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ElectricalCharacteristics of  the Tonoplast of  Chara  coraUina:

    A  Study Using Permeabilised  Cells

Mark  Tester, Mary  J. Beilbyi and  Teruo  Shimmen2

Botaay Sthool, Downing  St, Cambrieige, Engtan4 CB2  3EA

   Use  of  perrneabilised cells  of  Chara coraUina  proyides a unique  opportunity  
te

 
study

the  electrical  characteristics  ofthe  tonoplastwhilst  being able  to control  ionic conditions

on  the outsicle  of  the  membrane.  Current-voltage (IIV) analysis  over  widc  voltage

spans,  and  admittance  measurements  at  5Hz  showed  that  many  permeabilised cells

had a  sirnilar  conductance  and  capacitance  to  the tonoplast  of intact cells.  Cells

developecl two  regions  of  negative-slQpe  conductance  upon  addition  of  external  Cl-,

which  suggests  the existence  of  potential-dependent CIT channels  
in

 
the

 
Chara

tonoplast.  With  Cl- concentrations  similar  to those  expected  in vivo,  the resting

potential was  more  sensitive  to changes  in external  K+  than  C]-; however, a
 
decrease

in external  K+  did not  signlficantly  alter the shape  of  the IfV relation.

KeY  words:  Admittance  
-

 Cl" channel  
-

 Charophyte -  Current-voltage (IXV) 
-

Membrane  capacitance  
-

 Voltage clamp.

    Ion movements  across.  the tonoplast  are  important for several  reasons,'  such  as  the

maintenance  ofcytoplasmic  homeostasis and  the movement  ofstorage  molecules  (e.g, MacRobbie

1979). However, there has been very  little study,made  on  the movement  of  ions ac.rosE  the

tonoplast, due  largely to its inaccessibility and  the diMculty with  which  changes  
m

 
iomc

composition  

'can
 be made  on  each  side  of the  membrane.

    There  has been  some  direct study  on  the electrical  properties of  the  tonoplast  of  giant algal

cells  (mainly charophytes)  by the insertion of  micropipettes  into the  cytoplasm  and  vacuole  of

intact cells.  The  conductance  of  the  tonoplast  has been  measured  in giarit algal  cells                                                                          by many

workers  (Table 1), and  is usually  higher than  that of  the p]asmalemma,  but the degree- of  this

difference varies  greatly. The  tonoplast  capacitance  has only  been occasionally  determined

(Table 2, which  includes measurements  from higher plants), but also seems  to  be higher than  
that

of  the plasmalemma,  by a factor of  about  three to five,

    A  small  number  of  IIV curves  of  the tonoplast  have  been  published, but most  curves  have

been linear (Coster 1969, Findlay et al. 1969, Findlay 1970, Bentrup  et  al. 1985, 1986). All but

one  (Bentrup et  al.  1985, 1986) of  these studies  have been  obtained  using  a  current  rather  than

a voltage  clamp;  this is unfortunate,  as  use  ofthe  former method  means  that much  information on

channel  opening  an  c)osing  is lest (e.g, Hille 1984). Hedrich  et al. (1986) have also  published an
                                                                            whichIfV curve  (by voltage  clamping)  of  the  tonoplast  of  isolated barley mesophyll  vacuoles,

    Abbreviations: APW,  artificial  pond  water;  C, capacitance;  EGTA,  ethylene  glycol-bis(2-aminoethyl ether)-

IV]N]N',N'-tetraacetic acid;  G, conductance;  IIV, current-yoltage;  PD,  potential difference; TEA,

tetraethylarnmonium.  .
] Present address:  Biophysics LaboratOry, School of  Biological Sciences, A12,  University ef  Sydney, Sydney,

N.S.W.,  2006, Australia.
2 Permanent address:  Department of  Botany, Faculty ofScience,  Unlversity ofTokyo,  Hongo,  Tokyq  113,Japan,
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shows  strong  inward  rectification,  and  a  very  IDw  G  around  the  reversal  potential.                                                                     However,  they
exposp

 both surfaces  of  the tonoplast  to  unusual  ionic conditions,  including 1 mM  Ca2+ (normally
submicromolar

 in the  cytoplasm),  Similarly, Bentrup  et al, (1985, 1986), who  clamped  the
tgnoplast

 
PD

 of  isolated vacuoles  of  Chenopodium rubrum  included 30 pm  EGTA  in their patch
pipette wh,ich  .was 

exposed  to the  inside of  the vacuole;  this would  reduce  greatly the  Ca2+
concentration  m  the vacuole,  where  several  mM  Ca2+ is usual  (e.g. Hoagland  and  Davis 1929,
Macklon  1984); this could  well  cause  unusual  results.  Voltages spanned'for  al1 curves  have been
small  (i.e, across  less than  100 mV),  and  this also reduces  the usefulness  of  the  curves.  The
narrow

 
voltage.

 
spans

 have been at  least partly due  to so-called  
"punchthrough"

 (Coster 1969),
where  the application  ofhigher  currents  cannot  further polarise the PD  of  the  cell; this has been
described

 
at

 both positive and  negative  potentials (Coster 1969, Findlay et al. 1969).

