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(i)

The excretion  o f  lone by the glands on the upper surface o f  

Limonium vulgare , M ill . ( eyn. S ta tio e  limoniura ) was 

stu d ied  by means o f  a eh o rt-o iro u it technique. The •active*  

transport o f  sodium an I ch lorid e  ion s in  an outward d irec tio n  

was demonstrated, the d ifferw ioe  between th ese  two ion tran sp orts  

being co rre la ted  with the sh o r t-c ir c u it  current. The inward 

transpoi't o f  potassium ions was a lso  demonstrated, togeth er  

with th e  outward transport o f  rubidium, caesium, bromide and 

iod ide icm s. Evidence i s  produced th at th e  a lk a li  metal ion  

and h a lid e  ion  tran sp orts are not Independent, but are linked  

in  a non-Stoiohiomet r ic a l  manner.

measurements o f  th e  impedance o f  the l e a f ,  the  

transglandular r e s is ta n ce  has been oa lou la ted , and comparison 

with th e  io n ic  conductance o f  the glandular membranes shows 

that a ser io u s disorepanoy e x is t s ,  as has been noted fo r  

many other b io lo g io a l t i s s u e s .

The ion  transport and the e le c t r ic a l  p roperties are discusoed  

in  th e  l ig h t  o f  modem th e o r ie s  and work on other m a ter ia ls .
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1.

INTRODUCTION

UPTAKE STUDIES

( i )  The study o f  ion  tran sp ort in  p la n t c e l l s  i s  in  

i t s  in fa n c y , w h i l s t  the p o s i t io n  with regard to animal 

c e l l s  i s  r e l a t i v e l y  much more advanced; many o f the  

techniques in  t h i s  f i e l d  o r ig in a te  in  work on animal 

t is s u e s #  P lant c e l l e  are freq u en tly  more com plicated  

than animal c e l l s  in  th a t  they con ta in  a la rg e  c e n tr a l  

vacuole bounded by an inner cytoplasm ic membrane, and 

numerous c h lo r o p la s ts  which can occupy a con sid erab le  

amount o f  the cytoplasm ic space# However, on the whole 

^they  ̂are l e s s  s p e c ia l i s e d  in  th e ir  gen era l morphology, 

and t h i s  p a r t ic u la r  s p e c ia l i s a t io n  o f  animal c e l l s  and 

t i s s u e s  has made the in v e s t ig a t io n  o f  io n ic  phenomena 

much ea s ier#

An i n i t i a l  task  i s  to determine the d if fe r e n c e  in

a c t i v i t y  o f  an ion  between the c e l l ,  or a part o f  the

c e l l ,  and the environment# This in  f a c t  has u su a lly

meant only the measurement o f  in t r a c e l lu la r  con centration s#

The a c t i v i t i e s  have then been assumed to be equal to the

con cen tra tio n » , and t h i s  proceedure has in  f a c t  been
1

stro n g ly  c r i t i c i s e d #

Ion d i s t r ib u t io n s  in  p la n ts  are o f te n  changing  

s low ly  with tim e, even when they appear to  be s tea d y , due



to  m aturation and ageln,;; o f  tüe o e l l a .  As the c e l l

p ro p ert ia e  a l t e r ,  so do the io n ic  d ia t r ib u t io n s .  There

are a lso  examplea o f  ion  d l a t r l b u tio n s  which a l t e r  very

q u ic k ly ,  due to  f a a t  r e v e r s ib le  changes in  membrane

p rop erties*  t h i s  phenomenon la  g e n e r a lly  re ferred  to  as

e x c ita b i l i ty  and has been found in  aevera l p la n ts ,  h igher
3 ,9 1 ,4 5 .

and low er , to be a h ig h ly  c h a r a c te r ia t ic  property .

How ia  the gen era l ion  d i s t r ib u t io n  to be exp la ined?  

