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ABSTRACT 

The e l  ec t r i  cal properties of the cel l  membrane of N i  t e l  l a  f 1 exi 1 i s 

were investigated. Using a specially designed experimental system the 

movement of t racers  from o r  in to  the cel l  was d i rec t ly  correlated with 

the e lec t r ica l  ac t iv i ty  of the preparation. A new type of micromanipulator 

was designed so tha t  e lec t r ica l  measurements could be made while the 

ce l l  was i n  close contact w i t h  a radiation detector. The design and 

appl ication of the micromanipul a tor  i n  el ectrophysiological research 

a re  discussed. 

Several pharmacological agents were shown t o  prolong the duration 

of the  spike (action potential ). In many cases the i r  e f fec t  i s  identical 

t o  tha t  observed i n  the excitable nerve and muscle c e l l s  of animals. 

Three categories of agents tha t  prolong the spike were found; a ,  
++ ++ 

Ions resembling Ca i n  s ize;  b, Ca chelators; c ,  phosphor~lation - - - 
uncoupl e rs  . 

The mode of action of each category appears t o  be different  but a l l  

appear t o  a f fec t  cel l  bound ~ a + + .  T h i s  conclusion i s  supported direct ly 

by experiments on 4 5 ~ a  eff lux and 13'13a influx. 

A comnon molecular mechanism i s  proposed t o  explain the action of 

these pharmacological agents on exci tab1 e plant and animal ce l l  s .  

i i i  
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Nitella a f t e r  a 1 minute loading period 
m a  . Cell 1 ,  0.5 ml of 100 mM 
Na2S04 added a t  time 5 minutes. Cell 2 ,  
0.5 ml of 100 mM TEA added a t  time 5 
minutes. Cell 3 ,  0.5 ml of APW added a t  
time 5 minutes . . . . . . . . . . . . . . . 98a & b 

x i i i  



ACKNOWLEDGMENTS 

I would l ike t o  express my sincere appreciation for the support, 

guidance, encouragement, patience and understanding t o  Dr. P. Be1 ton .  

As my Senior Supervisor he has taught me many aspects of the realm of 

science. Without his help this  project would not have been possible. 

To Drs. J .  S. Barlow and B. D.  Pate I express my thanks for their  

valuable crtticisms and suggestions during the past years. 

To Mr. D. Morley I am also grateful for offering his help when i t  was 

most needed. 

To my fellow students, the secretaries and typist ,  Chris Hellwig, 

I am also grateful. 



GENERAL INTRODUCTION 

The large internodal c e l l s  of the freshwater algae Nitella and Chara 

have many advantages over other ce l l  s for  electrophysiol ogical investigations. 

Their exceptional s ize  and geometry, t h e i r  ease of dissection, t h e i r  re la t ive ly  

simp1 e ionic requirements, and t h e i r  abil  i t y  t o  wtthstand experimental con- 

di t ions for  days and even weeks are  some of the properties which are  uncommon 

i n  other excitable ce l l s .  

Internodal ce l l  s of  ite el l a  are basically hollow cyl inders separated 

from the environment by a ce l l  membrane or plasmalema closely opposed t o  

a cellulose cell  wall some two micrometres (p) i n  thickness. (Hough -- e t  a1 

1952): Together w i t h  the osmotic +pressure the cel l  wall gives r ig id i ty  t o  

the cell  (Diamond and Solomon, 1959). Solutes and solvents from the external 

solution can readily penetrate the cel l  wall in to  the so called f ree  space 

(Diamond and Solomon, 1959). The protoplasm or  cytoplasm f i l l  s the space 

between the plasmalemna and the tonoplast or vacuolar membrane which 

separates the sap of the large central vacuole from the cytoplasm. Cyto- 

plasmic streaming occurs i n  a very regular fashion around the vacuole and 

appears t o  follow a he1 ical pattern, similar t o  the arrangement of the 

chloroplasts on the inside of the plasmalemma. 

These ce l l s  can be stimulated to  produce a spike which spreads along 

the cel l  and neighbouring ce l l  s . During the impulse, cytoplasmic streaming 

is temporarily halted (Barry, 1968). Otherwise no known effector  i s  

associated w i t h  exct ta t ion  (Mackie 1970). 

* references s t a r t  a t  page 26 



As early as  1938 the s imi lar i t ies  of the e lec t r ica l  behavior of 

N i  t e l  l a  ce l l s  w i t h  animal ce l l  s was recognlzed (Osterhout 1938). 

Pacemaker ac t iv i ty ,  arrythmia and block i n  Nitel l a  appeared t o  be 

simi 1 a r  t o  the behavior of thevertebrate heart under cer tain condt t ions 

(Osterhout 1938). Hyperexcl tab i l  i t y  analogous t o  f i b r i l  la ry  tremors in 

muscle c e l l s  has also been observed in Nitel l a  (Osterhout 1942). 

Hodgkin (1 957) u s i n g  voltage clamp data,  successfuly related ionic 

movements t o  the e lec t r ica l  t ransients  observed during the spike i n  nerve 

c e l l s .  I t  was f e l t  t ha t  this ionic theory could be extended t o  a l l  excitable 

systems. The generality of Hodgkints ionic theory has, however, been 

questioned (see Grundfest, 1966) b u t ,  a s  Grundfest points out: "Most c r i t i c s  

of the  ionic theory are concerned only w i t h  a narrow range of phenomena". 

The complex electr ical  phenomena of highly speci a1 ized ce l l  s could therefore 

obscure the basic mechanism which the ionic theory attempts t o  explain. 
- - 

The s imi lar i t ies  between the electrical behavior of N i  t e l l a  c e l l s  and 

animal c e l l s ,  a s  observed by Osterhout (1938, 1942), could point to  a very 

basic mechanism control 1 ing'  the spike i n  a1 1 exci tabl e membranes. I t  has been 

established tha t  the spike i n  Nitella ce l l s  i s  brought about by depolarizing 

C1- activation (Mailman and Mu1 1 ins 1966) and a repolarizing K+ activation 

(Gaffey and Mu1 l i n s  1958). 

The following specif ic  problems were Identified: 

1.  What are  the ef fec ts  on Nitella of pharmacological agents tha t  

are thought to  in ter fere  w i t h  K+ activation i n  other excitable ce l l s?  

2. Are the agents tha t  prolong the spike of Nitella interfer ing w i t h  or  

replacing ~ a "  on the exci tabl e membrane? 



3. Are any o f  these processes energy-dependent, and can spikes be 

prolonged by agents t h a t  block the production o f  ATP? 

4.  Can any evidence for  the mode of ac t i on  o f  these drugs, o r  f o r  

the replacement o r  removal o f  cat' from the exc i tab le  membrane 

be obtained from the behaviour o f  N i t e l l a  c e l l s  loaded w i t h  

rad ioac t i ve  cat' and ~a*'. 

5 .  The i nternodal c e l l  s o f  N f te l  l a  are l a rge  and t h e i r  e l e c t r i c a l  

a c t i v i t y  i s  about 1000 times slower than t h a t  comnonly studied 

i n  animal nerve and muscle c e l l s .  The f i n a l  question i s  concerned 

w i t h  the problem of whether o r  n o t  the basic mechanism t h a t  

regulates depol a r i  z lng  and repo l  a r i z i  ng e l  ectrogenesi s i s  common 

t o  these t issues.  A simple model fo r  these processes i s  postulated 

and discussed c r i t i c a l l y .  

These problems are introduced i n  more deta .il i n  t h e i r  respect ive 

Chapters. - - 



CHAPTER I 

The effects of pharmacological agents on the 

electrical responses of cell s o f  Ni tell  a f l  exi 1 i s 



CHAPTER I 

INTRODUCTION 

Cell s of freshwater algae of the Stonewort group, which include 

the genera Chara and Nitella,  a re  e l ec t r i ca l ly  excitable and can conduct 

spikes similar i n  many features t o  those recorded from animal nerve and 

muscl e ce l l  s . 
Their environment is ent i re ly  different  from tha t  of nerve and 

muscle ce l l s  however, as i t  contains only a few millimoles of ions even 

in  "hard" water. To reconcile this s i tuat ion w i t h  the generally accepted 

ionic theory of bioelectr ic  potent ials ,  several groups of workers have 

investigated the electrochemistry of these giant plant ce l l s  over the 

l a s t  decade. 

The most detailed analysis appears t o  be tha t  by Kishimoto (1964, 

1965) (sumnarjsed and simplified i n  Table I )  using a Nitella species. 

Results a re  necessarily more complicated than those obtained frpm animal 

c e l l s  owing t o  the vacuole inside the cel l  which i s  surrounded by a 

second plasma membrane, the tonopl a s t ,  concentric w i t h  the outer 

plasmalemma, and t o  the negatively-charged cel l  wall outside the 

plasmalemna , which evidently ac t s  as  a cation exchanger (Dainty and 

Hope 1959). 

K i  s h i m t o ' s  figures are  i n  reasonable agreement both w i t h  

chemical analysis carried out previously and w i t h  e lec t r ica l  measurements 

carried out by others   pansw wick and Williams 1965, Findlay and Hope, 

1964, Will iams and Bradley, 1968) 



Table 1. I o n i c  concentrat ions (mi 11 imolar)  o f  the a r t i f i  c ia1 pond 
water (outside) and of the cy top l  asm and vacuolar sap i n  
the N i t e l  l a  species used by Kishimoto (1964, 1965). His 
ca l  c m s  f o r  the vacuole/outsSde equ i l  i b r i  um po ten t i a l s  
are included i n  the rf ght hand column, h i s  measurements o f  
the  po ten t ia l s  of the two i n t r a c e l l u l a r  phases i n  the bottom 
row. The cytoplasmic concentrat ion o f  Ca* i s  taken from an 
analysis of N i t e l l a  translucens. 

P l  asmal emma Tonopl as t 

Outside out  Cytopl asm Vacuole Equ i l i b r ium po ten t i a l  Eion,,, 

Potent ia l  0 -170 mV -160 mV 
(Wall-50 mV) 

* Spanswick and Wil l iams (1965). 



There i s  reasonably d i r e c t  evidence t h a t  both the steady i n te rna l  

n e g a t i v i t y  and the spikes t h a t  can be recorded from these p l a n t  c e l l s  

are f o r  the most p a r t  set  up across the outer  p l  asmalemma (Findlay and 

Hope 1964). The po ten t i a l  d i f fe rences measured between the vacuole and 

the outs ide medium are  thus o f t e n  ca l l ed  membrane po ten t ia l s ;  a usage I 

sha l l  fo l low.  

The weight o f  ava i lab le  evidence supports the  hypothesis t h a t  

depol a r i  s ing e l  ectrogenesis i s  brought about mainly by C1- a c t i v a t i o n  

(Mailman and Mu1 1 i n s  1965) and a resu l t an t  e f f l u x  o f  t h i s  ion,  a1 though 

caH may flow inward a t  the same time. Repolar is ing electrogenesis i s  

thought t o  occur dur ing the fa1 l i n g  phase o f  the  spike when an e f f l u x  

o f  K' re turns the membrane po ten t i a l  t o  i t s  r e s t i n g  l e v e l  (Gaffey and 

Mu1 1 i n s  1958). 

I n  a recent review, Grundfest (1966) pointed ou t  t h a t  many i o n i c  

a c t i v a t i o n  and i n a c t i v a t i o n  processes can be a f fec ted  s p e c i f i c a l l y  by 

pharmacological agents, and as few o f  these appear t o  have been tes ted 

on p l an t  c e l l s ,  the f o l l ow ing  experiments were ca r r i ed  ou t  t o  inves t iga te  

t h e i r  e f f ec t s  on c e l l s  o f  N i t e l l a .  

METHODS 

The c e l l s  were obtained from a l oca l  b i o l og i ca l  supp l ie r  and kept 

i n  a r t i f i c i a l  pond water (APW) w i t h  the fo l low ing  composition 

(m i l l imo la r ,  mM) NaCl 1.0; CaC12 1.0; KC1 0.10 and MgC12 0.10, f o r  

a few days before experiments. Single internodal  c e l l s  were I so la ted  

i n  f resh  APW some hours before they were placed i n  a small bath made 



Figure 1 Schematic diagram of the recording and stimulating 

arrangements. Metal 1 i c  electrodes in the bath and 

in the glass electrodes are silver - silver chloride. 

The balanced ampl i f  ier and current ampl i f i  er are 

within the osci 1 loscope. 



Electrometer-nput 
prearnpl if i ers Stimulators 

Balanced ampkfi Microelec trodes 

in Nitella cell 

Agar bridge 



from ' Perspex ' . 
The recording and s t imu la t i ng  arrangements are shown i n  Fig.  1. 

I n t r a c e l l u l a r  glass c a p i l l a r y  e lectrodes w i t h  t i p s  about 10 p i n  diameter 

f i l l e d  w i t h  150 mM KC1 were inser ted  i n t o  the vacuole. One was used t o  

record the po ten t i a l  d i f ference whi le  the o ther  was used t o  pass cur rent  

f o r  s t imu la t ion  and t o  apply hyperpol a r i  s ing  pulses, 100 m i l  1  i seconds 

(msec) i n  durat ion,  a t  500 msec i n te r va l s .  

A t  a  p a r t i c u l a r  s e t t i n g  o f  hyperpolar is ing cu r ren t  the 

amplitude o f  the voltage pulses i s  proport ioned t o  the e f f e c t i v e  resistance 

between the vacuole and external  f l u i d .  This cur rent  was he ld  constant 

by passing i t  through a 60 megohm r e s i s t o r  i n  ser ies  w i t h  the electrode. 

Potent ia l  and cur rent  t races were viewed on a  Tektronix 565 osci l loscope, 

recorded on a  Precis ion Instruments 6200 tape recorder and replayed a t  

slower speed i n t o  a  Riken Denshi SFH4 2 channel potent iometr ic  recorder. 

When t h e  c e l l  s were t rea ted  w i t h  a  drug, spikes were e l i c i t e d  a f t e r  

short-term changes i n  membrane po ten t ia l  were completed. This was usua l l y  

w i t h i n  2 minutes. 

A l l  so lu t ions were made up i n  APW and 10 m l  o f  each was r insed 

s lowly  over the c e l l  and t h e i r  e f f e c t s  invest igated over a  per iod o f  

15-30 min. The volume o f  the bath was less  than 1 m l  so t h a t  so lu t ions 

were almost completely changed dur ing t h i s  process. Each experiment 

was repeated on a t  l e a s t  3  d i f f e r e n t  c e l l s  and the r e s u l t s  were i n  a l l  

cases consi ~ t e n t .  Changes were observed i n  membrane po ten t i  a1 s  under 
. - - - 

changing 1 i ght  condi t ions and therefore  the ambient i 11 umi n a t i  on was 
- - . . - - - - 

maintained constant a t  about 5  lux .  
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Figure 2 Normal responses 

and d. Spikes evoked by prolonged (0.5 sec) 

depo la r i s ing  pulses a t  the  th resho ld  f o r  e x c i t a t i o n .  

Evoked by b r i e f  (5 msec) depo lar is ing  pulses a t  

t h e  th resho ld  fo r  e x c i t a t i o n .  

Depo lar isa t ion  and a  break response f o l l  owing 

500 msec hyperpol a r i  s i  ng pu l  se. - - 

V e r t i c a l  c a l i b r a t i o n s  shown i n  d a l so  apply 

t o  a, b, and c. 
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Ftgure 3 Effect of different concentrations of procafne on 

Nttella cells. Data from three cells with comparable 

membrqne potenttal s have been plotted. The standard 

error t s  shown on the potenti'al curve ( m )  . The 

standard error for the resistance d i d  not exceed 

the amplitude of the experimental points (0). 

