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n rcn lhmnc pLr ) \  i r  ccn l ra l  fo lc  In  lhc

I ' char io r  o fa  cc l l  dur ing  Lr  l rce /c - lh l r$  cyc lc  {S tc -
ponkus.  l9 l t . {1.  l r i r \ t .  hccau\c lhc p l rsnr l  nrc br i rnc
i \  \cnr ipcrmcahlc.  thc cc l l  bch:rvc\  rs  rn o\monrc le l
I n  r ( \ f , , n \ (  L ,  r h i r r r q ( '  t r r  l h L  ' , h l r  r , ' n L ( n l r i , l i ' , n
o l  lhc paf t ia l ly  l io . ,cn c\ l |1rcc l lu l l | f  so lut ron.  Scc-
ond.  thc inhct  p | l rsmr nrcmhr anc i \  rn  c l lcct rvc b. ' r_
r ic f  lo  c \ r fxcc lh l r r  icc rn( l  prcch( ic \  \c .drn! r  o l  thc
rn l f rcc l lu lar  so lu l l ( )n.

I ) i \nr t t ion o l  thc \enr ipcfmc:rb i l i ly  o '  l ! \ is  o l
thc n l r \mn membfrnc i \  r  f r iDl r r \  cnu\c o l  l rcc/ ins
in iury lS(ctonkl ls .  l9 l t ,1) .  ( r !omicro\c, ,p ic  ohscf-
! r t ions o l  iso la lcd nro lopl l \ l \  rc \cr r l  lh ! l  ( lcst rh i l i
, . , r , r r . ' l  l h (  r l . ' . r n . ' n r (  r h ' . ' r r { ' : ' r ' , ' r . , r r . , r  \ . " n ' . t '
r inrc\  . l r r  ing r  l fccrc- lhru cyc lc  t 'nd nrr !  causc r r r r
onc o l  sc!crr l  ( l i \ r inc l lv  d i l ic 'cn l  synrptom\ (Stc
ponlu\  c l  i r l  .  l9 l t l :1) ( ruScr t  & Slcponku\ .  19t .1) .
lhc\c i r rc lLrdc cxnln\ ion- indL' !cd l !s is  ( l  f ing
$l l | ' l l in !  r  ( l  thu$ins o l  thc \u\nen ing nrcdiu
n l ( n  r h ( , l ' 1 r r . , . l t ! , \ r r r , l . ' h  \  t . . , r l l \  i ' r . ' ' r h ' r i (
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exprn\ ion ol  lhc ptotopl.rs l :  loss ol-o\mol ic rc\pon
sircncss l i r l lowing cool ing \o lhal  lhc prolophi l  i \
os'nol icul ly inacl ivc dufrng wanning: or l l lcred ot
r r N m e r r r  h r h : r r r r r r  J r r r i n r  s . , r t r r i n r  \ r r ! ! ( \ l i n {  . r
l ran\ icnl  loss of in l | i rccl lu lar sol tr tcs ol-  lcrrkincss'
ol  the r ' lasma me brLrnc ln addit ion. crvomrcto-
scopic obscrvul ions ruggc\( lhnt mcchirnicrr l  l i i lurc
of thc pl i rsmlr mcmhrlne is a causc r i i lhcr lhtrn i r
conscqucncc of intr lccl lu l  f  ice l i )nn t ion

Whilc crprnsion induccd lv\ i \  as thc rcstt l l  o l
mcchrnicr l  \ t rcsscs ( \ut l i rce tensi()ns in thc r i rngc
ol 4 lo 6 nlN m r) .  thc olhcr l inm: ol  in lurv olc(r f
$ h ( l l  r h r  n r ! n r h r . ' n {  i \  n . , L ( r d . , n J  i \ ( , t t , r n t \  t t n \ x r n

7. i \  rcro and cur\atufc cncrgics l rc negl iSihlc
r W , , l l (  L  s r c n . , n k r . .  l q s l :  l u x l , ,  / ' r '  I n  t h i .  e r r ' t
l l s r s  , ' r  l , * '  , ' l  \ c m r n r r l r r c . r h l c  ( h : , r : , L t ( r r \ r i ( \  . r r (
c l l tc lcd b,r '  o lhcr slrc\ \c\ .  N' !osl  ol lcn. lhe chcnricr l
s lrcsscs ol  c leclr() ly lc conccnlrrr l ion rnd dthydrr
l i ( )n rrc considcrcd lo bc rcsponsihlc l in iniurv
' Ihi \  v icw. howcvcf.  is di :pLr lct l  ( r . .  Slcponlu\.
I9l l . l ) .  l lcrcl() l in-c.  mcmhr nc dcsl i rhi l izal ion duc to
clcclr ic lpc(urb l ions has not bccn con\ idcrcd in
rclul ion lo cr!oiniury.  Ulcclr ic l ie ld\  appl ied i |cros\
b'dogicl l lant l  rr l i l lc i i ' l  n l tmhmncs rc\ul t  in clcclr i_
cr lbrcakdown. incfcl |s lrs in pcrmcahi l i t r  lo solulcs.
,ncmbr nc lu\k)n. I rnd mcch nicrr l  h|a ' lkdorn ( ! . .

Zimnrcrntnn ct l | l . .  l9 l i l :  Zi | l lnrcrmrtnn. l9t{ : .  l in
comprchcnsiv( fcvicss).  I -his sPcclnrnr of nrcm
hr i rne disfr f l ion ( l i rsron c\ccplcd) i \  qui lc \ imi l rr  lo
lhrt  ob\cr vcd l i ) r  l rcc/ in8 i ' l i r r ry trnd pfonrnls rr \  lo
inquirc $hclhcf c lcclr ic i r l  pcr lufbrt l rons conl bLt lc
1o . fvoiniur!-c\pcciul l !  Drcchrnic! l  hfcrr ldo$n
l h r r  r ' : , . \ \ r . , r r J  $ r t h  i r r t r . ' . \ l l  r l . , r  L c  l i t n , : , r i , ' r r '

ln 1950. Workrnrn I tnd Rcynokl\  reporlcd nre!-
\urcmcnl\  ol  Lrfge slc irdv rnd l r l rnsicnl  nolcnlrrr l
d i l l i ' fc ' )cc\ rcfo\\  icc $nlcf  in lcrt t rccs gcncrt i lcd
dudng lhc l rcc/ ing ol  ( i i l | | lc aquc,nr\  \olul i ( 'n\ .  Strh-
\cqncnl l ! .  mrn\ 'sroups hu\e r tndncd polcnl 'a ls t t \
high !s lc \  (of  c lcn hundr.d\ l  ol  \ol ls ( l t r f ing lhr



f fccr inq ol  di lutc sdut ions oI c lcclrolv lcs ( l 'odgc

c l  r l . .  1 9 5 6 :  t - c v i  &  M i l n  n .  t 9 6 6 i  ( ; t o \ s  l 9 7 l i

Curnr l i  & l l t ing$orth. l9 l t0) Al though thc work-

marr- l {c!nold\ c l luet hi | \  becn \ ludicd c\ ten\rvcl t
hv sr: icr t ist :  conccnlcd wi lh 1t(mo\phcf ic clcctr lc l l l
phenonrcnn. i ls po\\ ih lc signi l ic lncc in lhc ' f ' r  ol
cryobiolo8y has rppnrcnl ly nor hccD pfcvKNslv

