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SUMMARY 

I .  The  p r ima ry  aim of the  work  was to es tabl ish  the  re la t ive  impor tance  of Na  +, 
K ~, Ca"+ and CI-, as the membrane  charge-carr iers  dur ing the act ion potent ia l .  

2. The resul ts  suggest  t ha t  nei ther  Na + nor Ca -°+ carries a significant pa r t  of the  
ini t ia l  leakage current .  I t  is a rgued t h a t  this  cur rent  arises as a resul t  of a large 
increase in the  membrane  conductance  to CI-, bu t  the  ca t ion-exchange  proper t ies  of 
the  cell wall  do not  allow a definite conclusion to be made from the exper imenta l  
results .  

3- The results  indicate  t ha t  K = is also involved in the ac t ion poten t ia l  and i t  is 
sugges ted  tha t  this  is consis tent  with the hypothes is  t ha t  there  is an increase in the 
membrane  conductance  to bo th  ('1- and  K ~ dur ing ac t iv i ty .  

4. I t  is suggested t ha t  the  bulk of the  electr ical  a c t i v i t y  takes  place at  the  
p lasmale lnma.  

5. in  general ,  the results  are in good agreement  with those ob ta ined  from 
sinfilar work  per formed on o ther  species of the Characeae.  

INTRODUCTION 

The act ion po ten t i a l  in tile g ian t  in te rnoda l  cells of the  Characeae has been the 
subjec t  of pers is tent  inves t iga t ion  in recent  years.  These inves t iga t ions  have involved  
the measurement  of the  electr ical  proper t ies  of the  cell membranes  1-7 and also the  
ionic fluxes across these membranesS- lL Much difficulty has been exper ienced in 
es tabl ish ing the i den t i t y  of the  ions which car ry  the membrane  currents  dur ing the 
ac t ion potent ia l .  The most  defini t ive evidence comes from the ion flux nmasurements  
where it has been demons t r a t ed  t ha t  there  is a large increase in the  chloride efflux 
dur ing ac t iv i ty ,  p r e sumab ly  as a result  of an increased membrane  conductance  to 
chloride. Thus the  chloride ion is d i rec t ly  involved  in the act ion potent ia l .  The ident i -  
ties of o ther  ions which n lay  also be involved in the electr ical  ac t iv i ty  have not  been 
establ ished.  

The difficulties encountered  with the Characeae are largely due to the  fact t ha t  
there  are three barr iers  to ionic diffusion between the large centra l  vacuole of the  
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cell and the environmental solution. These are the tonoplast, the plasmalemma, and 
the cell wall, and it is experimentally somewhat difficult to resolve the individual 
responses of these three components to external influences. Nevertheless, certain 
general features of the system have now been established. In the first place, it appears 
that the main part of the cell's resting potential is located between the cytoplasm 
and the bathing medium 5,1') 15. Secondly, the major proportion of the resting electrical 
resistance is associated with the plasmalemma 5, ~6-~9. During the action potential large 
transient changes occur in both the electrical potential and the electrical resistance. 
Only in the case of Chara australis 5 has it been observed that both tonoplast and 
plasmalemma are involved in these changes, i.e. that both membranes are excitable. 
Even so, the bulk of the electrical changes take place at the plasmalemma. 

In these present experiments we have studied the electrical responses of the cells 
of Nitella transluce.ns, bathed in various ionic media, to both constant-voltage and 
constant-current pulses with the object of identifying the charge-carriers of the 
membrane currents. We have not attempted to distinguish between the tonoplast and 
the plasmalemma in these experiments but have simply applied the pulses between 
the vacuole and the bathing medium. Experiments carried out under constant-voltage 
conditions are conventionally termed "vol tage-clamp" experiments; in a like manner, 
we shall use the term "current clamp" for our constant-current experiments. 

MATERIALS AND METHODS 

Strands of Nitella transluce~zs, which had been collected from a freshwater lake, 
were stored in large tanks in a sheltered place, out of doors. Tile cells were brought 
into the laboratory a week before the experiments were begun and kept in an artificial 
pond water of the following composition : NaC1, I.O raM; KC1, o.I raM; CaC12, I.O raM; 
this solution will be referred to as Ca-APW. Cells presoaked in solutions containing 
Ca 2+ concentrations substantially lower than I.O mM were observed to give rather 
sluggish action potentials or were completely inexcitable. The cells selected for the 
experiments were those which showed rapid protoplasmic streaming. The lengths of 
the cells were usually about 8 cm, though short cells of I - I .  5 cm were also used when 
available; the diameters of all the cells were close to I ram. 

The experimental chamber, in which the cells were mounted during the experi- 
ments, was approximately 20 cm long, I cm wide and 2 cm deep. It was divided into 
two compartments by means of a renIovable perspex partition. The partition had a 
I . I -mm hole drilled through it and a cell could be drawn through this hole so that only 
a short section of the cell, not exceeding I. 5 cm in length, protruded into one of the 
compartments. To prevent electrical leakages between the environmental solutions in 
the two compartments, the partition was lined with white petroleunl jelly beforehand. 
Solutions were circulated through each compartment separately and during all the 
experiments the solutions in the two compartments at any given time were identical. 

Ca-APW was used as the standard reference solution in the experimental 
chamber. It could be replaced by any of what will be referred to as High C1, Low Ca, 
Medium Na- K, and High K-Low Na solutions. On completion of a clamp experiment 
using a particular bathing solution, the cell was allowed to re-equilibrate in Ca-APW 
before proceeding to a further solution change. The ionic composition of the solutions 
is given in Table I and they were chosen with the aim of examining the effects of 
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Na +, K +, Ca ~'+, and C1- on the membrane  responses to constant-voltage and constant-  
current  pulses. 