- - - 
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RESULTS 

Normal spikes 

For a p a r t i c u l a r  c e l l  , cons ts ten t l y  reproduci b l  e spikes could be 

e l i c i t e d  using b r i e f  (5 msec) h igh vol tage o r  long- las t ing  (up t o  500 

msec) depol a r i s i n g  pulses a t  the thresh01 d f o r  exc i t a t i on .  Responses 

could a l so  be e l i c i t e d  a t  the  "break" o f  l a rge  hyperpo lar is ing cu r ren t  

pulses. I n  a l l  cases the spikes were s i m i l a r  (Fig. 2) .  I n  most c e l l s  

the membrane po ten t i a l s  ranged between -75 and -140 mV and spikes 

between 60 and 100 mV. The spikes under these condi t ions d i d  no t  over- 

shoot the zero po ten t i a l  and were fo l lowed by a long- las t ing  (30 sec) 

af ter-hyperpolar isat ion dur ing which the e f f e c t i v e  resistance o f  the 

c e l l  was reduced. Hyperpol a r i s i  ng pul  ses j u s t  be1 ow threshold f o r  

break responses evoke a long l a s t i n g  depolar isat ion w i t h  very l i t t l e  

change in  resistance.  The e f fec t i ve  resistance o f  the membrane dur ing 
- - 

the  spike was reduced by a factor  o f  about ten  i n i t i a l l y  bu t  increased 

gradual ly  dur ing the fa1 l i n g  phase (Fig. 2d). 

Procaine 

The e f f e c t  o f  d i f f e r e n t  concentrat ions o f  procaine hydrochlor ide 

on the membrane po ten t i a l  and e f f e c t i v e  resistance o f  the  c e l l  i s  shown 

i n  F ig .  3. Concentrations o f  procaine between 0.01 and 0.1 mM 

hyperpol a r i  sed the c e l l  s  . Concentrations greater than 1 mM decreased 

the steady membrane po ten t i a l  bu t  the durat ion and the po ten t i a l  reached 

a t  the peak o f  the spike changed l i t t l e .  The e f f e c t i v e  resistance 

decreased w i t h  increasing concentrat ions o f  procaine. The durat ion o f  



Figure 4 Effect of procaine. 

a ,  a ' .  Normal spikes recorded a t  two different  speeds 

i n  APW. 

b ,  b '  . Spikes recorded from the same ce l l  wtth 50 mM 

procatne added, 

c, c ' . Spikes recorded from the same cel l  a f t e r  

washing w t t h  APW for 30 minutes. 

a ,  b ' ,  c and a ' ,  b ,  c ' ,  same time scale ,  vertical 
- - 

cal ibration appl ies  t o  a1 1 traces; - 





Ftgure 5 Effect of d i f ferent  concentrations of TEA on Nitella 

ce l l s .  Data from 3 ce l l s  w i t h  comparable membrane 

potentials have been plotted. The standard er ror  i s  

shown on the membrane potential curve ( e ) .  The 

standard er ror  fo r  the resistance (0) was smaller 

than t h e  diameter of the open c i rc les .  
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Figure 6 Ef fect  o f  TEA. 

a, a ' .  Normal spikes recorded a t  two d i f ferent  speeds 

i n  APW. 

b, Spikes recorded from the same c e l l  a f t e r  2 

min i n  1 n f l  TEA i n  APW. 

c, c ' .  Spikes recorded from the same c e l l  a f t e r  2 

min i n  10 mM TEA i n  APW. 

d, d ' .  From the same c e l l  a f t e r  5 min i n  APW. 

a, c, d, and a '  , b, c '  , d l .  Same time and voltage 
- - 

ca l ib ra t ions .  Current scale i s  the same i n  

a, a ' ,  b, and d, d l .  





the spike changed l i t t l e  whereas after-hyperpol ar isat ion following i t  

disappeared completely in 50 mM procaine ( F i g .  4b). After 5 m i n  continuous 

washing with APW the after-hyperpol a r t  s a t  ion reappeared ( F i g .  4 c ,  c t  ). 

After a 30 minute wash period the effects  of procaine were almost ent i rely 

reversed. 

Tetraethyl ammonium (TEA) 

The relationship between the concentration of TEA bromide and the 

potential and effect ive resistance of the membrane i s  complex as shown 

i n  Fig. 5. Above 1 mM concentration the spikes were reduced i n  

amp1 itude b u t  prolonged; i n  a typical cel l  in  10 mM TEA the amplitude 

was reduced from 90 t o  50 mV whereas the duration increased from 4 t o  20 

sec (Fig. 6 c ,  c '  ). The after-hyperpolarisation never disappeared but 

increased in duration when associated w i t h  pro1 onged spi kes (Fig . 6 c '  ) . 
continuous washing w i t h  APW reversed the ef fec t  of T E A  on the duration of 

the spike within minutes (Fig. 6 d ,  d l ) .  The membrane potential was 

l e f t  i n  a s l ight ly  hyperpolarised s t a t e  which could not be brought back 

t o  normal even a f t e r  a 2 hr washing period. Dur ing  the experiment the 

peaks of the spikes did not remain a t  the same level ,  but became sl ight ly 

more negative as shown i n  Fig. 6 d ,  d l .  

Bari um 

The ef fec t  of djfferent  concentrations of BaC12 on membrane potential 

and effect ive resistance i s  shown i n  Fig. 7. Both membrane potential and 

effect ive resistance decreased w i t h  an increase i n  concentration. A t  



Figure 7 Effect of different concentration of ~ a + +  on 

Nitella cel ls ,  Data from 3 cells  w l t h  comparable 

membrane potentlals have been plotted. The 

standard error t s  shown on the membrane 

potential trace (a) .  The standard error for 

the membrane -resistance (0) was smal ler than- 

the diameter of the open circles. 





Figure 8 Effect of ~ a + +  

a ,  a ' .  Normal spikes recorded i n  APW. 

b, b ' ,  b", b"'.  After 2 min i n  1 mM Ba i n  APW. 

c ,  After 1 fir i n  1 ITPI Ba i n  APW. Cell was stimulated 

by pulses of increasing amp1 i tude imnediately 

following a prolonged spi,ke. I n i t i a l l y  the 

responses are  brief but increase s l ight ly  i n  

duration until another prolonged spike i s  

e l  i c i  ted a f t e r  a refractory period. 

Time scale under c refers  a1 so t o  a ,  b, b '  and b ' ' , - - 

and tha t  under b"  refers  also to  a ' .  Vertical 

cal i bration appl i e s  t o  a1 1 figures . 
In this and the next figure the current traces 

are  displaced t o  the right relat ive t o  voltage 

t races owing t o  misalignment of the pens inherent 

i n  t h i s  type of recorder. 





Figure 9 Effect of a constant st imulus a t  d i f f e r e n t  t ime 

i n t e r v a l s  since the l a s t  prolonged spike i n  a 

c e l l ,  soaked f o r  30 min i n  1 mM Ba i n  APW. 

A s l i g h t  increase i n  durat ion can be observed 

between the prolonged spikes. Movement o f  

the cur rent  t race  a f t e r  the s i x t h  st imulus 

I S  an ap te fac i  not  re la ted  t o  the experiment, 
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concentrat ions greater  than 0.1 &I, prolonged spikes f i r s t  s t a r t ed  t o  

appear. Higher concentrat ions resu l ted  i n  spikes o f  even greater 

durat ion,  some l a s t i n g  up t o  1 112 min w i t h  1 mM and showing a small 

peak j u s t  before the plateau (Fig. 8 c) .  I n  cont rast  t o  the e f f e c t  o f  

TEA, the amplitude o f  the spike changed very l i t t l e  and furthermore the 

a f ter -hyperpo lar isat ion f o l l ow ing  the spike was abol ished i n  1 mM ~a". 

These prolonged spikes a lso d i f fered from those obtained i n  TEA i n  

t h a t  the plateau was almost hor izonta l  (a slope o f  about 0.5 mV/sec) 

and the f a l l i n g  phase a f t e r  the plateau much more rapid.  Prolonged spikes 

were reproducible a t  a p a r t i c u l a r  concentration, even when they were 

occasional ly  generated spontaneously. Imnediately a f t e r  a prolonged 

spike on ly  b r i e f  ones could be e l i c i t e d .  A constant r e l a t i v e  re f r ac to r y  

period, i n  the order o f  minutes, was observed dur ing which no prolonged 

spike could be generated (Fig. 8 b" , IJ", Fig. 9). The b r i e f  spikes t h a t  

could be evoked dur ing  t h i s  r e l a t i v e  re f r ac to r y  per iod were graded over 

several second's durat ion depending both on the st imulus i n t e r v a l  and on 
++ 

i t s  i n t e n s i t y  (Figs. 8 c, 9) .  The e f f e c t  o f  Ba was never revers ib le  

even a f te r  extensive washing w i t h  APW. 

DISCUSSION 

The e l e c t r i c a l  responses are s i m i l a r  t o  those recorded by others 

from N i t e l l a  and the co r t i ca ted  a1 ga, Chara (Oda 1956; Findlay and Hope 

1964; K i  shimoto 1965). Membrane po ten t i a l  s and the amp1 i tude and 

durat ion o f  the spikes a re  w i t h i n  the range reported by others i n  N i  t e l  l a  



species using i n t r a c e l l  u l  a r  electrodes. The la rge  graded depol a r i sa t ions  

fo l lowing the spike t h a t  Gaffey and Mu l l i ns  (1958) evoked by using 

ext rqce l  1 u l  ar  e l  ectrodes were no t  seen w t  t h  i nt race l  1 u l  a r  sttmul a t  ion. 

On the con t ra ry  a phase of hyperpo lar isat ion and reduced membrane po ten t ia l  

was observed fo l lowtng  spikes t h a t  was constant f o r  a p a r t i c u l a r  c e l l  

whatever the amplitude o r  p o l a r i t y  of the i n t r a c e l l u l a r  s t imu l i .  The 

af ter-hyperpolar isat ton could be caused by act ivatTon o f  an i o n  o r  ions 

w i t h  equ i l i b r i um  po ten t i a l s  near o r  below the res t t ng  l eve l ,  and such 

ac t i va t i on  could a lso exp la in  the after-depol a r i s a t i o n  seen i n  Chara 

(Oda 1956) and some N i t e l l a  species (Findlay 1959) i f  the equf l f b r i um  

po ten t i a l  were more p o s i t i v e  than the r e s t i n g  l eve l .  Outward d i f f u s i o n  

o f  KC1 through the ca t ion  perse lect ive  c e l l  wa l l  (Mailman and Mu l l i ns  1966) 

could no t  exp la in  an af ter-hyperpol  a r i sa t ion .  

Procaine has been shown t o  reduce both ~ a '  and K' a c t i v a t i o n  i n  

squid axons and a t  5 mM w i l l  b lock the spike o f  squid axons completely 

(Taylor 1959; Shanes -- e t  a1 . 1959). I n  arthropod muscle f i b e r s  , 'where 

depol a r i  s ing  a c t i v a t i o n  i s  much 1 ess spec i f i c ,  50 mM apparently del ays 
t 

K ac t i va t ion ,  convert ing normally graded responses i n t o  al l-or-none 

spikes and o f t en  prolonging them (Takeda 1967). I n  eel e l  ectroplaques 

as we l l  as i n  f r o g  muscle and nerve ce l l s ,  the e f f ec t  o f  procaine seems 

t o  be on ly  on ~ a '  a c t i v a t i o n  (Nakamura -- e t  a l .  1965; Kuperman 1968). The 

t 
e f f l u x  o f  K dur ing repo l  a r t s i ng  electrogenesis ev iden t l y  ca r r i es  the 

membrane po ten t i a l  close t o  the equ i l i b r ium po ten t i a l  f o r  t h i s  ion,  which 

fn our c e l l s  ?s evl'dently more negative than the res t t ng  po ten t i a l .  The 

effect of 50 mM procatne Pn abol ish ing t h i s  after-hyperpol a r i s a t i o n  i n  



N i t e l  l a  could therefore be due t o  a reduct ion o f  K+ permeabi l i ty .  This 

explanation may appear t o  be incons is tent  w i t h  the e f f e c t  o f  procaine 

i n  reducing membrane resistance, bu t  as both t h i s  drug and TEA have 

d i f f e r e n t  e f f ec t s  a t  d t f f e ren t  concentrat ions they must be able t o  

exer t  opposite act ions.  These act ions probably occur independently 

on the mechanisms responsible f o r  generating the steady membrane 

po ten t i a l  and the spike. 

TEA ev iden t l y  reduces K' permeabi l i ty  and a lso delays i t s  ac t i va t i on  

i n  axons, neurons and i n  muscle f i be rs  o f  the l obs te r  (Werman and 

Grundfest 1961) whereas i n  insec t  muscles a t  a concentrat ion o f  1 ut4 o r  

more membrane resistance i s  reduced and the c e l l s  are depolarised (Belton 

and Grundfest 1961 ; Wood 1958). A t  low concentrat ions, TEA depol a r i  ses 

N i t e l l a  c e l l s  but  increases t h e i r  e f fec t i ve  resistance. A t  1 nJ"1 these 

e f f e c t s  are  reversed and the c e l l s  hyperpolarise w i t h  some loss  of 

resistance.  Prolonged spikes can be evoked i n  concentrat ions greater 

than 1 mM although both the steady membrane po ten t i a l  and e f f e c t i v e  

resistance are reduced. Invest igat ions o f  the neurons o f  the Mollusk 
t 

Onchidium using a vol tage clamp technique show t h a t  K ac t i va t i on  i s  

blocked by TEA without  an obvious change i n  the r e s t i n g  resistance o f  

the c e l l  (Hagiwara and Sai to  1959). The ac t ion  o f  TEA i n  lowering 

the  e f f e c t i v e  resistance of the membrane i n  N i t e l l a  could l i k e  t h a t  of 

procaine be independent of i t s  ef fect  i n  prolonging the spike by 

reducing o r  delaying K+ a c t i  v a t i  bn . 
Bar i  um increases the membrane resistance, pro1 ongs , and o f t e n  

increases the amplitude of spikes of a wide v a r i e t y  o f  exc i tab le  c e l l s ,  



these e f f e c t s  being more obvious i f  C1- i s  removed from the medium o f  

c e l l s  l i k e  f r o g  f a s t  muscle f i be r s ,  which have a h igh r e s t i n g  C1- 

permeabil i t y  (Sperelakis -- e t  a1 . 1967). Even though the e f f e c t i v e  

resistance decreases i n  N i  t e l l a  c e l l s ,  the e f f e c t  o f  ~ a + +  on the spike 

o f  N i  t e l l  a i s  almost i n d i s t l n g u i  shable from i t s  e f f e c t  on muscle 

f i b e r s  o f  the lobs te r  (Werman and Grundfest 1961) o r  o f  insects  (Belton 

and Grundfest 1961). The amp1 i t u d e  o f  the spike i n  N i t e l l a  i s ,  however, 

reduced by 10 nEl Ba'', un l i ke  the s i t u a t i o n  i n  many arthropods where Ca 
++ 

~ r++  o r  Ba++ can enter muscle f i b e r s  dur ing spikes (Fa t t  and Ginsborg 

1959). 

