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S u m m a r y  

The in terpre ta t ion  of  electrical b reakdown in terms of  e lect ro-mechanical  
instabilities, predicts  tha t  the b reakdown  potent ia l  should decrease with 
increasing cell turgor  pressure. 

Exper iments  were c o n d u c t e d  to test this hypothes is  on cells of  Valonia  utr i -  
cularis  over a turgor  pressure range of  0.5 • 10s--5.0 • 10 s N/m 2. Electrical break 
d o w n  was measured using intracellular electrodes and 500 /Js cur rent  pulses. 
The pressure was mon i to r ed  by an intracellular microp ipe t te  pressure trans- 
ducer.  The results obta ined  show a linear decrease in the critical b reakdown  po- 
tential  with pressure. The effective compressive modulus  of  the cell membrane ,  
7, is calculated f rom the slope of  this line to 69 -+ 10 • 10 s N/m 2 (average value 
of  seven measurements) .  This is consis tent  with the theoret ical  predic t ion of  
the e lec t romechanica l  model  using our  previously de te rmined  values of  the elas- 
tic modu lus  of  the membrane .  

A theoret ical  analysis is given of  the effects o f  pressure on the b reakdown.  
This includes also considerat ions  of  the indirect  effect  of  pressure on the mem- 
brane via s t re tching of  the cell wall with a possible coupl ing of  such strains to 
the cell membrane .  The results and analysis presented allow us to conc lude  on 
the basis o f  the exper imenta l ly  de te rmined  b reakdown P.D. o f  959 mV that  the 
region of  m e m b r a n e  where electrical b reakdown  occurs  is a dielectric with one 
of  the fol lowing combina t ions  of  parameters :  (A) a thickness 5 = 7--9 nm with 
a dielectric cons tan t  e = > 1 0 ,  e.g. a hydra t ed  protein spanning the whole  mem- 
brane. (B) 6 = 4--5 nm with c = 3--8,  e.g. a l ipoprote in  of  lipid bilayer dimen- 
sions. (C) 6 ~ 2  nm with e = 2--3, e.g. a half  lipid bilayer. 

I f  we assume tha t  the b reakdown P.D. of  the tonop las t  and p lasmalemma are 
identical,  tha t  is 480  mV, then there is only one reasonable choice  for  the mem- 

* On l e a v e  a t  t h e  U n i v e r s i t y  o f  N e w  S o u t h  Wales .  
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brane thickness and the dielectric cons tant :  5 = 2 nm,  e = 3--8,  e.g. a (lipo-) 
p ro te inaeeous  modu le  facing a half  lipid bilayer.  

Introduction 

In living cells electrical b r eakdown  occurs when the cell m e m b r a n e  is taken  
rapidly,  say in microseconds ,  to  a critical voltage. The la t ter  is of  the  order  of 
1 V for  mos t  cells examined  so far [1- -3] .  A voltage of  this magni tude  can be 
buil t  up across the cell m e m b r a n e  e i ther  d i rect ly  with the  giant cells of  algae 
like those  of  Valonia u tricularis using i n t r a - an d  extracel lular  e lec t rodes  [3--5]  
or indirect ly  with microscopic  cells by applying suff ic ient ly  large external  fields 
to a suspension of  such cells [1 ,2 ,6 ,7] .  It is possible to in te rpre t  the electrical 
b reakdown in terms o f  an e lec t ro-mechanical  collapse of  the cell m e m b r a n e  
which can occur  at  suff ic ient ly  large m e m b r a n e  potent ia ls  [1- -3] .  In this model  
the me m br a ne  is cons idered  to be a compressible  s t ruc ture  in which an equilib- 
r ium exists be tween  the electrical compressive forces due  to the electric field 
present  in the  m e m b r a n e  and the mechanical  forces (elastic res tor ing forces and 
externa l  pressure).  I t  can be shown tha t  for  suff ic ient ly  large compress ions  
(decrease in m e mbrane  thickness)  the compressive force  due to the electric 
field in the m e m b r a n e  can increase more  rapidly with decreasing m e m b r a n e  
thickness than  the elastic restor ing forces.  This leads to  a ca tas t rophic  collapse 
(perhaps only  locally)  o f  the membrane ,  which then  also results in the electrical 
b reakdown p h e n o m e n o n .  Previously we have shown [3] tha t  the electrical ehm'- 
acteristies ( for  very  shor t  cu r ren t  pulses) leading up to  b r eakdown  can be accu- 
ra te ly  accoun ted  for  by  e lect ro-mechanical  compress ion  of  the membrane .  In 
this c o m m u n i c a t i o n  we ex t end  the theore t ica l  analysis and present  exper imen-  
tal results ob ta ined  with cells of  V. ultricularis of  the e f fec t  of  external  turgor  
pressure * on the critical po ten t ia l  required  for  b reakdown.  The dependence  of 
the b r eakdown  potent ia l  on the turgor  pressure ex p ec t ed  f rom the analysis of 
e lec t ro-mechanical  forces is also a crucial fac tor  in any cons idera t ion  of  o ther  
possible mechanisms for  the b reakdown.  

Materials and Methods  

The  cells used in the present  exper iments  were the giant cells of  the marine 
algae V. ultricularis which were originally col lected f rom the Medi ter ranean 
near  Naples and were cul t ivated in the l abora to ry  in sea water.  

The electro-physiological  me thods  and apparatus  used in the exper iments  
were the same as those  descr ibed previously by  us [3,4] for  the studies on elec- 
trical b reakdown in these cells, wi th  the excep t ion  of  the intracellular  pressure 
p robe  (see below).  

Current  pulses of  500 ps dura t ion  were injected in to  the cell via a p la t inum/  
ir idium microwire  i n t roduced  in to  the cell th rough  a mic rop ipe t t e  with a tip 
d iamete r  of  ~ 5 pm which was inserted longi tudinal ly  into the cell (see Fig. 1). 

* In  t h i s  c o m m u n i c a t i o n  we  sha l l  e x p r e s s  t h e  p r e s s u r e  in u n i t s  o f  1 0  5 N / m  2. N o t e  t h a t  1 0  5 N / m  2 = 

1 b a r .  
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Fig.  1. T h e  e x p e r i m e n t a l  s e t - u p  f o r  m e a s u r e m e n t s  o f  t h e  p r e s s u r e  d e p e n d e n e e  o f  e l e e t d e a l  b r e a k d o w n  in 

ce l ls  o f  V. ~trieularis .  T h e  s e t - u p  is i d e n t i c a l  t o  t h a t  d e s c r i b e d  p r e v i o u s l y  [ 3 ]  e x c e p t  f o r  t h e  a d d i t i o n  o f  
t h e  m i e r o p i p e t t e  p r o b e .  F o r  d e t a i l s  o f  t h e  m e a s u r e m e n t s  s ee  t h e  t e x t .  