T A  13LE 1 

T H E  I O N I C  { - O M P O S I T I O N  O F  T H G  b 2 X T E R N A L  B A T H I N G  M E D I A  

31edimn Composition 

KCI NaCI CaCI., 
(raM) (m3I )  (m31) 

C a - A P W  o .  I 1 . o  I . o  

t l ig t i  CI o . i  t o .o  L o  
I.Ox.V C g  o .  I [ . o  o .  [ 

M e d i u m  N a - l q  0. 5 0.6 I .o  
H i g h  1"( L o w  N a  I .o  o. l r.o 

The internal current electrode was a micro-Ag/AgC1 wire electrode inserted 
transversely into the cell at its nfidpoint ; the method for making these electrodes has 
been described elsewhere '°. The tip diameters of the electrodes used in the experiments 
ranged from Io  to 3o/~; electrodes with finer tips do not have the necessary mechanical 
strength to penetrate the tough cell wall. About  o.8 mm of the electrode tip was left 
uninsulated and this was the depth to which the electrode tip was thrust  into the cell. 
The electrical resistance of a typical electrode was about  6o k.O. The external current 
electrode was a L5-cm length of plat inum wire. I t  was positioned in the experimental 
chamber  so as to lie parallel to the length of the cell under s tudy  and z mm distant  
froin it. 

The membrane  potential  was measured using a conventional  3 M KCl-filled 
glass nficro-electrode inserted transversely into the cell, and a calomel half-cell in the 
bathing medium; the internal voltage electrode was positioned about  I mm from the 
internal current electrode. The tip diameters of the micro-electrode were never in 
excess of 2/ , .  Each electrode was tested for tip potentials and those having tip 
potentials in Ca-APW of more than 5 mV were discarded. The electrical resistance of 
these micro-electrodes was between I and 5 megohms. The tip of the calomel reference 
electrode was located not  more than a few mm from the point of insertion of the 
micro-electrode. This was done in order to eliminate any spurious ohmic potentials in 
the bathing medium;  this was an especially impor tant  consideration in the present 
work where the bathing media were all very dilute salt solutions and therefore of high 
resistivity (about 5 k.Q. cm). 

The cells of Nitel la  translucens have the electrical properties of a short, leaky, 
coaxial cable°L This means tha t  if an electric current is injected into a cell at a point, 
then there will be an a t tenuat ion of both the membrane  current density and voltage 
response with distance from the point of current iniection. The a t tenuat ion is charac- 
terised by the space constant ,  2, of the cell. The space constant  of the cell is expressed 
a s :  

Z = )'m/ff~ + to)I" 

where rm is the resistance of unit length of the cell membrane (kD. cm), and ri and ro 
are, respectively, the resistances per unit  length of the internal and external solutions 
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with respect to the cell membrane  (k~Q. CI]I--1) ; ~ has the dimensions of length. The 
resting value of 2 for Nitella translucens lies between 2.5 and 3.o cm (refs. 2o, 21). In 
the present experiments it was observed tha t  the membrane  resistance decreased 
during the action potential  to about  a fifth of its resting value; rm will decrease by  the 
same amount  under these conditions because it is directly related to the membrane  
resistance. Hence 2 will decrease to about  one half of its resting value, i.e. to between 
1.3 and 1.5 cm. Clearly, in order tha t  voltage- and current-clamp studies shall be 
meaningful  the a t tenuat ion effects must  be minimised over the clamped area of the 
membrane.  This presents an obvious difficulty in experiments in which the membrane  
current  is injected at a single point as was the case in the present work. However,  it is 
possible to overcome this to a large extent  by clamping sections of cells whose half- 
lengths are appreciably shorter than the space constant  of the cell in its excited state. 
For  this reason, only cell sections with half-lengths not exceeding o.8 cm were clamped. 
The insulation of a short length of cell from the rest of the cell was accomplished by 
using the two-compar tment  chamber  already described. In a few experiments, short 
cells of total  length between I.O and 1. 5 cm were used and in these experiments the 
perspex part i t ion was omit ted from the chamber.  I t  is preferable to use short cells in 
these experiments but  since suitable cells of large diameter were not in very plentiful 
supply, it was necessary to use short sections of long cells in the major i ty  of the 
experiments.  No systematic difference was detected in the membrane parameters  
obtained for the two types of cell. 

A schematic diagram of the system used in the voltage-clamp experiments is 
shown in Fig. I. The nlembrane potentials were recorded by the electrometer pre- 
amplifier A. This preamplifier had differential inputs of resistance IO ~ ohms and the 
time constant  of the response to an input voltage step function from a IO megohln 
source was less than IOO ~sec. Such a response time is clearly more than adequate  in 
the present experiments in which the source resistance, i.e. tha t  of the micro-electrode, 
was between I and 5 megohms and the time constants of the transient nlembrane 
potentials were never less than  2o msec. The output  from this preamplifier was fed 