There i s  some i nd i ca t f on  t h a t  the  r a t e  o f  r epo la r i sa t i on  dur ing the 

plateau o f  prolonged spikes i s  h igher i n  TEA than i n  ~ a + +  so lu t ions  i n  

l obs te r  muscle f i b e r s  (Werman and Grundfest 1961). I n  N i t e l l a  c e l l s  

t h i s  i s  c e r t a i n l y  the case, the r a t e  o f  r epo la r i sa t i on  being f o u r f o l d  

h igher i n  TEA-spikes than i n  Ba++ spikes of the  same durat ion.  Ev ident ly  

these compounds have d i f f e r e n t  effects on the repo la r i s i ng  process although 

both appear t o  delay i t. Ba++ and TEA are a lso  d i f f e r e n t  i n  t h e i r  e f f ec t s  

on steady membrane po ten t i a l  and resistance and i n  general the e f f e c t  of 

TEA i s  more complex than t h a t  o f  Ba''. 

The re f rac to r iness  o f  the  prolonged spikes (Fig. 9) i nd ica tes  t h a t  

the changes g i v i ng  r i s e  t o  the plateau can be reversed by e l e c t r i c a l  , 

i o n i c  o r  time-dependent processes going on dur ing the plateau i t s e l f .  

Normal spikes e l  i c i t e d  dur ing the  r e f r a c t o r y  per iod f o r  prolonged spikes 

do no t  prevent Ba++ ions from re-asser t ing t h e i r  e f f e c t  a f t e r  t h i s  period. 

The pH o f  the medium i s  known t o  have e f f e c t s  on r e s t i n g  po ten t i a l  



(Ki tasato 1968) bu t  the pH of a l l  the so lu t ions used f e l l  w i t h i n  the 

range o f  6.5 -6.8 and even if the membrane behaved as a pe r f ec t  H' 

e lectrode t h i s  would represent a change o f  o n l y  19 mV. Changes o f  greater 

magnitude such as are observed w i t h  procaine, TEA and Bat' must therefore  

be due t o  more than a change o f  pH. 

CONCLUSIONS 

Pharmacological agents t h a t  i n t e r f e r e  w i t h  the Kt a c t i v a t i o n  process 

associated w i t h  r e p o l a r i  s ing electrogenesis i n  animal c e l l  s  have almost 

i d e n t i c a l  e f f ec t s  i n  N i t e l  l a  c e l l s .  

Ions such as Bat' and TEA' t h a t  can f l ow  i n t o  the muscle f i b e r s  o f  

arthropods and g ive r i s e  t o  spikes ev iden t l y  cannot do so i n  N i t e l l a  

c e l l s .  

The i o n i c  mechanism f o r  re tu rn ing  the membrane po ten t i a l  t o  i t s  

" res t ing"  l e v e l  i n  N i t e l l a  c e l l s  i s  ev iden t l y  one o f  K+ ac t i va t ion ,  

as i n  a l l  animal c e l l s  except a few electroplaques. Moreover, the 

s i m i l a r i t y  o f  e f f ec t s  o f  pharmacological agents t h a t  in f luence t h i s  

process both i n  animal c e l l s  and i n  N i t e l l a  provides compelling evidence 
-b 

t h a t  the molecular events t h a t  cause K ac t i va t i on  are  almost i d e n t i c a l  

desp i te  the r e l a t i v e l y  great  chemical and anatomical d i f fe rences between 

p lan t  and animal ce l l s .  

Most of the e f fec ts  invest igated took place w i t h i n  seconds and i t  i s  

f e l t  t h a t  they can con f iden t l y  be ascribed t o  changes i n  the ou te r  plasma 

( c e l l  ) membrane. The p o s s i b i l i t y  cannot be ru l ed  ou t  t h a t  dur ing some 



experiments t h e  i nne r  plasma (tonopl a s t  ) membrane was a1 so a f fec ted.  

Fu r the r  experiments are  needed t o  i n v e s t i g a t e  t h i s  p o s s i b i l i t y .  
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CHAPTER I 1  

The e f f e c t  of Calcium def ic iency  on the e l e c t r i c a l  

a c t i v i t y  o f  N i t e l l a  f l e x i l i s  



CHAPTER I 1  

I NTRODUCT f ON 

The e f f e c t  o f  cat' de f i c iency  on t h e  e l e c t r i c a l  responses o f  

s i n g l e  c e l l s  has been inves t iga ted  i n  many organisms. Squid axons as 

we1 1 as amphibian nerve c e l l  s f i r e  spontaneously i n  cat' d e f i c i e n t  

sa l  i ne (Frankenhauser and Hodgki n 1957, Huxl ey 1959, and Kuperman , - e t  

a l .  1 x 7 ) .  C ray f i sh  muscle f i be rs  show sp ike  l i k e  o s c i l l a t i o n  i n  t h e  - 
presence o f  1.0 mM EDTA (Reuben 1967) and N i t e l  l a  c e l l s  generate t r a i n s  

o f  r e p e t i t i v e  spikes i n  the  presence of 1 nJM EDTA o r  2 mM ATP (Ki shimoto 

1966). O f  these, c ray f i sh  muscle f i b e r s  and N i t e l  I a c e l l  s show an 

increase i n  du ra t i on  o f  t he  spike as we l l  as r e p e t i t i v e  a c t i v i t y .  I n  

N i t e l  1 a c e l l  s, KishSmoto obtafned prolonged responses when he changed 

t h e  membrane potentEal . The shape of t he  sp ike  obta ined i n  t h i s  fash ion 

was v e r y  s imiJar-  t o  the  responses recorded by Be l ton  and van Netten (1971) 

I n  the  presence o f  1 mM Ba C I 2 .  Kishimoto (1966) does n o t  d iscuss t h i s  

pro longat ion .  It i s  mY o b j e c t i v e  t o  c l a r i f y  t h e  e f f e c t  o f  t he  absence 

o f  ~a'' on the  e l e c t r i c a l  responses, e s p e c i a l l y  spike dura t ion ,  i n  the  

c e l l s  o f  N i t e l l a  f l e x i l i s .  

METHODS 

S ing le  i n te rnoda l  c e l l s  of N i t e l  l a  f l e x i l i s  were i s o l a t e d  and kept  

i n  a r t i f i c i a l  pond water (APW) several days p r i o r  t o  t h e  experiment. 

(Composition i n  mM, NaCl 1.0, CaCl2 1.0, KC1 0.10, and MgC12 0.10). 



Figure  1 Ef fec ts  of d i f f e r e n t  concentrat ions of EDTA on 

N i t e l  l a  c e l l s .  Data from th ree  c e l l s  have been 

p l o t t e d .  The standard e r r o r  i s  shown on the  

p o t e n t i a l  curve (m) and the  res i s tance  curve (0). 
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Figure 2 Effects of EDTA. (a) normal spike, (b) spikes 

recorded from the same c e l l  a f t e r  3 min i n  a 1 

rrEl EDTA so lu t i on  i n  APW, (c) normal spike o f  

another c e l l  , (d) r e p e t i t i v e  sp i  kes o f  increasing 

durat ton recorded d i r e c t l y  a f t e r  add i t i on  of 1 mM 

EDTA. a ,b,c,d, same t ime and vo l tage ca l ib ra t ions .  

a ,b, same cur rent - t race ca l  i brat ions , c ,d, cu r ren t  

t r ace  c a l i b r a t i o n  as shown. I n  t h i s  and s i m i l a r  

f igures the upper (cur rent )  t race  represents zero 

po ten t i a l  and owing t o  the cha rac te r i s t i c s  o f  the 

recorder i s  displaced t o  the r i g h t  r e l a t i v e  t o  

fhe vol tage t race.  





Intracell  u l  a r  gl ass electrodes were used to  record potentials and 

to  pass current. Effective membrane resfstance was calculated as 

described in Chapter I .  The TRIS chloride and propionate solutions were 

prepared by t i t r a t i n g  a 2.25 mM solution of TRIS hydroxide in d i s t i l l ed  

water w i t h  2 M HC1 and 2 M Propionic acid respectively, w i t h  neutral red 

as an indicator. 

For the washing out experiment, TRIS solutions were allowed t o  flow 

past the cel l  a t  a steady ra t e  of 3 mls per min. 

RESULTS 

Ethylene dtamtne te t raace t ic  - acid, Sodium s a l t  (EDTA) 

The ef fec ts  of d t f ferent  concentratton of EDTA on the membrane 

potential and effect ive resistance of the ce l l s  are  shown i n  Fig. 1. 

Concentrations up  t o  0.1 mM decreased the membrane potential and i t s  

effect ive resistance s l ight ly ;  concentration between 0.1 mM and. 1 

hyperpol a r i  zed the cel l  membrane whi l e  decreasing the effect ive resis-  

tance s t i l l  further.  The shape of the spike and the exci tabi l i ty  of 

the membrane remained unaltered with the addition of up t o  1 mM EDTA, 

concentration greater than 1 mM produced a few spontaneous spikes (Fig. 2,  

Fig. 2c i s  a normal response) and increased t h e i r  duration from 3 (Fig. 2a) 

t o  13 sec. (Fig. 2b). The absolute potential of the peak of the spikes 

the expertment . Concentrations 1 arger did no t  remain constant during 

than 10 rrfJl EDTA blocked the sp 

and membrane potential t o  zero 

ike and reduced both the ef fec t  

a t  the higher concentrations. . 
i ve resi stance 

A t  t h i s  



Figure 3 .  Effects of different  concentratSons of Na Citrate  

on Ni t e l l a  ce l l s .  Data from three ce l l s  have 

been plotted. The standard er ror  i s  shown on 

the potential curve (a )  and the resistance 
- - 

curve (0). 
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Figure 4 Effects of Na C f t ,  (a) normal spike i n  APW, 

(b) prolonged spikes recorded a f t e r  3 min i n  

10 MI Na C i t .  f n  APW. The ef fect  of a constant 

depol a r i  za t ion  increases probably as a r e s u l t  

of an increase i n  e f f ec t i ve  membrane res is tance 

u n t i l  the threshold fo r  the  spike i s  reached 
- - 

( r e l a t i v e  refFactory per iod) (c )  t h e  e f f e c t  o f  

10  ~$4 Na Ctt. on a c e l l  no t  prev ious ly  exposed 

t o  lower concentrat ions. a,b ,c, same t ime 

vo l  tage ca l  i bra t ions  . a ,b, same cur rent  

ca l ib ra t ions .  





po in t  the c e l l  col lapsed phys ica l ly .  The e f f e c t  o f  EDTA was r e a d i l y  

r eve rs i b l e  w i t h  APW when d i f f e r e n t  concentrat ions up t o  1 mM EDTA were 

used, i .e. before pro1 onged spikes were obtained. 

Sodium C i t r a t e  (Na -- C i t .  ) 

The e f fec ts  o f  increasing concentrat ions o f  Na C i t .  on the po ten t i a l  

and e f fec t ive  resistance are shown i n  Fig. 3. Both the e f f e c t i v e  res i s -  

tances and membrane potent t  a1 increased when concentrat ions up t o  1 mM 

Na C i  t. were appl ied. Higher concentrat ions reduced both these para- 

meters below t h e t r  normal r e s t i n g  leve ls .  At  10 mM Na C i t .  spikes o f  

increased dura t ion  were obtatned (4 sec. Ftg. 4a t o  40 sec. F ig .  4 b ) .  

RepetTtive act tv l ' ty  was a lso observed but  was more pronounced when 10 rrEl 

Na C i t .  was added t o  c e l l s  no t  prev ious ly  exposed t o  lower concentrat ion 

(Fig. 4c). The spike he ight  remained r e l a t i v e l y  constant w i t h  concentra- 

t i o n s  up t o  1_0 nf'4 Na C i  t. A t  100 fl concentrat ions cytoplasmic streaming 

ceased and both the membrane po ten t i a l  and e f f e c t i v e  resistance f e l l  t o  

zero. 

The effect o f  Na C i t .  was r e a d i l y  revers ib le  w i t h  APW when con- 

cent ra t ions up t o  10 mM were used, i .e. before prolonged spikes were 

obtained. 

T r i s  (hydroxymethyl) aminomethane Chloride. (TRIS -- C 1 )  

The e f f e c t s  of 2.25 NM T R I S  C1 i n  d i s t i l l e d  water ( replacing a l l  

inorganic  cat ions i n  APW) are shown i n  Fig.  5 (normal responses Figs. 

5a and c). The c e l l  hyperpol arized, and spikes as shown i n  Fig. 5b were 



Figure 5 Effects o f  T r t s  C1. (a,c) normal spPkes, ( 6 )  spike 

2 mtn af ter  washing wtth TRfS C1, (d) spike a f t e r  

10 min wasfil'ng wfth TRIS C1. same voltage, (e) spi'kes 

a f t e r  30 mEn washfng wt th  TRIS C1 ., current ca l f  bra- 

t tons f o r  a,b,c,d and e .  a,b,e, and c,d, use the 

same tTme scale, d t s  retouched. 







Ftgure 6 E f f ec t s  o f  TRIS prop. (a) normal spike, (b) 

spike a f t e r  5 min washtng wl'th TRIS prop., 

a  ,b, same ttme, vol tage and cur ren t  ca l ib ra t ions .  

Not ice the reversal  o f  the a f t e r -po ten t i a l  

assoc-Tated w t t h  a s h t f t  I n  steady po ten t i a l .  

Movement o f  the cu r ren t  t race  i n  b  i s  an 

a r te fac t  no t  r e l a ted  t o  the experiment. 





obtained. Spikes w i t h  s l i g h t l y  increased durat ion were obtained q f t e r  

10 minutes o f  contfnuous washing w i t h  TRIS C1 (Fig. 5d). Continuous 

sp ik ing  a f t e r  a 30 minute washing period, produced spikes which d i d  no t  

r e t u r n  t o  the normal r e s t i n g  po ten t ta l  (Fig. 5e). Much longer periods 

o f  continuous washing (1-2 hours) usua l l y  resu l ted  i n  a loss  o f  

e x c i t a b i l i t y  which was not  res tored t o  normal by add i t i on  o f  1-10 mM 

K C1, NaCl, o r  CaC12 t o  the  TRlS so lu t i on  o r  replacement of the TRIS C1 

by APW. 

T r f  s (hydroxymethyl ) aminoethane propionate (TRIS prop. ) - - 
Contfnuous washfng of a c e l l  w i t h  2.25 mM TRrS prop. made up i n  

d t s t t l l e d  water, resu l ted  t n  an immediate hyperpolar fsat ion and decrease 

i n  e f f ec t i ve  resfstance. A f t e r  a spike the membrane po ten t ia l  d i d  no t  

r e t u r n  t o  i t s  previous r e s t i n g  l eve l  immediately, but  took 1-2 minutes 

as shown l 'n-Fig. - - 6b, (Fig. 6a i s  the corresponding normal response). 

Long periods o f  washing w i t h  TRIS prop. (1-2 hours) resu l ted  i n  a loss 

o f  e x c i t a b i l i t y  which could not  be reversed by add i t i on  of 1-10 mM 

so lu t i on  KC1 , NaCl , CaC1 o r  by APW. 