The  m e m b r a n e  poten t ia l  d i f fe rence  (P.D.) was m o n i t o r e d  with the aid o f  intra- 
and ext racel lu lar  glass mic rop ipe t t es  filled with 2 M KC1. The plexiglass cell 
ho lde r  and the f lowing sea water  ba th ing the cell were t empera tu re  cont ro l led .  
All exper iments  were done  at 16 ± 0.2°C. The turgor  pressure in the cell was 
m o n i t o r e d  using the intracel lular  pressure p robe  descr ibed previously by Zim- 
m e r m a n n  and Steudle  [8,9] ; (see also ref. 10). This p robe  was inser ted longitu- 
dinally into the cell f rom the end oppos i te  to  where  the cu r ren t  inject ing elec- 
t rode  was inser ted (see also Fig. 1). The  turgor  pressure of  the cell was changed 
by  adding e i ther  distilled water  or a concen t r a t ed  NaC1 solut ion to  the  external  
sea wate r  f lowing over  the cell; the  osmolar i ty  being adjusted gradually with 
the aid of  a gradient  mixer  (LKB In s t rumen t  Co.). The  pressure inside the cell 
was so adjusted in the range o f  0.5 - 10s--5.0 • 10 s N/m 2. At each pressure the 
breakdo~qq P.D. was de te rmined  by injecting a series of  cur ren t  pulses of 
increasing magni tude  into the cell; the  cur ren t  pulses and the voltage responses 
were displayed on a storage oscil loscope. Breakdown can be clearly discerned by 
the  d i scon t inuous  increase in the pulsed cur ren t  when the critical b reakdown 
P.D. is reached.  Fur ther ,  the membrane  P.D. also does no t  generally increase 
b e y o n d  this critical value upon  inject ion of  cur ren t  pulses of  greater  magni tude  
(see also Figs. 2 and 3 of  Coster  and Z immerman  [3]) .  There  are intrinsic diffi- 
culties in calculating the cor rec t  value o f  the b reakdown P.D. f rom the oscillo- 
scope voltage tracings. The  shape of  the voltage pulses is no t  rectangular ,  partic- 
ularly in the supercri t ical  range (beyond  the critical b r eakdown  P.D.). In the 
expe r imen t s  r epo r t ed  here,  the m a x i m u m  value of  each voltage pulse was taken 
for  evaluating graphically the critical b reakdown P.D. as described by Coster  and 
Z i mm e r ma nn  [3] .  It  should be fu r the r  no ted  tha t  the b reakdown event  is related 
to  two  membranes ,  tha t  is the tonoplas t  and the plasmalemma.  Thus the break- 
down  P.D. comprises  bo th  the b reakdown P.D. of  the tonoplas t  and of  the plas- 
malemma.  The  t empora l  buil t  up of  the potent ia l  across bo th  membranes  
depends  in a complex  manne r  on the resistance,  capaci tance  and resting mem- 
brane P.D. of  each m e m b r a n e  [11] .  In addi t ion  the r eco rded  m e m b r a n e  P.D. is 
de layed  by the  rise t ime o f  the poten t ia l  measuring system result ing in an under-  
es t imat ion  of  the b r eakdown  P.D. At the t empera tu re  of  16°C no split t ing of  
the m e m b r a n e  P.D. signal into two peaks was observed over the whole  pressure 
range. This f inding leads us to conc lude  tha t  the b reakdown P.D. of  bo th  mem- 
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branes is reached  s imul taneously  for  all pressures used. 
Note  tha t  this conclus ion  is derived f rom the evaluat ion of  the  data  at hand 

and tha t  fu tu re  studies,  which are able to  increase the limits of  reso lu t ion ,  m ay  
find a d i f fe rence  in the b r eakdown  P.D. t imes at this t em p e ra tu r e  (see also ref. 
11). On the basis of  s imul taneous  b reakdown ,  one  m ay  assume tha t  the break- 
down  P.D. of  at  least one  m e m b r a n e  is half  tha t  de t e rmined  exper imen ta l ly  by 
vacuolar  e lec t rode .  The  electrical  b r eakdown  does n o t  lead to  global damage of  
the cell or of  the m e m b r a n e  ( the m e m b r a n e  reseals rapidly and the process can 
be repea ted  m a ny  times)• A slow de te r io ra t ion  of  the cell, however ,  does occur  
over a per iod of,  somet imes ,  10 h when  insuff ic ient  t ime (<2 0  min) was al lowed 
be tween  measur ing sequences• The  t ime be tween  cur ren t  pulses in each such 
sequence  was a bou t  10 s• This t ype  of  de te r io ra t ion  may  be due to the forma-  
t ion of  toxic  electrolysis  products .  For  instance some s imulat ion exper iments  
we have c o n d u c t e d  have revealed tha t  significant amoun t s  o f  h y p o ch lo r i t e  are 
f o rme d  when the pulse f r e q u e n c y  and ampl i tude  reach suff ic ient ly  high values• 

Cont ro l  exper iments  were also pe r fo rmed  to  de t e rmine  any possible effects  
of  tu rgo t  pressure on the tip potent ia ls  of  the  intracel lular  potent ia l -measur ing  
e lect rode.  This was done  in separate  exper iments  in which one e lec t rode  with a 
large tip d iamete r  ( ~ 2 0  pm)  (which was also sealed at the o the r  end)  and one  
e lec t rode  with a small tip d iamete r  (~5  pm) as used in the b reakdown  experi-  
ments  were inser ted in to  cells toge ther  with the pressure probe• The  e f fec t  of  
pressure on the tip po ten t ia l  of  the fine e lec t rode  was fo u n d  to  be < 2 mV over 
the investigated pressure range• 

The  pressure p robe  inserted into the cell is f i t ted  with a micrometer -dr iven  
plunger  by which the vo lume and hence  the pressure inside the cell may  be 
varied. In this way it is also possible to  de te rmine ,  direct ly ,  the vo lumet r ic  elas- 
tic modulus  of  the cell wall [9 ,10 ,12 ,13]  which is def ined  by  the fol lowing 
equa t ion  [14] :  

AP 
Y" = Av v, (1) 

where Yw is the cell vo lumet r ic  elastic modu lus  of  the cell wall• The subscr ipt  
" w "  here  refers to  the  cell wall. (We shall use a subscript  " m "  to deno te  the  cell 
membrane) .  Usually the symbol  " e "  has been used for  the  vo lumet r ic  elastic 
modulus  bu t  in this paper  we reserve the la t ter  symbol  for  the dielectr ic  con-  
stant .  Ap is the change in cell ( turgor)  pressure• Av is the cor responding  change 
in cell vo lume v. Usually Yw is a func t ion  of  pressure and cell vo lume 
[8 ,9 ,12 ,13 ,151.  

Electro-mechanical stresses 

(a) Transverse stresses. The  presence of  an electric field in a m e m b r a n e  
creates a compressive stress, Pe- This stress toge the r  with the compressive stress 
due  to the externa l  pressure,  P, (e•g• the  tu rgo t  pressure) is coun te rba lanced  by  
the elastic res tor ing force ,  P .... genera ted  by  strains induced  in the membrane .  
Thus  at equi l ibr ium 

P+P, ,+Pm = 0 (2) 



403 

We will consider  the  e f fec t  of  each o f  these forces  on the  thickness of  the  
membrane .  Fur ther ,  we will below also consider  the effects  of  longi tudinal  
strains. There fo re ,  we shall deno t e  the mechanica l  transverse stress by  the sub- 
scr ipt  " t " ,  the  electric stress by  the subscr ipt  " e " .  When no  strains are present  
at all, i.e. also no longitudinal  strains, the thickness is d e n o t e d  by 50 (see also 
Glossary of  symbols) .  The  stress due  to the  electr ic  field in a h o m o g e n e o u s  
m e m b r a n e  is given by (assuming a cons tan t  field) 

ffC0 V2  

Re - , (3) 
252 

where  e is the dielectr ic  cons tan t  of  the m e m b r a n e  material ,  eo, the electric per- 
mi t t iv i ty  of  free space, V, the m e m b r a n e  po ten t ia l  d i f fe rence  and 6, the stressed 
m e m b r a n e  thickness.  The  elastic res tor ing force  Pm for  an ideal elastic mere- 
brane is given by:  

5 
(4 )  Pm = Ym In 8 t~o, e=0 

where  Ym is the elastic modulus  * for  compress ion  o f  the m e m b r a n e  in a trans- 
verse di rect ion,  St=0, ,,=0 is the m e m b r a n e  thickness in the absence of  bo th  mech- 
anical and electrical transverse stress. When V = 0 and hence  the electric stress 
Pe = 0 the  tu rgor  pressure is ( f rom Eqns. 2 and 4) given by 

5e=O 
. . . .  (5) P --Pro(V= O) --Ym In 5e=O,t=o 

where  5~:0 is the thickness o f  the m e m b r a n e  when V = 0 (and Pe = 0) bu t  we 
consider  here  the case when  o the r  strains may  be present .  When a P.D. is present  
subs t i tu t ion  of  Eqns. 3, 4 and 5 in the equi l ibr ium condi t ion  Eqn.  2 then  
yields 

6e= 0 ee°V~- = Ym l n -  - (6) 
252 5 

When the compress ion  of  the m e m b r a n e  is suff ic ient ly  large, the rate  at which 
the electr ic  stress (Eqn.  3) increases with the decreasing m e m b r a n e  thickness 
exceeds  the rate  at which the elastic res tor ing force  (Eqn.  4) increases. At this 
po in t  the m e m b r a n e  becomes  e lec t ro-mechanica l ly  unstable  and electrical  
b r eakdown  will result.  