R w 5 

L 

EI E 3 E ~  

Fig .  I. A s c h e m a t i c  d i a g r a m  of t h e  e x p e r i m e n t a l  a r r a n g e m e n t  for v o l t a g e - c l a m p i n g .  N d e n o t e s  
t h e  N i t e l l a  cell.  P P  r e p r e s e n t s  t h e  p a r t i t i o n  in  t he  t w o - c o i n p a r t m e n t  b a t h  w h i c h  i s o l a t e s  a s h o r t  
l e n g t h  of one  end  of t he  N i t e l l a  cell.  E I is t he  Ag/AgC1 e l e c t r o d e  t h r o u g h  w h i c h  c u r r e n t  e n t e r s  t h e  
cel l  a n d  is i n s e r t e d  i n t o  t h e  cel l  or  cel l  s ec t i on  a t  i t s  m i d  p o i n t ;  E 2 is t he  e x t e r n a l  c u r r e n t  e l e c t r o d e  
( p l a t i n u m )  ; E a is a c o n v e n t i o n a l  3 M KCl- f i l led  g l a s s  m i c r o - e l e c t r o d e  a n d  is p o s i t i o n e d  a b o u t  i m m  
f r o m  E l ;  E 1 is a s t a n d a r d  c a l o m e l  r e fe rence  e l ec t rode .  R is a r e s i s t a n c e  b o x  w i t h  a r a n g e  of  r e s i s t a n -  
ces t r o m  i m e g o h m  to  zero ;  Rw is a s t a n d a r d  i - i n e g o h m  r e s i s t a n c e  a n d  Rp is a s t a n d a r d  i o - k Q  
re s i s t ance .  S is a t w o - w a y  sw i t ch .  A a n d  C are  K e i t h l e y  h i g h - i n p u t  i m p e d a n c e  e l e c t r o m e t e r  
a m p l i f i e r s  (Model  6o3). B is a p o t e n t i o m e t e r  p r o v i d i n g  p o t e n t i a l s  up  to  2oo inV. C.R.O. d e n o t e s  
t he  r e c o r d i n g  o sc i l l o scope  ( T e k t r o n i x ,  M o d e l  5o2). 

Biochim. Biophys. dcta, I5O ( t908)  6 2 0 - 0 3 9  



~).3o E.J. WILLIAMS, J. BRAI)I.EY 

into tile oscilloscope. B was a voltage source which could be switched stepwise from 
zero up to 200 mV and was essentially a potentiometer driven by a battery; its 
impedance was close to IOO k,Q. The output voltage of amplifier A was subtracted 
from the voltage generated by B and the difference fed into the differential control 
amplifier ('; A and C had identical specifications. The signal fed into C was amplified 
Iooo times and inverted, the output current being passed through the variable control 
resistance R and the membrane, thus completing the feedback loop. The melnbrane 
current was lneasured by feeding the potential difference across R10 directly into the 
oscilloscope; the value of R v was Io k,Q and the input impedance of the oscilloscope 
was I megohln. The oscilloscope traces were photographed as required. 

The operation of the system was as follows: the membrane potential recorded 
by A was backed off to zero using/3 and the output from C was fed to earth through 
Rw by proper positioning of the switch S. R~ was equal to the maxixumn value of R, 

i.e. about I megohln. C was then adjusted until its output current was less than 
o.I /,A. This output from C was then fed into the membrane through R using the 
switch S. The gain of the control amplifier C was luaintained at Iooo. lqnally, reducing 
the value of R to about 300 k~Q brought the membrane under complete voltage control. 
13y stepwise switching of H the membrane potential could be clamped at any desired 
level. The melubrane potential was not clamt)ed during the colnplete duration of an 
experiment and normally the feedback loop was only elnployed for a few seconds at a 
time, this being hmg enough t~r a w)ltagc pulse capable of controlling the membrane 
during activity to be produced. All the pulses were manually switched; automatic 
switching is unnecessary with the Characeae because of the long duration of the action 
potential. 

The current-clamp experiments were performed separately from the wfltage- 
chnnp experiments. The electrode system and the equipment for measuring and 
recording the membrane potential and current was the same as for the voltage-clamp 
cxperilnents. Constant-current pulses were passed into the ceil through the Ag/AgC1 
current electrode. The pulses were ol)tained from a manually switched battery power 
supply with a Io-megohm series impedance; the maximmu battery voltage was 250 V. 
The rise time of the current pulses was always about I msec. 

It must be emphasised that both the internal Ag/AgC1 electrode and the glass 
micro-electrode were inserted into the cell at least halfway across its diameter and 
their tips were therefl)re presmuably located in the cell vacuole. Thus the applied 
voltage or current pulses were applied between the vacuole and the bathing medium. 
In other words, no discrimination was made between the electrical characteristics of 
the tonoplast and the t)lasmalemma. 

Experiments were carried out (m four batches ()f cells ; voltage-clam t) experiments 
were carrie([ out on the first and second batches while current-chnnp experiments 
were perforlned on the third and f()urth batches. The external solutions used with the 
first batch (25 cells) and the third batch (Io cells) were Ca-APW, High C1 and Low Ca; 
with the second batch (zo cells) and the fourth batch (io cells), the external solutions 
were Ca-APW, Medium Na--K and High K-Low Na. The at)plication of voltage or 
current pulses was always initiated about an hour after a solution change was made 
in order to allow for the re-establishlnent of the steady state. Furtherlnore, because 
of the relatively long refractory period of the membrane, voltage and current pulses 
could only usefully be applied every Io rain or so. Thus in order to avoid overhmg 
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experiments with an?, given ceil, the experimental system was operated on a batch 
production basis. 