DISCUSSION 

Ce l l s  of N i  t e l l  a subjected t o  concentrat ions of EDTA up t o  1 mM 

increase t h e i r  normal r e s t i n g  po ten t i a l  and decrease t h e i r  e f f e c t i v e  

membrane resistance.  The maximum increase i n  membrane po ten t i a l  (30 mv) 

f s  found a t  1 mM concentrat ion. This e f f e c t  could be d i r e c t l y  due t o  
++ 

the che la t ion  o f  ~ a * *  from the medium, thus lower ing the external  Ca 



++ concentrat ion and producing the observed hyperpolar izat ion,  if Ca i s  

involved i n  a r e s t i n g  po ten t i a l  of the type described by the Goldman 

equation (Goldman 1943). This ef fect  can also be obtained by lowering 

t he  external  Ca++ concentrat ion (Find1 ay 1961). The hyperpol a r i z a t i o n  

could a lso be explainedas t he  e l e c t r i c a l  consequence o f  an outward 
++ 

movement of Ca" across the membrane. I n te r ce l  l u l a r  Ca , espec ia l l y  

from th.e cytopl  asm, could dif fuse t o  the external  medtum hyperpol a r i z i n g  

the  c e l l ,  as there i s  no evidence fo r  a Ca"' pump a t  the plasmalemna 

(Spanswlck and Will iams 1965). A t  concentrat ion of EDTA higher than 1 mM 

the c e l l  s  depol a r i ze  and lose  membrane resistance. A t  these concentrations 

EDTA l's probably che la t tng the bound Ca" tha t ,  according t o  Spanswick 

and N i l  1 i ams (1965) f s attached t o  the c e l l  wa l l  and c e l l  membrane. 

Removal o f  c e l l  bound Ca", as tndicated by 4 5 ~ a  t r ace r  experiments 

(see Chapter V ) ,  apparently changes the normal behaviour o f  the c e l l  
- - 

membrane by a1 t e r i n g  i t s  permeabi l i ty  t o  some other  i o n  o r  ions.  I n  

o ther  organi sms 1 ow [ ~ a + + ]  increases the permeabi 1 i t y  o f  the membrane 

t o  K+ (van Steveni nck 1964, Huxl ey 1959). 

EDTA a1 so i n te r f e res  w i t h  the mechanisms con t ro l  1 i n g  the threshold 

f o r  s t imu la t ion  and the durat ion of the spike, i .e. those c o n t r o l l i n g  C1- 
+ 

and K ac t i va t i on  and perhaps others as wel l ,  as ind ica ted  by the 

spontaneous a c t i  v i  ty and pro1 onged spikes . The mechanisms con t ro l  1 i ng 

threshold  fo r  s t imu la t ion  are affected f i r s t ,  as the f i r s t  spike dur ing 

r e p e t i t i v e  f i r i n g  i s  normal and the spikes fo l low ing  i t  are progressively 

longer i n  durat ion.  The peaks of the spontaneous spikes reach progressively 



lower po ten t ia l s ,  a s i t u a t i o n  s i m i l a r  t o  t h a t  observed i n  squid axons 

(Huxl ey 1954). The spontaneous a c t i v i t y  recorded i n  the experiments 

described i n  t h i s  chapter d i d  not  l a s t  as long o r  occur as of ten as 

t h a t  observed by  KEshimoto (1966). This discrepency could be due t o  

the d i f fe rence  i n  composttion o f  APW as wel l  as the d i f fe rence  i n  

recording techniques used. 

The d i f fe rence  i n  membrane po ten t i a l  curves o f  c e l l s  t rea ted  w i t h  

EDTA and Na C i t .  can be explained by the d i f f e r e n t  a f f i n i t i e s  o f  these 

compounds f o r  ~a" .  The l o g  o f  the s t a b i l i t y  constant KS = 1Ca-ligandJ 
S f  

[Ca I I l i g a n d l  

(Harrison and Long 1968) f o r  Ca EDTA and Ca C t t .  a re  respec t fve ly  10.59 

and 3.3. Smll Increases I n  EDTA concentrattons above 1 mM depolar ize 

the c e l l  ve ry  rap id ly ,  wfiereas the same change i n  Na C i t .  concentrat ion 

causes o n l y  a s l i g h t  depolar tzat ion.  A 10 fo ld  Encrease i n  EDTA concentra- 

t t o n  depolartzes the c e l l  85 mV whi le  a s i m i l a r  increase i n  Na C i t .  

concen&ation produces a 22 mV depol a r i za t ion .  

The concentrat ion range a t  which prolonged spikes are obtained i s  

very s p e c i f i c  and apparently depends on the KS o f  the compound i n  question. 

The range i s  very narrow fo r  EDTA and carefu l  adjustment o f  the concentra- 

t i o n  i s  needed t o  obta in  a spike o f  maximum durat ion.  This i s  no t  always 

possib le and a s l i g h t  excess o f  EDTA damages the  c e l l  i r r e v e r s i b l y .  As 

Na C i t .  i s  a much weaker che la tor  t h i s  concentrat ion range i s  much broader 

and prolonged spikes are more eas i l y  obtained. This e f f ec t  could exp la in  

the dif ference i n  spike durat ion b u t  does not  account f o r  the di f ference 

$n r a t e  of repo la r tza t ton  dur ing the plateau of prolonged sptkes. 

DPfferent r a tes  o f  r epo la r i za t i on  have a lso been observed between prolonged 



++ 
responses o f  N i t e l l a  c e l l s  t reated w i t h  Ba and TEA, (Chapter I). If 

~ a + +  a f f e c t s  on ly  the mechanism cont ro l1  i n g  the durat ion o f  spike one 

would n o t  expect d i f f e r e n t  che la tors  t o  a f f e c t  the r a t e  o f  repo la r i za t ion  

dur ing the plateau. As Na C i t .  I s  the weaker ~ a + +  che la tor  but  a f f ec t s  

the  r a t e  o f  r epo la r i za t i on  more than EDTA, Increased spike durat ion i s  no t  

e n t i r e l y  due t o  low ~a'' bu t  probably a lso due t o  some other  f a c t o r  inherent  

i n  the d i f fe rence  between these two compounds. The prolonged spikes obtained 

w t t h  Na C i t . ,  are s fmi lar  i n  durat ton t o  those obtatned i n  1  mM BaCl and 10 

mM TEA, (Chapter 1  ). 

The slow increase i n  e f f e c t i v e  reststance seen dur ing the plateau of the 

spike o f  BaClp-treated c e l l s  was no t  observed i n  the  response from Na C i t  .- 
t rea ted  c e l l  s  (Figs. 4b). B r i e f  spikes f o l  lowtng the  prolonged response 

a f t e r  ~ a + +  treatment as shown I n  Chapter I, were no t  observed. This ind icates 

a  d i f f e r e n t  ac t ion  o f  these compounds on the mechanism regu la t ing  spike durat ion. 

~ a *  and TEA probably produce prolonged sp l  kes, not  by ca" chelat ion,  but  ca++ 
- - 

displacement from the c e l l  membrane. This i s  f u r t h e r  supported by the 

s i m i l a r i t y  i n  s i ze  o f  the hydrated i o n i c  nuc le i  o f  ~a++,~a++ and TEA, which 

are respec t i ve ly  3.0 A", 2.80 A" and 2.89 A" (Werman and Grundfest 1961 ). 

The i n i t t a l  increase i n  r e s t i n g  membrane po ten t i a l  i n  TRIS C1 and TRIS 

prop. t rea ted  c e l l s  t s  probably due t o  a  mechanism s l m i l a r  t o  t h a t  responstble 

f o r  the same changes I n  c e l l  t rea ted  w i t h  EDTA. I n  t h i s  case no t  on ly  i s  [cat+] 

changed bu t  a lso  [K'],  IN^'] and [ M ~ + + ] .  This may be the  reason f o r  the much 

l a r g e r  hyperpo lar izat ion of c e l l s  t rea ted  w i t h  TRIS as compared t o  EDTA. An 

a1 ternate  explanation f o r  the observed hyperpol a r i  za t ion  o f  the c e l l  s  t reated 

w i t h  TRIS C1 and TRIS prop. could be a  mechanism s i m i l a r  t o  t h a t  observed by . 

Akiyama and Grundfest (1971 ) i n  f r o g  ske le ta l  muscle, c e l l s ,  where i t  was found 

t h a t  t he  induced hyperpo lar izat ion induced by K' f r e e  so lu t i on  was d i r e c t l y  

I 



r e l a ted  t o  the a c t i v i t y  o f  an i o n i c  pump. No r e p e t i t i v e  responses were 

obtained from c e l l s  t rea ted  w i t h  TRIS i nd i ca t f ng  t h a t  ~a'' ions whlch are 

no t  r e a d i l y  washed ou t  have t o  be removed by a che la tor  before the c e l l  w i l l  

produce r e p e t i t i v e  responses. Thts idea i s  f u r t h e r  supported by a decrease 

i n  r e s t i n g  po ten t i a l  on add i t i on  o f  EDTA t o  TRIS t rea ted  c e l l s .  Experiments 

on c r a y f i s h  muscle c e l l  s show a very s tm l l  ar  e f f e c t ;  EDTA has t o  be present 

t o  produce spontaneous a c t f v t t y  (Reuben -- e t  a1 . 1966). The s l i g h t  increase 

i n  durat ion o f  the spike i n  TRIS C1 I s  probably due t o  prolonged C1- 

conductance as t h i s  e f f e c t  was no t  obtained i n  TRIS prop. 

The long l a s t i n g  a f t e r  depolar izat ion o f  the spike recorded i n  TRIS 

prop., and the depolar izat ion a f t e r  continuous sp ik ing i n  TRIS C1 can be 

explalned i n  terms o f  changing K' concentrat ion t n  the external  so lu t ion.  

On s t tmula t lon,  a K' e f f l u x  br ings the membrane po ten t i a l  back t o  normal 

r e s t i n g  l e v e l  (Gaffey and Mul l  i n s  1958). This w i l l  produce an increase 
' 

i n   concentration which i s  n e g l i g i b l e  w i t h  respect t o  the K concentrat ion 
- - 

i n  the medium (0.10 mM) and should no t  a f f ec t  the membrane po ten t i a l  as 

ca lcu la ted by the Nernst equation. The amount o f  K' e f f l u x  has been 

estimated by Grundfest (1 967), t o  be approximately 1 0- l2  mole/cm2; f o r  

a 10 cm long  and 1 mn diameter N i t e l  l a  c e l l  t h i s  value i s  lo-' moles per 

c e l l  (van Netten 1969). However if there i s  no K' i n  the medlum t h i s  

concentrat ion change cannot be ignored and could, as ca lcu la ted by the 

Nernst equation, account f o r  a maximum change o f  18 mv i f  the c e l l  were 

a pe r f ec t  K' electrode. A r e s t i n g  po ten t i a l  5 mv l ess  than before 

s t imu la t ion  i s therefore  no t  unreasonable. Conttnuous sp ik ing  should 
-I- 

increase the K concentrat ion i n  the outs ide medium even more, r e s u l t i n g  

i n  an even greater l oss  of membrane po ten t ia l ,  as observed. The 

depolarl'zing electrogenesis i n  N i t e l  l a  t s  brought about by C1- ac t i va t j on  



(Mailman and Mu l l i ns  1966). The ~ 1 -  increase i n  the external  medium 

fo l lowing a  sptke should not  a f fec t  the r e s t i n g  membrane po ten t i a l  

since C1' pe rmeab i l i t y  i s  very  low r e l a t i v e  t o  the K+ permeabl'lity, 

as t s  shown by  t h e i r  permeabt l t ty  coefficl'ents K+ 4.05 x lod  cm/sec, 

C1- 1.04 x l o m 9  cm/sec. (Kttasato 19681. Thts t s  fur ther  supported by 

the f a i l u r e  o f  c e l l s  t o  depolar ize when external  C1- t s  replaced by 

propionate. The f a i l u r e  of c e l l s ,  rendered inexcl ' table by washing w i t h  

TRIS C 1  o r  TRIS prop., t o  r e t u r n  t o  normal excf tab le  behaviour fo l lowing 

addi t fon o f  ~a', k, ~a'' o r  even APW ind icates t h a t  dur ing the washing 

gu t  process, some important, unidenttf ted, f a c t o r  i s  l o s t  which i s  e i t h e r  

no t  avar' lable o r  not  e a s t l y  replaced even a f te r  several hours. A f t e r  a  

24 hour pertod l'n APW the  c e l l  behaves normally again. The metabolism 

of the c e l l  may therefore  be tnvolved. 

- - - CONCLUSION 

Gradual replacement o f  ~ a + +  by means o f  TRIS so lu t ions does not  

remove the c e l l  bound ~a'+ which appears t o  cont ro l  the threshold f o r  

s t imu la t ion  and the durat ion of the spike as shown by the e f f e c t  o f  

~a'' chelators.  ~ a + +  and TEA produce long l a s t i n g  spikes (Chapter 11) 

probably by  displacing ~a'' from the c e l l  membrane. Na C i t .  has other 

ef fects on the c e l l  besides the che la t ion o f  ~a++.  The lack o f  c e l l  - 
bound cat+, produced e i t h e r  by che la t ion o r  displacement, changes the 

normal behaviour o f  the c e l l  dur ing the spike by a l t e r i n g  i t s  permeability 

charac te r fs t i cs  t o  some other i o n  o r  ions, Tracer experiments are i n  

progress t o  c l a r i f y  t h i s .  
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CHAPTER I11 

The effects of ammoni urn tons and 2, 4-dinitrophenol on 

the electrtcal actfvtty of Nitella flexil is 



CHAPTER I11 

INTRODUCTrON 

When electron flow i s  uncoupled from photophosphorylation, for  
f instance by amonium ions (NH4 ), an inhibition of the normal K+ influx 

is  observed fn ce l l s  of Nitella translucens "at r e s t "  (MacRobbie, 1966). 

Apparently passive fluxes are  unaffected. 

Inhibition of phosphorylati on by 2,  4-dini trophenol (DNP) has been 

shown t o  decrease the resttng potenttal i n  Nitella clavata which i s  

conststent w i t h  the hypothesfs tha t  some energy consumtng mechanism 

maintafns the resttng potentla1 In these ce l l s  (Kitisato,  1968). In 

t h i s  Chapter evidence is presented tha t  energy, probably i n  the form of 

ATP i s  required during the spike of Nitella ce l l s .  

Single internodal ce l l s  were separated and kept i n  a r t i f i c i a l  pond 

water (APW) of the following millimolar (d) composition NaCl 1.0, CaC12 

1.0, KCL 0.10 and MgC12 0.10 fo r  several weeks prior  t o  the experiment. 

Stfmulating and recording arrangement were the same as used i n  

Chapter I .  

A1 1 solutions were made up i n  APW and were slowly rinsed over the 

cell  . Data from a t  l eas t  three different  ce l l s  was recorded fo r  each 

experiment. 





membrane potential - M.V. 
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Figure 2 Effects of NH4C1. a.  normal spike. 

6. pro1 onged responses recorded i n  

10 mM NH4C1 . Tfme, cur rent  and 

vo l tage cal  fh ra t ions  as shown and 

are the same fo r  60th f igures.  

- - 
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RESULTS 

Ammonium ch lo r ide  (NH4C1 ) 

f 
The e f f ec t  of different concentrat ions o f  NH4 on the membrane 

po ten t i a l  and e f fec t ive  res is tance i s  shown i n  Fig.  1. Both these 
f 

parameters decreased 1 ogar i  thmi' ca l  l y  w i t h  increasing NHq concentrat ion 

t o  a concentrat ion of 10.0 mM. The membrane potent fa1 showed a sharp 

change a t  a concentrat ion of 10.0 nt.l NH~'. A t  t h i s  concentrat ion 

prolonged spikes were oMained as shown i n  Flg. 2 (2a, a normal spike 

2.5 sec, 2b, prolonged sptke 15 sec). The slope o f  the plateau o f  

these prolonged spikes i's ve ry  small , showing no measurable change i n  

the e f f e c t b e  resTstance. 