The  b reakdown  P.D. can be ob ta ined  f rom the instabil i ty cond i t ion  

6Pc aPin 
-aa- = - a ~ -  (7 )  

At a given, cons tan t ,  pressure this occurs  when V = Vc, where  f rom Eqn. 6, the 
critical b r eakdown  P.D., is given by  

e e o ~  Ym _ (8) 
63 8 

• Thc  elast ic m o d u l u s  is here  ope ra t iona l ly  de f i ned  as the ra te  at  wh ich  the  in ternal  r e s t o r i n g  fo rces  
increase  wi th  a change  in th ickness ,  5, expressed  pe r  un i t  t h i cknes s  of  the  m e m b r a n e .  Ym in general  
will be a c o m p l e x  q u a n t i t y  [16 ] .  
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Eqn. 8 with the equi l ibr ium condi t ion  Eqn.  6 then  yields the fo l lowing expres-  
sion for  the critical b reakdown P.D. 

~ec°-V~ (1 --  2 in ~ : ~ )  = 0. (9) 
262 

Subs t i tu t ion  of  Eqn. 8 back in to  Eqn. 9 yields 

5 ~=o Ym 
V~c = 0.3679 --- (10) 

cc0 

In this equa t ion  5e=0 is a func t ion  o f  pressure (Eqn.  5) and hence  Ve in Eqn.  10 
is also a func t ion  of  P. Thus  subst i tu t ing for  5e:0 f rom Eqn.  5, Eqn.  10 yields 
the fol lowing express ion for  the b r eakdown  P.D. as a func t ion  of  pressure:  

V,, = Vc(t = O) e x p ( - - P / Y m )  (11), 

where 

vc(t=o)=L COo -J 
(b) Longi tud ina l  stresses. In our  analysis so far we have no t  inc luded any 

possible effects  of  longi tudinal  and c o n c o m i t a n t  transverse strains induced  in 
the m e mbra ne  due  to  stresses in the cell wall. The  cell m e m b r a n e  could be 
coupled  closely to  the cell wall (mechanical ly ,  chemical ly  or e lect rosta t ical ly) .  
In this case strains induced  in the cell wall due to turgor  pressure will induce  
longi tudinal  strains in the cell membrane .  The  relative change in the  area of  the 
cell wall and the  cell m e m b r a n e  will depend  on the degree of  mechanical  
coupl ing be tween  these s t ructures .  The exac t  degree of  this coupl ing  is u n k n o w n .  
To p roceed  we will make  the s implifying assumpt ion  here  tha t  the rat io of  the 
strains in area of  the cell m e m b r a n e  and cell wall will remain cons tan t  with 
changes in pressure. This ra t io  we will refer  to  as the  degree of  coupl ing  a ( the 
values of  a will t he re fo re  be in the range o f  0 - - t ) .  To  see what  possible e f fec t  
this might  have oll the b reakdown P.D. we can make  the  crude app rox ima t ion  
tha t  for  such longi tudinal  strains the  densi ty  of  material  in the m e m b r a n e  
remains cons tant .  This would  mean tha t  the thickness of  the m e m b r a n e  would 
decrease as the turgor  pressure increases. There  is some evidence [17]  tha t  lon- 
gitudinal strains in cell membranes  might  indeed acco u n t  for  the decreased 
thickness of  the supposed h y d r o p h o b i c  layer  in cell membranes  relative to  tha t  
of  an artificial bilayer.  The  changes in cell vo lume are re la ted to  changes in tur- 
got  pressure and the elastic modulus  of  the cell wall by the Philip equa t ion  
(Eqn.  1). 

To persue this a rgument  consider  a spherical cell of  radius r0 when the turgor  
pressure is zero and a radius r at any o the r  pressure. The change in the thick- 
ness of  the membrane ,  under  our  assumpt ion  of  cons tan t  densi ty  of  the mere-  
brane material ,  can then  be ob ta ined  with the aid ol~ the in tegrated Eqn.  1. 
Details of  this are given in the Append ix  A. It is shown t h e r e  tha t  

5~,=o, t:o = 50 e x p t - - g y - ]  (12) 

5o is the thickness when no strains at all are present. The stressed thickness in 
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Eqn.  10 should  t he re fo re  n o w  include the e f fec t  o f  the strain due  to the  longi- 
tudinal  stress. When this is inc luded  the  cri t ical  b r e a k d o w n  P.D. is given b y  

V~ = Vc(P = 0) e x p ( - - P / 7 )  (13) 

where  

i-0.3679 ym 1 ,J2 
Vc(P = O) = L- -  e e o - ~ J  50 

and 

1 = _ 2 ~ _ +  1 _  (14) 
~' 3 Y~v Ym 

Here V c (P = 0) is the b r e a k d o w n  P.D. when  the  pressure P = 0, a t  which  po in t  
there  is no compress ive  mechan ica l  stress in the  m e m b r a n e  and there  are no lon- 
gi tudinal  strains induced  due to the  s t re tch ing  of  the cell wall. In the  inves t igated 
pressure range Ym is o f  the  o rder  of  50 • 10 ~ N / m  2 [3] and Yw-~ 3 0 0 .  10 ~ N / m :  
[15] .  Even with  the two  e x t r e m e  cases of  a = 0 and a = 1 the  express ion  14 
predic ts  a near ly  l inear decrease  in Vo wi th  P. The  slope of  the  curve of  V,, as a 
func t ion  of  P yields then  the c o m p l e x  q u a n t i t y  Vc (P = 0) /% 

If  due  to  some  peculiar i t ies  o f  the  cell m e m b r a n e  d i rec t  compres s ion  is no t  
possible ,  compres s ion  b y  the  electr ic  field (which t e rmina te s  on charges in the  
m e m b r a n e  ma t r ix )  is still possible.  In this case the  e f fec t  of  the  cell wall remains  
and Eqn. 13 is still appl icable  b u t  wi th  the  t e r m  in Yw p redomina t ing .  

Using the  intracel lular  pressure p r o b e  we can d e t e r m i n e  direct ly ,  for  a given 
cell, the  elastic m o d u l u s  of  the  cell wall with the  aid of  Eqn.  1. In this way  we 
could ,  in pr inciple ,  separa te  ou t  the  e f fec ts  o f  d i rec t  compres s ion  of  the m e m -  
brane  due  to the tu rgor  and an indi rec t  th inning  due to  longi tudinal  strains 
induced  t h rough  the  coupl ing  to  the  cell wall for  the  case c~ = 1. 

