t u d i e s  t h a t  t h e  mechanisms 

c o n t r o l l i n g  a c t i o n  p o t e n t i a l s  i n  N i t e l l a  c e l l s  have many 

a s p e c t s  i n  common wi th-muscle  and nerve c e l l s .  I t  i s  

i n t e r e s t i n g  t o  p o s t u l a t e  t h a t  N i t e l l a  c e l l s  have t h e  same 

b a s i c  biochemical and phys io logica l  mechanisms a s  t h e s e  

c e l l s .  Under s p e c i a l  condi t ions  and t r ea tmen t s ,  t h e s e  

s i m i l a r i t i e s  can be  brought t o  t h e  su r face  and observed. 

During a c t i o n  p o t e n t i a l s  i n  t h e  muscle f i b r e s  of  many 

++ + c rus tacea ,  Ca moves i n  while  K moves o u t  of t h e  c e l l .  

+ I n  mammalian muscle and nerve c e l l s  ~ a +  and K a r e  causing 

t h e  a c t i o n  p o t e n t i a l .  The same system opera tes  i n  squid 

axon. I n   ite el la c e l l  ~ 1 -  and K+ systems a r e  opera t ing .  

I n  a l l  cases  ~ a + +  h a s  an important r o l e  during the i n i t i a l  

s t a g e s  o f  t h e  a c t i o n  p o t e n t i a l .  I n  t h e s e  c e l l s  only the 



membrane depo la r i za t ion  mechanism i s  caused by d i f f e r e n t  

i o n s  while  t h e  hyperpolar iza t ion  process  i s  i n  a l l  cases .  

caused by K+ ions .  I t  seems un l ike ly  t h a t  only t h e  

d e p o l a r i z a t i o n  i o n  phase would be  e n t i r e l y  d i f f e r e n t  i n  

t h e s e  c e l l s .  I t  i s  more probable t h a t  during d e p o l a r i z a t i o n  

++ i n  t h e s e  c e l l s  a l l  mechanisms a r e  opera t ing  i . e .  Ca , ~ 1 - .  

+ 
Na b u t  t h a t  one system has  been more developed i n  one c e l l  

than  another .  According t o  t h i s  theory one should b e  a b l e  

++ + t o  f i n d  Ca , ~ 1 - ,  and Na t r a n s p o r t  systems during a c t i o n  

p o t e n t i a l  i n  a l l  t h e s e  c e l l s .  

The above specu la t ions  a r e  a l l  based on changes i n  

i o n  concent ra t ions  i n  t h e  c e l l s .  Unless t h e s e  i o n i c  

changes a r e  measured they would b e  d i f f i c u l t  t o  prove 

o r  disprove. So f a r  no a n a l y t i c a l  method has  been app l i ed  

t o  t h e s e  c e l l s  which i s  s e n s i t i v e  enough t o  d e t e c t  changes 

i n  i o n i c  concen t ra t ions  during an a c t i o n  p o t e n t i a l  accura te ly .  

Neutron a c t i v a t i o n  a n a l y s i s  a s  discussed i n  t h e  f i r s t  s ec t ion  

of t h i s  t h e s i s  was shown t o  be s e n s i t i v e  wi th in  3-5% f o r  

Na and K, using t h e  a v a i l a b l e  neutron f l u x  of 8 x 10 
7 

2 
neutrons/cm /sec. Th i s  f l u x  i s  r a t h e r  low compared t o  

ocher f luxes  a v a i l a b l e  some of which a r e  i n  t h e  range of  



12 2 
10  /cm /sec.  ~ c c o r d i n g  t o  equat ion no. I1 t he  s e n s i t i v i t y  

should t h e o r e t i c a l l y ,  inc rease  enormously. However, when 

working wi th  these  f l u x e s  o t h e r  f a c t o r s  have t o  be taken 

i n t o  account caus ing  the  p r a c t i c a l  inc rease  i n  s e n s i t i v i t y  

t o  be l e s s  than the  t h e o r e t i c a l  c a l c u l a t e d  va lue .  However, 

the  i n c r e a s e  i n  s e n s i t i v i t y  would p u t  the  changes i n  ion 

concen t ra t ion  dur ing  a c t i o n  p o t e n t i a l s  i n  N i t e l l a  c e l l s  we l l  