2, 4-dinitrophenol (DNP) 

The relat ionshi 'p between the concentrat ion o f  DNP and the po ten t i a l  

and e f fec t i ve - res is tance  of the  membrane i s  shown i n  Fig. 3. Up t o  1.0 

x rnM concentrat ions, on ly  a s l i g h t  decrease o f  both the rneinbrane 

po ten t i a l  aid e f f e c t i v e  res is tance was observed. 

A t  1.0 x mM concentrat ion, pro1 onged sp i  kes were obtaf ned 

(4a, normal spike 2.5 sec, 4b, a prolonged spike 10 sec). Concentrations 

higher than 1.0 x mM caused a sharp decrease i n  both the e f f e c t i v e  

r e s i  stance and membrane po ten t i  a1 . 

DISCUSSION 

Ammntum ions ( N H ~ )  

Experiments on is01 ated ch lorop lasts  show t h a t  N H ~  uncouple 



Ffgure 3 Ef fec t  o f  d i f f e r e n t  concentrat ions 

o f  2,4-DNP on N i  t e l l a  c e l l s .  D a t a  

f r om 3 c e l l s  have been p lo t ted .  





Figure 4 Effects o f  2,4-DNP. a. normal spikey 

6. prolonged splke recorded i n  l o w 2  

IM. Time, current and voltage 

ca l ibrat ions are the same f o r  both 

f igures . 





photophosphorylation (Good, 1960, Hind and W i  tti ngham, 1963, Stokes 

and Walker, 1970). I n  squid axons N H ~ *  can subs t i t u t e  fo r  Nat and 

K' (Binstock and Lecan, 1969). An e f f lux  of K* occurs dur lng the 

repo la r t z i ng  phase of the spl'ke i n  N i t e l l a  c e l l s  (Chapter I) and 

the ef fect  o f  NH: on N i t e l l a  c e l l s  could therefore  be due t o  a 

combinatton o f  e f fec ts  on both phosphorylat ion and on the repol  a r i z i n g  
t 

phase o f  the spike. However, as the e f f e c t  o f  NH4 i s  very  s i m i l a r  t o  

the  e f f e c t  of l'ml'dazol on Ni t e l  l a  c e l l s  (MacRobbie, 1966), i n h i b i t i o n  

of photophosphorylqtion i s  d e f i n i t e l y  occurr ing.  

Prolongation of the sptke caused by Nfi4+ could be due t o  uncoupling 

of photophosphorYlation o r  t o  a combination of t h i s  e f f ec t  together w i t h  
+ + 

competi t ion between K and NH4 . 

2,4-dini trophenol (DNP) 

DNP i s  a-we1 1 known i n h i b i t o r  of ox ida t i ve  phosphorylation (Lardy , 

Witonski and Johnson, 1965). DNP apparently does so by s t imu la t ing  

r e s p i r a t i o n  and prevent ing the synthesis o f  ATP from ADP. 

Experiments on r a b b i t  vagus nerves i nd i ca te  t h a t  low concentrat ions 

o f  ~ a + +  speed up m i  tochondri a1 ox ida t i ve  phosphoryl a t i  on (Landowne and 

Ri tchfe ,  1970). These authors speculate t h a t  the i n f l u x  of cat+ dur ing I 
t he  spike increases the a c t i v i t y  o f  phosphoryl ase a phosphofructoki nase, i 

enhancing glycogenolysis , r e s u l t i n g  i n  an increase of ATP which i s  needed i 
I 
I 

f o r  the ~ a +  pump. 

The concentrat ion range of DNP a t  which prolonged spikes are obtained 

i s  narrow and care fu l  adjustment of i t s  concentrat ion i s  required. Too 



h igh  a concentrat ion of DNP causes t r r e v e r s i b l e  damage t o  the c e l l .  The 

d i f f i c u l t y  i n  ad just ing the c r f t i c a l  concentratton could exp la in  the 

f a t 1  ure  t o  observe stmf 1 a r  effects i n  other organisms (Heneeus-Cox, & 

a1. 1966). Perfusion studies w i t h  cyantde a lso  show no i n h i b i t i o n  o f  
7 

the spike (Heneeus-Cox, 1966). It has been argued t h a t  perfusion 

techniques produce abnormal s f tuat tons becuase a new In te r f ace  no t  

normal l y  present i s  created (Strunk, 1971 ) and therefore  r e s u l t s  obtained 

from such an experiment do n o t  necessar i ly  r e f l e c t  what happens I n  i n t a c t  

c e l l s .  Studies on the e f f e c t  o f  azide on nerve c e l l s  show t h a t  the 

conf f gurat tonal  change of nerve prote ins  normal 1 y associated w i t h  

s t lmu la t fon  i s  blocked (Ungar, -- e t  a1 . , 1957). This probably ind ica tes  

t h a t  the observed conformational change Ps energy dependent. 

Prolonged spikes i n  N l t e l  l a  c e l l  s can be produced by a delay i n  C1- 

t nac t i va t l on  o r  - a delayed - K* a c t i v a t i o n  o r  both. It has been shown t h a t  

~ 1 -  t ranspor t  i n  N i t e l  l a  c e l l s  i s  independent o f  ATP (MacRobbie, 1966). 

However, as the i o n  channels dur ing exc l t a t l on  are no t  necessar i ly  the 

same o r  con t ro l l ed  by the same mechanlsm as those ac t i ve  dur ing the 
! 

r e s t i n g  s ta te  (Yamagishi and Grundfest , 1971 ) , prolongat ion o f  the  spike 

could occur by both mechanisms. 

Both phosphorylat ion i n h i b i t o r s ,  N H ~ "  and DNP, prolong the spike, 

which would i nd i ca te  t h a t  the prolonging e f f ec t  i s  due, i n  the case of 
I 

DNP and poss ib ly  of N H ~ * ,  t o  a 1 i m l t i n g  amount o f  energy i n  the  form 

o f  ATP and i s  probably not  due t o  ~a * '  subs t i t u t i on  (Chapter 11). Thls i s  



f u r t h e r  supported by the extremely low concentrat ion of DNP requl'red 

t o  ob ta in  pro1 onged responses. 

I n  Chapter I I ,  i t  has been demonstrated t ha t  cat' i s  essent ia l  f o r  
+ 

normal r epo la r i z i ng  K ac t f va t ton  t o  produce a sptke o f  normal durat ion. 
+ 

Now evidence i s  presented t h a t  K a c t i v a t i o n  o r  C1- t nac t i va t f on  o r  both 

a l s o  requ f re  energy i n  the form of ATP. It t s  h l g h l y  probable t h a t  
++ 

energy i s  needed f o r  the removal of Ca from the membrane s i t es ,  changfng 

the  membrane conf igurat ton,  i n l  t i a t t n g  the  approprfate a c t i v a t i o n  o r  

i n a c t i v a t i o n  processes. When phosphoryl a t f  on i s  almost e n t i r e l y  i n h i b i t e d  , 

a small , probably r a t e - I  t m i  t i n g  , amount of ATP i s  generated. More t ime 

would therefore  be requ i red t o  open and c lose fon ic  pores, r e s u l t i n g  i n  the 
f f prolonged spikes observed. Ca , i n  t h t s  hypothesis, acts i n  a gat ing 

mechanf sm. Removal of the ~ a "  from the gate al lows K' t o  ~d l ' f fuse  outward 

down the electrochemlcal gradient .  The ~ a * '  thus released under normal 

condttion; probiibly on the i ns i de  of the ce l  I , could very we1 1 speed up 

mitochondrfal ox ida t i ve  phosphorylatfon as has been postulated by' Landowne 

and R i t ch le  (1971 ) t o  occur i n  mammal fan nerve c e l l s .  

CONCLUSIONS 

DNP and probably NH4C1 prolong spikes i n  Ni t e l l  a by reducing the 

amount o f  ava i lab le  energy, probably i n  the form o f  ATP t o  a r a t e  
+ 

l i m t t f n g  amount. The energy appears t o  be requtred f o r  repo la r tz ing  K 

ac t i va t ion .  

It l's posstble t h a t  NH~' also produces prolonged spikes by being a less 

e f f e c t i v e  K+ subst f tu te .  



CHAPTER I11 

LITERATURE CITED 

Binstock, L. and Lecar, H. 1969. Ammonium i o n  cur rents  i n  the squid 

g i an t  axon. 4. Gen. Physfol . - 53, 342-361. 

Good, N.E. 1960. Ac t f va t fon  of the H i l l  r eac t i on  by amines. Biochem. 

Biophys. Acta - 40, 502-517. 

Heneeus-Co , F., Fernandez, H.L. and Smith, B.H. 1966. Ef fects o f  

redox and su l f hyd ry l  reagents on the b t o e l e c t r i c  p roper t ies  o f  

the g tan t  axon of the squtd. Blophys. 3. - 6, 675-688. 

Hjnd, G ,  and Witttngham, G.P. 1963. Reduction of fe r r i cyan ide  by 

ch lorop las ts  i n  the  presence of ni trogenous bases. Biochem. Bi ophys. 

Acta 75, 194-202. 

K i t i sa to ,  H. 1968. The inf luence o f  H+ on the membrane po ten t i a l  and 

i o n  f l uxes  a f - N i t e l l a .  J. Gen. Physiol., - 52, 60-87. 

Landowne, D. and Ri tch ie ,  J .M. 1971. On the con t ro l  o f  glycogenolysis 

i n  mammal i a n  nervous t i s sue  by calcium, J. Physiol . 212 503-517. 

Lardy, H.A., Witonsky, P. and Johnson, D. 1968. A n t i b i o t i c s  as t o o l s  

f o r  metabol ic research. I V  Comparative e f fec t iveness o f  

01 i gomycins A ,B, and C and rutamyci n as i n h i b i t o r s  o f  phosphoryl 

t r ans fe r  react ions i n  mitochondria. B i  ochem. 4 (3) 552-554. 

MacRobbie, E.A.C. 1966. Metabol ic e f f e c t s  on i o n  f l uxes  i n  N i t e l l a  

translucens. Aust. J .  B i o l  , Sci. 99 363-370* 

Strunk, T.H. 1971. Correl  a t i o n  between metabol ic  parameters o f  

t ranspor t  and vacuolar per fus ion r e s u l t s  i n  N i  t e l l  a c l  avata. 3 .  

EXP. Bot. 22, (73) 863-874. 



Ungar, G . ,  Aschheim, E . ,  Psychoyos, S. and Rom~no, P. 1957. Revers ib le  

changes of p r o t e i n  conf igurat ion t n  st imulated nerve s t ructures .  

3 .  Gen. Physiol , , 40, 635-652. 

Yamagtshi, S. and Grundfest, H. 1971. Contr ibut ions o f  var ious tons t o  

t h e  r e s t t n g  and a c t i o n  p o t e n t t a l s  of c r a y f i s h  medial  g i a n t  axons. 

3 ,  Membrane B i o l  . , 5 ,  345-365. 



CHAPTER I V  

Design, descr ip t ion  and appl i cat ion  o f  a  m i  cromanipul a t o r  

used f o r  4 5 ~ a  e f f l u x  studies i n  N i t e l l a  c e l l s  



CHAPTER I V  

INTRODUCTION 

C o m r c i q l  l y  aval'labl e mtcromanipul a to r  s cannot be used t n  

restr l 'c ted areas o r  f n  a closed system, so tha t ,  f o r  example, rad ioact ive 

so lu t ions can be passed over a preparat ion wi thout  leakage w i t h  the 

system i n  any posi  tl'on. Attempts t o  make a closed system have been made 

for  example, by  f l o a t i n g  a l aye r  of p a r r a f i n  o i l  over the sa l l ne  covering 

and preparat ion (Keynes and Lewis 1951) fo r  the measurement and exchange 

of radfoact ive potassium t n  crab nerve. 

Several m~cromanipulators were b u i l t  and tes ted f o r  use i n  

expertments designed t o  co r re l a te  e l e c t r t c a l  a c t i v i t y  d i r e c t l y  w i t h  o ther  

physical  parameters. Some of these experiments must be ca r r i ed  out  i n  

extremely r e s t r i c t e d  areas such as the chambers o f  s c i n t i l l a t i n g  counters 

o r  spectrophotomters. A f u r t h e r  requirement i s  t h a t  electrodes are 

inser ted  i n t o  c e l l s  under a d issec t ing  microscope and the preparat ion 

w i t h  e lectrode inser ted  must then be moved i n t o  the  r e s t r i c t e d  area. 

The most successful design and appl ica t ions o f  the system are discussed. 

DESCRIPTION 

A diagram of the micromanipul a to r  i s  shown i n  Fig.  1. The 

ove ra l l  s i z e  i s  small , 3/4" x 1/2" (1.87 cm x 1.27 cm) y e t  many 

o f  the  features of c o m r c i  a1 l y  a v a i l  able micromanipul a to rs  are 

present. Mfcromanipulatl'on i n  a hor izonta l  plane i s  achieved by use 

o f  eccentr ics.  The t o t a l  area covered by the manipulator i s  t h a t  of 



A.  Two cy l indr ica l  elements with a  

threaded hole cut  a t  the7r junction. 

B. Capthe  se t  screw. 

C . Electrode holder . 
D. Barre l .  

- - 
E. Locking screw. 



MICRO MANlPU LATOR 
SCALE 

BOTTOM ELEVATION 



Figure 2 Photograph of four m i  cromanl'pul ators posi  tloned 

l'n a holder. 
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a c i r c l e  114" (.365 cm) i n  diameter which i s  l a rge  enough fo r  most 

app l ica t ions.  Two cyl l 'ndrical elements (A i n  Fig.  1) w i t h  a threaded 

ho le  cu t  a t  t h e i r  j unc t ion  i s  the mechanism used t o  convert the r o t a r y  

movement o f  a capt ive se t  screw (see B i n  Fig. 1) i n t o  a v e r t i c a l  

movement f i n e  enough (0.025 inch  o r  635 p per t u r n )  t o  a l low 

microelectrodes o r  micro too ls  t o  be pos i t ioned i ns i de  s i ng le  nerve, 

muscle o r  p l an t  c e l l  s. The v e r t i c a l  f ine movement i s  comparable w i t h  
. . 

t h a t  o f  a compound microscope, usua l l y  about 200 p per tu rn .  The f i n e  

movement can be used a t  any desired depth by ad jus t ing  the electrode 

holder (C)  up o r  down the bar re l  (D) f n  which i t  i s  he ld  by a lock ing  

screw (E). This coarse range i s  1 inch  (2.54 cm) w i t h  the microelectrode 

holder shown i n  Fig. 1 (C). If' access t o  a l a r g e r  hor izonta l  area i s  

- required,  the micromanipulator holder can be ro ta ted,  increasing the 

t o t a l  area t o  t h a t  of a c i r c l e  one inch (2.54 cm) i n  diameter. 
- - 

Posi t ioned i n  -an appropr iate holder (Fig. 2) the m i  cromanipulator 

i s  essen t i a l l y  leak-proof  and can w i t h~ tand~mode ra te  changes i n  

pressure (+ .3 atmospheres). 

APPLICATION 

The micromanipulator described has been successfu l ly  used i n  a 

c losed system fo r  recording and s t imu la t ing  N i t e l l a  c e l l s  w i t h  

continuous f l ow  o f  ce r ta fn  pharmacological agents past these c e l l s  

(Chapter I 1  and IV) .  

The manfpulator has a lso  been used t o  co r re l a te  the e l e c t r i c a l  



a c t l v i  t y  of 4 5 ~ a  loaded Nitella ce l l s  t o  the eff lux of 4 5 ~ a  (Chapter V ) .  