Results 

At each pressure  the  crit ical P.D. for  electr ical  b r e a k d o w n  was d e t e r m i n e d  
by  inject ing a sequence  of  cu r r en t  pulses of  increasing magn i tude  into  the  cells 
as descr ibed  e lsewhere  (see also Materials and Methods) .  While at  b r e a k d o w n  
the  electr ical  c o n d u c t a n c e  increases sharply ,  the  b r e a k d o w n  did no t  lead to  a 
decrease  in the  tu rgor  pressure  e x c e p t  a f t e r  p ro longed  e x p e r i m e n t a t i o n  on a 
cell. 

The  b r e a k d o w n  P.D. for  var ious values of  the  tu rgor  pressure  in one  cell is 
shown  in Fig. 2. F o r  these  results  the  tu rgor  pressure  was adjus ted  cycl ical ly  to  
increasing and decreasing values. This par t icular  cell originally had a pressure o f  
1.4 • 105 N / m  2 and a vo lume  of  45 m m  3 (45 pl).  

The  line shown  in Fig. 2 is an exponen t i a l  curve f i t ted  to  the da ta  by  the  
m e t h o d  of  least  squares  in acco rdance  with  the theore t i ca l ly  e x p e c t e d  var ia t ion 
(Eqn.  13) f r o m  which 7m is ca lcula ted  to  be 71 • 10 s N / m  2. The  cor re la t ion  
coef f i c ien t  for  the  fi t  is 0.9. Consider ing the  e x p e r i m e n t a l  diff icul t ies  involved 
in the  s imu l t aneous  m e a s u r e m e n t  o f  tu rgor  pressure and  the  critical b r e a k d o w n  
P.D., this resul t  seems good  evidence  t ha t  the  b r e a k d o w n  P.D. does  indeed 
decrease  wi th  tu rgor  pressure ,  as p red ic ted  by  Eqn. 13. 
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F i g .  2 .  A p l o t  o f  t h e  cr i t i ca l  p o t e n t i a l  for  e l ec tr i ca l  b r e a k d o w n  as a f u n c t i o n  o f  p r e s s u r e  in a s ingle  cel l  
o f  V.  utricularis .  T h e  p r e s s u r e  w a s  v a r i e d  in s t e p s  b y  d i l u t i o n  o f  the  sea  w a t e r  w i t h  d i s t i l l ed  w a t e r  o r  b y  

the  a d d i t i o n  o f  NaC1. T h e  d i f f e r e n t  s y m b o l s  i n d i c a t e  s e p a r a t e  e x p e r i m e n t a l  runs .  A, n d e c r e a s i n g  p r e s s u r e :  
o o ,  i n c r e a s i n g  p r e s s u r e .  T h e  l ine d r a w n  is a p l o t  o f  E q n .  1 3  w i t h  3" = 7 I  ' 1 0  5 N / r n  2. 

Similar variat ions o f  the  b r e a k d o w n  P.D. wi th  turgor were  ob ta ined  for all 
cells e x a m i n e d  (13 cells) .  The e x p e r i m e n t s  cou ld  n o t  a lways  be c o n d u c t e d  over 
the  w h o l e  pressure range; in m a n y  cases,  for instance ,  the cells ruptured w h e n  
the  pressure was  increased [ 8] .  While all cells d isplayed a similar d e p e n d e n c e  of  
Ve on P the  b r e a k d o w n  P.D. at P = 0 for d i f ferent  cells were  d i f ferent ,  some-  
t imes  by m o r e  than 2 0 0  m V .  The average value o f  the b r e a k d o w n  P.D. 
Ve (P = 0) o f  seven cells (see also f o o t n o t e )  was 9 5 9  + 141 m V .  

In order therefore  to  present  the  cumula t ive  data on  the  changes  in Vc wi th  
turgor pressure ob ta ined  wi th  d i f ferent  cells we  had to  n o r m a l i z e  our  data. For 
this purpose  we  ex trapo la ted  the  b r e a k d o w n  P.D. data for  each cell  to  zero  
pressure (Ve (P = 0))  and de termined  the  ratio o f  Vc (P)/Ve (P = 0). The c u m u -  
lative data for  the  relative decrease  in this b r e a k d o w n  P.D.,  Vc (P)/Ve (P = 0) as 
a f u n c t i o n  o f  turgor pressure for  seven cells is s h o w n  in Fig. 3 *. For  such a 
n o r m a l i z e d  p lo t  the s lope o f  the  line gives the value o f  1 /~ - (as  can be easi ly  
s h o w n  f r o m  Eqn. 13 by expanding  the  e x p o n e n t i a l  f u n c t i o n ) .  The s lope  o f  the  
l ine in Fig. 3 has a value o f  1 .45  • 10 -7 N -1 • m 2 (corre lat ion  c o e f f i c i e n t  0.8) .  
Hence  the  average value o f  ~ - s o  ca lculated is 69  -+ 10 • 10 s N / m  2. It is obv ious ,  
also cons ider ing  the  relative decrease o f  the single cells in Fig. 3, that  the  break- 
d o w n  P.D. decreases  wi th  pressure in agreement  wi th  the  e l ec tro -mechan ica l  
m o d e l .  

* T h e  s e v e n  e x p e r i m e n t s  w e r e  s e l e c t e d  f r o m  t he  1 3  m e a s u r e m e n t s  in  the  f o l l o w i n g  w a y :  T h e  d a t a  o f  

the  re lat ive  d e c r e a s e  in  t he  b r e a k d o w n  P .D.  o f  e a c h  cel l  w a s  f i t t e d  to  a s t ra ight  l ine  b y  the  m e t h o d  
o f  l eas t  s q u a r e s ,  the  s l o p e  o f  e a c h  l ine e q u a l s  1 / %  T h e n  the  c o n f i d e n c e  in terva l  for  the  s l o p e  o f  the  
l ine w a s  c a l c u l a t e d  u s i n g  a c o n f i d e n c e  c o e f f i c i e n t  o f  95%.  T h e  re su l t s  for  ce l l s ,  w h e r e  the  h a l f  l e n g t h  
o f  the  c o n f i d e n c e  in terva l  w a s  larger  t h a n  50% of  1 / 3  ~ w e r e  r e j e c t e d .  
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Fig.  3. C u m u l a t i v e  d a t a  o n  t he  c h a n g e s  in  r e l a t i v e  b r e a k d o w n  P.D. V o l V c ( P =  0) a s a  f u n c t i o n  o f  p r e s su re  

for  s e v e n  cells .  T h e  d i f f e r e n t  s y m b o l s  are r e f e r r e d  to  the  s e v e n  d i f f e r e n t  cells .  I t  is o b v i o u s  t h a t  fo r  each  

cell  the  r e l a t i v e  dec rea se  in  b r e a k d o w n  P.D. is a l i n e a r  f u n c t i o n  o f  p res su re .  The  d a t a  o f  al l  ce l ls  f i t t e d  to  

t h e  s t r a i g h t  l ine  V c / V  c ( P  = O) = 1 - -  ( P / ' ~ )  ( l i nea r  a p p r o x i m a t i o n  o f  E q n .  13)  s h o w  a m e a n v a l u e  o f  the  

s l o p e  1 / ~ - :  1 . 4 5  • 1 0 - T N  - I  - m 2 ( c o r r e l a t i o n  c o e f f i c i e n t  0 .8) .  

The electrical breakdown to which the cells were subjected was, as pointed 
out  previously [3,4],  at constant  pressure, quite reproducible in a given cell. 
Some long term changes in the resting membrane resistance (for small current  
pulses) did take place in the cells although this did not  show up in the poten- 
tials required for breakdown. Two examples of the variation of the resting resis- 
tance, for  500-#s current  pulses, with the number  of  breakdowns to which cells 
were subjected are shown in Fig. 4. One set of  results (filled symbols) refer to 
the same cell to which the results in Fig. 2 refer, the other  set (open symbols) 
to another  cell. The resting membrane resistance at the beginning of  the exper- 
iment agrees with the values reported previously for these cells measured with 
very long current  pulses (20 s) [8]. 