IRESULTS 

C a - A P W  as the external medium 

Examples of the current responses of a cell to a series of depolarising clamp 
voltages are shown in Fig. 2. The resting potential for this particular cell was --60 mV 
and the magnitude of the action potential was 80 inV. The responses closely resemble 
those obtained for Nitella axillarisL At the beginning and end of each current response, 
membrane capacitance charging and discharging effects are discernible. These 
transients confirm that  the membrane capacitance is close to I.O/zF. cm -2 (see ref. 21). 
The excitation threshold potential for an unclamped Nitella cell is about 20 mV 
above the resting potential and for depolarisations below this level the membrane 
current is outward and small. Above the threshold level a large transient inward 
current appears, followed by a stead\" outward current. The steady outward current 
increases smoothly with increasing melnbrane depolarisation while the transient in- 
ward component is reduced; the transient inward current becomes a transient outward 
current when the membrane is depolarised by more than 8o mV, i.e. by a value in 
excess of the magnitude of the action potential. The membrane behaves as a simple 
resistance-capacitance network when it is hyperpolarised by less than about 4 ° m \ :  ; 
at higher levels of hyperpolarisation, delayed rectification and occasional negative 
resistance effects are observed 22. 

The conventional current-voltage characteristic curves for the excitable 
membrane were obtained from the traces in Fig. 2 by plotting the peak transient, the 
steady outward, and the resting-state current density, as functions of the membrane 
potential (see Fig. 3). The resting-state and peak transient curves are tentatively 

10 u A .  c m -2 I I O ~ A  Gm -2 
J. 

J, ...-"--n-- 

j m42m,, ] - - - - ~ o  mv 

~yperpc:arisation DepoLarlsoticn~L4 

o u j 

Membrane potentlal (mV) A2( / /~. 
-2OC -'6C '2C B0 O ~ C  

d,/< , ~ 

a Peel< transient current ~ ~) 

Z Steody outwGrd current ' ~ a ~ 

i sec 1sec ~ Resting-stGte current  

Fig. 2. The oscilloscope t races  of t yp ica l  m e m b r a n e  cur ren t  responses to a series of depolar i s ing  
vo l tage  pulses. 

Fig. 3. The c u r r e n t - v o l t a g e  charac te r i s t i c  curves  for a t yp ica l  Ni te l la  cell ba thed  in Ca-AP\V 
ob ta ined  from a vo l t age -c l amp  exper iment .  The do t t ed  line shows the region of nega t ive  differen- 
t ia l  m e m b r a n e  resis tance.  
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connected so tha t  the result ing curve exhibits  voltage-controllable negative differen- 
tial resistance. This negative resistance effect is responsible for the ins tabi l i ty  of the 
anembrane near the threshold potent ia l  and the initial  potential-switching phenomena  
associated with the action potential .  

Certain membrane  parameters  can be deduced from the graphs of the type 
shown in Fig. 3. These are: the resting membrane  potent ia l  at zero current  (Era) ; the 
resting membrane  resistance (Rm) which is taken as the slope of the resting-state 
curve at zero current ;  the excited-state membrane  potent ia l  (E~) which is the potent ial  
at which the peak t rans ient  current  is zero; and finally, the excited-state membrane  
resistance (Re) which is obta ined from the slope of the peak t rans ient  curve at zero 
current .  The mean  values obtained for Era, Ee, R m  and Re for 45 cells bathed in Ca- 
A P W  are given in Table II .  These results are the combined results for two batches of 
25 and 2o cells, the separate results for the two batches being given inTables  IV and VI. 

T-KI3LE l[ 

T H E  M E M B R A N E  P A R A M E T E R S  O B T A I N I ' D  FROM V O L T A G E - C L A M P  E X P E R I M E N T S  ON 4 5  C E L L S  B A T H E D  

ix Ca-AP\V SOLUTION 

Em and Ee are respectivel 5 the resting and the excited-state lnembrane potentials at zero current 
(all membrane potentials are expressed as the potential of the inside of the cell with respect to 
the bathing medium). The difference (Era k2e) gives the nlagnitude of the action potential. 
Rm and l?e are respectively the resting and excited-state membrane resistances at zero current. 
The quoted errors for these parameters are standard errors. 

E ,, E e E m E e 1¢ m l¢ e 
(ml ) (ml ") (mI') (hD. cm"-) (/<Y2. cm 2) 

-- 03 -L 2 + 7 :: 2 7 ° i e 27 3 5 .0 1:0.4 

The traces of a series of typical  potent ia l  responses to a series of stepwise- 
increasing, depolarising (outward) current  pulses are shown in I:ig. 4. The voltage 
response is tha t  of a resis tance-capaci tance network for subthreshold pulses. When 
the applied pulse is supra-threshold,  the familiar action potent ial  profile appears, 
with the ohmic potent ial  due to the applied current  superimposed. The membrane  
capacitance has little effect on this superimposed potent ia l  because the membrane  
time constant ,  which is about  50 msec in NiteIla traJzsluceJzs "~, is very much shorter 
than  the dura t ion of the peak t ransient  potential .  With increasing applied current,  
the peak t rans ient  potent ia l  and the subsequent  s teady-state  potent ial  both increase 
steadily. The results for hyperpolarisilag pulses confirm those obtained bv v , l tage-  
c lamping in that  the membrane  responses for hyperpolarisat ions below about  4 ° mV 
are those of a resis tance-capaci tance network, while for greater hvperpoIarisations 
the responses exhibit  delayed rectification and occasional negative resistance effects "2. 
I t  will be noted from the traces in Fig. 4 that  the membrane  potent ia l  does not re turn  
immedia te ly  to its normal  resting value when the current  pulse is terminated.  This is 
a conunon observation,  par t icular ly with large currents. The effect is not, however, 
l()ng lasting and the normal resting potent ial  is usually re established within 5 rain. 

