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Summary 

The effect of cell excision and microelectrode perforation on the mem- 
brane resistance measurements of Nitella translucens was determined by direct 
experiment. From the results it is concluded that  perforation has no effect on 
cells as short as 1 cm. Current leakage though the node of an excised cell has 
however to be given some consideration. The method used for determining the 
resistance recovery to insertion has a wide application and its simplicity will 
encourage its use in other biological systems. 

Introduction 

It has been generally assumed that  the damage produced to the membrane 
by the microelectrode perforation is minimal and that  after recovery the 
current leakage occurring through the electrode perforation is neglegible. In 
studies of  the Characeae it has also been assumed that  current leakage though 
the nodes of  an excised cell is negiegible. The validity of both assumptions has 
been investigate but until now the evidence seems contradictory.  

The effect of electrode perforation was studied by Spanswick [1] who ob- 
served that  the membrane resistance of Nitella translucens reaches a steady 
value few hours after electrode insertion. He concluded that  after this recovery 
period the membrane resistance is faithfully determined. On the other hand 
Tazawa et al. [2] compared the membrane resistance values of Nitella flexilis 

Abbrev ia t ion:  MES, 2-(N-morpholino)ethanesulfonic acid.  
* Present address: Instituto de Ffsica, UNAM, Apdo. Postal 20-364, M6xico 20, D.F., Mexico. 
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measured with and without  electrode insertion and concluded that electrode 
perforation leads to a substantial underestimation of the membrane resistance. 
This seems to indicate that in spite of  the observed recovery, the cell membrane 
is irreversibly damaged by  electrode insertion. 

Similar estimations of  the leakage through the microelectrode perforation 
has been done for slow muscle fibres by Stefani and Steinbach [8] ,  who found 
that it leads to an underestimation of both  membrane resistance and potential. 
Hodgkin and Nakagima [9] found similar values for the shunt resistance 
appearing in skeletal muscle fibres but  they estimated a smaller correction for 
membrane resistance values. 

The possible current leakage through the cell nodes is usually disegarded by 
the assumption that the nodes act as infinite impedance terminations [3]. This 
was apparently confirmed by Hogg et al. [4] who found that  a cable model for 
the Characeae based on the last assumption reproduces remarkably well the ob- 
served cell response to a D.C. pulse. However direct measurements of the nodal 
resistance between two adjacent cells [5--7] indicates that  this resistance is by 
no means infinite. However all these measurements were performed on nodes 
with intact cells on both sides, and it might be expected that  the nodal resis- 
tance would increase substantially when one of the cells is removed. This 
premise is directly tested in the present work. It is shown that there is indeed a 
nodal resistance increment, but  that some care is required to make the assump- 
tion of  infinite impedance terminations. 

Usually, estimates of  the leakage though the perforation have being done by 
indirect measurement,  assuming that the potential recovery, or lack of  recovery, 
indicates the magnitude of the leakage. This assumption could however not  be 
valid and it is thus convenient to be able to determine in a direct manner if the 
measured resistance reproduces the resistance value prior to electrode insertion. 
This is done in the present work for Nitella translucens. The experimental tech- 
nique has however wider application and its simplicity will encourage its use in 
other  biological systems. 

Material and Methods 

Nitella translucens plants were originally collected from a loch near Dunkeld, 
Scotland, and transferred to shaded tanks out-of~loors. The plants were rooted 
in a sand and soil mixture and they grew vigorously after acclimatization. The 
cells were watered with artificial pond water of  the following composit ion: 
0.1 mM KC1, 0.1 mM CaC12 and 1 mM NaC1. The pH of the artificial pond 
water was adjusted to pH 5 by the addition of HC1 and buffered with 2-(N- 
morpholino)ethanesulfonic acid (MES). 

The cell bath consisted of  a three compar tment  vessel made from perspex 
(Fig. 1). The separation between the compartments  was achieved with perspex 
barriers. Along the center of  this barrier runs a 1 mm groove into which the cell 
is mounted.  It was found that good electrical insulation is obtained if a silicone 
compound  (MS4, Dow Coming) is used for smearing the groove, instead of  
white vaseline, and silicone rubber (Blue-Tack, Bostik) is used for smearing the 
perspex barriers. The illumination, 0.04 MW/cm 2, was provided by a tungsten 
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lamp and heating of  the cell bath reduced to a minimum by a combination of 
glass, air and perspex filters. 