To begin  w ith , we muot d ec id e  whether the system , from a
I

thermodynamical a sp e c t ,  ia  in  a s te a d y -s ta te  or in  true  

eq u ilib r iu m . The general c r i t e r io n  fo r  d ec id in g  t h i s ,  

iu  whether or not the io n  in  q u estio n  i s  in  f lu x  

eq u ilib r iu m . Where there i s  no n e t  f lu x  the ion  

d is t r ib u t io n  io  acaumod to  o o n e t i tu te  an equ ilibrium ;  

where there i s  a n e t  f lu x  o f  con stan t magnitude, a stead y  

s t a t e  1» in d ic a te d .  Both o ases  are charroterioed  by 

parameters which are time -  independent. Whan t h i s  

important p o in t i s  dooided a a ia p le  mathematical model 

can be s e t  up, in  the l i g h t  o f  which the msasureaente  

may be in te r p r e te d .  I f  there ia  no adequate f i t ,  then  

i t  i s  g e n e r a lly  aasumed th a t  the ion  d i s t r ib u t io n ,  in  

part a t  l e a s t ,  i s  tii© r e s u l t  o f  m etabolic  in t e r a c t io n .  

That t h i s  assumption i a  c o r r e c t ,  may be t e s te d  by a 

v a r ie ty  o f  m etabolic  s t u d ie s .  The p e c u l ia r  and 

in d iv id u a l  io n  d i s t r ib u t io n s  found in  l i v i n g  c e l l s  are



3#

th ere fo re  regarded as being due in  part to  in te r a o t ie n s

w ith  fficitabolic p r o c e s se s ,  in s id e  the tem porarily  s ta b le

matrix which the c e l l  p r e s e n ts .  The c e l l u l a r

s i t u a t io n ,  where i t  concerns ion  movement i s  descr ibed
4 ,5 , 6 .

by general membrane theory# The membrane appears to

be a fundamental s tru ctu re  which r e g u la te s  the passage

o f  io n s ,  m olecu les , and even e le c tr o n s  in to  c e l l s  or

c e l l  compartments.

The s i t e s  o f  the m etabolic  in t e r a c t io n  o f  *ion

pumps* as they are o f te n  c a l l e d ,  i s  in  the m ajority o f

oases  s t i l l  a m atter fo r  d eb ate . A membrane lo ca ted

mechanism i s  probably the major candidate fo r  t h i s  r o le

but there are those who con sid er  the in te r a c t io n  to  be
7 ,8 .

a bulk property o f  the cytoplasm . The b io lo g io a l

membrane i s  u n iv e r s a l ly  regarded however, as a p erm eab ility

b a rr ier  which r e g u la te s  the p a ss iv e  f lu x e s  o f  io n s  and
1 0 ,11 .

m olecules, and which undoubtedly has s e l e c t i v e  propv-rties,

g iv in g  r i s e  to an e l e c t r i c a l  cap acitan ce and d isp la y in g  a
9 ,12 .

f in e - 8  true ture o f  apparently g rea t  consta iicy .

The d r iv in g  fo r c e  on a ion  i s  the grad ien t o f  

e lec tro ch em ica l p o te n t ia l  p  , and to determine t h i s  the  

p o te n t ia l  grad ien t over the membrane must be measured, 

as w e l l  88 the d if fe r e n c e  in  co n ce n tra t io n s .  A 

con sid erab le  amount o f  work on the problem o f  ion  tran; port 

in  p lant c e l l s  has been done without co n s id e ra t io n  o f
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the fa c to r  o f  p o te n t ia l  d if fe r e n c e s*  In eucb c« ees

the m etabolic transp ort o f  any s p e c i f i c  ion  cannot be

considered proved, but the in d ir e c t  evidence can be very

strong;* Most o f  t h i s  work has been concerned with

studying  the uptake or s e c r e t io n  o f  io n s  by whole t i s im e s ,

and an a n a ly s is  o f  the uptake patterr.a by M io h ae lis -

Menten k i n e t i c s ,  here applied  to io n -c a r r le r  combination*

Much o f  the work has a lso  been done in  conjunction  with

m etabolic  s tu d ie s ,  on t e  assumption th at treatm ents such

as low temperatures an d ^ in h ib itors  w i l l  u su a lly  slow

down m etab o lW ly-lin k ed  tra n sp o rt , o f te n  to n e g l ig ib le

values* Where a c t i v i t y  g ra d ien ts  or uptake r a te s  are

decreased by stopping the p r o v is io n  o f energy, e i t h e r

from p h o to sy n th es is  or from r e s p ir a t io n ,  such transp ort

can be p r o v is io n a l ly  assumed to be m etabolic; e^iceptions

to t h i s  general ru le  occur when the ion p a r t ic ip a te s  in

chemical r e a c t io n s  in s id e  the c e l l ,  as probably occurs
1 ; 14

fo r  example, during the upt ke o f  phosphate, su lp h ate ,
15 *

and iodide* In these  oases  i t  i s  n ecessary  to show 

th a t the ion  e x i s t s  in  the fr e e  s t a t e  in s id e  the c e l l ,  

and the uptake observed has not been due to  the ion  

being bound or m etabolised* Where the two ion s  o f  a 

s a l t  are both accumulated a g a in st  an a c t iv i t y  g ra d ien t ,  

then one o f  them a t l e a s t ,  must bo m etm bolicly transported*
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The a p p l ic a t io n  o f  liichaelie-M enten  k in e t i c s  