It is clear from the results shown in Fig. 4 that the membrane resistance 
decreased markedly with increasing number  of  breakdowns to which the cells 
were subjected. It should be noted that  the points shown represent measure- 
ments at various pressures and were obtained serially during the course of the 
measurements of the dependence of  Ve on pressure. The resistance with such 
short pulses was apparently not  dependent  on the pressure (unlike the resis- 
tance measured with long (20 s) pulses) [8,12,15[ .  The gradual decrease in the 
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Fig.  4. The  m e m b r a n e  r e s i s t a n c e  m e a s u r e d  w i t h  s m a l l  ( s u b c r i t i c a l )  b u t  s h o r t  ( 5 0 0  #s)  c u r r e n t  pu l se s  a t  

d i f f e r e n t  p res su res ,  fo r  t w o  cel ls ,  i n d i c a t e d  by  the  d i f f e r e n t  s y m b o l s .  The  p o i n t s  ( f i l l ed  c i rc les )  r e fe r  to  

t h e  ce l l  to  w h i c h  t he  r e s u l t s  in  Fig. 2 are r e l a t ed .  

resistance shown in Fig. 4 is probably not  only due to damage by the electrical 
breakdown but is also most likely connected with increasing damage due to the 
changes in turgor to which the cell was subjected. At constant pressures such 
changes in resistance with increasing number of breakdowns were usually not  
observed. 

The resting potential for these cells was usually +0 to +8 mV at the beginning 
of the experiments but sometimes the initial value was slightly negative. Fol- 
lowing several (5--10) breakdowns the resting potential of the cells shifted to 
slightly more positive values (about 2 mV). Further breakdown then only led 
to small statistical fluctuations of the resting P.D. around this value. 
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Fig. 5. The  e las t ic  m o d u l u s  o f  the  cel l  wa l l  fo r  a s ing le  cel l  o f  V. utr icularis  m e a s u r e d  w i t h  the  a id  o f  the  
p re s su re  p r o b e .  In  each  m e a s u r e m e n t  t he  v o l u m e  was i n c r e a s e d  s t e p w i s e  w i t h  t he  m i c r o m e t e r  p l u n g e r  in 

t h e  p re s su re  p r o b e  w h i c h  causes  a s m a l l  inc rease  in  p r e s su re .  The  v a l u e s  o b t a i n e d  he re  are s i m i l a r  t o  t h o s e  
r e p o r t e d  b e f o r e  [ 8 , 9 , 1 5 ]  fo r  cel ls  o f  t h i s  spec ies  d e s p i t e  the  fac t  t h a t  in  t h i s  m e a s u r e m e n t  an  i n e o m .  
p l e t e l y  f i l l ed  r u l e r • p i p e t t e  (u sed  fo r  t h e  c u r r e n t  e l e c t r o d e )  was  a lso  in  p lace  in  the  cel l .  
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As ou t l ined  in the t h e o r y  the  relat ive c o n t r i b u t i o n  of  the  elastic compress ive  
m o d u l u s  Ym and the vo lumet r i c  elastic m o d u l u s  of  the cell wall (Yw) to  7 can 
be separa ted  since Yw can be d i rec t ly  measu red  for  a Valonia cell. This,  how-  
ever,  was no t  done  for  each  cell since such m e a s u r e m e n t s  i n t roduce  an increased 
risk o f  damag ing  the  cell. One such resul t  o f  Yw as a func t ion  of  pressure  is 
shown in Fig. 5, for  the  same cell to  which  Fig. 2 is related.  These  measure-  
men t s  o f  Yw, p e r f o r m e d  while the  cell was impa led  b y  the  re la t ively large, pa r t ly  
filled m i c r o p i p e t t e  (used for  the  cu r ren t  e lec t rode) ,  y ie lded values o f  the  same 
order  as those  measu red  w i t h o u t  such an addi t iona l  m i c r o p i p e t t e  p resen t  [15] .  

Discussion 

As po in t ed  ou t  previous ly  [3 ,5]  the  b r e a k d o w n  process  is so rapid  as to  rule 
ou t  any  possibi l i ty  tha t  the  sharp  increase in c o n d u c t a n c e  is due to the  ionic 
p u n c h - t h r o u g h  p h e n o m e n o n  descr ibed  by  Cos ter  [18 ,19] .  Punch- th rough  is 
associa ted  with changes  in ionic profi les  in the  m e m b r a n e ,  the  t ime  cons tan t s  
for  which are of  the  order  of  1.0 s [19 ,20] .  

We have prev ious ly  shown  tha t  the  pulsed cur ren t -vo l tage  character is t ics  and 
the  b r e a k d o w n  p h e n o m e n o n  can be very  adequa t e ly  a c c o u n t e d  for  by  consid-  
e ra t ions  o f  e lec t ro -mechan ica l  e f fec ts  on the m e m b r a n e  [ 1,3 ]. The  d e p e n d e n c e  of  
the  critical b r e a k d o w n  vol tage,  Vc, on the tu rgor  pressure  is also in very good  
a g r e e m e n t  wi th  the expe r imen ta l  data .  F r o m  this da ta  we can ob ta in  a measure  
of  1 /7  = 2a /3Yw + 1/Ym, the  average value of  which f r o m  the da ta  p resen ted  in 
Fig. 3 was 69 ± 10 • 10 S N / m  2. 

In order  to  calcula te  the  elastic compress ive  m o d u l u s  of  the  m e m b r a n e  we 
need  to k n o w  b o t h  the  elastic m o d u l u s  of  the  cell wall, Yw, and the  m e m b r a n e -  
wall coup l ing  coef f i c ien t  a. Whereas Yw can be expe r imen t a l l y  d e t e r m i n e d  (see 
Resul ts  and Fig. 5) we do no t  have any  i n f o r m a t i o n  a b o u t  the  value of  a.  T w o  
e x t r e m e  cases a = 0 (i.e. no coupl ing)  and a = 1 ( c o m p l e t e  coupl ing)  should  be 
cons idered .  With 7 = 69 ± 10 • 10 s N / m :  and a in the range 0--1 and taking 
Yw = 3 0 0 . 1 0  s N / m  2, Ym is ca lcula ted  to  be  in the  range 5 9 . 1 0 s - - 9 6 . 1 0  s 
N / m  2. F r o m  the critical b r e a k d o w n  P.D., the  th ickness  60 and the  dielectr ic  
cons t an t  e o f  the  region where  the  b r e a k d o w n  occurs ,  it is also possible ,  on the 
basis o f  the  e lec t ro -mechan ica l  m o d e l  o f  the b r e a k d o w n  process ,  to  deduce  
a p p r o p r i a t e  values o f  Ym for  the  b r e a k d o w n  region. Such ca lcula ted  values of  
Ym as a func t ion  o f  5o for  var ious  values of  e are shown  in Fig. 6, for  the  mean  
value o f  V~ (P = 0) 959 inV. 

Also ind ica ted  in this f igure is the  range of  values of  Ym d e d u c t e d  f r o m  the 
p resen t  expe r imen t s .  