The current injecting electrodes consisted of two connected pairs of Ag/AgC1 
wires located in the side compartments and another pair located in the central 
compartment .  The voltage recording electrodes to be inserted into the cell 
consisted of glass micropipettes filled with a 3 M KC1 solution by the micro- 
fibre method. The reference electrode, consisted of a glass tube (1 mm outer, 
0.5 mm inner diameter) which had been heated at one end to give a small 
orifice (~ 50 pm) and then filled, by boiling, with 3 KCl-agar solution. The elec- 
trodes were connected to stabilized calomel half cells by means of KCl-agar 
bridges and then to the usual electronics. 

Results 

Cell recovery after microelectrode insertion 
The recovery of the membrane resistance after electrode perforation as a 

function of time can be measured by doing the following experiment which 
uses the experimental arrangement described in Fig. 1. 

From Fig. 1 it can be seen that,  when a current pulse is applied between elec- 
trodes A and C the resulting voltage response is given by 

V, 2 = I(RA + Rc) 

where RA and R c are the resistances of the cell segments A and C and I is the 
applied current. If electrode 3 is inserted into the cell and the same current I 
applied, the voltage responses between electrodes 1 and 2 (V',2) and elec- 
trodes I and 3 (V'la) are given by: 

V',2 = I(RA + R'c) and W,3 = IRA 

where (') denotes the value after insertion. The ratio between the membrane 
resistance of the central segment before and after perforation can thus be ob- 
tained from: 

R~ Y~12//Y12 = ( C "~- R A ) / ( R c  + R A )  

/3//y 

Fig. 1. Experimental a r r a n g e m e n t  u s e d  for  t h e  m e a s u r e m e n t  o f  t h e  re s i s tance  r e c o v e r y  a f ter  m i c r o e l e e -  
t r o d e  in ser t i on .  T h e  s h a d e d  areas r e p r e s e n t  insulating barriers. 'A '  r e p r e s e n t s  t h e  lateral  s e g m e n t s  and  t h e  
c o r r e s p o n d i n g  m e m b r a n e  area in t h e s e  c o m p a r t m e n t s .  'C' represent s  t h e  cen tra l  c o m p a r t m e n t  and the  
c o r r e s p o n d i n g  m e m b r a n e  area.  Current  w a s  a p p l i e d  t h r o u g h  t h e  A g / A g C 1  wires  and  t h e  r e s p o n s e  r e c o r d e d  

by electrodes 1, 2, and 3. 
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T A B L E  I 

T H E  R E C O V E R Y  OF T H E  M E M B R A N E  P O T E N T I A L  E ( m V )  A N D  T H E  M E M B R A N E  R E S I S T A N C E  

R m (k~2 • c m  2) 

N u m b e r  of  cells = 16. 

T i m e  (rain):  1 5 15 30  60 

R c / R '  c E R c / R '  c E R c / R '  c E R c / R  c E RC/R c E 

Av. 0 .53  81 0 .55  86 0 .76  99 0 .85  104  0 .98  109 
S.D. 0 .24  11 0.21 15 0.23 13 0 .20  13 0.11 11 

Since 

R c / R A  = V l 2  - -  V'13/V'13 

then 

R~ _ ~/12 -- V'13 

Rc Vl2 -- G3 

This ratio was computed for different times after the electrode insertion and 
the collected results are presented in Table I. It can be seen that  the membrane 
resistance had recovered after 1 h to its value prior to insertion. It should, how- 
ever, be mentioned that  in some cases the membrane potential did not  follow 
the recovery pattern of the membrane resistance, thus indicating a possible 
weakness of the usual way of estimating the leakage. 

Similar recovery periods have been reported [10]. Longer periods (4 h) were 
reported by Spanswick [11 for experiments carried out in the dark, where the 
membrane resistance is as much as five times bigger than its value in the light 
and thus it is to be expected that recovery to these very high resistance values 
can only be achieved over more extended periods. 