In this rcport .  $ 'e consider lhc magni l t rd '  rn lhc
Wofkman l icynolds el lcct  dur ins thc l rccr ins of
i \olalcd proloplasl  \uspcn\ i(Ds. i ls corrc|r l ion wi lh
l iecrc ' lhat|  in iury.  and whclhef cold rccl inralron
r l lcfs rhc slabj t i ly of  isolarcd protophsls in rPpl icd
clcclr ic l ie lds.
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nr ' in r r rcd  r i  r l r r \  rn ! i ro imen l  ta r  rn  r i ld i lnnu l  7  d r )_ \  p ru  l '

r \oh lk )n  o l  pn t .n l r { \  P l 'n l \  lo  hc  r .c l  n r r t .d  sere  r r  n \ rcncd

ro  n  l l  (  l ! !h r  n l r r \ l  l l  |  5  h r  r i r ' (  d r r l  n In 'd  { l :  5  h r r  t csn 'c

tu r  onc  $cc(  rnd  lh . i  r r rn \ le lc !  t )  r  l ' (  ( l ( Ih  shr  nenod l
rearmc tur rn rLlJnnrnrl I qcet\

llordnll\l\ scr. nohlcd ir.or l.rvcs nr I nnrrrnr or | \"

i$ r1vd l )  . c l lu l ) . i i  l (  r lb r rhcm) .  l r  i ' i   r t c r r \ .  r (  ' l hk ' 'hc  r '

rnd  0 :1 / ;  por r \ \ iuN ! . \ lhn  { r l l r l .  r \  n revn  n !  dc \c ibcd

r l ) i )sAc i  &  S lcpoDLus.  l98 l r  l  o r  lh t  L \oh l r ) .  . t  n r . lop ln \
l ronr  ndm. .hmrrcJ  lc rvc \ -  5 l r0  nxn  nr '  \o r  b r lo l  q r \  u \ed  r \  rn

o{rorietrnr l\,hli('n oi n'oloth(\ froN rt.Limnrctl lcnrc\ rc

. l ' r ' ( i e r r n r J  r r  . . F r . l '  n  ' . 1 r i ( ' r " J ' t " r l "  i '  ' 1 '

in  rh r  in re rnr l \n t r rc .o rccn l ' r r i i )n  dur  rnP.o ld  rc . l rn r r rk 'n  l to

k ip l r \ l \  * . rc  Nr \h .d : l  l rn rc \  n  \o rbro l  rnd  ' c \ ! \n 'nd 'd  rn  I

w h i l . l n l t r \  K L l l o l ( ,  r ( r n r o l   ' ) s o l u l r ) n r r  r r r n r l ' n ' r  o l

|  10  !  l l l  rn tonh{ \ im l  l  h r  1 , t . ,  l r cnrnc ' r r r r .  r l ' hn  h  s l ) "

ot th. ntunoplr\l\ \trfvtrcd) ur\ I tr 5'( li)r nonrttlrmrrcd
rf! li k, l0'(-li'r nccl rrrJ nftnol|l{\ lio/.n rnd lhrs.'l

rn  n rb io l  ! ' l r rnN.  l  h .  l \p i t r l  r rn ' !  o i  rhc  r r r l ' ! \  . l  h t lh  rh '

rc . Innrcd  nn t l  nonrc r l in r r rcd  nr , lo fhsr \  \ r \  l5  /n r

( r .  rHr :  woRr  M  ̂  N-R l : \ 'N( ) l  l ) s  l l r  I  L (  |

' l h .  xnr l ' .d r \  u \e ( l  In '  rhc  n rc r \ r run ' tN  o l  lhc  Wot lmrn  l ($
no lJ ' .1 le r l  .o t r ! { .d  o l  r  l ' l r \ , ! l r \  r rou l lh  i l  .n r  l l ' ns .  I  enr
s 'Jc  r rd  |  .n r  J .u f ) .  rhc  end\  o l  *h ' .h  sc rc  \ t r l td  t r  o r \ l j
chd  I ' l ( ) .1 \   
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,nh . '  r l r . r r ( r l c  ux \  |  .n i  r \ r \  ,n  rh r  u r l r , , / rD  so l ! rk in  l l i rn

l !  I  Sr .Nr ( t r \  c l  r l  t  r t . / .  l .due(  l  l r c r ' i i l  I ' r in ' r r \

l i n l \  $c rc  n rn{ r r (d  \ i lh  i  h rsh  in r l fd rn"  c l ' t ! ron 'dcr

iKr i lh lc \  N l ( t r l t l ( ,10(  r  qnh r l te  fu r t ] t r r  r ! !o r t l cn  o i  '  ' l r ' l  ' h r l l
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rhrcc  i i l l c ' c r r  n rc rh t 'd \ :  1 l )  n rL . r . \ r .DL(  ie l t '  mLnr r rn r  'n  l \ i \  ' r

rn  u \ rcmr l . l cco ie  l i . lL l  hursccn. l ( r r l !  \ f r . c i  lh r rn r t r r  r l ' (

rn  c \ :  ( : r  r l r t rn r t r rk  l i \  conJnt ( t r r \  I ' c r \ r r .n ' rn r \  I t  rhd

r.lcr\. ol tlc.rrol\rt\ nrd 1tu {^lcndrr! nrtdtrnn nr rc'n'tr" ro

cr iu . rL . l . c l rc  l r . l l  n r l \ ! \ : t ,nd  l r I  n r r r l {n ina  o l  rhc  f lo rdn lb l
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p . rcn l r l  ! ' r  r  n r i l toc lc . r ro lc   l l  { ! r le \  uc re  (n l r l rc  r l

Rrh  rcmNrr l rnc  i l r  la ' (  l
l (n  lh .  n r iL r . ' coP i .  d . rc rNnr r r r t r \  o lh j \ .  r  chr  h ' ' s r \

rdnnr t re tcd  on  r  n r i ! ro \ tdnc  \ l idc  b \  \ .e t r r rn !  1 t ro  Pr r r l le l  I  r l r

n rm ! l ! . lodu \  l ( r l )  r t r r  r f r r l  A  I  m\c .  n r l \ r  o l  \ i t rL ' t l  rn r | l

r u d c \ i l  n r l ( r v o l l \ ) q r \ i n n l r . d  I  J n .  " r \  J c r . r n 0 .  \ r n r r l L \

Io rn  d i ! r i rcd  rn lu .  inns . \  l l l c i  r l  6  \c !  in (c rv r  \  In l l t$ r rs  rhc

nu l \c  l ' d '  th .  condr . r l ! i l y  rn ! r { r r rn r .n l \ '  r Ie  (on l "L r r \d \  o r

rhc  lnn .ph \ l  \u \ t ' . . \ rn r  * r \  d t rc rnnn.d  Frk !  l1 )  th .  nu l \ r .
rDmcd ix r . l \  r l l c r  rhe  fu l \u  r id  rhcn  r l r . r  r r r r tc  { 'n ' i  ' r r r r r r l

I  o r  lh .  t r  rec l lu l r r  c lcer rodc  {u t l ' c \ .  t r  Lv  r r l  rn )11 i

n [ \1 \  $crc  f , cnr l r  hc ld  $ (h  r  { r . r i ( in  f , ]nc l r .  rn ( l  rh . f  t rn f r rc r

$ i rh  r  n r ic roc lc . r roJ . .  , ^  \cqucnec o l  '  l o l l r cc  n r l \ . \  o l  l s

nr \e .  l .ngrh  d i  lnc r .n ' i ig  mt !n r ludu qr \  rpnhu( l  rh rorgh  rh '

mi . roc lc r l rodc  n t rd  r l  lhc  \ r 'ne  l rn rc  rh .  . r r  r .n l  rk r$  $ r \  r rn r

k r . l  l r ro  

 

r [c \c  n r { \ t r r . t r rcn l \  s !  Jc r r \ .d  lhc  i i cnr | l rnc  ' '

nnr rc .  R , ,  a \  r  l i rner t r ' i  o l  rhc  rn l r r . t l l t r ln r  no lun( rJ l  I  ,

' lheor!