I t  is i m m e d i a t e l y  clear  f r o m  Fig. 6 tha t  the  choice  o f  50 and e is l imi ted.  If  
b r e a k d o w n  occurs  in units  which span the  ent i re  m e m b r a n e ,  or  a subs tant ia l  
pa r t  t he reo f ,  m~d thus  have a th ickness  7--9  nm,  the  dielectr ic  cons t an t  of  
these  regions m u s t  be  in excess 10 *. This would  then  rule ou t  a lipid mater ia l  
and suggest  t ha t  these  regions migh t  be a h y d r a t e d  pro te in .  I f  the  b r e a k d o w n  
region is ~ 4 - - 5  n m  (co r r e spond ing  to  the th ickness  of  the  lipid bi layer)  the  
dielectr ic  cons tan t ,  f r o m  Fig. 6, m u s t  be  in the  range e = 3- -8 ,  which  would  

• I t  s h o u l d  be  n o t e d ,  t h a t  th i s  a nd  t he  f o l l o w i n g  c o n c l u s i o n s  are o n l y  v a l i d  f o r  u n i f o r m  m a t e r i a l  
(see the  t h e o r y  s e c t i o n ) .  
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Fig.  6. The  d e p e n d e n c e  o f  t he  t h e o r e t i c a l  v a l u e  o f  the  e las t ic  m o d u l u s ,  Ym,  o f  t he  m e m b r a n e  on  the  t h i c k -  

ness  o f  t he  r e g i o n  w h e r e  b r e a k d o w n  occurs .  The  c u r v e s  were  c a l c u l a t e d  f r o m  Eqn .  10  u s i n g  t he  average  

v a l u e  o f  9 5 9  m V  for  t he  b r e a k d o w n  P.D. w i t h  v a r i o u s  v a l u e s  o f  the  d i e l e c t r i c  c o n s t a n t ,  6 ( i n d i c a t e d  a t  t o p  

o f  curves ) .  The  s h a d e d  h o r i z o n t a l  areas  in  t he  d i a g r a m  i n d i c a t e  the  r ange  o f  Ym d e t e r m i n e d  f r o m  the  

d e p e n d e n c e  o f  V c on  the  t u r g o t  p r e s su re  w i t h  e i t h e r  ze ro  c o u p l i n g  (a  = 0) or  c o m p l e t e  c o u p l i n g  ((~ = 1) 

b e t w e e n  s t r a i n s  in  the  m e m b r a n e  a n d  cel l  wall .  F o r  i n t e r p r e t a t i o n  see D i s c u s s i o n .  

suggest a l ipo-prote in  material .  On the o the r  hand  the b reakdown  region could  
conceivably  be th inner .  Thus in the fluid mosaic model  [21] ,  it is envisaged 
tha t  some m e m b r a n e  modules  pene t ra t e  on ly  half  of  the bilayer.  The possibil i ty 
then  exists tha t  e i ther  half  of  the bi layer  or the facing m o d u le  could  break- 
down.  If  we allow tha t  the b r eakdown  region is of  the order  of  2 nm (see also 
ref.  22),  the  possible value o f  the dielectric cons tan t  deduced  f rom Fig. 6 is 
then  only  2--3.  This immedia te ly  suggests tha t  in tha t  case it is the half  bilayer 
which breaks down  and no t  the  facing ( l ipo)-prote inaceous  module .  It should 
be no ted  tha t  the value of  959 mV is the uppe r  value of  the b r eakdown  voltage 
of  a single membrane .  The  b reakdown  event  descr ibed here  comprises  the  break- 
down  of  bo th ,  the tonoplas t  and the plasmalemma.  Cont inuing the line of  argu- 
men t  presented  in Materials and Methods ,  we assume the ex t r em e  cas e , tha t  the 
b r eakdown  P.D. o f  a single m e m b r a n e  is on ly  half  the value de t e rmined  exper-  
imenta l ly  with the vacuolar  e lectrodes.  Since the critical b r eakdown  P.D. is pro- 
por t iona l  to  the  square roo t  of  Ym, a smaller b r eakdown  P.D. value would  affect  
the value of  Ym as derived f rom Eqn. 10. However ,  this is of  no  consequence  if 
Ym is calculated f rom the Eqn.  13 describing the pressure d ep en d en ce  of  the 
b r eakdown  P.D. 

In Fig. 7 the same plot  is represented  as in Fig. 6, bu t  it is assumed tha t  the 
b r eakdown  P.D. is 480 mV. It is evident  tha t  in this ex t r eme  case on ly  the 
reasonable  combina t ion  of  ~ = 2 nm and e = 3--8 is possible. This means tha t  
the ( l ipo)-prote inaceous  modu le  facing the half  bi layer  break through.  

We c a nno t  decide conclusively at this stage be tween  these possible combina-  
t ions of  thickness and dielectric constants .  However ,  tha t  the b r eakdown  does 
no t  occur  in the lipid bi layer  region of  the cell m e m b r a n e  is cons is tent  with the 
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fact that  artificial lipid bilayer membranes have breakdown voltages of about 
200 mV or less [23]. The breakdown mechanism in these is probably different 
from that discussed here. There is now good evidence [24] from capacitance 
measurements that  the solvent-free bilayer membranes made by the technique 
developed by Montal and Miiller [25] have a thickness which is independent of 
membrane potential. The electro-mechanical breakdown mechanism under dis- 
cussion here is thus not applicable to lipid bilayer membranes as was suggested 
by Crowley [26]. The decrease in the breakdown P.D. with benzyl alcohol in 
red blood cells [27] (which from NMR studies is thought to fluidize the mem- 
brane [28] ) is consistent also with bur present notion that the breakdown region 
is not  the lipid layer matrix but probably a lipo-protein region or at a lipid-pro- 
tein junction. 

That some proteinaceous component  is present in the breakdown region is 
further attested to by the inability of the membrane to reseal when the cell is 
exposed, prior to electrical breakdown, to a 0.1% glutaraldehyde solution. Glu- 
taraldehyde even in high concentrations (1%) does not  normally induce an 
increase in the hydraulic conductivity of the membrane (Zimmermann, U. and 
Lelkes, P.I., unpublished data). In electrical breakdown experiments in the 
presence of giutaraldehyde we found that  one or two breakdowns could be 
obtained without  any effect being evident. After that, however, the hydraulic 
conductivity increases sharply following subsequent breakdown. Increases in 
the hydrualic conductivity (which can be detected with our pressure probe) 
during and following electrical breakdown are not observed when glutaralde- 
hyde is absent. It is interesting to note again here that  the electrical resistance 
of the membrane (measured with the 500-t~s pulses) does gradually decrease 
with increasing number of breakdowns (see Fig. 4). The breakdown P.D. never- 
theless remains within the initial limits of the experimental reproducibility. 
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From the foregoing discussion it is clear that the effect  of  turgor on the 
breakdown process is consistent with the not ion that  electro-mechanical forces 
play a decisive role in the breakdown. 

A more crucial test, however, would be the effect of  absolute pressure on the 
breakdown potential  *. A null result for this would positively mitegate against 
the possibility that  pressure leads directly to a decrease in membrane thickness. 
The effect  reported here must then also be ascribed to the indirect effect  of 
stretching due to strains in cell wall or we must eliminate the electro-mechanical 
model of the breakdown phenomenon.  It would not  rule out  the possibility 
that  electro-mechanical forces play a significant role in determining the mem- 
brane structure (e.g. see Coster [29] following Coster and Kaplin [30]).  Electro- 
mechanical compression could still occur and might be impor tant  as turgot 
pressure sensing and regulation mechanism as recently suggested [ 11,31,32].  A 
null result for the proposed experiment,  however, would rule out  an electro- 
mechanical catastrophic collapse of the membrane.  

Finally, we must reiterate our previous remarks [3],  that  the results obtained 
do not  allow us to eliminate the possibility that breakdown may result, not  
from a catastrophic collapse of the membrane,  but due to another  critical com- 
pression phenomenon.  Electro-mechanical compression of the membrane mate- 
rial which, when sufficiently large, could, for instance, expose transmembrane 
conduct ion modules which by virtue of their relative size to the membrane are 
normally buried in the membrane matrix. When this occurs the electrical con- 
ductance through the membrane would increase sharply and breakdown could 
then result. 