From the data  tha t  can be obtained from the responses shown in lrig. 4, the 
peak t ransient ,  the steady state, and the rest ing-state potent ia l  can be plotted as 
functions of the melnbrane  current  density.  The result ing curves are shown in Fig. 5. 
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As might be expected, they resemble those obtained from the voltage-clamp experi- 
ments except for the fact that  the variation of the peak transient potential with 
inward current is unobtainable by the current-clamp method. The voltage-clamp 
curves show the variation of the peak transient, steady outward, and resting-state 
current density with membrane potential; the current-clamp curves show the respec- 
tive variations of the peak transient, steady-state, and resting-state potential with 
membrane current densitv. 

3o ~ [ 3o ~'q 

O.~uA. crn 2 R Hyperpolarisation Depolapi~tion 

Membrane ~ 12 
potential ( r n V ~  

-160 -120 t, +40 

a Peak transient potential 
~ rl~HA.crn-2 [3 Steady-state potential 
,5sec, 5 sec, o Restlng-state potent;al 

lrig. 4. The oscil loscope t races  of t yp ica l  po ten t i a l  responses  to a series of depolar i s ing  cur ren t  
pulses.  

Fig. 5. The c u r r e n t - v o l t a g e  charac te r i s t i c  curves  for a t yp i ca l  Ni te l la  cell ba thed  in Ca -APW 
ob ta ined  from a cu r r en t - c l amp  e x p e r i m e n t  

The membrane parameters Em and Rm are easily deduced from graphs of the 
type shown in Fig. 5 and by projecting the peak transient curve to cut the current 
axis the parameters Ee and Re may be deduced. The mean values of the parameters 
obtained for 2o cells bathed in Ca-APW are given in Table I I I .  These results are the 
combined results for two batches of io cells each, the separate results being shown in 
Tables V and VII .  

There appears to be good agreement between the values of the membrane 
parameters obtained by the voltage-clamp method and those obtained by the current- 
clamp method. The small variations that  do exist are most likely due to the use of 

TA13LI: I l l  

THE MEMBRANE PARAMETERS OBTAINt~D FROIvI CURRENT-CLAMP EXPERIMENTS ON 2O CF.LLS BATHED 
IN Ca-AP\V SOLUTION 

E,,z Ee E,n -- Ee t~m Re 
(m I,') (mV) (mF) (l~t2. cm 2) (hD. cm% 

- -  6 9  - -  2 q-  4 ~ 4 73  - -  4 2 z  L- 3 6 . 0  ± 0.  7 
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different cell batches, which were collected in different seasons, for the two kinds of 
experiments .  

C a - A P W ,  High CI a~zd Low Ca as the exter~zal solutions 
Sets of cur rent -vol tage  characteristics are shown in Fig. 6 for a typical  Nitella 

cell for which the ba th ing  media were in tu rn  Ca-AP\V, High C1 and Low Ca. The cell 
was studied under  voltage-clamp condit ions and the current  responses from which 
the characteristics were plotted were not  significantly different in the three solutions. 
There is also very little difference in the shapes of the curves for the three solutions. 
In  fact the only significant observation that  can be made is tha t  in changing from 
Ca-APW to Low Ca solution, both curves are shifted to the left along the voltage 
axis by  about  3o mV, i.e. both Era and Ee become more negative by practically the 
salne amoun t  when the external  Ca 2~ concentra t ion is decreased ten-fold. 

TABLE IV 

T H E  ~ I E M B R A N E  P A R A M E T E R S  O B T A I N E D  FROM V O L T A G E - C L A M P  E X P E R I M E N T S  ON 2 5  C E L L S  B A T H E D  

IN Ca-AI'W, Low Ca AND HIGH C1 SOLUTIONS 

Exlert~al E~,, E,  I£,, 12,, IG, IG 
mediltm (mY) (m I') (mV) (k[2. cm'-') (k.O. cm 2) 

('a-APW - 64 :~: 3 + 7 : 2 7 z [ 2 24 4 4.0 i: o.0 
High C1 68 3 -- 4 : 3 72 ! 3 23 = 4 4.4 ! o-5 
Low Ca 8 5 -  4 I5 ! 5 7 ° : 5 -'4 { 4 o.i - o.S 

The mean values of the membrane  parameters  obtained for 25 cells are shown 
in Table IV. I t  can be seen tha t  the replacement  of the Ca-APW solution by High C1 
has a negligible effect on the membrane  parameters.  This part icular  solution change 
involves a ten-fold change in the Na ~ concentra t ion and a four-fold change in the C1- 
concentra t ion  but ,  as will be shown in the Hscuss~ox,  any  observed effect on the 
action potent ia l  should be associated with the increased C1- concentrat ion.  The 
results in Table IV also show that  the average changes in both Em and Ee when the 
reference solution is replaced bv Low Ca are almost equal. This fact is very difficult 
to reconcile with the fact tha t  there is a very significant difference between Rm and Re 
which undoub ted ly  reflects a change in the resistance of the membrane.  Since the cell 
wall is known to have tile properties of a cat ion-exchange resin, then it seems reason- 
able to suggest tha t  these potent ia l  changes take place in tile cell wall and are not  
associated with the membrane.  Table IV also shows tha t  the values of Rm and Re are 
little affected by  any  of tile changes of ba th ing  media;  this is confirmed 1) 5' the 
current -c lamp experilnents.  

Wi th  cells under  current-c lamp conditions, the membrane  potent ial  responses, 
both to applied inward and outward current  pulses, were subs tant ia l ly  tile same in all 
three solutions and the shapes of the characteristics curves are therefore very silnilar. 
A typical set of cur ren t -vo l tage  curves is shown in Fig. 7. I t  is again significant that  
in changing from Ca-AP\Y to Low Ca solution the wflues of Em and Ee became more 
negat ive by ahnost  the same amoun t ;  the average changes for IO cells were respec- 
t ively 19 mV and I6 inV. This observation confirms that  made in the voltage-clamp 
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exper iments .  The mean membrane  pa rame te r s  deduced  from the resul ts  for IO cells 

are given in Table  V. 