' lhc polcnl i  l  d i l lcfcnccs hcl \ ' r 'ccn lhc l iquid rnd
sol id phasc\ in lhe Wofkman Rcynold\ c l l tc l  l rc
laryc cunpared \a i lh lhc l )  picr l  \ ,alucs cncoLrnlcfcd
in clcc((rchcmislry.  

' lhc\e larfc nolcntral \  xfc
causcd br-,r  snacc chnrgc lhrt  i \  mainlaincd u8!rnsl
lhc elcclr ic I lc ld hy lhc Lrrsc c crgy l lux in tr  sy\ lcm
which is l : r r  l iom cqui l ibr ium. Sonrc ct |r ly lheorcl i '
cr l  modcls ol  lhc Wofk rn Rcrnolds el tuc( hr le
bccn discLrsscd (Gfoss. 1951: l -c l iebrc. I967).  bul
rhcsc involve highly spccial izcd ass mptions B'hich
Bcrc mrdc so a\ to givc simPlc rnalvl ic.r l  solulr( 'n\ '

Suppo\e thr l  lhc nosi l ion ol  a plunar icc l ionl  r \
g;vcD hy X R/ \ ,herc R. i t \  vcl t )c i ly.  is rs\Lrmct i
( , , n . r i , n l  l h { r , , n r i  * ' l , r l i , ' n , , j . , r n r ( - l h ( r ( ! i , , n ,
. l l r .  and, at /  . -  0.  i l  i \  nculraland honn)gcncous t*r lh

/ . , .  - .  l r  .  ,  , .  w h c f c . .  r n ( l . .  r r c  l h c  v r r l c r c c
 nd conccntr i r l ion ol  lhc ions. l -hc clcclrochcnl icul
potcnt ial  /1 ol  r l l  \pccic\  is r  conl inrous l i tncl iorr  ol
. r .  rnd. lhcrcl i r rc.  the l r i t ios ol  lhc conccnlf t l ions ol
ions in lhe hvcrs on cirhcr sidc ( ' l  rhc inlcdircc mr,"
h {  E r ! ( . n  t , '  . r  l r t \ t  . t t 1 l | , , \ r n . , r i , ' r r  h \  l h (  t . , r l r l ! ' t l
cocl l ic icnt\  A .  ol  crch spccics bcl$cco rcc rnd u' l



l '  I  S re to r l r \  u r  t r l  :  l ' r r c / .  l d l u l e ' l  l r l " f  i ' r L  l ' r f '  cn l '

in \  hich lhc clcctr ic { ic ld in thc icc is no longcf

inc|casing rapicl ly i \  l rppR)irchcd bv lhc \ l 's lcnr Lr\

/ , . < . \ X , ) l l l  (  { , \ '  ) l  +  l / r '
 cct f ic l ic ld\  thLr l  occtrr  in lhc l iquid phir \c crtn

bc ascfrbcd to l t {o cl- lccl \ '  I : i rs l .  i r \  thc \y\ lcm irp-
pronchc\ thc QSS. thc chu|gc dcnsit !  i r r  lhc Stcrn
[ 'ycr l r  lavcr $i th r  lh ic lncs\ ol  t rppfo\ inr rc lv onc
i1)n dir lnctcr in lhc nnul ion nd. ioining thc intcr l rrccl
i \  vcry l  rgc. ln r  \ystcm t cqui l ibr iLrnl  such u s(rr :
l rcc chargc \crs trp r tn ionic dottblc lavcr dcscr ibcd
bJr thc l1) isso - l ]ol l , /n lrnn equrt ion. ln lhis sr\ lem.
loo. thc l ie ld scl  un by this chafgc dccrrs r  pic l l t
duc lo \crecninE by thc counteLion\ within rr  lc$
l)ebyc lcnglh\ ol  lhc intcr l i rcc A sccond conlrrbt l
r ion lo lhc clcclr ic l ickl  in lhe l iquid is nr ldc bv lhc
di l lcrenl x)bi l i l ic\  ol  lhc ion spccics

Nlslccl ing di f l i r \$n in icc hy al l  ion\ c\ccpl
hydrogcn. the con\crvl l ;on ol  lhe i lnrs impl 'cs

1 r ! ! 0 )

rhcfc p l  Lrrc  \ land!rd chcn) !cL| l  po lcnl r r r l \  In

lund $ i i lc f  (n ) .  {  r \  I } ( r l l /n l lnn \  consl ln(  nd

lhcr  r rxx l \  nrmic lc |nPef l lurc
ln i r ia l ly .  1 . .  \X, ,1 '  I  I  t , \ ' ,  )  ! )  lhr l

I  |  \ . \ , t  K
( l )

$hcrc 1, ,  dcnotc\  thc vx luc of  lhc \  coordinr lc  in

lhc l iqu id phr tsc ius l  outrKlc o l  lhc icc l ion l  and l '

lhc. r  coofd inalc  io \ (  i r rs i ( ic  thc icc 
' lhc 

K i ' rc  !ndr-

! r  u J l l \  L r r r r ' r n J  J i t l t '  t r r . ' l l !  l t r r  J r l l ( r ' L r r l  i ! ' n \ '  \ r

,  . - ,  t ' "  " i i r ' " t  i r  lc rv  l l rse or  vcrv snrr l l  number
(( i ros\ .  N ' tcKcc & wu.  1975:  ( ; f t ) \ \ .  wu ' r  r l  '

1975).  In i l i r l ly .  thcrc l inc.  onc ( )n ic  \pcc ics rs  dc-

t , ' . i r c J  ' n  l h (  r ( L  r l  i ,  r r r r r L h  l . r r { c r  ( r r r r L t n r r ' l i r ' n

thrn (hc o lhcr .  lhough lhcsc conccnt f i r l r (nr \  l rc

r l t r I r ' ( l \ ( \  \ n r ' , l l  l h . )  r r \ (  l . r ' t {  ( h J f r (  J t n \ i l r ( '
(A con!cnlnr l ion d i l lc fcnce o l  l  !nnro l  m 'o l  ions

nrx lLrcc\  r  ch l fgc dcnsi lv  o l  96 Coul  m '  )  Wc

\hal l  nr{ lcc l  l i ) r  lhc n()n lcn l  thc d i t lc tcncc hc lwecn

conccnrr , , l ion i ind r rc l iv i lv .  $hi lc  nol ing thr l  lh is

rppro\ imrt ion ray he Inrprovcd hv u\ ing lhc Dc-

byc-Huckcl  thcofy in  \Nhich lhe . rc l rvr l rcs ' r  r rc

a i v c n  b y

d .  ( .  c \ p l  , 1 ,  1 r 4 l +  r , r , ( 1 ' ) l  { l )