Appendix A 

Effect o f  longitudinal stresses in the cell wall on membrane thickness 
Changes in turgot  pressure give rise to changes in cell volume. The relation- 

ship between pressure and volume can be obtained by integration of the Philip 
equation (Eqn. 1). Here we must also take into account  that  Yw is pressure 
dependent  [9,13,15] (it is also volume dependent  but  this is of no consequence 
here since only a small range of volumes are involved). It has been found exper- 
imentally (Steudle, E. and Zimmerman, U., unpublished) that  the elastic mod- 
ulus varies with pressure according to the relation 

Yw = y0  + (Yw -- Y~)(1 -- exp(--~JP)) (A1) 

where y o, the elastic modulus at P = 0; Y~, the limiting high pressure modu- 
lus; fi, is a constant.  
With Eqn. A1, Eqn. I may be integrated to yield 

: v o  - ! t ~ (A2) 

For cells of V. utricularis ~ will be of the order of 1 • 10 s N/m 2, Y° w and Y~ are 
of the order of 30 • 10s--50 • 10 s N/m 2 and 200 • 10s--300 • 10 s N/m 2, respec- 

tively. Thus for our considerations it is readily shown that the term in the large 

* The re  are m a n y  t e c h n i c a l  d i f f i c u l t i e s  in  d o i n g  such  e x p e r i m e n t s .  E q u i p m e n t  fo r  t h i s  p u r p o s e  is a t  

p r e s e n t  u n d e r  d e v e l o p m e n t .  
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b r acke t  is essential ly cons t an t  and equal  to  1 for  pressure  grea ter  than  0.5 • 10 s 
N / m  2. The  Eqn.  A2 then  reduces  to  

v = Vo e x p { P / Y w )  

This equa t ion  can also be wr i t t en  in t e rms  of  the  radius of  the cell. Thus  for  a 
spherical  cell 

r : r0 e x p ( -  P ~ I  (A3) 
\3 Y~J  

where  r is the  radius o f  the  cell, r0 is the  radius when  P = 0. I t  should  be no ted ,  
however ,  t ha t  the re levant  cell wall m o d u l u s  re la t ing the  vo lumes  to  pressure  is 
Y~I and no t  the general value Yw. However ,  for  s impl ic i ty  o f  n o m e n c l a t u r e  we 
will con t inue  to  use the  s y m b o l  Yw bu t  it is u n d e r s t o o d  to be the  value Y~ at  
P ~ ~ .  The  re la t ion  be tween  cell vo l um e  and area of  the  cell wall depends  in a 
c o m p l i c a t e d  way  on the shape of  the  cell. For  a h o m o g e n e o u s ,  spherical ,  cell the  
re la t ionship  is s imple  and the area of  the cell wall, Aw, as a func t ion  of  pres- 
sure, is t hen  given by  (using Eqn. A3) 

A w = A w0 exp  3Yw- 

where  A w0 is the wall area a t  P = O. 
When the  m e m b r a n e  is coup led  to  the  cell wall, changes in area,  Aw, of  the 

la t ter  induces  strains in the  m e m b r a n e  (area A m ). 
We shall assume here  tha t  the  ra t io  of  the strains in the  cell m e m b r a n e  and 

cell wall is pressure  i n d e p e n d e n t  and equal  to  a,  a p a r a m e t e r  which  we will 
re fer  to  as the  coupl ing  coef f ic ien t .  (The  value of  a is thus  be tween  0 and 1). 
Hence  

dAm dA w 

A m A w 

and thus  

where  Am0 refers  to  the  area of  the m e m b r a n e  when  P = 0. 
Changes in the  area of  the  cell m e m b r a n e  could  also lead to changes in its 

thickness .  Again we lack deta i led  i n f o r m a t i o n  a b o u t  the  mechan ica l  s t ruc ture  
of  the  cell m e m b r a n e  which  would  al low us to calcula te  exac t ly  such changes in 
th ickness .  

To p roceed  we will fo l low the cons idera t ions  of  White [33]  and assume,  for  
i l lustrative purposes ,  t ha t  the  m e m b r a n e  dens i ty  will r emain  cons tan t .  Such 
cons idera t ions  have also been invoked  by  Fe t t ip lace  et al. [17]  to  expla in  dif- 
ferences  in the  a p p a r e n t  th ickness  o f  the  h y d r o c a r b o n  c o m p o n e n t  of  cell m e m -  
branes  as c o m p a r e d  with  artificial  bilayers.  Thus  when  no t ransverse  mechan ica l  
stress and no  electric stress is p resen t ,  

AmS,,_o, t o =Amo6O (A6) 

Hence  using Eqn. A6 and A5 with  Eqn.  A4 the  changes in m e m b r a n e  th ickness  
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with tu rgor  pressure  due  to  longi tudinal  stresses is given by,  

6~,-o ~o = 6 o e x p ~ - -  2~P'I  (A7) 
- ' ~ 3 Y~, ] 

Eqn. A7 with Eqn. 11 then  yields the  b r e a k d o w n  P.D. as a func t ion  of  pressure 
(Eqn. 13). 

Conclus ions  

Our  p resen t  s tudies a l low us to  conc lude  t ha t  
(1) Electr ical  b r e a k d o w n  po ten t i a l  in cells o f  V. utricularis decreases  wi th  

increasing tu rgor  pressure .  
(2) The  decrease  in the  crit ical b r e a k d o w n  P.D. wi th  increasing tu rgor  pres- 

sure is cons i s ten t  wi th  the no t i on  t h a t  b r e a k d o w n  occurs  as a resul t  of  an elec- 
t ro -mechan ica l  ins tabi l i ty  as the  crit ical b r e a k d o w n  P.D. is reached.  

(3) On the  basis o f  the e lec t ro -mechanica l  mode l  of  the  b r e a k d o w n  process  
we e s t ima te  the  compress ive  elastic m o d u l u s  of  the  m e m b r a n e  to be in the  
range of  59 • 10s - -96  • l 0  s N / m  2. 

(4) Assuming  tha t  the  b r e a k d o w n  is due  to  an e lec t ro -mechan ica l  ins tabi l i ty  
the  p resen t  results  of  the  e f fec t  o f  tu rgor  pressure on the  b r e a k d o w n  P.D. a l lows 
us to deduce  unde r  the  cond i t i on  t ha t  the  crit ical m e m b r a n e  P.D. is 959 m V  
tha t  (i) if  the  th ickness  of  the b r e a k d o w n  region is 7--9  nm,  (i.e. the  th ickness  
of  the  m e m b r a n e )  the  dielectr ic  cons t an t  e > 10, or  (ii) if  the  th ickness  is 4--5  
n m  (i.e. the  th ickness  of  the  bi layer) ,  e = 3--8 ,  or  (iii) if  the  th ickness  is ~ 2  n m  
(i.e. ha l f  o f  the  bi layer)  e = 2--3.  I f  we assume tha t  the  b r e a k d o w n  P.D. for  a 
single m e m b r a n e  is only  ha l f  the value of  959 mV,  as expe r imen t a l l y  measured  
with  vacuolar  e lec t rodes  then  it turns  ou t  t ha t  on ly  one reasonable  combina -  
t ion  of  m e m b r a n e  th ickness  wi th  the  dielectr ic  cons t an t  is possible:  5 = 2 nm,  c 
= 3--8  ( tha t  is a ( l ipo) -pro te inaceous  m o d u l e  facing half  of  a bi layer) .  
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Glossary  o f  symbo l s  