Co-APw ~ l-~s 
- -  . ;gh c! ,L '  ,Y"  

LOW Ca o- '"  L~ 6 
• ..-" ,A-4 • 

M e m b r a r e  potent ia l  (mY) . ~o ,.., , ] /  
- 2 0 0  - 1 6 0  - 1 2 0  "" °/I/+40 

,.,[~.-M" ," 7 >, 

l : ig .  0. T h e  c u r r e n t  v o l t a g e  c u r v e s  for  a cell  b a t h e d  in C a - A P \ V ,  H i g h  CI a n d  
o / ) t a i n e d  f r o m  v o l t a g e - c l a m p  e x p e r i m e n t s .  

F ig .  7. T h e  c u r r e n t  v o l t a g e  c u r v e s  fo r  a cel l  b a t h e d  in  C a - A P \ V ,  I I i g h  CI a n d  
o b t a i n e d  f r o m  c u r r e n t - c l a m p  e x p e r i m e n t s .  

- - C a  A P W  , oo] 

. . . .  Nigh C[ 
/ 

. . . .  Low Co ,~ i 

membrane  • /. 
poten t ia l  (mY) •,/ o/, 

-160  -120 - 8 0  - 4 0  
, , . - , - - - 9 , - x  , 

o/•/// 0 7  
/ •/ 

.A 

7 

, o , •  

i :i 
, f 

' + 4 0  

'E u 

"o 
-3 

. -  c 
0J 

t) 

L o w  C a  s o l u t i o n s  

L O W  C a  s o l t l t i o I 1 s  

" I ' A I { L K  V 

T H E  M E M B R A N E  P A R A M E T E R S  O B T A I N E D  F R O M  C U R R E N T - C L A M P  E X P E R I M E N T S  ON I 0  C E L L S  B A T H E D  

IN C a - A I ' W ,  L o w  C a  A N D  I- I IGH CI SOLIJTIONS 

l'2rternal Em ff2, e Em -- Ee Rm ]~e 
medium (mV) (mV) (m V) (kQ. cm 2) (kQ. cm 2) 

C a - A P \ V  68 ± 3 - -  2 : 6 66  *~2 6 28 ± 5 7 .2 - -  0 .9  
H i g h  CI - 6 8  ± 3 - -  3 ---- 6 65 ± 5 25 -- 2 7.4 ; -  I . I  
L o w  ( ' a  - -  87 ~ 4 - - 1 8  := 4 69 ± 4 28 :~ 4 9-7 ---- o .8  

Cad  PW, Medium Na-K, and High K-Low Na as the external solutions 
Neither  the  current  responses for ceils under  vo l t age-c lamp condi t ions  nor the  

resulting membrane  current-vol tage  characteristics were found to be very  different 
in de ta i l  in any  of these solutions.  Fig. 8 shows the re la t ion between nmmbrane  
current  dens i ty  and po ten t ia l  ob ta ined  from a typ ica l  cell immersed  in tu rn  in tile 
three  solutions.  In  the  pa r t i cu la r  example  it is c lear ly not  possible to d is t inguish 
between the ind iv idua l  curves for the  three  solut ions and consequent ly  no a t t e m p t  has 
been made  to d raw them.  Tile mean  values of the  membrane  pa rame te r s  der ived  from 
exper iments  on 2o cells are given in Table  VI. The effect on E e of increasing the K+/Na ~- 
concent ra t ion  ra t io  is small  and  the errors are such as to indicate  t ha t  it  is not  a 
s ignif icant  t rend.  There  is, however,  a marg ina l ly  significant increase in the  size of 
the act ion po ten t i a l  as the  concen t ra t ion  ra t io  increases. Nei ther  Rm nor  Re are nmch 
affected by  the solut ion changes and this  is confirmed by  the cur ren t -c lamp experi-  
ments .  
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T A B L E  V I 

T H E  M E M B R A N E  P A R A M E T E R S  O B T A I N E D  F R O M  V O L T A G E - C L A M P  E X P E R I M E N T S  O N  2 0  C E L L S  B A T H E D  

IN C a - A P W ,  MEDIUM N a - I ' 2 ,  =aND HIGH 1'2 LOW N a  SOLUTIONS 

E,iterl~al medium Em Ee E,t  tee l~m I~e 
(m t') (mI') (ml') (k.Q" cm ~) (hi2" cm2; 

C a - A P W  - - 6 2  :! 3 + 6 ~ 2 68 ! 4 3 ° : 4 5.4 : : o . 6  
M e d i u m  N a - I ' 2  - - 6 7  ::: 4 + 8 :! 3 75 :z 5 27 F 4 5 .7  { o.8 
H i g h  I'2 L o w  N a  - - 6 7  - 4 + i o  ~ 4 77 6 25 ! 4 6. 5 . o.q 

Hyperpola r isa t  ion Depolar isat ion 

 [12. 