$ h c f !  , r . .  I  i r n J  / l : , r (  , j , , n . r . , n t .  l . r r  c i r . h  \ n ! i i c '

l M r c l n n c \ .  l 9 6 l ) .
I  hc dct 'os i l ion of  a spacc chargc in  lhc rce rs

dimir i \hcd r t  1  ; -0 b)  l$1)  c l lccts :  l r i rs l .  ho lh lhc

\c l lc t ivc depo\ i l (  o l  ions t rnd lhc c lcc l r ic  f ic ld  r t

\c l \  uD in thc \o lut ion l roducc a concenlra lor  cr_

!cs\  o i  lhc cour lcr . ion in  lhe rcgion of lhc in lc i i rcc

A ;  L c . l ) , , ) l l l  .  ( I , ) l  -  l n .  t h c  r n l c  o l  c h r t g c

dcposi l | ( rn appto i rchts zcro.  f t |1 . .  (x , )

/  '  tx , t l  r r  S( ! , .nJ.  lh(  c l ( ' ' r r i (  hr lJ  ' { l  un i r l

lhc icc \e ls  up i ln  ( )n f iux in  lhe icc which ac ls  lo

rcdrcc thr l  l ic ld .  l lydrogcn ions ha!c (hc l r rgcs l
nrobi l i tv  in  rcc.  lhc 'c lbfc .  l i ) f  \ i rn l lcr ty  wc con

sidcr  thc ca\c whcre thc nrov ing io lcdacc is  ntconl

f rDi .d h! ,  r  l lu \  o l -pror(nr \  $  h ich gfadLrx l lv  ncut  l -

i7c\  lhe spacc charSe in thc icc.
' I_hc 

fc i r l  \ lc rdy \ lu lc  o l  th i \  systcnr  is  achrcvcd

only u 'hcn thc conccnl f t t ;ons o l  r l l  spcci ,  \  in  Ihc

ice ncr f  thc in lc t t rcc cqual  thc i f  hLr l l  vr luc\ .  lha l

is .  when Z (  ( l  )  ,= { , , .  l t  secms l i lc l r_ lhr r l  the one_
dinrcn\ronr l  appfo\ inra l ( )n hrcrk\  down (duc.  lo l

c \amnlc.  lo  conlcc l ior r  in  lh t  so l r t lon rnd r r rego-
| r i t ic \  in  lhc \hrnc o l  rhc in lcd l (c)  bc lorc lhr \
s lcrd!  \ l r lc  is  achi .vc( t .  A quat i  s lc !dy \ l . r lc  (QSS)

^-  -  . . r ,  (4 r ' r7ar)

T  l h c

n " 0 .
(.1 )

r  1 .1  r " ,  - f i -+1.

iLnt l  whcrc /) .  rre thc di l lns'(nr cocl l ic icnls.  r /  lhc
ion chargcs. and O lhc elcctrostal ic polcnlr tr l .

' l 'hc cqLral i t )n govcrning thc prok,n l lux in thc

( 4 b )n "

l i /  (  , ,  I. t ,  =  r , t ' , | ,  r n , /  r i  
, r ' 1 .

rnd $hcrc ( t ,  is lhe pR)lon conccntrul ion..rnd /) ,  is
lhc proton di l l i rs i{)n cocl l ic icnl  Ndricc thxl  thc rrr lc
, r l  J i \ . ' r . r r r , , n , ' l  H : U  h . , .  h . r n  r c ! l ( ( r ( , 1  i n  ( , ' n r '
par ison with f luxe. in l lq.  ( .1r) .

Pois\on \  cqurt ion fc lutc\  t ,ol tnt i r l  and chargc

; t . . * t  
- . !  < . i q ,  1 ( . , . ( 5 )

*hcrc €,,  is thc dielcctf ic conslant of  lhc sol id of
l iquid ph.r\c.  rnd. is thc mtsni lut lc ol  thc clccrk,n
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:

1.. .. ).

l i g . l .  t i l ec r r i c r l  r r rnwnr \  d t rnna rhc  | t cc / in r . l J i \ r i l .d  * r l ( l
' l  

h .  e lecr ( , \ r r t i c  td r . i r i r l  i \  thx r  n r . r { r fcd  he l \ ren  r f  e lc . l (n lL
in rhcdded in  rhc  i (c  rnd  rn . le . l rodc  In  lhc  Iqurd

r ig .  2 .  l : l cc l rc r l  N lcn l i r l  d r r in r  rhe  i .e / rna  o l  r  I  DM Nr (  l

l ' I  S rLnonkr \  c r  r l  r  l  r rc /c  ln ( lu rcd

! 
----.\

f,

r ie , : r .  ( i rn in !  tu r .  dcpcndcnec. l  lh (  n  gn i ludco l  lhe  o l re r .
\ r r r ' .  n . rcn t i r l  dor ins  rhc  l leern !  o i  r  I  n rM Nr (  l  \ , l t r l r )n

rrn\r.Dl\ Jurnrg lhc Ire./rng ol n ll s trr \trhr

For thc gcncr^l  c. tsc involving l ransicnls.  thc
\, ' lur i i 'n dl  hq\ r4,  i rni l  r : r : ,Pncrr\  1, ,  r t 'L irr i rc nu-
mcrical  mclhods. which arc curfenl ly being ini l r '
atcd. Ncvet lhelc\ \ .  sorrrc gencrlr l  obscrval ions ml|y
bc mrdc: two charactcr is l ic lenglhs af 'Pcl l r  in hq\.
( ,1) rnd (5) in lhe region ofthe l iquid phrse Onc is
r h e  D e h y c  l c n g l h :  I .  -  l € 1 7 7 ( 1 .  4 i ) l r r u h i c h i s o f
thc ordcr of r  l ts nLrnometcrs. lhc othcr rs lhc
ditTu\ ion lcngth:

t , .  =  | . k t h ! . R  -  D . I t .  ( 6 )

where r i  rrc lhc ionic mobi l i t ics.  Lrnd /? js lhe spccd
t| l  which thc icc l ionl  lJvrnccs. I t r  t l_prcal ! .Ll  cs
ibr c lcctfoly lcs and lbr /? -  l0 '  m see .  wc f ind
L. -  l (X) pm. Thc hrgc elecl  c 6elds set up by lhc
ch rae in thc Slern laycr i rrc expeclcd to diminish
rapidly ovcf a l tw Dcbyc lcnglhs. l iowcver.  wi lh
ot l (  dclai led solut ions of Uq\.  (4) and (5).  wc cannot
rulc our rhc po.\ ih i l i l )  th i ' l  \ r$nrf i ( ; ' r r l  r r ' 'n\ icnl
clecl  c f ic ld, i  cxtend inlo lhc di f fusion hlcf .