AI11 

A m  0 
nw 
A w0 
P 

Pm 

Area  of  the  cell m e m b r a n e .  
Area  o f  the  cell m e m b r a n e  at  zero tu rgor  pressure.  
Area of  the  cell wall. 
Area of  the  cell wall at zero tu rgor  pressure.  
Pressure (e.g. tu rgor  pressure) .  
Compress ive  pressure due to the  electr ic  field. 
Elast ic res tor ing pressure to strains p resen t  in the  m e m b r a n e .  
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r 

ro 

v 

V 
Vc(P=0) 

V,,(t=O) 

Ym 

Y w  0 

Y ~  

Yw 

Radius of  the (spherical)  cell. 
Radius of  the (spherical)  cell at zero turgor  pressure.  
Vo lume  of  the  cell. 
Potent ia l  d i f fe rence  across the cell membrane .  
Critical po ten t ia l  for  electrical  b r eakdown  when the  turgor  pressure,  P, 
is zero. 
Critical b reakdown P.D. when longitudinal  strains are present  in the 
lnembrane  due  to s t re tching of  the cell wall. 
Compressive modulus  of  the membran e  for  stresses normal  to the  sur- 
face. 
Cell-volumetric elastic modulus  o f  the cell wall. 
Volumet r ic  elastic modulus  of  the cell wall at zero pressure. 
Limit ing value of  the vo lumet r ic  elastic modulus  of  the cell wall for  
high pressures (i.e. as P -* oo). 

Greek  symbols  

O~ 

6 

~ e - 0  

~ e = 0  , t=0 

7 

Membrane  cell wall coupl ing coef f ic ien t  (= rat io of  strains in surface 
area in tbe membrane  and cell wall). 
Thickness  of  the  membrane .  
Membrane  thickness when no transverse stresses at all, or  longitudinal  
strains, are present .  
Membrane  thickness  when the electric field stress is zero (i.e. when 
V = 0 ) .  
Membrane  thickness when the electr ic  field stress is zero and longi- 
tudinal  strains (due to s t re tching of  the cell wall) are present .  
Effec t ive  compressive modu lus  o f  the cell m em b ran e  for  the e f fec t  
o f  tu rgor  pressure 

( ' 1 _  2a, 1_ ) 
7 3Y,,, + Y , " 

R e f e r e n c e s  

1 Z i m m e r m a n n ,  U., Pilwat,  G. and R i e m a n n ,  F. (1974)  Biophys.  J. 14, 881 
2 Z i m m c r m a n n ,  U., Pilwat,  G., Beekers,  F. and R i c m a n n ,  F. (1976)  B ioe lec t roehem.  Bioenerg.  3, 58 
3 Coster ,  H.G.L.  and Z i m m e r m a n n ,  U. ( 1 9 7 5 )  J. M e m b r a n e  Biol. 22, 73 
4 Coster ,  H.G.L.  and Z i m m e r m a n n ,  U. (1975)  Z. Natur forseh .  30e,  77 
5 Coster,  t t .G.L,  and  Z i m m e r m a n n ,  U. (1975)  Biochim.  Biophys.  Aeta  382,  410  
6 Z i m m e r m a n n ,  U., Sehulz,  d. and Pilwat,  G. (1973)  Biophys.  d. 13, 1005 
7 R iemann ,  F., Z i m m e r m a n n ,  U. and Pilwat,  G. ( 1 9 7 5 )  Biochim.  Biophys.  Aeta  394,  449 
8 Z i m m e r m a n n ,  U. and Steudlc ,  E. (1974)  J. M e m b r a n e  Biol. 16, 331 
9 Z i m m e r m a n n ,  U. and Steudle ,  E. (1974)  in M e m b r a n e  Transpor t  in Plants ( Z i m m e r m a n n ,  U. and 

Dain ty ,  d., eds.),  p. 64,  Springer-Verlag,  Berlin 
10 Steudle ,  E. and  Z i m m e r m a n n ,  U. (1971)  Z. Na tu r fo r sch .  266,  1302 
11 Z i m m e r m a n n ,  U., Beckers,  F. and Steudle~ E. (1976)  in T r a n s m c m b r a n e  Ionic Exchange  in Plants 

(Thell ier ,  M., ed.) ,  C.N.R.S. ,  Paris, in the press 
12 Stcudle ,  E. and  Z i m m e r m a n n ,  U. ( 1 9 7 4 )  in M e m b r a n e  Transpor t  in Plants ( Z i m m e r m a n n ,  U. and 

Da in ty ,  J., eds.),  p. 72, Springer-Verlag,  Berlin 
13 Z i m m e r m a n n ,  U. and Steudle ,  E. (1975)  Aust .  J. Plant Physiol.  2, 1 
14 Philip, J .R. ( 1 9 5 8 )  Plant  Physiol.  33, 264 
I 5 Z i m m e r m a n n ,  U., Steudle ,  1,;. and Lelkes,  P.I. ( 1976)  Plant Physiol. ,  in the press 
16 Evans, E. and Simons,  S. ( 1 9 7 5 ) J .  Colloid Sei. 51, 26G 



4 1 6  

17 Fet t iplace,  R., Andrews ,  D.M. and H a y d o n ,  D.A. (1971)  J. M e m b r a n e  Biol. 5, 277 
18 Coster,  H.G.L.  (1965)  Biophys.  J. 5, 669 
19 Coster,  t I .G.L.  (1969)  Aust .  J. Biol. Sci. 22, 365 
20 Coster ,  H.G.L.  and Smi th ,  J .R.  (1974)  in M e m b r a n e  Transpor t  in Plants ( Z i m m e r m a n n ,  U. and 

Dainty ,  J.,  eds.),  p. 154,  Springer-Verlag,  Berlin 
21 Singer, S.J. and Nicholson,  J .L.  (1972)  Science 175, 720  
22 Kreu tz ,  W. (1972)  Angew.  Chemie  84,  597 
23 Tien, N.T. and Diana,  A.L. (1967)  J. Colloid In te r face  Sci. 24, 287 
24 Benz, R., Fr6hlich,  L., L~/uger, P. and Montal ,  M. (1975)  Biochim.  Biophys.  Acta  3 9 4 , 3 2 3  
25 Montal ,  M. and Mfiller, P. ( 1972)  Proc. Natl.  Acad.  Sci. U.S. 69, 3561 
26 Crowley,  J.M. ( 1 9 7 3 )  Biophys.  J. 13, 711 
27 Pilwat,  G., Z i m m e r m a n n ,  U. and  R i e m a n n ,  F. ( 1 9 7 5 )  Biochim.  Biophys.  Acta  4 0 6 , 4 2 4  
28 Metcalfe ,  J.C. ( 1 9 7 0 )  in Permeab i l i ty  and F v n c t i o n  of  Biological Membranes  (Bolis, L., Ka tcha l skv .  

A., Keynes ,  R.D.,  Loewens te in ,  W.R. and Pethica,  B.A., eds.),  p. 222,  Nor th -Ho l l and  Publ. Co.. 

A m s t e r d a m  
29 Coster,  I1.G.L. (1975)  Biochim.  Biophys.  Acta  382,  142 
30 Coster,  tI G.L. and  Kapl in ,  I.J. ( 1973)  Biochim.  Biophys.  Ac ta  330,  141 
31 Coster,  H.G.L.  and Z i m m e r m a n n ,  U. (1976)  Z. Natur forsch .  31c,  461 
32 Coster,  H .G.L . ,  Steudle ,  E. and Z i m m e r m a n n ,  U. (1976)  Plant Physiol. ,  in the press 
33 Wbite,  S.K. (1974)  Biophys.  J. 14, I 55 