to the fa m il ia r  asym ptotic uptake curves has been 

va lu ab le  in  r e v e a lin g  the variou s com petitions between
16 •

ion s  fo r  uptake s i t e s ,  by the method o f  r e c ip r o c a l  p lo ts*

I t  has a lso  been p o s s ib le  to ob ta in  va lu es  fo r  K a
^ 1 7 .

M ich aelis  con stan t fo r  pm rtioular oaaes o f  uptake*

This whole approach has been c r i t i c i s e d  on the ground

th a t  changes in  p o te n t ia l  d i f fe r e n c e  as w e l l  as changes

in  con cen tra tion  g ra d ien ts  w i l l  occur during uptake,

and th ese  w i l l  a l t e r  the e l e c t r o chem ical p o te n t ia l

g ra d ien ts  on which p a ss iv e  ion  f lu x e s  u lt im a te ly  depend,
18.

lea d in g  a lso  to experim ental curves which are asymptotic*

This c r i t i c i s m ,  tog e th er  with the d i f f i c u l t y  o f  in te r p r e t in g
19 ,20 ,81*

the r e s u l t s  o f  experim ents v/ith mixed s a l t  s o lu t io n s ,  

must make fo r  extreme cau tion  in  in te r p r e ta t io n *  I t  i s  

true to say th a t the g rea t body o f  work on the probleirf o f  

m etabolio ion  uptake req u ires  to be underpinned by a study  

o f  the ion  f lu x e s  under co n d it io n s  where the e lec tro ch em ica l  

p o te n t ia l  g ra d ien ts  can be reasonably w e l l  a scerta in ed  

in  the r e sp e c t iv e  ti^^sues* A s t a r t  in  th i s  d ir e c t io n  

i s  the measurement o f  i n t r a c e l lu la r  p o te n t ia l s  as w e l l  

aa in t r a c e l lu la r  concentrations*  Some o f  the major 

r e s u l t s  o f t h i s  approach with re sp ect  to a number o f  

important io n s  are summarised in  Table I ,  where ca se s  are 

l i s t e d  in  which m etabolic  transp ort seems q u ite  w e ll  

es ta b lish ed *
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TABTE I#

UFmiS OF I0K8 BY PLAKT AHD

Y::AST CKLir

Note; the  transp ort o f  an ion  •through* 

a p lan t t i s s u e  must in v o lv e  the  

uptake or e e c r e t io n  o f  th a t  ion  by 

c e r ta in  c e l l s  o f  the t i s s u e #  In 

the absence o f  bulk tran sp ort such as 

xylem flow  or c y c lo e i s ,  i t  i s  th ere fo re  

regarded as a c e l l u l a r  transp ort process#



6(a)

T issue

Yeast c e l l

TABLE I

Ion Uptake -  S e lected  References  

Irunaport 

Cations Inward

Ulva (frond)  

Fucus (frond)

Sodium inward 

Ka/K exchange

Ka/K exohpnge 

Iodide Inwmrds

Porphyra (frond) Na/K exchange 

Hormoüira ( b lad d ers) Na/K exchange

Kordeum(Bnrley
ro o ts )

Beta (Red Beet
root t i s s u e )

A lk a li  metml io n s  
inward

A lkaline earth  
ion s  inward

Orthopho spha te  
apeoisB inw« rds

Halide ion s  
inwards

FotaBsiuîfi inwards

Na/K exchange

Dauous (Carrot Na/K exchange
root t i s s u e )

Solanum Chloride
(Potato tubor t i s s u e )  iuwarde

Ref.
6 7 ,68 ,69

Con'fiay & T)u.^an,

Ro thet e in ,  Hayes
70

Jennings and Hooper
âô

Conway and Moore 

Corii^ay, Ryan and 

Carton^^

Scott and Hayward 
72Klemperer 

Berquist*^^

71

20
Epstein  and Hagen 

E pstein  & Leggett

82Hagen à Hopkins

BosKormenyi & Cseh

Putollffe^'^

Drigfes”^

B riggs, Hope à

Pi tmmn^^

S u t c l i f f e  &

Counter^^
Laties^^

81

19



TABLE I (Cont*d)