' l_hc 
lot :r l  polcn{ ial  di l icrcnce prodtrccd bc

lwcen lhc bulk icc rnd lhc bLt l l  solL' l i r 'n phr\e\ i \
thu\ thc \um ol polcnl i l l ls t roduccd rcfoss lhtcc
di l lcfunl  rcsion\:  l )  r  rc l i r l ivcl ,v nnal l  l i ! ld ovcr tr

Lrfgc dislance in thc icc bct\rccn lhc intcrtrce and
lhe cnd of lhe splce chlrutc:  l )  a vcry l i r rgc l i r ld
ovcr a lew Dcbyc lcngth\ in the ioni(  doublc l i rycl i
and l)  a rel : r l ivcly smil l l  ncld pos\ ibly c\ tcnding
.rcfoss lhe di f iusion layer in lhc l lu id phir \c.  lhe
sizes ol  lhesc thrce componcnls is not yol  kno$n.
hu{ lhey fe lhc \ubiccl  of  cont inuin! c\ncimcntal
rnd lhcofol ical  i rvc\ l i l la( i ()n.

Results

woRKM^\-Rl, \ 'Nor r)s I  t  r . r .  r , (  l

D u r  r n t  I h .  l r .  r / r n E , ' l  J i . l i l l c t l  s  r l ( r  I  I ( r l ( )  n r  r u . i . _
l iv i l )  ) .  r  l rans;cnt polcnt ial  ol  abo l  i i  V dcvcl '
, \ncd Ini t r . ' l l \  t lh( rnl i , , / rn u:r tr t  furnF trclr t i t r
$i lh rc\pcct to ico){Fi8. l ) .  As l rcc/ ing t forrc\ \cd.
thc porenrial  fevcrscd polar iry lo +9 V and $r\
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! i8 .5 .  L ! . . r r  r . , ! ln . l .n r  r l t l t r r r rg  rhe  l i c . /Lng o i  Fohr . l  f ' d r ' l l x \ l \  n i \n rn l i ' t l ' n  0  i !  ! r h  r o l  t ) . o . l . l  n k l l \ r o  l o ( : r ) . o o h l

nrr iDl i l incd rn l i l  l rccr ina wrs s loppcd.  At  Ihr t  t inrc.
r  r f rns icnl  negr t ivc polcnl i r l  occurr td but  rupid ly
d i n r i n i \ h c d .

Wi lh a I  mN.r  Nacl  \o lut ion.  l  po lcnl i r r l  o f  + l { )
v  \ \ r \  dcvcloped dur ins icc l i ) fm l ion ( l r ig .  l ) . ' l  hr \
polcnl i r l  g f rdur l ly  dcc l incd as lhe t r lc  o l  icc l in  nra-
l ion d i rDin ishcd rnd lbrupl l '  fc turncd lo zcro $hcn
thc \ccond c lcc l rodr  hec{mc cnca\ed in  icc.  lhc
nrrgni ludc o l  lhc fo lcn l ia l  incrcased r t  l rs lcr  cool
inE r r tcs ( l ' iB.  1) .  A l thorgh nol  measured hcfc.  lhr \
i \  i r  r  c \u l l  o l  lhc l : rs lcr  r r lc  o l  icc l i t  nra l ( )n ( l -e \  i  &
f t4 i lman.  1966).

In prcv i { 'u i  s ludic \  { l -odge c l  a l  .  1956i  l .cv i  &
I t ' l i ln  n.  1966).  (hc Workml |n-Rc\ 'nold\  c l lcc l  $ l |s
Inost  pt rmounccd duf inE lhc l iccz ing d d i lu lc  aquc
ous solu l i l r rs  o l -c lcc l r ( ) l ! ' lcs  and lhc polcnl r : t l  wcnl
through a mar in lu l l \  lhc conccnln l ion o l  the \o '
lu t ion was incrcr \cd.  ] -herc l i te  lhc occur fcncc o l
rhc wofknrLtn Rc)nolds e l lcc l  in  h ighly  conccn
tr l r lcd \o lur ion\  of  neul f . r l  \o lu lcs \uch as \ofb i lo l
$ i r \  o l - in tcrcs l  l i ) f  rppl icr l ion in  lhc r fca o l  cry '
ohio logy.  Dur in8 lhc l icez ing o1 0.5 M solu l ron\  d
\or t r i lo l  (1.  I  k l )  m rcs is l iv i ly l .  r  t fanrenl  polcnl r r l
o l  ahorr  1.7 V in i t ia l lv  occur fed.  bul  lhcn d in in-
ishcd lo rc fo (F ig.  4) .  A socond t ranr tenl  o l  approx '
inratc ly  5 V occrred \  hcn l iecr ing s 'as h l l tcd.

l . i ) f  l ' f t ) lopkr \ ls  \u \pcndcd in 0.5 M so|h i lo l  (1.6
k l )  m fc . i is l i l i r r , ) .  a  sready potcnt i r l  o l  -1.7 V oc-
currcd dur inE l - rccr ing a l  a fe l  l ivc ly  rar  ratc  ln

l { ' ' C  ( l r i g . 5 A ) .  W h c n  l r c c r i n s  $ r \  h a } t c d . l h c  p o
tcnl i r l  rerurncd lo . ,cro.  Fol lowing lhawing o l  thc
\o lu l ior .  onl ) r  l l t ;  o{  lhc pro l ( 'p las ls  re 'naincd in-
l rc l  i rnd scr !  osmor icr l ly  rcspon\ ivc.  Uihcn lhe

t) rotonhst  \ rspcnsion\  vcrc coolcd ro l "C  l  a
\ lo lvcr  f l l lc .  no polcnt ia l  dcvclopcd du ng l rcoanS
and onl )  r  t '  ns icnt  polcnl i r l  o l  l rs \  thrn I  v
oecurrcd whcn I icc/ in8 wrr \  hr l tcd (F ig.  5. tJ) .  l i l
lowins thauing o l  lhc \u\pcrr \ i1)n.60,  of lhc p( , lo-
phsls  wcrc in l r . l  rnd osrrn) l icr l l )  respou\rvc.  lAs

lh is l rcerc' lhrw pforocol wr\  lo rhc l - l - . , , .  the .10'7
J r L  r r r r , t  r I  s r r r r r r . r l  q : , \  i r t l r i h u t ( L l  l o  ( \ f . ' n \ i , ' n -
induccd lysis l r( .  Dowgcrt  & SleponlLrs. 198,1).1
' l 'housh only coffelal ivc.  lhcsc ob\crval ions con'()b '
omlc lhc \oggcsl ion lhr l  lhc clcclr ic l lc ld gcncr lcd
durinS l icer ins mry havc fcsultcd in ly\ i \  of  lhc
protopl.rs l \ .  I i r f ther.  lhe visur l  uppcrrance of lhc
lvscd proloplrsls $iLs simihf to lh.r l  obscrvcd in-
k)wing lhr$ing ol  prot(rplrs l  suspcnsions in \  hich
inlraccl lular icc l i ) rmrlx)n hi ls occurfcd (1..
Dowgcft  & Slcponkus. l9l t l ) .