Thble 1 Prcviously measured  tonoplast  conductances  and  resting  potentials in giant celled  algae

Species   G(S･m-')Resting P. D.
   (mv) Reference

ChaTa coratlina  (syn, C. austratis)

  (cytoplasmic droplets")

Chara injlbta

C)lara vuigaris  and  C, rudis
 (cytoplasmic droplets)

MteUa  sp.

 (cytoplasmic dropiets)

Neexitis

  (cytoplasmic droplets)

N. transtucens

MteUopsis obtusa

enaetomorPha dortvinii

GrtOitltsia spp.

  10

   1.5approx.

 11

5.5 to 7

   6.5

   3

  14.42.8

 to  6.5

6.3 te 9.1'

at  least 3
4,4 to 15.6
 3 to  IO

   3.3

   2.1

   2.7

 1to2

 11 to 25

   i.2'

   1,7

  
･1,O

  40

 43sb

1.4  to 2.0

1.4  to 2.5

+10  tp  +20

   +10+10
 to +20

   -4

   
-4

+5  to  t20

   +50

   +11

   +16+10

 to +25

+20  to  +50

   +22

   +19

+43  to  +77

+20  to  +60

Find]ay and  Hepe  1964

Skierczynska 1968

Coster 1969

Coster and  Smith 1977

Smith  l983

Moriyasu  et  al, 1984b

Homble  1987

Tyerman et al. 1986

P.rishchepov et  al.  1981

Walker  1960

Inoue et  al. 1973

Kobatake  et  al. 1975

Yurin  et  al, 1976
Yurin  et  al.  1979a

Yurin et  al. 1979b

Bobrov et  al. 1980

Inoue.et a]. 1971, Takenaka  et  al.

Spanswick and  Costerton 1967

Spanswick 1970

Findlay 1970

Bernharclt and  Pauly 1974

Skierczynska et  al, 1977

Findlay et  al. 1971

Findlay et  al. 1969

1975

"
 The membrane  of  cytoplasmic  droplets is believed to consist  primarily
Luhring  1986).
b
 But O,94 without  the  

"corrections"

 (see Smith  1983) they  apply.

of tonoplast  (Sakano and  Tazawa1986,
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Table  2 Previously measured  tonoplast  capaeitances

Species
   c(mF･m-2) Method  of  measurement Reference

Chara corallina 29 to 54

  60

M'tetla sp,  12,5

  (cytoplasmic droplevs)

M'teltaflexilis tO

  (cytoplasmic clroplets)

MteUopsis ebtusa

Beta.vuigaris

Chenopodium rubrttm

2821

17

8

Sine waves  of  frequency 1 te 100 Hz

5 Hz  sine  waves

Sinc waves  of  frequency 60 to 105 Hz

Current pulse analysis

Maxwell-Wagner  analysis  of  tonoplast

and  plasmalernma m  semes

Current pulse analysis

Current pulse analysis

Coster and  Smith 1977

Smith 1983

Miyake  et  al. 1973

Inoue et  al. 1971, Takenaka  et a!. 1975

Findlay 1970

Bernhardt and  Pauly 1974

,Korzun et  al. 1984

Bentrup  et  al. 1986

    There  has also  been some  work  on  the  I!V characteristics  of  characean  cytoplasmic  droplets,

the membrane  of  which  is believed to  be primarily toneplast  (Sakano and  Tazawa 1986, Luhring

1986>. Essentially linear IIV  relations  have a!so  ben described across  this membrane  
in

 
studies

with'current  ciamps  causing  only  small  voltage.  shifts  (Inoue et al. 1973, Takenaka  
et
 
al.

 
1975).

                                                                             made                                                                      V, and
However, Prishchepev et al. (1984) clamped  the  PD  between +20  and  
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S.
confirmed  in recent  work  by Homble  (1987), In the work  of  Prishchepov  et al,, however, most

solution  changes  were  made  on  the vacuolar  side  of  the  tonoplast.  A  major  advantage  
ofusing

 
the

 ermeabilised  cells  described in this paper is that  ionic and  osmotic  conditions  gan easily  be

gontrolled on  the cytoplasmic  side  of the  tonoplast,  which  is probably where  the cell exerts  more

control  in vivo.