Another applicatton has been the contfnuous recording o f  elec t r ica l  

parameters of Nttella c e l l s  situated i n  a neutron beam, generated by a 

Cockcroft-Nal ton neutron generator. (van Netten, 1969). 

As the apparatus lends t t s e l f  f ree ly  t o  uses other than tha t  as 

a microelectrode holder by interchangfng the actual electrode holder 

(C) f o r  any other appropriate lnstrument, t t s  use i s  vtrtual ly  unlimited 

Pn any branch o f  science and technology when the accurate posl'tioning 

o f  small objects t s  essentfql . 
An appl tcati-on t o  patent the devfce has been submitted t o  C.P.D.L. 

(case no. 5075). 
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CHAPTER V 

The effects o f  TEA, ~ a " ,  Na C i t .  and 

EDTA on cell  bound cat+ 



CHAPTER Y 

INTRODUCTION 

I'n Chapters I and IT l't was demonstrated t h a t  pharmacological agents 

such as barium Ions ( ~ a + * ) ,  tetraethylanmonium ions (TEA), ethylenediamine- 

te t raace t  i c ac id  (EDTA) and sodium c i  t r a t e  (Na C i t  . ) produce pro1 onged 

spIkes i n  internodal  c e l l s  of N i t e l l a  f l e x i l i s .  It was suggested t h a t  

ca++ che la t ing  agents such as EDTA and Na C i t .  produce such spikes by 
++ 

removing membrane bound Ca++, and t h a t  Ba and TEA do so by removing 

and subs t i t u t i ng  f o r  cell-bound Ca". I n  t h i s  Chapter a descr ip t ion  

i s  made o f  the measurements of the e f f ec t s  o f  these compounds on c e l l -  

bound ~ a + +  and cor re la te  ~ a + +  movement d i r e c t l y  w i t h  the e l e c t r i c a l  

a c t i v i t y  o f  the c e l l  using 4 5 ~ a  t racers .  

Single in ternodal  c e l l s  of N i t e l l a  f l e x i l i s  were kept f o r  3 weeks 

p r i o r  t o  an experiment i n  75 ml of a r t i f i c i a l  pond water (APW) ( n i l l i m o l a r  

(fl) composition: 0:l KC1, 1.0 NaC1, 1.0 CaCI2, and 0.1 MgC12 t o  which 1 m C i  

o f  4 5 ~ a  (speci f tc  a c t i v i t y  0.0324 mCl'/ugm Ca (Amersham and Searle)) was 

added. The l i g h t  condi t ions were he ld  constant a t  15 l u x  dur ing t h i s  

per iod.  Immediately p r t o r  t o  an experfment a c e l l  was washed w i t h  

nonradioactl've APW f o r  5 minutes and placed i n  a Luci t e  chamber (volume 

0.3 rnl ) . I n t r a c e l l  u l  a r  g lass electrodes were inser ted t o  record 

po ten t i a l s  and t o  pass currents as described i n  Chapter I. For each 



Figure 1 Expertmental deslgn of a continuous flow 

system used for 4 5 ~ a  efflux measurements. 

DIS 

SC 

R 

APW 

Electrode holder. 

3 way stopcock. 

Plastifluor spfral sctntf l l  ator. 

Photomul ttpl ier  tu6e. 

Lead shield. 

Black plastic envelope. 

Di scrtminator. 

Scai er.  

Rate meter. 

2 Channel penrecorder. 

Artificial pond water. 

Vacuum. 

Stimulating and recording arrangement i s  the 

same as described i n  Chapter I .  
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experiment a new 4 5 ~ a  loaded c e l l  was used. Experiments were repeated a t  

l e a s t  3 times. 
4 5 To measure Ca re1 ease by the c e l l  , an experimental arrangement as 

shown t n  Pig. 1 was used. The N i t e l l a  c e l l  was contatned i n  a closed 

system and two ml'croelectrodes inser ted  Pnto the c e l l  by  means of 

special  l y  designed micromanipulators (chapter IV) , APW flowed over the  c e l l  

(A i n  Fig. 1) a t  a constant r a t e  of 0.05 mllsec. Pharmacological agents 

were i n j ec ted  i n t o  the system through the stopcock (B i n  Fig.  1). The 

APW was l ed  from the c e l l  i n t o  a .94 cm x 5.1 cm pol ished ~ l a s t i f l u o r  

s p i r a l  s c i n t i l l a t o r  (Isomet corporat ion) w i t h  a volume o f  0.2 m l  . ( c  Fig. 1) 

This was placed on top o f  an RCA 8053 pho tomu l t ip l i e r  tube (D i n  Fig. 1) .  

The photomul t i p 1  i er  was coup1 ed t o  the P l  a s t i f l  uor s c i  n t i l l  a to r  w i t h  o i  1 

and was mounted i n  a 1 ead chamber (E i n  Fig.  1) which i n  t u r n  was enclosed 

by a t h i c k  l i gh t -p roo f  b lack Luc i t e  box (F i n  Fig. 1). A s l i g h t  negative 
- - 

pressure was appl ied a t  the e x i t  o f  the s p i r a l  s c i n t i l l a t o r  t o  ensure 

an even f l ow  through the system. The s ignal  obtained from the photomult i-  

p l i e r  was ampl i f ied i n  an osci l loscope and fed  i n t o  a d isc r im ina to r  and 

scaler .  The scaler  output  was fed i n t o  a r a t e  meter and the r e s u l t i n g  

s ignal  was recorded simultaneously w i t h  the membrane po ten t i a l  on a 2 

channel R i  ken Denshi SFH4 potent iometr i  c recorder (Fig. 1). The counting 

e f f i c iency  o f  t h i s  continuous f lowing system was measured by i n j e c t i n g  

a sample of APW contain ing a known amount of 4 5 ~ a  a c t i v i t y  i n t o  the flow 

o f  APW by means o f  the stopcock and measuring the t o t a l  number of counts, 

whtch i s  given by the area under the curve as p l o t t e d  by the penrecorder. 

Careful adjustment of a c t i v i t y  and of the volume i t  was contained i n ,  



Figure 2  Cal i b r a t t o n  of count ing e f f f c iency  
4 a. add i t l on  o f  4.11 x 10 dpm 4 5 ~ a  

l'n . 2 m l .  ' 

6. effect of EDTA, shown here for  

compar9son. Ca l i  b ra t ions as 

shown . 
The delay between the po ten t i a l  

and r a d f o a c t f v i t y  t races I n  t h i s  
- - 

and the f o l l ow ing  f igures i s  due 

t o  the f l o w  r a t e  of the system. 



4.11 104dpm added 

c d i  bration 
. - -  .. - - - 

EDTA 



Flgure 3a Washout curve of 4 5 ~ q  from a cell after 

two electrodes were Tnserted, 

Cal Pbrations as shown. 

b The effect o f  WerpolarPzing pulses, 

depol artzing pulses and of the spike 

on 4 5 ~ a  activity in effluent. 

Calibrations the same as for Fig. 3a. 



0 

t 
" L 

f low started 
- - 



was made, i n  order t o  stmulate the re lease of Ca*' by the c e l l .  Flow 

r a t e s  were kept constant (0.5 ml/sec). I n j e c t i o n  of 4 5 ~ a  i n t o  the system 

d t d  n o t  a f f ec t  the background counting l eve l  as measured p r i o r  t o  

i n j e c t i o n  so t h a t  4 5 ~ a  ions were no t  bound t o  the s p i r a l  s c i n t i l l a t o r .  

The t o t a l  uptake of 4 5 ~ a  by N i t e l l a  c e l l s  a t  the end o f  the loading 

pe r i od  was obtained by counting the a c t i v i t y  o f  10 c e l l s  i n  a l i q u i d  

s c i n t i l l a t i o n  counter. 

RESULTS 

The a c t i v i t y  measured by the Pl  a s t i  f l u o r  s c i n t i  11 a t o r  and 

reg i s te red  on the scales on i n j e c t i o n  o f  a .2 m l  rad ioac t i ve  4 5 ~ a  

4 s o l u t i o n  ( t o t a l  a c t i v i t y  4.11 x 10 d PM), was 250 counts, i8.e. the 

area under the curve i n  Fig.  2a. 

The mean a c t f v i  ty o f  10 c e l l s  loaded w i t h  4 5 ~ a  f o r  3 weeki and 
5 washed f o r  5 min w i t h  APW was 2.347 x 10 cpm. as measured by the 

1 l q u i d  s c l n t i  1 1 p t o r  counter (Efficiency 4 5 ~ a ,  60%). Hand1 i ng and 

f n s e r t t n g  two microelectrodes t n t o  these c e l l s  causes a re lease of 

approxfmately 10% of the  t g t a l  p c t i v l t y  as shown I n  F ig .  3. Norm1 

bacbround  readings were obtatned a f tg r  5 min o f  continuous washing. 

Hyperpol a r i z i n g  pul  ses , depol a r t  z i  ng pu l  ses , sp i  ke generat i  on o r  

f n j e c t i o n  of 5 m l  of APW i n t o  the system d i d  no t  have any e f f ec t  on 

the  a c t i v i t y  o f  the e f f l uen t  (Fig. 3b). 

I n j e c t i o n  o f  a 1 ml sample of a 10 fl TEA so lu t i on  i n  APW i n t o  the 

system ra ised  the counting r a t e  of the e f f luent  from 60 cpm (normal 



FIgure 4 Effect of TEA on cell bound 45~a. 

CalEbrations as shown. 



280 c p m  



Figure 5 The effect of ~ a *  on c e l l  bound 4 5 ~ a  

a c t t v t t y  . Hyperpol a r t z tng  pul ses 

were switched o f f .  Cal tbratfons as 

shown , 





Figure 6 The e f f e c t s  o f  Na C f t .  on c e l l  bound 

4 5 ~ a  act l 'v i ty .  Cal i b ra t ions  as shown. 





Figure 7 The effects of EDJA on cell barium 4 5 ~ 3  

actl'vi ty,  

a .  Acttvity released from a cell 

loaded w i t R  4 5 ~ a ,  not previously 

treated with pfiarmacol ogical agents. 

b. Activity released from a cell 
- - 

previously treated w i t h  10 mM 

~ a + + -  cal i brati ons as shown. 



10 rnM EDTA 

- .  

60 cpm 

IOmM EDTA added 



background) t o  280 cpm as shown i n  Fig. 4.  The t o t a l  a c t i v i t y  released 

by the c e l l  dur ing t h i s  per iod resu l ted  i n  an Pncrease of #93 counts above 

background as regTstered 6y the sca ler  and coincided w i t h  the  area under 

the curve i n  FPg . 4. Nomal background l eve l s  were obtained 1 mfnute 

l a t e r ,  Subsequent add i t tons of 10  n,$l TEA had no effect.  Prolonged spikes 

were always obtained a f te r  i n j e c t i o n  of 10 nEl Bq*'. The counting r a t e  

changed from 60 cpm t o  300 cpm as shown tn Pig. 5 and 200 counts were 

above background were regts tered by the sca ler  (area under the curve i n  

FEg. 5). During a prolonged sptke no measurable amount of 4 5 ~ a  was l o s t  

by the c e l l  (Fig. 5). Subsequent add i t ions of 10 id4 BaCl so lu t ions 

d i d  n o t  change the a c t f v f t y  of the ef f luent .  Prolonged spikes were always 

obtained a f te r  4 5 ~ a  a c t i v i t i e s  were measured i n  the ef fuent .  Addi t ion 

o f  10 mM Na C i t .  had no measurable e f f ec t  but  100 mM Na C i t .  ra i sed  the 

counting r a t e  o f  the e f f l u e n t  from 60 t o  150 cpm as shown i n  Fig.  6 i .e. 

90 counts above background were reg is te red  by the sca ler  (i .e. area under 

the curve i n  Fig.  6 ) .  A t  t h i s  t ime prolonged spikes were recorded. Very 

s i m i l a r  r e s u l t s  were obtained w i t h  10 mM EDTA. The count ing r a t e  changed 

from 60 t o  450 cpm as shown i n  Fig. 7 and 270 counts above background were 

reg is te red  by the scaler, i .e. the area under the curve i n  Fig. 7a. 

Appl i c a t i o n  o f  10 mM EDTA t o  a c e l l  which had already released s o w  4 5 ~ a  

due t o  TEA, Ba*' o r  Na C i t .  i n j ec t i on ,  resu l ted  i n  an add i t i ona l  150 

counts measured 6y the sca ler  and was equal t o  the area under the curve 

i n  F ig .  7b. 



I n  Fig.  2 two curves are show o f  the a c t i v i t y  i n  the e f f luent  

produced by a. I 'nject ion o f  0.2 ml of rad ioac t i ve  4 5 ~ a  standard, 

4  a c t i v i t y  4.11 x 1 0  dPm 6. injection o f  a  1  m l  sample of 10  mM EDTA 

Ento t he  system conta in ing a  4 5 ~ e  loaded c e l l .  As menttoned before 

the volume o f  the  standard so lu t i on  was adjusted i n  order t o  simulate 

the r a t e  of e f f l u x  of 4 5 ~ a  from the c e l l .  It i s  c l ea r  from Fig.  2 t h a t  

the  two curves are almost tdent rca l .  

Differences brought about by i n t e r f e r i n g  fac to rs  such as r a t e  o f  

re lease o f  a c t i v i t y  from the c e l l  and hence possib le d i f f e r e n t  quenching 

e f fec ts ,  non laminar f low and adsorption are therefore  compensated f o r .  

The number o f  counts as reg is te red  by the sca ler  i s  now 

d f r e c t l y  propor t iona l  t o  the o r i g i n a l  a c t i v i t y  present i n  the c e l l  using 

t h e  data from-the standard rad ioac t i ve  so lu t ion .  The value o f  250 counts 

4  
measured cor re la tes  t o  4.11 x  10 dpm i n j ec ted  i n t o  the f low ing  system. 

The conversion f a c t o r  i s  therefore  166.5. The e f f i c i e n c y  o f  the f l ow ing  

system i s  0.6%. 

The minimum amount of ca'+ t h a t  can t heo re t i ca l l y  be measured using I 

t h i s  count ing arrangement i s  5.67 x 10'~ nJI using 10 counts as the minimum 

detectab le  number of counts above the background. Using the  counting 

e f f i c i e n c y  of .6% t h i  s  corresponds t o  27 $7 d is in tegra t ions  per second 

(dps). The amount of cat' i n  so lu t ion,  i nc lud ing  4 5 ~ a  i s  75.666 x l o m 3  
7  mb which has an a c t i r t t y  of 3.7 x 10 dps. Therefore, 27.7 dps 

corresponds t o  5.67 x 10'~ mM Ca. 



Tracer studies 

Approximately 10% o f  4 5 ~ a  a c t i v i t y  i s  l o s t  when the electrodes are 

tnser ted (Fig. 3a). This f s  probably due t o  l o c a l  i n j u r y  of the c e l l  

and consequent leakage from the c e l l  wa l l  o r  the  cytoplasm before the 

c e l l  seals around the electrodes. As the amount o f  4 5 ~ a  l o s t  i s  no t  

t h e  same from c e l l  t o  c e l l ,  no precfse quan t f t a t i ve  comparisons can be 

made. The experimental arrangement al lows one t o  co r re la te  the e l e c t r i c a l  
++ 

Behavior and 4 5 ~ a  release from the c e l l  d i r e c t l y .  I n  Fig.  3b no Ca 

e f f l ux  could be measured fo l lowing s t imu la t ion  o f  a 4 5 ~ a  loaded c e l l .  