P R o r ( ) p r A s r  l - \ s r s  r N  A p p l . r r , r )  I i l r c  r R r (  I j t t , l . t ) s

l l -c lcclr icnl  pedufb:r t ion\ conlr ibulc lo cfyoiniury.
i t  is rct |sonable lo c\pect lhal  cold rccl imlr l ron
nl ighl  incrcirse the stahi l i ly of isolalcd nrotoplasts in
lppl icd clcclr ic f ie lds. N' l ic( ,scopic ohscrvr l ion\ ol
i \o lr led proloplrsts l i r l lowins an Irppl icd d-c pul\c
conl i rm lhis cxpcctat ior.  I ror l ic ld slrcnglhs ( [)
ovcr lhc r  ngc ol  15 to 150 kV n r  ( l  nrscc pulsc
duftrbn).  lhc incidcncc ol  lysis sas i |  l i rncl ion of l -
(Fig. 6).  I ior nonrccl imalcd proloplasl \ .  50' ,  l )_sis
occuffed r l  { t  -  75 kV. m r:  l in accl im.r lcd prdo
p l  s t s . 5 0 t l  l v \ i \  o c c u f r c d  r t  [  =  l j { l k V  m I . A l l i
-  75 kV I . lhc V,, ,  dcvck)ped acfoss lhc pl lsnra
mcnrhfunc $'u\  cr lcul  lcd lo hc l i50 r j iv.  Si  cc (hu
pri lsc duft l ion (2 \cc)srcar ly c\cccdcd lhc charg'
rng l imc (_ l0 pscci  Lovehcc cl  . r1. .  1984) ol  rso-
tnted proloplnns. lhe di l l t fcncc in thc incidcncc ol
l \ ,s is bclu'ccn non.rcel inralcd rnd ret l inulcd prolo'
ph\ts *r \  nol  . r l l r iburabl( '  to di icfenccs in chursing

lhc strhi l i r )  d nonaccl in)arcd aDd rc. l"rr t | ted
pro(ophst\  in rn clectde l ic ld $l | \  ulso conlr . lstcd
hy dctcrnr ining the fc le sc ol  intracclhr l : r  c lectf t )-
l r res l i ) l lo$ing r d c pul\c ( l : i8.  7).  A8rin.  a sut l
s lrnt iLt l  di l i . rcncc in thc sr:rbi l i tv ol  ol lacel in led

B
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and rccl inalcd protoplrsls wrs otrservcd. Apnfov'
mrlclr '  507 ol  thc inlrrcel l  l r r  c lcctr) lv lcs wcfc
rclea\cd i | l  approxim tely ,  = 10 rnd 90 kV l l l  I
l in nonrccl imrled i rnd i rccl imir l !d !rr()ropl i r \ r \ .  rc
\ feclrvcly.  Ihrs.  incrcascd f ,cr c.rhi l i ty ol  lhc
pla\mr mcmbranc occu'rcd r l  \ i r lucs ol  l l  k)wcf
thi |n thosc lhal  rcsul lcd in ly\r \ .' lhc di l l t rencc in lhc sl i rbi l i ly of  lhc pl i r \mi l
nrcmbmne of nonrccl imalcd nd  ccl inr.r lcd prot( l
pl i r \ ls wrs also nrcrsurcd direcl ly | l i lh in lraccl luLrr
rr icroclecl fodc\.  Voltrgc pulscs ol  l5 m\cc lcngth
$crc appl icd l ()  thc clcclrodc so ls lo 8i !c inlr lccl
l u l t u  p o t e n l i l | l s  V , , , i n c r c r s i n a b y i n c r c m c n l \ o f  1 0 . 1
V hclwecn nulsc\ to nr irr  (v, , , )  -  r  |  5 V l l i in i lcd hy
thc avr i lablc inslrumcrl \) .  I i ) f  lhc hvc nonlrccl i -
mtl ted p()toplasls slodicd. thc cf i t ical  in lraccl lul i r r
nolcnt ial  l i ) r  lysi \  wl l \  l i )und to hc rppro\ j !nrtc l l ,  I
V > (1,, , ) . , , ,  :  750 mV. 

- l  
hc (V,, , ) . , , ,  values lbr Iysi \

wcrr c lcar ly idcnt i l ixhlc b! lhc nI 

 

kcd dccrc:r \c oI
lhc mcmbrI |nc rcsi \ t rncc Irom typicl l  !a luci  ol  R,,

l (X) lo 50(l  N' lO lo vr lues o'  . r?, , ,  . :  50 Mi).  I jor lho
, ivc nccl iDuted pfotopl |s l !  \ ludicd no ly\ is $t | \  oh,
\cf lcd lbr t ' , , ,  s up o 1 1.5 V.

l)csrrhi l izr l ron ol  rhc plasnra membranc rcsult ing in
ei lhcf incfcr\ed pcrmcrrhi l i ly to solutes t  lcrki-
ncs\" or loss ol  osnr( ' l ic rc\ponsivcncss) or mc-
chnnicir l  hrrr tkdoun ( l !s is) is I  nr inrary cau\c ol
l rccr ing i r jurv of i \o lr tcd frnonla\t \ .  ln rddi l ion.
i r) l r rccl luhf icc lornirr ion dr" inS f lpid cool inS ol '
i \ohlcd nr( ' lophsls is a eonsequcncc ol  nrcchanict l
b 'c l ldo*n ol  rhc fhsnlr  mcmbfanc r lk^l ing l i l r
lhc \upcfcoolcd inlrrccj lLr l t | r  solutr{)n lo hc \ccdc 
h y  l h c  e \ r r r c c l l L r l a r  i c e .  l  h c  l r c t  l h r l  r l t c r c d  \ c n r i

l '  I  Sr rnnr l t r \  .1  r l .  l . r c .1 (  ln r l t r rc ( l  I  l r ! ! ' r . ,1  l rn f \ r0nr \

pcf nrcrblc chrf |c lcf  i \ r ic\  or nrccharicr l  hrcakdo* n
of thc plasma mcnbrrnc ol  isohrc( l  p(, lofh\ts cirn
ir l \o bc cl icclcd hy lhc i inpl jcr l ior ol  c lectr ic l  , ic ld\
l c d  u s  l o  q u c f y  $ h e l h c r  r l c e l r i c r l  p c . l u  r r t i o  \
contf ih( l lc l ( '  I iccrc ' lhrw iniufv lhc oh\crvir tx)n\
rcnofted hcfcin supporl  thi \  po\\ ib i l i ly.

I r i rst .  l r rrre polcnt i t | l \  afc senl j r i i lcd dLrf int  thc
l iccr ing olaqueou\ \olLrtron\ ol  c l ! -c lrolv lcs INr( t .
I r ig.  : l  \ | i th thc lnlgni tudc ol  thc polcnt i l l  l  l  r !
t ()n ol  lhc vcloci ly ol  icc l ixmlt ion ( l r ig.  l ) .  thr\c
polcntrals . | lc a conscqucncc ol  thc Wortn n-Rtr
nolds cl lcct .  Qui l l i l t ' l i !c l r .  thc Worl \nlrn Rcvnotd\
cl lcct  is crsi ly undcr\ lood. Whcn r \olLrr ion ol  c lcc,
l r . ' l \ t ( .  i ,  j i , , , / c n . , r  . ,  l I I t (  r . , t ( .  i r , n \ . , t  , , n (  \ r ! n
lend t()  bc includcd in thc tcc in a grcxtcr conlcnlr l -
l ion than lhar ol  lhe o(hcr \ ign so lhi l l  I  !hargc
\cparr l ion occur\  rcro\\  Ihe inter l : 'cc.  lhc sirc ot
thc eleclr ic polcnl i r l  lhu\ Scoefatcd drpcn(l \  on rhc
l lcor ing ralc rnd lhc m()bi l i ly lnd r \ymmclfy ol  the
clcclrolyrc.  Sincc the or iainl l  rcporr ol  Worklnirn
nnd Roynolds (  1950).  v1n' iou\ lu lhofr  hrvc r l jpor lcd
polent i : r l \  as high as lcns {or cvcn hundfcd\} ol '
vol ts in di lute solul ions ol-clcclrolytc\  in ehrct an
icc inlc ace movc\ i r t  spccds ol  thc order ol  l0 nr

s c c  |  ( t - c v i &  N 4 i l m l n .  1 9 6 6 : ( ; f o s \ .  l 9 7 l r ( a r n r t i
& l l l ingwofth, 198(l) .