    Access to the tonoplast  of  the characean  cells  is gained using  a  technique  developed recently

Rl,,S,/iM,,M,:i2.a,",g,:ZZ.aw.,r,gi.?g,331.'2e.',e,gh.e,.pia.s,m,al,e,m,I\,a,.og,th.e,g2ig.s'.'.m,.a,d,ej,rg,ele.rglb.i,y,a,n,f
control  ofcytoplasrnic  streaming  (Shirnmen and  Tazawa  1983, Tominaga  et al, 1983, 1985g, b),

                                                                         , Bnefly,
but it has not  been used  previously to  study  the electrophysiology  of  the toneplast

:ff,m.eseigi2xa/7gfik:f.ff.ec:,e;l,l?.4.le.I?t7.v'".g,g:.?',,F,?'?,gu,g/::e,,me.'zs,:?,al･e,e.m.P:ia.",r,og.gJ,`g,htlx
::r.o;,u,r.ff.flr.a.n.1,s.ub,}acE6o,m,o,i.a,r,c.on,c.e.n;,r.atisn,s,o,f.C..a,?li,ie,m.,//,n.s,s,e,I:iLp,e.r,m.,e,a,U,e,,a,n{l,th-e,.vftic,u.,o.ig
Mg2+-ATPase  and  the  H+-pumping  Mg2+-PPiase  activities  (Shimmen and

 
MacRobbie

 
1987a,

B)'eg,h)r"Siii(\g"g.Sl.OEih.:i,'StJe.M,fo.r,tr,a.",ZP,O';,t･t",dig.S,:3S.?8,fie,ZSSf,S8he:,aLS:gl,h:r.ed(T.e?t8fir.e,tdaii7.'
 analysis  was  used  to  investigate transport  characteristics  of  the tongplast  (Beilbx 

and
 
Beilby

 
1983);

 the effects  of  K+  and  Clm  concentrations  on  the I/V characteristics  are  described.

Plarmea

                     Material$ and  Methods

bilisation-Young leaf cells  (3 te 5 mm  long) of  Chara coraliina  were  cut and  then  allowed
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Table
 3 Final concentrations  (mM) of  chemicals  used  for 

'perrneabilising
 cells

"Low
 Clr"

"High

 CI-"
"Low

 K+" "Low

 pH"

EGTAHEPESMESKOHMgt]l2KCINaClpH O.1

 30

 90105

 2
 8

 2

 7.6

 O.13030552582

 7.6

 O.140o22282

 7,6

 O.1

 30118105

 2

 8

 2
 6,6

to stancl  Qvernight  in APW  (1 mM  NaCl, O.1 mM  KCI, O.5mM  CaCl2,' 2mM  HEPESfNaOH,
pH  7,5). Old  cells  could  not  be permeabilised using  this method.  Cells were  permeabilised in
ice-cooled solutions  containing  either  14mM  CI- ("low Cl-") or  64 rnM  CIL ("high CIT": see

Table 3). Changes  upon  addition  ofCl-  were  not  due  to a  `salt
 eflect' (i.e, a  cornbined  effect  of

both the added  anion  and  cation),  as  solutions  were  made  by  replacing  KMES  with  KCI,  with  no
consequent

 ehange  in the concentration  ofK+.  Similarly, solutions  oflower  K+  or  lowcr pH
were  also  made  (Table 3). In interpretation of  results,  it is assumed  that there  is no  significant
effbct  of  MES-  on  membrane  conductance,

    Usually, 90 mM  sorbitol  was  added  to the low and  high Cl- solutions,  and  160 mM  sorbitol  to
the  low  K+  solution;  these  values  were  varied,  however, depending upon  the  age  and  condition  of

the  culture.  If the  osmolarity  was  too high, cells showed  large splits  in the lines of  chloroplasts

and  the  tonoplast  appeared  to become leaky; with  too low an  esmolarity,  cells did not

         l
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      1 -lq
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Potential  electrode

Ag  yvire  encircUng  cett
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Fig.
 
Ia

 
The

 depolarisat,ion of  a  cell of  CVhara coraUina  in APW  upon  addition  of  ice-cold low Cl- permeabilisirig
medium,

 added  at- the first arrow;  cell  was  then  returned  to  room  temperature  (seconcl arrow)  and.solutions

changed
 
ap

 
indicated,

 showing  PD  changes  upon  addition  and  removal  of  ATP,  and  upon  changes  in Cl-
concpntration.

 Vertical bar refers  to potentials to right  of bar; to left, bar length is equivalent  to 50 mV.

Horizontal bar represents  ene  minute,  with  time  moving  from left to right.  b Diagram  showing  the
arrangement  used  for electrical  measurements.
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plasmolyse and  hence did not  permeabilise. Cells of  C, corallina  did not  require  pretreatment to be

                                                                and  Taz'awa' (1983).                                                       Shimmen
successfu11y  permeabilised, unlike  the  cells  of  IVitella spp  used  by

    Upon  addition  of  permeabilisation medium,  the cells  depolarised rapidly,  often  having an

                        . Cytoplasmic streaming  stopped  (Shimmen and  Tazawa  1983), and
action  potential  (see Fig. Ia)
the  regular  arrangement  of  chloroplasts  became disrupted (see Shimmen  and  Tazawa, 1983).

After checking  fbr cessation  of  streaming,  either  1,O mM  K2ATP  or  O.2 mM  Na2PP, was  added;  
if

the solutions  were  at  roorb  temperature,  streaming  recovered.