6(b)

Tissue

Limonium 
( l e a f  glands)

Tranaport 

Chloride outwards

Potomogeton ( l e a f )  Calcium through 

Val^ianeria ( l e a f )  Chloride through 

Niootin^ana ( le a v e s )  Rubidium Inwards

Reference

A r ie s ,  Carophius

Heikons and 
87

Tooren

Lowenhaupt 

Arisz^^ 

Jyung and 

Wittwer®^

80



7.

ION FLUXK  ̂ A m  ELEGTnia^L POTENTIALS

( i i )  Whej; a system i s  a t equ ilibrium  there i e  no 

grad ient o f  o lectroohem ical p o te n t ia l  for  any mobile 

ion  p resen t, and ao we may aimply w rite  ;

p .  ■ P i

where the su b scr ip t r e fe r s  to two comp rtiaenta* As

the e lec troch em ica l p o te n t ia l  i s  g iven  by the r e la t io n sh ip ;

^  « p   ̂ + liT log -f zFE,

we are led  immediately to the exp ression
A

e -  __oA B = -  Eg = KT log
ZP

This equation i s  known ae the herrist equation , and i s

w idely used in  physio logy  fo r  determining whether an ion

i s  p a ss iv e ly  d is tr ib u te d  between two compartments* The

experim ental proceedure i s  as fo l lo w s;  the d if fe r e n c e  o f

concentration  between the two compartments i s  determined

to geth er  with the p r e v a il in g  temperature* The

exp ression  RT log  . i s  then c a lc u la te d ,  and t h i s  
ZP A.

represent© the p o te n t ia l  d if fe r e n c e  between the two

compartments under which the ion would be in  true

equilibrium* A m icroelectrode probe i s  pushed in to  the

c e l lu la r  compartment, m.d the p o te n t ia l  d if fe r e n c e  measured
23 *

between the probe and a s im ila r  e lec tr o d e  outside*
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I t  l e  conventional to r e fe r  a l l  otb r p o ten tia ls  to 

that o f the ex tern a l e lec tro d e  Sc r e f  ere ce rcK.arding 

I t  ao an arb itrary  zero . Ae the reference e lec tr o d e  

iB almoat in v a r ia b ly  lo ca ted  in  the ex tern a l bathing  

a o lu t io n , we haves

Eq = 0 and A» E ®

where E l a  now the p o te n t ia l  o f  the c e l lu la r  compartment. x&
I f  the ca lcu la ted  •equilibrium  poteritl 1 ’ i e  equal to

the measured p o te n t ia l  then the ion can be regarded

a« being p&seively d is tr ib u te d  between the compartments.

Where the equilibrium  p o te n t ia l  i e  more p o s i t iv e

than the measured p o te n t ia l  o f  a c e l lu la r  apace

there rauat be some ion  pump moving the io n , i f  an anion,

in to  the apace, or i f  a c a t io n ,  out o f the apace, and

v io e -v e r e a .  This method opens up two areas o f  enquiry

which have only been in d ir e c t ly  touched upon by

conventional uptake s tu d ie s ;  namely, the presence o f
2 4 ,2 5 ,2 6 .

d i f f e r e n t  pumps a t  d i f f e r e n t  membranes, and the d i f f e r e n t  

p e r m e a b il i t ie s  to  ion© o f the various c e l l  membranes.

With micro e lec tro d e  8 i t  I s  p o ss ib le  to pe.- e tr a te  

sep arate ly  the two major c e l l  comp rtm ents, the cytoplasm  

and the vacu o le , and measure th e ir  In d iv id ua l p o te n t ia ls ;  

i t  i s  a lso  p o ss ib le  to measure the concentration^ o f  

ions in  these compartments by a v a r ie ty  o f  methods (see  

fo r  Instance MacRobbie ) .
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Most o f  the ea r ly  work was done on g ia n t  a lg a l
29*

c e l l s  and co en ocy tes , and has been reviewed by B lin k s .