Sccond. thc gcncral i ()n ot c lcctr ic polcnl i r l \  ot
suf l lc icnt Dragni ludc to l , -sc the plasmrr mcmhranc is
ohscfvcd during thc l iccr ing ol  prorotLrst\  sus
pcndcd in nonclccl( t ! lc (sorbi t( t )  solul i ( )ns. r1c-
sumrbly,  lhc b$ clcctfolr" tc conccnlf l l l r (m,i  {  1.6 ko
m  r c s i s l i v i t y ) o f l h c : u \ p c n s i o n s  a r c  d u c  r o  l h c  d i t '
l i rs ion of c lcclr() ly lcr f fom lhc prolophsts. N, lorc
imnodrnt.  howevcf.  wls thc l i rcr lh l l  rhc \orvi \ l l
of  lhc trolot l  srs is corrchlcd wi lh thc magnirudc
ol lhcclcctr ic potenri  l  gcncrt | rcd. Whcnf()rcnal I
rapid r i r lc ( : '  I 'C -  min )  lo -  10'C. lhdc i \  l  h igh
incidencc ol  intraccl lul l r r  icc l in nral ion in nonlcct i -
n lcd prolopl:rns {Dor! ' t rcrt  & Slcponkus. t9U:r) .
Under sinr i lar I rccr ing condit ions. rn electr ic i | t  po,
lcnt ial  ol  ncarly 4 V was mcasurcd (tr ig.  5,) .  t in
non!ccl imatcd prolonl i |s l \ .   

 

r f tn\nrcnrbr lrne po-
lcnl i . r l  o l  0.75 V rcsul led in l )s is { f : i r .  6).  Whcn
l iozcn ir t  \ l ( )s l l lcs lo 4"C. no elccrr icr i l  notcnt i r t
\ \ rs obscfved rnd 6{}7 ol  thc pfotr)pl  srs survivcd.
UnJcr rhi \  l icclc-thrr \  prolocol.  anpro\ imatetr
50.: ;  survivr l  i \  c\rcctcd qirh iniury bcir)g rhc 'c\ul l
o l  c\prnsion-induccd lvsis duriDs rhr$ing
{Dowgcf l  & Stcponlus. 19N,1)

l-hird.  i f  c lcctr ic:r l  pcrrurhnt ions conlr ibutc ro
crrornJury onc ! \or ld c\nccl  cold lccl in l t t i l 'n ro In
c' , j rse lhc \ t rhi l i ty ol  isohlcd pr)tonh\t \  to ctecr -
cl l  l ic lds. I -hi \  . \pcctat iorr  sa\ cont irnie(t  o!  rrc
dr l1 ' .1 oh\rr \rr ion ol  I r()roplasl  l !s i \  t | ig.  nl  rnd
mclsufcmcnr ol  thc fel .^:rsc ot intmeclful i l r  ctcctro
l v t c \  ( l i g . 7 r  I h , r  c r i l i !  l  m c m b r r n c  v o t r r g c  t i r l
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l ' 1 .  S ( . t o i L r \  e l  , ' l  I  r t t / e . l n l l n . r , i  l l c . l ' r c r  l r r nncn l \

l t r i \  t \  i rs  dc lcr  In ined lo hc l ) .85 V l i ) r  nonlcc l inr r r lcd
pfo lopla\ l \  an( i  1 .00 V l i ) r  i rcc l imalcd pfo lopl i t \ l \ '

I rur thcf .  u l  vo l l i rgc\  th i r l  d id nol  rc \ t i l t  In  l r , ' \ rs .  i rg

ni l lcanl  in t fcasc\  in  lh t  condtrc l i \ i l !  o l  lhc s t rs

pcn( l ing ntcdiLrnr  o(ct r r |cd indic i t l ivc o l  incrc i rscd

nrcnrbf tne conducl rncc ( incrcr ' \c( l  so l t r lc  Pt ' '  rc l -

h i l i l !  I  r l  \ub ly t ic  l i r ld  \ r t  cnSlh\ .  
- thc 

u\c of  in l f icc i

hhr  e lcct fodc\  l in  chrra! le f i , / ins rhe cf i l ic r t l  1 , , '

\  ic ldcd \ in l ih '  rcsu l l  s .
lhrs.  r l lhotr8h rhc cv iduntc g l rncrcd lo  dalc  ' \

l r rScl '  concl ; r t ivc.  i l  con\ is lcn l ly  \u t 'pof l \  l l rc  b!_

nolhc\ i \  lhr l  c lcc l t ica l  pcr lurhnl i ( )ns whi !h r r i \c

drr r rng oI  i i r l lou ing l iccr ins ( r l  rqucoL' \  so l t r t ion\
co r f ibu lc  lo  l iccr ing in iufy . ' l i )  mrkc r  lbrmr l

casc.  howcvcr .  i l  is  neccssar 'y  t ( )  dcnx)nsl r r lc  lhat
an c lcct f ic  nolcnl ia l  \ t r l l lc icn l ly  h | : t  1o Nsc lhe

Drcnrhfrnc is  scncf l lcd lc f t )ss i l  d t r r ing thc pt r \ \age

ol  lhc icc hur l .  lh t  \pr t i l l  vr r i l l ion o l  (hc Work

rnrn-Rcynokis l ]o tcnt ia l  is  s l i l l  unkno! !n so lhc In-

rcn\ i ly  o l  lhc i tssoci r led c lcc l f ic  l lc ld \  r fc  un

l \ n , ' $ n .  l h (  i , , n r l L r ( r r \ i t )  , t l  l h . . ) r , ' r l . r . r r r  i '  t ( ' \