    All cells were  illuminated by a  fibre optics  source  (Intralux H150  Volpi) at a  light intensity o,f

50-100pmol･m-2･s-i. Solutions were  flowed at  a  constant  rate  during an  experiment,  
at

approximately  10 ml･min-i;  the  volume  of  the chamber  was  about  1 ml,

    Etectricat measurements-Cells  were  space-elamped  by the insertion of  a  Ptllr wire  along the

axis  of  the intact cell; the PD  measuring  electrode  was  inserted into the vacuole  (see Fig. Ib for

geometry), Electrodes were  inserted when  the  cell was  in APW,  and  the  ce]]  was  permeabilise,d

                                                          As  the permeabilised cell tsafter  the membrane  potential had  recovered  to at  least -180  mV.

          manipulations  and  electrode  insertions had to be done with  the intact cell,  The spaceturgorless,

clamp  was  essential  as  the distortion due  to the cable  properties ofthe  cell  tends  to linearise 
the

 
IIV

curves  (Smith 1984), especially  when  clamping  the  high G  tonoplast, whose  cable  length would  be

much  shorter  than  that  of  the plasmalemma.  .

    Most experiments  were  done  with  the  cell kept in ice-cooled solutions  (Fig. 2 and  4 to 7), but

in later experiments  the temperature  of  solutions  was  increased to room  temperature  
after

permeabilisation (Fig. Ia and  3). As  described in Beilby and  Beilby (1983), the voltage  
clamp

                                                            a  time  resolution  of  2 ms.
was  contfolled  by a  Minc  11 computer  and  the  data logging provided

The  I/V curves  were  obtained  from  a  bipolar staircase  of  veltage  clamp  comrnands,  with

  e['xPzourecpOe
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Note  the  inductive behaviour at  low potential displacements, and  capacitive  later on.
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pulsewidths of40  ms,  and  200 ms  between  pulses (Fig. 2). For  small  departures ofpotential  from
the  resting  PD,  the  current  reached  a  pseudosteady-state level, so  the calculation  of  G  at  the

reversal  potential by differentiatien of  the IIV curve  would  have been accurate.  Hewever)  for
larger

 potential shifts,  the current  was  still changing  at the end  of  the  pulse (Fig. 2), so  the  I!V
curve,  while  still providing a  valid  qualitative description of  channel  kinetics, will  not  be
quantitatively exact.

    The tonoplast  was  clamped  up  to spans  frem 
-200

 to +200  mV  (e.g, Fig. 5 and  7); beyond
these  voltages,  sharp  inward  and  outward  rectifications  respectively  were  seen.  Conductance was
estimated  by  several  methods:  from  the slopes  at  I=O  of  IfV curves;  by differentiation of

polynomial-fitted IIV curves;  or  from admittance  measurements  at 5Hz  (Beilby and  Beilby
1983). Capacitance at  5 Hz  was  obtained  as  described in Beilby and  Beilby (1983); the frequency
was  the  same  as  that used  by Smith (1983). Ave'raged values  are  fo11owed by  the  standard  error
of'the  mean  and  the number  of  replicates.  

'

  . It was  also possible to obtain  an  I!V curve  ofthe  tonoplast  in the intact cell by placing one
glass electrode  in the cytoplasm  and  the other  in 

'the
 vacuole  with  the current-iajecting  electrode,

although,
 of  course,  the  ionic and  osmotic  conditions  on  the cytop14smic  side  ofthe  tonoplast  could

not  be controlled,  
'

                                      Results
                                              '

    VV  curves  of intact cetls-The  running  of  an  I!V  curve  on  the  tonoplast  in the intact cell was

usually  fatal. However,  a few  curves  were  obtairied  (e,g, Fig. 3), and  these  were  generally quite
linear; some  showed  inward  rectification  at  negative  potentials- at around  -60mV  in the
example

 presented. The  conductance  varied  between cells, from 5 to 20 S･m-2, and  the  resting
PD   from +20  to  +40  mV.
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                 Fig,3  Fig.4

Fig. S I/V curveofthe  tonoplast  ofan  intact cell  of  Chara cerallinain  APW  at  room  temperature.  G=5.1  S･m-2;
reversal  potential= +20  mV.

Fig. 4 The  time  depende.nce oflfV  profiles of  a  permeabilised cell in ice cold  low Clm  solution.  IIV curves  ofa  cell

:ift2)a:ZCdOZa6itlnz',i"GiO-W41iig,P.'!M2)eliRl':LSI:gaMieliBMeri2£SiBi[l,s:tl9nfi'MR-e;'ark5al(pXoleG･t--ia?L8E'iELIIi2<}l6'5"ailGcu--rv3e':.S'
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    Resting PotentiaZ dtt7lerence ofPermeabilised cetls-After  permeabilisation, the  PD  of  the vacyple

with  respect  to the  external  solution  was  always  near  O mV,  with  most  cells  having a  small  p,ositive

g)D, S'fistJ
'

k'.La,'h,.'h,2,r.'2//:gmP,D .w.zs 
e.q?gi,lig/tle,sg;:g2atp,

 
ose;,t6a.i

 g". ,e if {h} 
,i'.V=cv,ry.e

 
(\LgE

 
`,ti:

tended  to decay towards  O mV  over  several  minutes,  as would  be expected  if tbe  PD  was  due to

electrogenic  pumps and  the  ATP  and  PP, were  washed  away  upon  permeabilisation. Deca.y oithe

PD  towards  zero  could  be slowed  if ATP  was  applied  immediately after  permeabilisation.