Direct measurements of the nodal resistance between two adjacent cells, 
before and after excision of the neighbouring cell, appear to be a relatively 
simple matter. This was done using the arrangement shown in Fig. 2 where the 

l 2 

1 F I I 
/ 

electrodes 

Fig. 2. E x p e r i m e n t a l  a r r a n g e m e n t  u sed  for  t h e  m e a s u r e m e n t  o f  t h e  t r a rumodal  res is tance  a n d  i ts  r e s p o n s e  
to  cell excis ion.  T h e  s h a d e d  areas r e p r e s e n t  a n  insula t ing ba r r i e r  an d  t h e  squiggly lille t h e  cell n o d e ,  
Cur ren t  was  appl ied  t h r o u g h  the  Ag/AgCI  e l e c t r o d e s  a n d  t h e  t r a n s n o d a l  p o t e n t i a l  r e c o r d e d  b y  mic roe lec -  
t rodes  1 and  2.  
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T A B L E  II 

T H E  R E S I S T A N C E  ( k ~  - c m  2) O F  T H E  C E L L  N O D E  A S  A F U N C T I O N  O F  T I M E  A F T E R  E X C I S I O N  

O F  O N E  O F  T H E  C E L L S  

N u m b e r  o f  cel ls  = 13.  

T i m e :  0 10  mial  1 h 2 h 3 h 4 h 

A v e r a g e  1 . 3 0  1 . 8 0  2 . 1 3  2 .36  2 . 4 5  2 . 5 8  

S.D. 0 . 5 7  0 . 8 8  0 . 8 9  0 . 8 2  0 . 8 6  0 . 9 5  

potential across the node is recorded by electrodes 1 and 2. When current 
pulses (0.05 A/cm 2) were applied by electrodes A and B the potential response 
of the node gave a direct recording of the transnodal resistance. Current pulses 
were applied at regular intervals. The collected results are reported in Table II. 
Here, it is shown that,  over a period of a few hours, the average increase in the 
transnodal resistance is more than 2-fold, though the actual increase varies 
greatly from cell to cell. It should also be mentioned that  the transnodal resis- 
tance values obtained for two unexcised cells agrees with those reported by 
Spanswick [ 1 ] for the same species. 

Discussion 

In the present work it has been shown that the membrane resistance of 
Nitella translucens recovers to its value prior to electrode insertion. This dis- 
agrees with the finding of Tazawa et al. [2] that  suggest the irreversible damage 
of the membrane. In their experiments they compared the resistance measured 
by the open vacuole and microelectrode techniques and certainly these com- 
parisons indicate that  larger resistances are obtained with the former method. 
However these comparisons may not  be entirely valid since the open-vacuole 
technique requires the presence of osmotic agents. Furthermore they fail to 
mention if the same light regimes were used in the two types of experiments. 
The dependence of the membrane resistance on light intensity [12] could 
account for the observed difference. It should be noted that  cell recovery 
depends ultimately on the amount  of damage caused by electrode insertion. In 
the present work the criteria of a good insertion were that  it did not produce 
migration of the chloroplasts away from the electrode tip or stop the cyto- 
plasmic streaming for more than 1 min. From the results obtained here it can 
be concluded that  cell segments as short as 1 cm do not  show any effect of 
electrode perforation; of course, for very short segment this might not  be valid: 
i.e. as the ratio of injured area to total area increases. 

In this work it is also shown that the nodal resistance increases as a conse- 
quence of excising the neighbouring cells. Even allowing for the average two- 
fold increase, the value of the transnodal resistance, which is the measured 
ohmic resistance multiplied by the node area, is still small compared with the 
membrane resistance. However, in making the assumption of infinite impedance 
for the nodes it is the total resistance of the membrane relative to the total 
resistance of the node which is important.  In the case of a cell of 8 cm length 
and 1 mm diameter the total resistance of the node is in fact sixteen times 
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bigger than the total resistance of the membrane so that  only 1/16 of  the 
current flows through the node. The assumption of infinite impedance is quite 
sound in this case but  it will not  be valid for short cells and the techniques 
based on this assumption [3,13] will not  apply. Of  course in the studies of  iso- 
lated cell segments this limitation does not  arise because the infinite impedance 
terminations are insured by  means of the isolating barriers. 

It seems natural to extend the conclusions of  the present work to other 
characean species, bu t  the experiments are so simple as to encourage their 
repetition for any long cylindrical cell. This would be particularly convenient 
before performing flux experiments simultaneous to membrane potential 
recording in very short cells, were the current leakage could be critical. 
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