Ca++ may be involved- i n  spike generation (Chapter 11) bu t  i t  i s  ev iden t l y  

n o t  released t o  the outs ide of the c e l l  i n  amounts exceeding 5.67 x 
++ ++ 

mM, i.e,, minimum detectable amount o f  Ca . Some i n f l u x  o f  Ca could 

occur but  t h i s  technique can on ly  demonstrate an e f f l u x .  

l o s t  by the c e l l .  This i s  d i r e c t  evidence t h a t  prolonged spikes caused 

by TEA and ~a'+ are re l a ted  t o  Cat+ subs t i tu t ion ,  as ind ica ted  by 

p re l im inary  13'ga t r ace r  studies (appendix). A very s i m i l a r  mechanism f o r  

the ac t ion  o f  TEA on f r o g  nerve muscle preparations has been postulated 
++ 

(Beau1 i e u  and Frank, 1962). However, these authors suggested a Ca 

de f i c iency  ra the r  than substitution caused by TEA i s  responsible for  

the TEA e f f e c t .  Ca" effluxes have been measured i n  frog nerve c e l l s  

a f t e r  treatment wSth complex quaternary amnonium s a l t s  and appeared t o  

be re l a ted  t o  the neuromuscular b lock ing e f f e c t  of these s a l t s  (Greenberg, 

1972). Kuperman -- e t  a l ,  (1967) have demonstrated t h a t  ce r t a fn  anasthetics 



w i l l  compet i t ive ly  d isplace ~ a * +  from frog nerve and muscle c e l l s .  

Greenberg and Kuperman d i d  no t  r e l a t e  the removal of caf' d l r e c t l y  t o  

the e lec t r l ' ca l  ac t - t v i t y  o f  the nerve and muscle c e l l  . Such a 

co r re l a t i on  i s  now possible and i s  demonstrated on N i t e l l a  c e l l s .  

The tnyes t iga t ion  and the datg presented here a1 low us t o  make 
f f the fo l lowtng speculat ion on tRe ef fect  of Ba , TEA, Na C i t .  and 

EDTA on the membrane and consequently, the  durat ion of the spike. 

I n  Chspter FI qnd f r1 f t  was suggested t h a t  ca" i s  involved 

tn a gat tng mechanl'sm. Removal of the gate, presumably by a step 

i nvo l v i ng  ATP and caf+, a1 lows K' t o  d i f fuse outward down i t s  e l ec t ro -  

chemical gradient .  

As TEA and Baf+ are capable of s u b s t i t u t i n g  f o r  caf+ on the 

membrane, as shown i n  t h i s  paper and by p re l im inary  13'~a t racer  studies, 
++ 

they have a higher a f f i n i t y  f o r  the membrane than Ca . I f  the opening - 
+ - - ++ 

o f  a K gate involves ac t i ve  removal of Ca , i t  i s  reasonable t o  suggest 

t h a t  i t  would be more d i f f i c u l t  t o  remove the stronger b ind ing ions, TEA 
++ 

and Ba , and t h a t  f o r  the same r a t e  o f  expenditure o f  energy, more t ime 

i s  required.  Hence, the increase i n ,  spike durat ion.  

The r e s u l t s  of two types of experiment i nd i ca te  t h a t  ~ a + +  i s  more 
++ 

s t rong ly  bound t o  the membrane than TEA. F i r s t ,  the e f f ec t  o f  Ba i s  

much more d i f f i c u l t  t o  reverse than t h a t  of TEA and secondly, Bat+ 

increases the durat-ton of normal spikes f i v e  fo ld  more than does 

TEA. 

Furthermore, the slope of the plateau of the prolonged spike should 

be an ind fca t fon  of the r a t e  a t  which K channels are opened. 



f If K channels were opened a t  a steady ra te ,  one would expect the 

p la teau t o  r e t u r n  l i n e a r l y  t o  the " res t ing"  po ten t i a l .  If the  opening 

of a c e r t a i n  number of K+ channels leads t o  the opening of a l l  the 

remaining channels, there would be a rap id  r epo la r i za t i on  a t  the end 

of the plateau. Thls lmpl i e s  t h a t  the K+ a c t i v a t i o n  i s  regenerative i .e., 

a l o c a l  i n i t i a t i o n  of K' activation induces K+ pc t t va t i on  i n  neighbouring 

membrane regions. There f s  no d i r e c t  evidence from N f t e l l a  c e l l s  t o  

support t h l s ,  bu t  q regenerat ive K+ a c t i r a t f o n  has been observed under 

ce r ta f  n condi  t i o n s  i n  Onchidium nerve c e l l s  (Hagfwara, Kusano and Sai to ,  

1961) and Tenebrto muscle f i b res  (Be1 ton and Grundfest , 1962). 

The prolonged sptkes recorded from c e l l  s t rea ted  w i t h  Na C i  t. and 

EDTA can a l so  be explained by the previous hypothesis if i t  i s  postulated 
++ 

t h a t  membrane bound Ca and ATP are required t o  catalyze the reac t ion  

whfch opens the K' channels. Thus, the ef fect  o f  Na C i t .  and EDTA can be 
- - 

explained. A margi ;a1 amount of ~ a + +  present i s  capable of opening' on ly  
t a few K channels and as, according t o  t h i  5 hypothesis , a minimum number o f  

Kt channels have t o  be opened before a l l  channels are induced t o  open, 
++ ++ 

more Ca must d i f f use  from i n t r a c e l l u l a r  sources t o  meet the Ca 

requirement. Di f fusion takes t ime and therefore the increase i n  spike 

durat ion.  I n  view of t h i s  model, ions which can subs t i t u t e  f o r  cat+ are 

n o t  as e f f i c i e n t  i n  ca ta lyz ing  the gate opening reac t i on  and more t ime 

t s  required.  
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CONCLUSION 

~a'" t s  not released Prom N l t e l l a  c e l l s  during stimulation i n  amounts 

exceeding 5.67 x lom8 rnM. The prolongati'on of the spike By TEAy ~ a " ,  

EDTA and Na C t t .  f s  due t o  the fnterference o f  these compounds wf th c e l l  

bound Ca'", releasing i t  t o  the outstde medtum. TEA and ~a'' prolong the 

spike apparently by substi t u t fng  for Ca Mereas EDTA and Na C P t .  do so 

by reducing ~a'' t o  a ra te  1 l n i t f n g  amount. A model explalntng these 

r e s u l t s  t s  postulated. 
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GENERAL DISCUSSION 

If i t  t s  postulqted t h a t  c ~ + +  i s  removed se lec t i ve l y  from ~ 1 -  gat ing 
+ 

s i t e s  i ns tead  of K gat ing s i t e s  by s t i m u l i  t h a t  evoke spikes and t h a t  

$1 
m o b f l l z e d  caf' 1s requ i red t o  s t lmulq te  the K ac t i va t i on  gat lng 

mechanism, a  process whtch requl'res ATP, then one can, ustng the 

d a t a  presented, explal'n the threshold fo r  sti 'mulation, the f n i t i a t i o n  

of C1- ac t i va t t on ,  the connectl'on Between ~ 1 -  ac t l va t f on  and K' 

a c t f v a t f o n ,  and the process of K' activatl 'on t t s e l f .  

The t h resho ld  f o r  s t tmu la t ion  and C1- ac t i va t ion .  
' 

~ a + +  probably has t o  be removed from membrane pore b lock ing 

s i t e s  f o r  C1- ac t i va t i on .  This process requires energy i n  the form o f  

an e l e c t r i c a l  o r  mechanical st imulus.  Ef fec t ive  s t i m u l i  are probably 
++ 

capab le -o f  removing a  ce r t a i n  number o f  Ca from t h e i r  C1' pore 

b l o c k i n g  s i t e s .  Voltage clamp studies show t h a t  a  c e r t a i n  minimum number 

o f  C1- channels must be opened i n  order f o r  complete C1- ac t i va t i on  t o  

o c c u r  (Kishimoto 1968). C1- a c t i v a t i o n  i n  one reg ion o f  the membrane 

w i  11 i n i t i a t e  C1- ac t i va t i on  i n  neighbouring regions. C1- ac t i va t i on  

t h e r e f o r e  i s  regenerative. 

Spontaneous a c t i v i t y ,  as observed i n  c e l l  t rea ted  w i t h  Na C i t .  and 

EDTA, can be explained by the removal of ~a'+ and thus the opening of 
t f C l "  channels. When a  c e r t a i n  amount of Cq i s  removed from the membrane 

by  means o f  chelat ion,  a  few C l -  a c t i va t t on  channels are opened and a  

s m a l l e r  st'l'mulus, i n d i c a t i n g  a  lower threshold, i s  necessary t o  meet 



t he  mfnimum requirement of open C l n  channels f o r  regenrat ive C l n  

a c t i v a t f o n  t o  occur. If more membrane Ca" t s  removed by htgher 

concent ra t ton of chelators a  1  arger number of blocked ~1~ a c t l v a t i o n  

channels i s  opened and spontaneous a c t i v i  ty  i s  observed (chapter I I I ) . 
As soon as the C l n  pores are opened, C l n  dtffuses out  of the c e l l  down 

i t s  electrochemical gradl'ent u n t i l  ~ 1 "  equ i l  i b r ium i s  reached. At 

t h i s  t ime ca*+ may have the reverse ef fect  and close the C1- pores. 

I n  o the r  words, once the C l n  ac t i va t i on  has star ted,  i t  cannot be 

stopped u n t i l  the C l n  equ i l fb r ium po ten t i a l  i s  reached, i .e . ,  the 

"a1 1  o r  nothing" p r i n c i p l e .  

I n i t i a t i o n  of K+ ac t i va t i on  and the process o f  K+ ac t i va t ion .  

The ~ a + +  released from the ~ 1 -  a c t i v a t i o n  blocking s i t e s  by an 

ex te rna l  st imulus, may be f reed  t o  at tach t o  s i t e s  on the membrane 
- - 

where t hey  can cont ro l  K' pores. This would requ i re  t h a t  the ~ 1 -  and 
i 

the K ac t t va t i on  s i t e s  are r e l a t i v e l y  c lose together', perhaps even 

p a r t  o f  the  same mechano-enzyme complex. 

The Ca'' released dur ing the C1' a c t i v a t i o n  could perhaps st imulate 

t he  opening of if channels. However, as there i s  no external  energy 

present, as f o r  example, the external  st imulus needed f o r  C1- ac t i va t ion ,  

energy i n  the  form of ATP (Chapter 111) i s  probably u t i l i z e d  a t  t h i s  

t ime  t o  open the K+ channels. The presence o f  Cat+ could t r i g g e r  t h i s  

r e a c t i o n  as i t  does i n  many other  enzymatic processes f o r  example ATPase 

a c t i v i t y  (Wolf 1972). After  a  number of K* channels are opened, the Kt 

a c t i v a t i o n  could spread over the e n t i r e  membrane surface i n  a  regenerative 



Ftgure 1 Schematic representatton of a model 

explalnlng the role  of cat' durtng 

depol ari'zing C1 activation and 

repol arizing K* actlvation.  





f ash ion  (Chapter V ) .  K' w f l l  diffuse out of the c e l l  down the 
I- 

elect rochemical  gradient u n t i l  the K equf 1 tbrium potenttal  i s  reached, 
I- ~ a + '  PS released from the K' b loc t lng  s i tes,  c losing the K pores. 

I n  v iew of t h t s  hypothes?~, (Fig. 1) the ef fect  of Ba* and TEA 
I- 3. 

can be more f u l  ly explained. As shown fn Chapter V, Ba and TEA can 

s u b s t f t u t e  for  Ca" on the membrane s l t es  because of t h e i r  stronger 

aff i n i n t y  fo r  these s i t e s  than ca*. Stronger binding would require 

m o r e  energy for removal from the blocking s i tes  i n  order t o  i n i t i a t e  

depo l  a r t z i n g  C1- act tvat lon.  This i s  d t r e c t l y  supported by the increase 

fn st tmulus requtred t o  evoke spikes i n  c e l l s  t reated w i th  these 

compounds. 

When 10 RM Ba++ o r  10 nEl TEA i s  d t r e c t l  y appl fed t o  a c e l l  , not 

p r e v i o u s l y  exposed t o  lower concentrations o f  these compounds, a 

spontaneous spike i s  recorded, even though the threshold f o r  subsequent 
- - 

s p i k e s  i s  increased (Chapter I). The phenomenon can be re lated d i r e c t l y  

t o  t h e  subs t i t u t i on  of Ca++ by ~ a + +  o r  TEA. During the subst i tu t ion 

process the Ca++ i s  momentarily' removed from the C1- ac t iva t ion  blocking 

s i t e s ,  before other ions take over the blocking action, i n i t i a t i n g  C1- 

a c t i v a t i o n  and resu l t i ng  i n  a spontaneous spike. This spike i s  of 

++ 
normal duration, providing d i r e c t  evidence tha t  the process o f  Ca 

s u b s t i t u t i o n  i s  not  y e t  completed. The f a c t  t ha t  high concentrations of 

~ a ' +  o r  TEA (10 mM) only  produce spontaneous spikes i n  untreated ce l l s  

can be explained i n  terms of Ca" substt tut lon. If lower concentrations 

o f  ~a'* o r  TEA (1 M) are used, no spontaneous spikes are observed because, 

as explained before a ce r ta in  minimum number o f  ~ 1 -  channels m s t  be 
++ 

unblocked f o r  C1- ac t iva t ion  t o  occur. Low concentrations o f  Ba and TEA 
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subs t i t u t e  on ly  for  a  sub-threshold number o f  Ca++ on the membrane, and 

no spike i s  i n i t i a t e d .  Once some stronger b ind ing i o n  has subs t i tu ted  

f ~ r  cat* a t  the blocking s i t e s  the threshold f s  increased. Therefore, no 

C r spontaneous spfRes aye recorded from a c e l l  p rev ious ly  t reated w i t h  lower 

concentratl'ons of Ba*' o r  TEA. The p r o l  onged splkes recorded from c e l l s  

t rea ted  w i t h  ~a'+ and TEA are consequence o f  the fac t  t h a t  these compounds 

are a  l ess  e f fec t ive  subs t i t u t e  f o r  Ca" i n  terms of the opening o f  K' 
++ 

channels. More tfme i s  requfred t o  perform the same func t ion  as Ca 

when Ba" o r  TEA have subs t i tu ted  f o r  Ca". Hence, the prolonged spikes. 

The effects of che la t tng agents on the threshold  f o r  s t imu la t ion  has 

been explafned i n  the Geginntng'of t h i s  discussion. The e f f e c t s  on the 

K+ ac t i va t i on  can be explained i n  t e n s  o f  a  lack  o f  Ca++ on the 

s t imu la t ing  s i t e s  fo r  K' ac t i va t ion .  Prolonged spikes are obtained on ly  

when a marginal amount of ~ a + +  i s  ava i lab le  (as f o r  instance w i t h  1 rd4 

EDTA, 10 mM NH C i  t:) . CaCt must d i f f u s e  from other  sources, i .e.more 

t ime i s  needed t o  open the minimum number o f  K+ channels t o  i n i t i a t e  
+ 

regenerat ive K a c t i v a t i o n  and hence p r o l  onged spi  kes are recorded. 

Higher concentrat ions than 1 mM EDTA o r  10 mM Na C i t .  r e s u l t  i n  

a  sp i ke - l i ke  depolar izat ion because no ~a'' i s  ava i lab le  t o  block ~ 1 -  

channels, and as Ca++ i s  not  ava i lab le  t o  i n i t i a t e  r epo la r i z i ng  K+ 

a c t i v a t i o n  the c e l l  remains i n  a depolarized s ta te  (Chapter 11). 