Inuch gfc i t lcr  lhrn thut  o l  lhc n l r rsmir  mcmbtt rnc.
howclcf .  n)  nro\ l  o l  I lnv polcnl i r l  d i l l t fencc i |p
p l icd to thc rcSion conta in ing thc cc l l  apf 'cr r rs

rcro\s lhc nrcmbrr tnc.  I - *o c\ l rc l I )c  crscs i l lur l f i | te

lh i \ i  ] 'hc lo la l  polcnt i r l  is  L i r8c.  so ( i )  i f  thc f iek l  i \

l (x iL l i rcd ovcr  a \mr l l  rcg ion in  sprcc ( \av ' :  I ( l  nm)
( h c n  i r  m u s t  b c  v c r y  h r g c  ( '  l 0 ' v  m  r ) . r n d  ( i i )  i i

lhc l ic ld  is  rcL ' l ivc l !  \nra l l  l r  l0 '  V m )  lhcn i l

n l r \ l  c \ lcnd ovcr  u l i t rSc fargr  {  '  l ( }  I  m).  Wc

considu (hc\c post ih i l i t ies in  lurn.
' Ihc 

ct - lop l rsDr is  vcry much morc condrrc l ivc
lhrn thc p lusrna nrcmbr i rnc.  so in  i rn cx lcnra l  u lec_
l f ic  l lc ld  $hich doc\  not  vr ry  f l rp id l !  wi lh  t rnrc.  thc

elcct f ic  polcnl i r l  is  const t rn l  on thc iDncf  \ ide o l  lhc
phsnra mcmbfrnc ls . .  l .o lc lxce c l  x l  .  198'1) .  I l

lwo d i l - l t rcn l  noin ls  on lhc c\ tcr ior  o l -1hc l la \mir
mcmbmnc hrvc polcnl i r r l \  $h ich d i lc f  br-  t .  lh ' :n

th is  potenl i  l  d i l l t rencc appca|s lcross lhc mcm

Cor\ idct  hr \ l  r  cc l l  in  rn c lcc l r ic  i ie ld $hich rs

loc l l l ized ovcr  r  d is lanct . /  rvh ich is  much \n l l i l lc f
lh l |n  lhc d iamclcf  o l  lhc pro lopl r r \1 .  I :or  eramPlc.  . /

nr ight  bc o l  the ordcr  o l  l l  l tw Dchyc lcnglhs.  Ihc
rcgion o l  h igh l ic ld  t  ) !cs $r th thc icc l iont  rnd
lhefc l inc lhc h ish l ie ld fcg ion pr \ \es thc cc l l  lhc
polcnl i r l  o l  lhc solu l i ( )n i rnnr ld iu lc l l  ou l \ ide lhc
n)cnrbrrnc chnn8cs l i (n  

 

thc porcnl i r l  o l  rhc bulk
$hrr ion to rhr l  o l  bL ' lk  icc r \  thc h ish l ic ld  resron

tr \ \c \  by.  l l t  h !polhc\ is .  lhc l ic l ( l  is  h ish lv  locr l -
i / .d .  and \o.  at  sonrc l inrc dur ing the p i r \sr rgc o l  rhc
high l ick l  rcs 'on l \ \o  poiDl \  outs id!  lhc mcnlbrrnc
scfr ra lcd h!  a d i \ l rncc l rca lcr  thrrn ( /  hr !c : r  polcn_
r i r l  t l i l lc f rnce ! \h ich could i t  r i t r  . tpprcc i r rb lc  l fac
l ion o l  lhe lo l r l  l rcc. , ing Polcrr l i r l .  I  or  r  l fccrrng
fr l .  o l  l l  l0  '  nr r .cc an. l  a  l )c l . \c  lcnglh o l  I  I

0 2  0 . 4  0 6  0 3  r . 0

FIELO SIRENGTH (kv /cm)
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] ig .7 .  Rr lc r . r  o l  in l r r .c l lu l i r  c l .e ln , l \ rc \  l ronr  i { , l r rc , l  nn to
f l r \ r \  r '  r  r !nc rnnr  o i  . l c . l r rc r l  l i c ld  \ r rcns lh

nm, thc t imc'sct | lc of  thc clcclr ic i ie ld pultc
.rcross thc mc br irnc is i /R _ l0 a sec. which i t
tong comprrcd with lhc RC ch.rrging t imc \cale ol
rhc pruroplasl  ( l .ovclacc el  al . .  l1) l l4).

Al  thc olhcf cxlremc. considcr a ccl l  in  

 

felr '
t ivcly $cak l ic ld which cxtcnds ovcr a dr\ lancc
largcr lhan a cel lular di  mclcr.  l / .  | -his can hc rp-
proximatcd hy a i ie ld (with slrcngth E) \ 'h i ! -h is
consl lnl  l i r r  l ionr (hc ccl l .  Solving I 'o isson s cqua-
t ion with \Lr i lahlc boundlry condi l ()n\  shows lhnl
thc l r i rnsmcmbrune polent ial  di lTcrcncc i \  I t r l l  a l
points on a ccl l  axis p:u: i l lc l  to thc l lc ld Suppo\c
lhLr l  a freczina polcnl i l r l  of  l0 V wcfe sprcnd dvcr a
dislrncc of 100 r.m. yic l t l ing a f ic ld of -  5 x l0 '  V
n r.  t i ) r  n protoplasl  wi lh |  :  l5 pm. r  pc:rk poien-
l i r l  d i t f t rcnce ol  - l . l  V is Scncralcd acro\\  the
mcmbrrne. I 'hL' \ .  whclhcr thc l ic ld cxtend\ over
nrnometcfs or mrcrons. l l  \ ( lnrc t lmc durlng lnc

nrssage ol  lhe hish 6cld fegion lhe nrembrirne mrtv
hc c\poscd 1o: i  potcnt inl  | \  h ich is I  sr ihstrnl ia l  l f . tc-
l ion ol  the lol l | l  Workman-Rcynolds potcnlrul

Cryomicro:copy rc!cals lhr l  lhc gcomelry ol  i r
ccl l  bcing cnSulfed by icc is not adcqurlel ! ' rcprc-
scnlcd by i r  paral lc l  f ic ld al  a planttr  Inlcd:rcc
(Do!,"scr l  & Slcponkus. l98l) .  Mo\l  ol icn onc or
mofc chrnncl\  ol-solul ion connccl lhc pool ol-  solu_
rioD conlr ining thc cngul l .d pfoloplt |s l  (()  thc reccd
Ins inlc :rcc. ' l 'h is chiLnnclol  hishly conductrntr  so-
hr l ior t \oold lccn Ihc polcnl i r l  nc:u mon ol  thc
phsn 

 

mrmbranc ncrrr  thal  ol  thc hulk solulron. ln
lhis sl . r lc.  lhc atp()rch of icc lo\  rrds lhc nlcnl
hmnc rt  any noinl  woLrkl  pfodLrcc a potcnl i t r ld i l ier-
el ]cc acr()ss the nrembnrnc al  lh is poinl .

ln s nrnrrfv.  lhc c\pcr inrcnlr l  ohscr!al l ( )ns rn' j
thcorct ic l | l  i rnr l ! \c\  \ t rgscsl  thl l  c lcclr icr l  l run
\ icnls lht | t  occUr dur in8 lhe l iccr ins ol  rqrrcotrs so
lrr ion\ mr\ contfrhulc 1o dcslrbal izr l ion ol  lhc



pla\ma membranc irnd |1:sul t  in cryoinjury.  Al
lhoulh dirccl  mcirsufemenls of mcmbranc polcnl i i r l
dudng r I icezc-tha\a cyclc wi l l  prcscnl s igni l ic nl
lechnacxl problcms. such sludics are w rmntcd.

l h i i  mter . l  r \ .  n r f l .  b r \cd  on  $ork  s rppor l .d  b )  th .  Nr -
Lonrl Scitn.. Fou rln,n unJrr (nrnr IrCM 80ll6ltl3 nnil lhc
LJ .S.  l )cpn(nr .  

 

o l  Hncrs t  und. r  ( i )n t  c r  l )L - -A( l r l -81 ! -R
10917 nnd Cnnr  l ) l - l - l (n ) l .8 lLR l .1 l l4 .  l )cpr r ln rn t  o f   g ron-
onry  Scr ic \  Prp . r  No.  l5  l l
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