However,  addition  of  ATP  did not  always cause  a hyperpolarisation of  membrane  PD,  even  
in

cells  returned  to  room  temperature  after  permeabilisation.  In Fig. Ia is a  trace  from one  cell

which  showed  a  clear  change  in PD,  of  approximately  4 mV  upon  addition  and  removal  of  ATP,

although  not  for a few minutes  immediately after  permeabilisation when  the  cell was  
very

COndUcCo/idVuect(inecee
 
bofepl:Ym)iabilised

 ceus.conductance  was  estimated  from the slopes  at  I=O  of  i1 IfV

curves  (from the highest and  lowest G  from four cells  with  variable  G; and  the  average  G                                                                             from

three  cells with  a  relatively  constant,  higher G), and  from admittance  measurernents  on  five cells.

Conductance of  the permeabi]ised cells was  quite variable,  ranging  frorn 1 to 49S･m-2.

Although  this variability  was  often  due  to intrinsic and  as  yet unknown  properties of  
individual

                                                          depending  on  the  time  after
cells, a  wide  range  of  conductances  in the same  cel]  were  also  found,

:g:i,:a,,b.i.'iia.tto,?,gff,d.to,:i:.s,o:.d.i/rn,s,.2n(,h.e,.e.x:e,r,ngi..mJe,gluiri,,l:?.:l,e,d.i,a,ts,ig,g,ft,s,r.p,e,lm,,ei
high, and  these  cells  were  discarded; in other  cells G  spontaneously  decreased within  a  co,uple

of  minutes  (Fig, 4), and  responded  to changes  in the external  medium.  After some
 
time,
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All were  ice cold  solutions.  Reversal potential=+16mV  for all curves.
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ei
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i,6",Y,i7h,C.iJ,･,,i(V,,,c;.rv,ea,oE.a,p.'::}i:,2b,`//g.f

                   ･m-2, reversal  potential 
=  
-2

 mV.  First curve  in presence of ATP,  and  last three  
in

eheerr 8#ebni//2a;iOJIig;=AiT9pS did not  appear  to  affect  significantiy  the  curves,  and  it is not  required  for the  regions  of

negative-slope  conductances  to be forrnecl. The effect  ofATP  on  the rate  of  change  of  these regions  
is
 
unknown.
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Fig. 7 IIV curves  of  a  permeabi]ised cell  of  Chara
coraUina  in low K+  (SOmM: X, G=:13S･m'?,  reyersal

potential=+4mV)  and  high K"  (113mM/ O, befbre,
G=3.7S･m-2,  and  a, after  the  Iow K+  treatment,
G=8.8S･m-2,  both reversal  potentials=+14mV)
permeabilising solutions.  Al] curves  with  cell  in ice-
cold  solutions  with  14 mM  CI-.

$.P:Pg,`?･9,:･.P,?e.,`e.e,Ee,lt".2t,::2tif.O:,cg,r,r8.lts,za.ss&1,as,'2xv.`h,e,,`",o.pi.'?･ii9,hl2ci,esss,g,:gs,i:
below.        A  continued  high G  in many  cells  is clearly  a  preblem,  and  the reason  for this  is unknown,
     Nevertheless, in cells  in which  the  G  did decrease, the conductance  was  similar  to  that  of  an

 
intact

 cell, especially  when  the  concentration  of  ions in the  external  medium  approached  that  of

the cytoplasm.  When  the  concentration  of  Cl- was  14mM,  in al1 low conductance  cells  G  
was

between 1 and  15 S･m-2, and  in over  half these,  G  was  between 1 to  8 S･m'2. This was  lower
than  G  at 64 mM  CI- (see below).

    
Addition

 ofATP  or  PP; appeared  to have little effect  on  the IfV relatiens  of  the permeabilised

gzigh,tw,n:p,e,eek?:tsest12:,S,"s.I.e,`,Pee.',zb.ze,;v,es."p,?".:g/j.tip,?.o.f,?,P,i･,rlEZo,:･,fP,gtts,P::D"6I
perhaps        

depolarising the tonoplast  by about  O.5 mV  (results not  shown).

    S)5opes of UV  curves  qf Permeabitised cetts-Changing  the  concentration  of  Cl- in the
permeabilisingmedium  significantly  altered the characteristics  ofthe  IIV curve.  When  the 

cells

were.in  the low  Cl- solution,  the  IIV profile was  essentially  linear, at least between -150  and
+150

 
mV

 (Fig, 5), but when  in the  high Cl- solution,  an  I/V  curve  with  two  regions  of  negative-

slope  G  was  found  (Fig. 5 and  6). The  conductance  ofthe  tonoplast  increased when  the solution
was

 
changed

 trom low to  high Cl 
fi
 , and  the membrane  usually  hyperpolarised by a  couple  ofmV.