+ 

]-4 
Membeane  potent ia l (mV) o+ + 

- 2 0 0  -160 -120 -80 - ~ 0  0 ~'+40 
i i i r 0 4 4  

+ "  
o + 

t0 

" ! ~ -8<i 
o 2 -  

° + 

° 00 

Hype r'potaris ation 

• Ca A2W 
o Medium Na K 

+High K-Low Na 

Membrane 
potential (mV) ° + 
-160 -120 -40 

• + o  i 

g+ 

Depo(arisation 
-8 

-6 

a o  o o  4 -  

4 
o o 

4- : + 

2 o 
+ 

° 

0 +40  +8,0 
> 
g ~  E 

• Ca-APW ~ - 1 6  ~ -+ ~ -2 ~ 

o Medium Na-K + 3 o ~ k <r" 
+High K-Low No o c 20 + oo "-eL4 ~ :~z 

Fig. S. T h e  re l a t i on  be tween  m e m b r a n e  c u r r e n t  and m e m b r a n e  p o t e n t i a l  ob ta i ned  f r o m  a vo l t age -  
c l a m p  e x p e r i m e n t  o n  a cell  b a t h e d  m Ca-AI)VV, in M e d i u n i  N a  1< a n d  in H i g h  l'[ L o w  N a  s o l u t i o n s .  

F ig .  9. ] ' l i e  r e l a t i o n  b e t w e e n  m e m b r a n e  c u r r e n t  a n d  m e m b r a n e  p o t e n t i a l  o b t a i n e d  f r o m  a c u r r e n t -  
c l a m p  e x p e r i m e n t  o n  a cell b a t h e d  in C a - A t ) \ V ,  in M e d i u n i  N a  - K  a n d  in H i g h  l `2-Low N a  s o h l t i o n s .  

With the current clamp, the potential responses for cells bathed in the three 
solutions are very similar. Fig. 9 shows a typical example of the relation between the 
membrane current density and potential for the three solutions. It is clearly very 
difficult to distinguish between the individual curves for the resting membrane and 

]TABI.Y. V I I  

T i l l ' ;  M E M B R A N E  P A R A M E T E R S  O B T A I N E D  F R O M  C U R R E N T - C L A M P  E X P E R I M E N T S  O N  i O  C E L L S  B A T H E D  

IN C a - A P \ Y ,  5'[EDIUM N a - K ,  HIGH K - L o w  N a  SOLUTIONS 

Exlertml  medium 

C a - A P \ Y  
M e d i u m  Na- I ,2  
H i g h  K L o w  N a  

Em Ee Em - Ee ]~m Re 
(m V) (m V) (mV) (Id2" cm") (I,'L)" cm 2) 

- :  71  :: 2 + I I  :: 4 8 2  ! :  5 i(> = 2 4.2 0. 9 
- -  7 ° : 4 + 14 :~ 3 84 4 17 !: 2 4 . 4  +: o . 6  

73 ! 5 + 21 :~ 5 94 - -  0 17 ! 2 3.8 t 0 .4  
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therefore no attempt has been made to draw them. However, the peak transient 
curve for the High K-Low Na solution could clearly have been distinguished froin 
those for the other two solutions. This observation reflects a general trend for all Io  
cells. The mean values of the membrane parameters for the IO cells are given in 
Table VII. I t  will be noted that the solution changes have a larger and more significant 
effect on Ee than was the case with the voltage-clamp experiments. There is again an 
increase in the magnitude of the action potential with increasing K+/Na + concentra- 
tion ratio. 

DISCUSSION 

The experiments described herein have demonstrated substantial agreement 
between the results obtained by the voltage-clamp and current-clamp techniques for 
cells of Nitella translucens bathed in different ionic media. Any small variations in tire 
values of the membrane parameters obtained by the two methods can be reasonably 
attributed to seasonal variations between batches of cells. In addition, the value for 
the resting membrane resistance, Rm, for cells bathed in Low Ca solution compares 
favourably with previously reported values~°,2L The observed four- to five-fold 
decline in Rm during the activity of the cell is to be expected on the basis of similar 
observations with other species of the CharaceaeS,L In the present experiments, the 
overall mean value for Em for cells in Low Ca solution is 86 mV, which is about 15 % 
lower than the values obtained previously~3-15, "°. This is probably attributable to the 
fact that in the previous work the cells were cultivated in Low Ca for long periods 
before the experiments, whereas in the present work tire cells were immersed in Ca- 
APW prior to the experiments and during the experiments were allowed to equilibrate 
in Low Ca for only I h before Em was measured. It is interesting to note that the 
average change in Em caused by a io-fold change in tire external Ca '2. concentration 
was 21 mV under clamp conditions; this value compares very well with that obtained 
under conditions in which no current flowed through the membrane ~. 