Vacuolar p erfu sion  with a r t i f i c a l  sea-w ater (or pond

w ater) in  which the symmetrical system

Sea water /  protoplasm / sea  water  
30

waa s e t  up, or bathing w ith  n atu ra l or a r t i f i c a l  sap i . e . ,  

Sap /  protoplasm / sap

gave r i s e  to steady p o t e n t ia l s ,  which were measured by 

the p erfu sion  tubes them selves a c t in g  rb s a l t  bridges  

to ex tern a l e le c tr o d e s .  Such experim ents c le a r ly  

in d ica ted  a b a s ic  asymmetry o f  the cytoplasm ic region  

towards io n s ,  and t h i s  was considered to be a property  

o f  i t s  su r fa c e s ,  i # e .  the to n o p la st  and the plasraalemma.

I t  was a lso  observed th a t p erfu sion  o f  the vacuole o f  

H a l ic y s t i s  with s o lu t io n s  o f  d i f f e r e n t  c a t io n  com position  

made l i t t l e  d if fe r e n c e  to the p o t e n t ia l ,  in d ic a t in g  th a t  

the to n op last  i s  poorly s e l e c t i v e  towards c a t io n s  and 

haa g en era lly  a low p erm ea b ility . This contrar;ts oharply  

with the plesmalomma which in  some a lgae behaves alm ost as

29
* N ote ;-  B links in  h i s  review quotes the vacuolar

p o te n t ia l s  o f  many s p e c ie s ,  u sing  the vacuole  

an the re feren ce  phase. Hi© p o ln r i t i e s  are 

th ere fo re  the reverse  o f  those quoted by 

modern authors.
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31
a potassium  e le c tr o d e ,c h a n g in g  i t s  p o te n t ia l  by alm ost

58 mv. per ten fo ld  change in  potaesium ion  c o n ce n tra t io n .

None o f  the e a r ly  workers in te r p r e te d  the ion  aeymmetries

or p o te n t ia l s  ae beln/r due to ion-pumpe, but they did
32.

show th a t they were not due to redox p o t e n t ! a le .
27

MacHobbie and Dainty stud ied  the in f lu x  and e f f lu x

o f  sodium, potassium  and ch lo r id e  io n s  in  N i t e l l o p e i s

obtus3a, the b rack ish -w ater  characean, and showed th a t the

c e l l  behaved as a th ree  compartment system , each

compartment having a d i f f e r e n t  ra te  o f  i s o t o p ic  exchange.

A s im ila r  study fo r  potassium  io n s  made by Diamond 
28

and Solomon workin w ith  N i t e l l a  a x l l a r l s .  In both 

s tu d ie s  the authors equated the three compartments with  

the c e l l  w a l l ,  a cytop lasm ic  n o n -free  ©pace, and the vacuole  

MacRobbie and Dainty showed th a t  the c e l l  was in  f lu x  

eq u ilib r iu m  (th e  i n t r a c e l l u la r  co n cen tra t io n s  wore s te e d y )  

fo r  a l l  io n s  a cro ss  both c e l l u l a r  membranes and b o  the  

Nernst equation  could be p r o f i ta b ly  u sed . A fter  measuring 

the vacuolar ion  co n ce n tra t io n s  they c a lc u la te d  the  

fo l lo w in g  ion  eq u ilib r iu m  p o t e n t ia l s ;

% a ** -• ^5 mv, « -  130mv , = -f 45 mv.

The measured p o te n t ia l  o f  the vacuole  was found to  be 

approximately -  120 mv, and so i t  was p o stu la ted  th a t  

between the vacuole and the ex tern a l s o lu t io n  an inwardly  

d ir e c te d  ch lo r id e  pump and an outwardly d irec ted  sodium
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pump 7/ere o p e r a t iv e .  The email value o f  10 mv. 1 or  

(E_ -  E , ) auggeeted th a t  potaaoium may be inwardlylu «L
purx,ped. I t  was not p o s s ib le  to  measure the s i z e  o f  the