IXtFr.eS:J':g';,),kf }Be,,fiolzt,10".lrIT,ai,2hg:geg,,i,:] p, :J/i,age3,y.zft,;,g,eeE,fl;,ge2iiAzaaig:.･ 
tl}4z,'eg,e,,r:e,

 g?z",g,e
Cl-

 
o.n

 
the

 
I!V

 
relation

 
changed

 with  time,  the  slope  of  the negative-slope  G  region  decreasing

,wfi,h.tkm,.e;h.o,)xex::?.`ee,v.og,t3.g,e,o;,eE.rgh8th.;hk:,:,:g,aiLv,e-fiLo,p.e,,Ei.?wwsgoe:,goR,zp.p,eai,:oEh,a,"fg
-45mV

 
and

 
+80

 to +135mV.  The  significant  time  factors make  the averaging  of  curves
diMcult, so  only  example  curves  are  presented for the moment.

    Redugtion in the  concentration  of  K+,  from 113 to 30mM  whilst  maintaining  the  Cl-
concentration  at  14mM  depolarised the tonoplast  by about  10 mV.  The  conductance  increased
with  reduced  K'  (Fig, 7).

    
Action

 Potential-When cells  in low Cl-  solutions  were  clamped  for eight  seconds  to potentials
up

 
to
 
± 50

 
mV,

 
there

 was  little change  in G  with  time,  and  no  indication of  excitability.

    CZiPacitance-The capacitance  at  5 Hz  of  the tonoplast  varied  between  3.6 and  109 mF･m-2;
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the average  C  was  46.2± 5.9mF-m'2  (n=13). This is similar  to  a  value  made  by 
us

 
on

ggO.",O?lh'lt,?fsi".:t.'2t.gfiLi,Sl'l2e.,s,a.m.e,2e,il.[lis,:,:,,gr,h,i:h,,l,hag,iY,:".2"g.'",,:lgt,3,,w,fss,:.b}atlr}-!egg･,o.f
m-2),  and  more  measurements  need  to be done  with  low G  cells.  Nevertheless, 

these
 
results

suggest  that, even  in these high G  cells, there  is a  membrane  whose  capacitive  properties do not

appear  to be significantly  different from those  of  the  tonoplast  of  the intact cell. .

    Capacitive spikes  of  current  were  usually  seen  on  the  staircases  ru.n for I/V curves,
 
but

 
m

some  staircases,  either  al1 or  some  of  the current  responses  were  inductive (e.g. Fig. 2).

'
Discussion

    IIVcurves of intact celts-It  was  possible to  obtain  an  IIV  curve  of  the tonoplast  in the intact

cell, but the  clarnping  regime  was  usually  fatal. This may  be the  consequence  of  the highly

conductive  tonoplast,  where  the  ionic currents  may  alter  the composition  of  the  cytoplasm  (see also

Beilby and  Blatt 1986), or  it may  be because ef  an  electrical  breakdown of  the  plasmalemma  
due

 
to

:.ar,g,e,c".g,'s,"t.g,o.x,lc,r,os,s,g}IL'.:7,e.m.b.ra.",e,l.L,:gei:zk.y,gt.:L';.9.8;),:,h.o,w,ex:;.･?,:2ief,;:r,gi,:･,",',re.".`s
          . The  most  likely reason  fbr cell death could  be because, in the intact  cells, the

giaastmt t?e8m6)ma pD  is not  clamped  (only the  tonoplast  is; there is one  electrode  in the vacuole  and

one  in the  cytoplasm),  and  the high currents  imposed will  polarise the  plasmalemma  
to

 
well

 
over

1 V,  a  PD  certainly  large enough  to break down  the  membrane,

    In any  case,  a much  wider  voltage  span  for clamping  was  possible with  the permeabilisgd

:K2Ze,m,.tS.ap,,:2.tes.':t,afi;",c.'iiL･uhs,v.oi.'afgr.a",g,e.fo."eda2",gL'ke?ALy,,pe.gXb.ke.y,`g:s,h,e,zeg,i;,::i.k2
were

 observed;  Korzun  et al. (1984) described a rnembrane  breakdown  of  isolated beet vacuoles

with  voltage  displacements of 150 to 200 mV,  Luhring  (1986) and  Homble  et  al.  (1987) also  
have

described irreversible breakdown of  patches of  cytoplasmic  droplet membranes  with  voltage

diSPIICeesll/)ngen
 
Set7St:･ae

 20tfibiree2c;Iil;'permeabilised cells-The  average  resting  pD  of the permeabilised
cells  was  small  and  positive, as  has often  been found acress  the  tonoplast  of  intact cells (e,g.
Table 1). The  PD  was  generally smaller  than  that measured  by us  across  the  tonoplast  

of
 
intact

ceiiSESCAIFy'g.3al/ihby"pt,t,hpe.i.':",50,C.a.",C?.O.f.`hgS,,dbflil,i:i".C.epiDS".O.t,k,".ObW,,",.,duponadditionofATpto

the permeabilised cell, However,  this would  be expected,  due to the high G  of  the tonoplast,