The primary objective of the present work was the identification of the ions 
which carry the membrane currents during the action potential. It is reasonable to 
assume that the action potential arises as the result of an increase in the membrane 
conductance to one or more of the ions in the bathing media, i.e. Na~, K", Ca 2~ and 
CI-. It  has been shown xa-~5 that the electrochemical potential gradients for Na ~ and 
Ca"~- are directed from the cytoplasm towards the bathing medium while those of K ~- 
and C1- are oppositely directed. The present work has demonstrated that the electrical 
potential of the inside of the cell is more positive during activity than it is at rest. 
This could clearly be accomplished bv an increased membrane conductance to any of 
the three ions, Na-, Ca 2+ or CI-; the particular i{)n would then flow down its electro- 
chemical potential gradient and drive the internal potential towards a positive value. 
It  has alreadv been suggested in a previous section that the changes in E~ and E,,, 
which are observed when the external Ca" ~- concentration is changed, are most easily 
interpreted as being due to changes in the cell wall potential. In other words, Ca ' t  is 
not involved directly in the action potential, although it may be noted that the 
presence of Ca 2÷ in the bathing medium is necessary for the initiation of an action 
potential. We are thus left with the possibility that the initial leakage current is due 
to an increase in the membrane conductance to Na=- or C1-. 
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If the ac t ion po ten t ia l  were due solely to an increase in the membrane  con- 
duc tance  to Na +, then the membrane  po ten t ia l  a t  the  peak  of the act ion poten t ia l  
(Ee) would be equal  to the  Na! equi l ibr ium poten t ia l  between the inside of the  cell 
and  the ba th ing  medium,  as given bv  tile Nernst  equat ion,  and the nmmbrane  would 
behave  as a reversible  Na  I electrode under  these condit ions.  But the results  shown in 
Tables  I I and  I I I  show tha t  E e has a small  posi t ive value  in solut ions conta in ing I mM 
Na  +. Thus,  if Ee were equal  to the Na  = equi l ibr ium potent ia l ,  then  the in ternal  Na  ~- 
concent ra t ion  of the cells would be less than  I raM. Chemical analyses  of the  cell 
eontentsla,ta,  ~s, indicate  t ha t  this is not  the case. I t  is therefore suggested t h a t  an 
increased membrane  conductance  to Na~ is not  an impor t an t  con t r i bu to ry  cause of 
the act ion t)otential  and  tha t  there  was fair just i f icat ion in the  assumpt ion  tha t  in 
replacing C a - A P W  b y  High C1 solut ion the increase in the  Na  ~- concent ra t ion  was un- 
impor t an t  as far as the  act ive melnbrane  was concerned.This  leaves, as the a l te rna t ive ,  
CI-  as one of the impor t an t  cur ren t -car ry ing  ions dur ing the act ion potent ia l .  Cer ta inly  
the  posi t ive values of Ee could be expla ined  on the basis of a CI- act ion po ten t ia l  
because the CI- equi l ibr ium poten t ia l  is abou t  t- IOO mV (see refs. z3, 2o). Unfor tu-  
nate ly ,  the present  work does not  provide  direct  posi t ive evidence in favour  of this  
hypothes is  since Ee is a p p a r e n t l y  insensi t ive to changes in the CI- concentra t ion .  
Thus  far, the  defini t ive exper iment  for tes t ing the  C1 hypothes is  in Nilella transhtcens 
by  measur ing the CI- efflux dur ing ac t i v i t y  has not  been made and the only favourable  
evidence "° is, of necessi ty,  indirect .  In o ther  species of the  Characeae the  observat ions  
of a g rea t ly  increased CI- efflux dur ing  ac t iv i ty  s - n  s t rongly  fawmr  the C1 hypothes is  
and  i t  seems reasonable  to assume, at  least  unt i l  evidence to the  con t r a ry  is forth-  
coming,  t ha t  a s imilar  s i tua t ion  exists  in Nilella translucens. The lack of anv  observed 
effect of C1 on Ee in the present  work can only be a t t r i b u t e d  to the ca t ion-exchange  
proper t ies  of the cell wall  which give rise to an electr ical  masking  effect on any 
po ten t i a l  changes. Similar  difficulties have been encountered  with  Nitdla flexilisL 

The fact t ha t  the  peak  of the act ion poten t ia l  falls short  of the  C1 - equi l ibr ium 
poten t ia l  indicates  t ha t  the  membrane  conductance  to some other  ion also increases 
dur ing  ac t iv i ty .  The present  work has shown tha t  there  is a tendency, though ra ther  
l imi ted  in the vol tage-c la lnp  exper iments ,  for Ee to assume a more posi t ive value 
when the ex te rna l  K ~ concent ra t ion  is increased;  this observa t ion  is consis tent  with 
an increase in the K ~ conductance  of the membrane  during the ac t iv i ty  of the  cell. 

Thus a sa t i s fac to ry  pic ture  can be bui l t  up in which the act ion poten t ia l  arises 
as a resul t  of an increase in the membrane  conductance  to ('1- and also to K : .  Our 
exper iments  have not  p rovided  conclusive suppor t  for this hypothes is  but  a t  least the  
results  are not  in cont rad ic t ion  to it. U n d o u b t e d l y  the presence of the cell wall, wi th  
its pa r t i cu la r  ca t ion-exchange  propert ies ,  makes  for difficulties not  only from the 
expe r imen ta l  poin t  of view but  also in the in t e rp re t a t ion  of the exper imenta l  results.  
I t  is a m a t t e r  of some urgency tha t  these pa r t i cu la r  difficulties shoukt be overcome. 

There remains  one t)oint to be discussed and this concerns our somewhat  un- 
specific usage of the te rm " m e m b r a n e " .  This lack of specifici ty of definit ion arises 
because, in the  exper imen ta l  work, the vol tage and current  pulses were appl ied  
between the centra l  vacuole of the cell and the ex te rna l  ba th ing  medium and tim 
recorded responses were therefore those of a complex sys tem made up of the cell wall, 
the  p lasmale inma,  and the tonoplas t ,  all in series. Thus no dis t inct ion was made 
between the electr ical  proper t ies  of the component  par t s  of the system. "l'his is not  to 
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say that no conclusions can be drawn about these properties. In the first place, the 
cell wall is unlikely to be an important factor as far as the electrical resistance is 
concerned and it will certainly not be involved in the action potential. Furthermore, 
direct electrical measurements ~9 suggest that the resistance of the plasmalemma is 
about ten times greater than that of the tonoplast ; measurements of the Na + and K ~- 
fluxes across the two membranes TM support these observations. Thus the observed 
four- to five-fold decrease in the cell's electrical resistance during activity must be 
mainly associated with the plasnmlemma and this membrane is therefore excitable. 
We can say nothing at present about the excitability of the tonoplast. In Chara 
australis, both membranes have been observed to take part in the electrical activity 
but with the major part of this activity taking place at the plasmalemma. It may 
therefore be concluded that in referring to "the membrane" in the present paper, we 
are alluding principally to the plasmalemma. 
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