The ef fec ts  of DNP and poss ib ly  of N H ~  can be explained by the 

1  ack o f  energy required t o  open the repo la r i z i ng  K+ channels. A r a t e  

l i m i t i n g  amount of ATP w t l l  take longer t o  open a l l  K+ channels, r e s u l t i n g  

t n  p r o l  onged spikes , 



The foregoing hypothesis which was developed e n t i r e l y  from obser- 

v a t i o n  of t h e  e l e c t r i c a l  behavior of internodal c e l l s  of N i t e l  l a  f l e x i l i s ,  

has many qspects i n  common wTtR other hypotheses based e n t i r e l y  on the 

e l e c t r i c a l  behavior of ant'mal ce l l s .  

As e a r l y  as 1949 the effect of cat' on the spike was recognized 

(Hodgkln 1949). A t  t h a t  t h e  i t  was postulated that  ~a'" competes 
i- 

w i t h  Na f o r  a ht'ghly negat ively charged l i p i d  soluble ca r r i e r  molecule 

(Hodgkin 1949). However, the effects of ~a" '  could not be completely 

accounted fo r  using Hodgkin's i o n i c  hypothesis (Hodgkin 1949, Monnier 

1949). 

Duncan (1967) has recent ly  suggested three possible molecular 

mechanfsms fo r  the Na pemeabf 1 i t y  changes tha t  occur during e lec t r i ca l  

, one o f  which i s  

ium ( " i nh ib i t o ry " )  

a c t f v f t y  of the squid axon and other animal c e l l s  

quo ted  below. 
- - 

" t he  e lec t ro ton i c  current displaces the ca lc  
\ 

i o n s  from t h e i r  s t rategic ,  "blocking" s i t es  

and t h a t  t h i s  act ion alone i s  s u f f i c i e n t  t o  

on the ATPase 

a1 1 ow the rapid 

change of membrane-permeabi 1 i t y  and entry  o f  sodi um ions. 

However, removal o f  the i nh ib i t o ry  calcium ions also activates 

t h e  ATPase system, causes hydrolysis o f  organic phospates, and 

accounts fo r  some of the loss of inorganic phosphate from nerve 

and muscle a f te r  a c t i v i t y .  Consequent upon t h i s  a c t i v i t y  i s  

a change of molecular conf igurat ion of the enzyme system, 

causing the observed changes i n  l igh t -sca t te r ing  and pro te in  

conf igura t ion .  On t h i s  hypothests , these changes would take 



p lace  dur ing the f a l l i n g  phase of the ac t ion  po ten t i a l  and 

du r i ng  t he  re f r ac to r y  per iod and recovery processes whfch 

f o l  1 ow i t  . " (Duncan 1967) 

As can be noted, a1 1  basic aspects postulated fo r  the regu la t ion  

o f  e x c i t a t i o n  i n  N i t e l l a  c e l l s  are presented. The ions which are 

r e g u l a t e d  are d i f f e ren t ,  squid axon ~ a '  and K', N i t e l l  a  ~ 1 '  and K', 

but t h e  mechanisms appear t o  be very  s f m i l a r  i f  no t  the same. 

Furthermore, an ATP ac t i va ted  p ro te i n  resembling actomyosin 

dependent on d fva lent  cat ions f o r  contract ion,  has been is01 ated from 

N t t e l l a  c e l l s  (Verobyeva and Poglazov 1963). This p r o t e i n  appears t o  

be  d t r e c t l y  coupled t o  exc i  t a t t o n  and cyc los is  (Barry 1968). P ro te in  

m t c r o f i l  aments have been observed i n  N i t e l l a  c e l l s  and are a lso  thought 

t o  be responsi6le fo r  cyc los is  (Nagai and Rebhun 1966). It i s  probable 

t h a t  s i m i l a r  o r  even the same c o n t r a c t i l e  pro te ins  are invo lved i n  the 
- - 

opening and c los ing  o f  i o n  channels as described i n  Chapter V , simi 1  a r  t o  

t h e  ATPase-ATP system discussed by Duncan (1967). 

The ery throcyte  membrane has been extens ive ly  used as a  model f o r  

e x c i t a b l e  membranes (see Duncan 1967) because o f  the s i m i l a r  behavior o f  

e r y t h r o c y t e  membranes and c e l l s  1  i ke squid axons and amoeba. 

Recent communications i n  ery throcyte  research ind ica te  t h a t  the 

de fo rmab t l i t y  of these c e l l s  i s  d i r e c t l y  r e l a ted  t o  the amount o f  ATP 

present ,  and i s  cont ro l  l e d  by membrane bound cat' (Chau-wong and Seeman 

1971). Wolf (1972) has shown t h a t  cat' i s  no t  requ i red fo r  b ind ing ATP 

t o  t h e  ATPase but  I s  essentfa l  fo r  breaking the energy r f c h  phosphate 

bonds. The c a t a l y t i c  centre of the ATPase contains 3 ac t i ve  groups used 
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e c a t a l y t i c  react ion.    he c o n t r  act1 l e  ca++ dep 

ATP system o f  the ery throcyte  i s  analogous if not  homologous w i t h  the 

model I proposed f o r  the caCC dependent ATPase-ATP system regu la t ing  

t h e  opening and c l os i ng  o f  i o n  channels i n  nerve and exc i tab le  p l a n t  

c e l l s .  

Recent studies on c y c l i c  depsipeptides and peptides show t h a t  these 

mo lecu les  are capable of btndtng a1 k a l i  metal ions by forming ca t i on i c  

complexes (Andreev -- e t  a l .  1971) these could ac t  as t ranspor ters  o f  cat ion 

a c r o s s  hydrophi l  i c  zones of b f o l  og ica l  membranes (Resman -- e t  a1 . 1967, 

Pressman 1968). The cyc l  odecapeptide, Antaminida, is01 ated from the  

h i g h l y  potsonous mushroom Aminita phallol'des, i s  an an t ido te  f o r  the  

t o x i c  pept ide,  amini t i ne ,  synthesized by the same mushroom (Wieland e t  a1 . 
1968). I have tes ted  crude ex t rac ts  of an Amini t a  species on 4 5 ~ a  

1 oaded N i t e l  l a  c e l l s  and observed release o f  4 5 ~ a  followed by rhythmic 

spontaneous f i r i n g  o f  the c e l l  . These f indings i nd i ca te  t h a t  some t o x i c  

substance, probably the pept ide amini t i n  present i n  the mushroom, i n t e r f e r e  

w i t h  t h e  normal i o n  movement across N i t e l l a  c e l l  membranes. The f a c t  t h a t  

t h e  a n t i d o t e  t o  a m i n i t i n  i s  a cyclodecapeptide, capable o f  b ind ing a1 kal  i 

meta l  i ons  could also i nd i ca te  t h a t  c y c l i c  peptides might have a funct ion 

i n  i o n  t r anspo r t  i n  N i  t e l l a  c e l l s .  Studies on a r t i f i c i a l  membranes 

i n v o l v i n g  cyclopeptides (Shemyakin e t  a1 . 1969) could 'prove t o  be val  uable 

i n  e x p l a i n i n g  c e r t a i n  i o n i c  phenomena i n  N i t e l l a  c e l l s .  

Other studies on a r t i f i c i  a1 membranes have shown t h a t  detergent 

m i  c e l  l e s  can ac t  as a model fo r  b to log ica l  membrane pores These mice1 l e s  

b i n d  Ba", vg*' and ~a". It was postulated t h a t  ~a'* has a regu la t ing  
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d rn te rac t ions  (Buzze 1970). 

It f s  ev ident  t h a t  f u tu re  studtes ustng a r t f f i c t a l  membranes could 

c l a r f f y  t h e  r o l e  of ~a'" fn  a c t i v a t i o n  and l 'nact ivat lon processes. 

It rntght 6e argued t h a t  N l t e l  l a  f s a very  special tzed c e l l  , however 

a s  t h e r e  -r's no known ef fec tor  coupled t o  excitatl 'on, the e l e c t r i c a l  

a c t t v ' l ' t y  l's probably ve ry  basic re lat l 've t o  e lectr l 'cal  l y  exl'table animal 

c e l l s .  

Photosyntf iests could a1 so e f f e c t  the spf ke, however I have observed 

no changes Pn the durat ion of tRe spiRe under dl'fferent l i g h t  condttfons, 

changes t n  mem6rane po ten t i a l  and e f fec t tve resistance are observed. 

The model o f  the processes dur ing the spfke i s ,  t o  my knowledge, the 

s i m p l e s t  a l though other more complex models could a lso exp la in  the phenomena 

observed. 

I n  t h f s  thes is  some questions have been answered but  others have been 
- - 

ral 'sed. 

Wf th  t he  use o f  the manipulator and counting arrangement as described 

tn  Chapters I V  and V, questions concerning i o n  movement as, f o r  example, 
++ 

during t h e  bri 'ef spikes observed a f t e r  prolonged spikes of Ba t rea ted  c e l l s  

(Ch. I) o r  t h e  hyperpo lar izat ion o f  c e l l s  t rea ted  w i t h  T R I S  C1 and T R I S  prop., 

(Ch. 2 ) ,  the  mechanism o f  K+ ac t i va t i on  under c e r t a i n  drug condi t ions and 

o t h e r  problems could be solved using the appropr iate radio isotope. 

Other  experiments measuring the e f f ec t  o f  known metabol ic f n h i b i t o r s  on 

t h e  e l e c t r i c a l  parameters of the c e l l  could provide add i t i ona l  informat ion 

a b o u t  t h e  requl'rement f o r  and source of energy used dur ing the exc i t a t i on  

p rocess  of t he  c e l l  . 
Vo l t age  clamp data could c l a r t f y  tRe ac t l on  of some of the  drugs used 



E- 
i wtth respect  t o  the i r  effect  on ~1~ and K' conductances and current densities 

f b u t  could also  provide fnformation &ether K activation i s  regenerathe as 

1s t he  case w'th CI-' acttvatton. 

Data from these experiments as well as those i'nvo'lvi~~g other branches 

of sci'ence such a s  flu't'd dynaml'cs, BtocRewi'stry, histology, anatomy etc .  are 

essentl'al t o  explal'n the excitation process, relative to the other processes 

occuring l'n a 1 i 'ving cel I . 



GENERAL CONCLUSIONS 

In summary, the conclusl'ons of each Chapter answer the questions 

posed t n  the Introduction 4s follows: 

1. The effects of Pharmacological agents t h a t  tnterfere with K+ 

activation Pn nerve and muscle cells have entirely stmilar 

effects on Nitelda cells. 

2. Agents t h a t  prolong the spike evidently do so by substftution 

for cat+ t o  a rate ltmittng m o u n t .  
+ 

3. The repolarfzfng K acttvatfon phase of the spike in Nitella 

appears t o  be energy dependent. 

4. Evfdence for the mode of action of drugs t h a t  prolong the spike 

can be obtained from cells loaded with 4 5 ~ a  and 13'Ba. ca++ 

3s released - - from the cell on application of the drug before the 

prolonged response i s  obtained. ~ a + +  i s  tightly bound t o  the 

cell , the washout curve of Ba from a cell 1 oaded with 13'Ba 

coincides with the time required t o  reverse some effects of ~ a + +  

on the spike. 

5. The basic mechanism t h a t  regulates depolarizing and repolarizing 

electrogenesis i s  similar, i f  not ,  the same as in nerve and 

muscle cells. A simple model was proposed which adequately 

explained the observation made. 
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A P P E N D I X  

Prel i m i  nary investigations of the bi ndi ng 

of ~ a ' +  to cells of Nitella flexilis 



APPENDIX 

INTRODUCTZON 

I n  Chapter V t t  was shown t h a t  the effect o f  ~a~ on the durat ton 
++ of the  sptke was d i ' rec t l y  r e l a ted  t o  the removal o f  c e l l  bound Ca . 

Although t t  was concluded t h a t  ~ a * *  subst t tu tes  f o r  ~ a "  on the membrane, 

no d t r e c t  evfdence t o  support t h f s  was avat lab le .  

Prel ~ h f n a r y  expertments were ca r r ted  ou t  ustng 31 ~ a "  t o  provtde 

such evtdence; they are descrf bed i n  t h i s  Chapter. 

MATERIALS AND METHODS 

Internodal  c e l l s  of N i t e l l a  f l e x i l  t s  were placed fo r  1 minute t n  a 

10 nl so lu t i on  o f  0.4 m c t  31 ~a i n  APH. (New Engl and Nuclear, spec f f i c  

a c t i v i t y  3.6 m ci/mg). A t  the end o f  t h i s  per iod the c e l l s  were removed, 
- - 

r i n sed  i n  APW, and placed i n d i v i d u a l l y  i n  a Buchner funnel on top o f  a f i l t e r  

paper. APW was r insed  over the c e l l  a t  a constant r a t e  o f  1 ml/ml'n. Samples 

were co l lec ted  a t  one mlnute i n t e r va l s .  A t  the end of 5 mfn. a 0.5 m l  

sample o f  100 mM Na2S04, TEA o r  APW was added t o  the funnel conta in ing 

t he  c e l l  . Samples were co l lec ted  as before. A new c e l l  was used f o r  

every drug. A l l  experiments were repeated th ree  times. 

RESULTS 

Typtcal wash ou t  curves are shown i n  Fig. 1 .  The percent o f  the 

t o t a l  a c t i v i t y  f n  the c e l l ,  l o s t  t o  the e f f luent  has been p l o t t e d  
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a g a i n s t  t ime. The a c t i v i t y  of c e l l s  1, 2 and 3 before and a f t e r  a 

20 minute washing period w i th  APW i s  shown below. 

X l e f t  i n  c e l l  
#cnts i n  cpm #cnts a t  the end o f  

C e l l  number Treatment before i n  cpm a f t e r  experiment 

2 .05 m l  100 rrf4 143188 2098 1.49 
TEA 

3 .05 m l  100 mM 90351 1579 1.75 
APW 

DISCUSSION 

I n  Chapter I i t  was observed tha t  the e f fec t  of Ba* on the spike 

d u r a t i o n  was not read i l y  revers ib le  by washing w i th  APW. The data i n  

Fig. 1 show that- a f t e r  20 minutes o f  washing, wi th  APW, on the average 

1.5% o f  the  t o t a l  a c t i v i t y  i s  s t i l l  present i n  the c e l l .  Addit ion o f  

TEA t o  the 1318a loaded c e l l  d id  not release addit ional  a c t i v i t y ,  t h i s  

i s  a lso  supported by the f a c t  t ha t  addi t ion o f  TEA t o  a ~ a "  t reated 

c e l l  does not  shorten the time required t o  reverse the prolongation o f  

t h e  spike. However, I have observed an instantaneous reversal o f  the 

prolonged spike recorded from 8at+ treated c e l l s  on addit ion o f  
- - - - 

so lu t i ons  containing SO4 . It i s  l i k e l y  tha t  SO4 reverses the prolongation 

o f  t he  spike brought about by Ba++ by combining w i th  it. BaS04 i s  evidently 

re leased from the c e l l  as shown, by the curve f o r  c e l l  2 i n  Fig. 1. 



CONCLUSION 

Bat' are tightly bound t o  the cell and are n o t  rapidly washed out 

coinciding with the difficulty of reversing the prolonged spikes of 0aU 
- - 

treated cells with continuous washing. SO4 can reverse the prolonged 

spike recorded from Bat+ treated cells by causing BaH t o  be released 

from the cell probably as BaS04 . 
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