Although  activation  of  the H+-ATPase  leads to  an  increased membrane  current  of  approximately

l,Og,l::t.bm,.g:.at.Vhg,pi.a.s,m,zig.m.le:,(e.･g.･.B.'!?(g,9g,t･.l;2k,e.",fb,be,tfiM'.9,?.9.)k:hs,g",.r:ig,c,".3r.e"iiP,E
would  produce  a  hyperpolarisation of  2 mV  with  a total  membrane  G  of  10 S･m'2, and

 
of

 
only

O.7 mV  with  G=30  S,m-2.

     Conductance and  LIV curves  ofpermeabilised celts-The  average  G  ofpermeabilised  cells measured

 in this study  are  slightly  higher than  those  measured  for the  tonoplast  by other  authers  (Table 1),

 but the  values  obtained  by us  were  certainly  not  unreasonable.  It is clear  that the tonoplast  of  the

             cell  can  be clamped  over  a  wide  voltage  range  with  the techniques  described here,

 ::rdMtehaaRiiiilSvedcurves 
can

 provide some  features in common  with  those  of cytopiasmic  droplets
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 regions  of  negative-slope  conductance  are  not  due to membrane  excitation,  as  the baseline current

 between voltage  pulses always returns  to zero  (see Fig. 2). 
'

     If both regions  of  negative-slope  G  in the tonoplast  I!V curve  are  due  to  the  gating
 characteristics  of  the  same  channel  (i.e. opening,  then  closing),  then.a  simple  consequence  of

Ohm's  Law  is that the reversal  potential of  the major  perrneant ion to the  channel  should  be
between  the  two  regiops  of  negative-slope  G  (e.g. Finkelstein and  Mauro  1977). The  veltage

range  between the two  regions  of  negative-slope  G  appears  to be from around  -95mV  to

 +135  mV.  This is consisterit  with  the movement  ofClm,  K+  or  possibly Na+,  depending on  the
concentration  of  vacuolar  Na+  (e.g. compare  Sakano and  Tazawa  1984 with  Tazawa  et al,

 1974), Due  to  the  ]arge CIL effect,  it seems  likely that the channnels  observed  are  Cl- channels.
Other workers  have proposed these  for the tonoplast  of  charophytes  (Berestovskii et al, 1976,
Lunevsky  et al.  1983), gating during the tonbplast  action  potential; aiso,  Kikuyama  and  Tazawa
(1976) found a large eflect  of  vacuolar  Cl- concentration  on  resting  PD  between the  vacuole  and

outside,  suggesting  the  existence  of  open  Clm  channels  at rest.

    However,  Prishchepov et  al. (1984) and  Reeves et  al.  (1985) fbund 
'the

 resting  PD  across

cytoplasmic  droplet membranes  responded  mere  to changes  in K+  than  Cl-  on  the vacuolar  side

of  the membrane,  as  we  have found  in this work  with  solution  changes  on  the cytoplasmic  side  of

the  membrane.  Prishchepov et a}. (1984) found  three  areas  ofnegative-slope  G  in the IIV relation
across  the  rnembrane  around  a  cytoplasmic  droplet, between  

-45
 to -66mV,

 -100  to
-118

 mV  and  +46  to  +69  mV.  Ofthese, only  the first overlaps  with  those  presented here, and
they  found that was  inhibited by TEA,  which,  however, was  applied  at  high concentrations

(40 mM;  the accompanying  anion  is unknown).  Their second  area  of  negative-slope  G, at  more
negative  potentials than  the  one  found in this study,  was  inhibited by reduced  concentrations  of

Cl-  on  the vacuolar  side  of  the  tonoplast (i.e, 3 mM  r4ther  than  133 mM).  This is similar  to  the

Cl- eflect  described here. Both  K+  and  Cl'  channels  have also  been tentatively  identified in
patch clamp  studies  of  cytoplasmic  droplets (Tyerman et  al. in press).
    It is possible that  when  the cell  is in low Cl- ,solutions, K+  conductance  dominates the
tonoplast  G,  and  when  Cl- is increased in the permeabilising solution,  the  potential dependent
Cl- channels  dominate the  tonoplast  G. It should  be noted  here that the so-called  

"low
 Cl-"

solutions  contain  14mM  CI-, which  is probably slightly  higher than  the Cl-  activity  in the
cytoplasm  of  the  normal  intact C]hara cell  (e.g. Coster,1966, Jones ancl  Walker 1980, Coleman
1986). So, in vivo,  K+  could  dominate the tonoplast  conductance.  This is borne out  by the
sensitivity  efthe  PD  of  the tonoplast  of  permeabilised cells  to changes  in external  K+  (but compare
the  results  of  Kikuyama  and  Tazawa  1976).