wi th in  the  range o f  d e t e c t i o n .  A s  an i l l u s t r a t i o n ,  p t a s s i u m  

e f f l u x  could 3 measured i n  the  fol lowing manner. A  ite el la 

c e l l  i s  placed i n  a small  chamber f i l l e d  w i t h  a r t i f i c i a l  

pond water ,  which can e a s i l y  be replaced wi th  new a r t i f i c i a l  

pond water .  The N i t e l l a  c e l l  i s  s t imula ted  t o  i n i t i a t e  an 

a c t i o n  p o t e n t i a l .  Af ter  s e v e r a l  a c t i o n  p o t e n t i a l s  the  bath- 

ing  s o l u t i o n  can be replaced .  This procedure can be repeated 

s e v e r a l  t imes and the  washings assayed f o r  i t s  potassium 

c o n t e n t  by means of  neutron a c t i v a t i o n  according t o  the  

procedure explained i n  p a r t  A of  t h i s  t h e s i s .  

The approximate amount of  potassium e f f l u x ,  i f  p r e s e n t ,  

12 
could be es t imated  t o  be i n  the  range of  1 picomole (10 

2 
moles) / c m  (35) .  A N i t e l l a  c e l l  of  10 c m  length  and 1 mm 

2 
diameter  would have su r face  a r e a  of  3.17 cm . Therefore 



-12  
3.17 x 10 moles of  K a r e  r e l eased  during one a c t i o n  

p o t e n t i a l .  I f  t e n  c e l l s  a r e  s t imula ted  f o r  130 t imes 

simultaneously then  t h e  t o t a l  amount of K e f f l u x  i s  

inc reased  by a  f a c t o r  of 1,000. The amount o f  K t o  be  

de tec ted  i n  such an  experiment would be approximately 

3  x moles. 

12 2  Assuming t h a t  a ' n e u t r o n  f l u x  of  10 neutrons/cm /sec. 

i s  a v a i l a b l e  and t h a t  t h e  lowest a c t i v i t y  which w i l l  g i v e  

s t a t i s t i c a l  r e s u l t s  wi th in  a  few percent  e r r o r  i s  100 counts  

p e r  minute then  t h e  minimum number of t a r g e t  atoms can be  

c a l c u l a t e d  using equat ion I1 shown below. 

- A t  
At = ~ dact  n  (1 - e ) 

(11) (see  page 3) 

I f  t h e  sample i s  bombarded with a  neutron f l u x  f o r  

an i n f i n i t e  l eng th  of  t ime a s  compared t o  t h e  h a l f  l i f e  of  

t h e  r equ i red  i s o t o p e  and i f  t h e  a c t i v i t y  of t h e  sample i s  

counted d i r e c t l y  a f t e r  bombardment then  t h e  expression on 

- A t  
(1 - e  ) reduces t o  1 and equat ion I1 can be  r e w r i t t e n  

a s  : 

A = 6 Gact n  (111) 

, where A = a c t i v i t y / s e c .  

Equation I11 can b e  solved f o r  n. 



n = A 
jd Gact 

A = 100 counts/min. o r  '100 cn t s .  /sec. 
60 

Gact = 2.2 x 10 
-24 

cm 
2 

S u b s t i t u t i n g  t h e s e  va lues  i n t o  equat ion I V  va lue  of  

n  i s  obtained. 

n  = 100 = 7.56 x 10 +11 molecules. 

60 x 1 0 l 2  x 2 . 2  x 10 -24 

o r  7.56 x 10 +11 -12 = 1.25 x 10 moles. 

The minimum amount of  K t h a t  can be  de tec ted  i n  t h i s  

-12 experiment i s  1.25 x 10 moles. The amount t h a t  needs 

t o  b e  d e t e c t e d  i n  o rde r  t o  show potassium e f f l u x  during t h e  

-9 
a c t i o n  p o t e n t i a l  i n  N i t e l l a  c e l l s  i s  3.17 x 10 moles 

and i s  w e l l  wi th in  t h e  range of d e t e c t i o n  using a f l u x  of  

It  can, t h e r e f o r e ,  be concluded t h a t  neutron a c t i v a t i o n  

a n a l y s i s  i s  a  s u i t a b l e  method t o  analyze i o n  f luxes .  i n  N i t e l l a  

c e l l s .  
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