    There remains  the problem  of  why  the  shape  of  the tonoplast  IfV curve  did not  change  very

much  with  changes  
'in

 external  K+.  It ig possible.that the K+  channels  are  not  potential
dependent, but this would  be unlikely  if the  outer  membrane  of  cytoplasmic  droplets do  originate

from the  tonoplast,  as patch clamp  studies  show  PD  dependence  ofthe  K+  channels  in the droplet
membrane  (Luhring 1986, Homble  et al. 1987, Laver  and  Walker 1987), It is possible that the
change  in K+  concentration  did not  cause  a  large enough  change  in the K+  reversal  potential for
regions  of  negative-slope  G  to  develop (see, for example,  Finkelstein and  Mauro  1977), More
extensive  studies  clearly  need  to be dene. .

    The  patch clamp  study  by Laver  on  cytoplasmic  droplets shows  that  K+  channels  have
a  maximum  G  near  +100  mV  ("vacuole" with  respect  to cytoplasm),  and  close  at negative

potentials and  potentials more  positive than  +  150 mV.  This suggests  more  ready  rnovement  of

K+  from  the vacuole  to  the  cytoplasm,  and  could,  incidentally, provide a  mechanism  for
depolarisation back to the resting  potential during the action  potential. Luhring (1986) and

Homble  et al, (1987) described similar  rectification  for high unitary  conductance  K+  channels  in
the  membrane  ofcytoplasmic  droplets. This does not  correlate  to  the  behaviour ofthe  IIV curves
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described here, but explains  remarkably  well  the  whole  cell I/V  curves  of  K+  channels  in the

plasmalemma  (Beilby 1985, 1986). It is possible that  the cytoplasmic  dreplet contains  
significant

amounts  of  plasmalemma,  as  suggested  by Andrianov et al. (1983); or  perhaps the  K+  channels  
in

both the  plasmalemma and  tonoplast  have similar  gating characteristics.  Kolb  et al. (1987) 
found

strong  inward rectification  (i.e, K+  flow mainly  from the cytoplasm  to the  vacuole)  
of.K+

 
channels

in isolated barley vacuoles,  which  is opposite  behaviour to  that.found  in cytoplasmic  droplets.

                                                                          potential                                                                     small                                                                  by    Action Potenttal-Although the tonoplast of  intact cells can  be stimulated

shifts  (Lunevsky et al. 1983), in the permeabilised cells  there was  no  sign  of  
excitability,

 
at
 
least

with  the techniques  described here, This may  be due to a  change  in the  properties of  the toRopl,ast

during perrneabi]isation, or  may  indicate that a  rise  in cytoplasmic  Ca2+  
is
 
required

 
for

 
exciFation

at the tonoplast  (cf. Lunevsky et  al.  1983, Kikuyama  1986), which  may  not  occur  fluxes m  t.he

permeabilised system  due to the large volume  of  the bathing solution  and  Ca2+  bu                                                                     ffering capaclty

by EGTA.

    CZiPacitance-The average  C of  45 mF･m'?  is similar  to values  measured  by other  
workers

           Even  in the high G  cells  used  in these  experiments,  there  is a membrane  whose(cTapaablltie)e'
 
properties

 do not  appear  to be significantiy  difik]rent from those of  the  tonopiast  of  the

intact cell, The appearance  of  an  inductive response  during the  runp,ing  of  g, voltage-clamp

staircase  is similar  to that occurring  in the plasmalemma  of  cells  in the K-state (Beilby 1985),

However, interpretation of  such  a  phenomenon  must  await  further refinements  ofthe  techniques

so  the  opening  and  closing  kinetics of  the  channels  can  be investigated.

    Conctusions-The permeabilised cell  is a  usefu1  system  to study  tonoplast  transport,  as

membrane
 identification is much  more  certain  than  that  of  vesicles  or  cytoplasmic  droplets, and

the  tonoplast  is maintained  in a  more  natural  environment  than  with  isolated vacuoles,  
as

 
most

cytoplasmic  molecules  would  be retained  by the  cell wall  (in contrast  to turgid  
cells

 
of

 
Chara

                                                         er  plants are  reported  to be(Kiyosawa 1975), the  walls  of  plasmolysed cells of  various  high

 permeable to  molecules  up  to only  about  1,500 Da: Carpita et  al.  1979). It is hoped  Eo coTpPi.ne
 the  technique  of  permeabilisatien with  that of  vacuolar  perfusion to allow  control  of  ionic a,ctivmes

 on  both sides  of  the tonoplast  (Shimmen and  MacRobbie  1987a, b), and  hence study  m  more

 detail ion movements  across  the tonoplast.

   We  wish  particula'rly to thank  Prof. Enid  MacRobbie  for her helpfu1 discussions; also  Drs. Gill Clint and

Michael  Blatt, for much  help. Financial assistance  from the Royal Commissioners of  the  Exhibition for 1851,
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