cytop lasm ic  n on -free  sp ace , and so from the f lu x  s tu d ie s

no value o f  the a b so lu te  a c t i v i t i e s  o f  the ion  in  t h i s

space could be ob ta in ed . The Na/K r a t io  could be measured

however, and t h i s  was no d i f f e r e n t  in  the cytoplasm ic

space from th a t  in  the v a cu o le .  Thus the sodium pump

was assigned  to the plasmalemma: the + v j/c i  r a t io  was

much lower in  the vacuole  ( 0 .8 )  than in  the cytoplasm ic

space (7 4 .0 )  and so the chl<^ride pump was t e n t a t iv e ly

ass ign ed  to the to n o p la s t .  MacRobbie and Dainty a ls o

made the ob serv a tion  th a t i f  the potassium  ion  i s  p a s s iv e ly

d is t r ib u te d  a cro ss  the to n o p la s t ,  and i f  there i s  a ls o

f lu x  eq u ilib r iu m  a cro ss  t h i s  membrane, then the p o t e n t ia l

o f  the v fc u o le  must be alm ost zero with r e sp e c t  to the

cytoplasm , fo r  there ia  no grad ien t o f  potassium a c t i v i t y

over the to n o p la s t .
33

Hope and Walker have g iven  data  fo r  the io n ic  

r e la t io n s  o f  Chara a u s t r a l i s  which a ls o  show th at the  

vacu olar  potassium i s  in  e lec tro ch em ic a l eq u ilib r iu m  with  

the bathing s o lu t io n .  A fter  measuring the p o t e n t ia l  

o f  the v a cu o le , some 120 mv. n e g a t iv e ,  they c a lc u la te d  

the eq u ilib r iu m  vacu olar  co n cen tra tio n s  o f  Na, K, and 

Cl io n s  from the r e la t io n s h ip :

" l ■ Co. .  - f !
RT
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and compared them witu the actu a l c o n c e n tr a t io n s .

(measured) inlU 0^ = 64 = 57 = 100 -  150

( calculated)m N . = 49-56 490-560 0 .002

They decided th a t  an inwardly d ir e c te d  ch lo r id e  pump

must be o p era t iv e  and t e n t a t iv e ly  assigned  a sodium

e x tru s io n  pump t  the plasmalemma. The j u s t i f i c a t i o n
34

fo r  t h i s  was based on the f a c t  th a t  as Walker had shown

th a t  the p o te n t ia l  in  t h i s  s p e c ie s  l i e s  a l l  across  the

plasmalemma, e  va lu e  o f  i s  too high fo r  the

cytop lasm ic sodium con cen tra tio n  i f  soulurn i s  p a s s iv e ly

d is t r ib u te d  across  t h i s  membrane. Hope a d  ta lk e r  alao

quote low v a lu es  fo r  vacuolar ca lc ium , wüich they found

to be out o f  e lec tro ch em ic a l  eq u ilib r iu m . Presumably

t h i s  i s  pumped out o f  the c e l l  to o .

H i t e l l a  tran^luoens has been stu d ied  in  conuiderable  
35

d e t a i l  by MacRobbie, who a ls o  p o stu la ted  a sodium

ex tru s io n  pump a t  the plasmalemma, and an inwardly

d ire c te d  c h lo r id e  pump a t  the to n o p la s t ,  on s im ila r

grounds to those in  N i t e l l o p e i s .  MacRobbie measured

the co n cen tra tio n s  o f  Na and K in  the cytoplasm d i r e c t l y ,
36

by the technique o f  Komiya; the cytoplasm  sep a ra te s  in to  

two phaee^, one a s ta t io n a r y  la y e r  co n ta in in g  a l l  the  

c h lo r o p la s t s ,  the o th er  an inuer la y e r  adjacent to the 

vacuole  which shows v igorou s stream ing. The t o t a l  c a t io n
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con cen tra tio n  (Na + K) was h igher in  the s ta t io n a r y  

la y e r  and the r a t io  a l  o e i g n i f l c a n t l y  h ig h e r .

Na/K rr .t io s  were s im ila r  betwc^en sap and f low in g

cy toplftom.

naps K = 78 Ns » 60 Cl = 151 ¥/ he  « 1 .3

Flowing cytoplasms K «117 K/ I b = 1 .3

C hloroplaat layers  K «340 l a  «120 K/im = 2 .9

(concentration©  in  mM.)

C a lcu la tio îi  o f  Kernot equilibriura p o t e n t ia l s  fo r  sodium

potassium and ch lo r id e  ion  in d ica ted  the potassium i s

pumped in to  the c e l l ;  the a c t iv e  f lu x e s  o f  both sodium

and potassium  Ion y were in h ib ite d  by ouabain, which i s

known to I n h ib i t  l in k ed  aodlum/%)Otasaium transp ort in
37

many animal c e l l s .

~ mv a -103 mv f  120 mv.

MacRobbie quotes -  140 mv. fo r  the vacuolar  p o te n t i  »1.

The r a t io  o f  the a c t iv e  f lu x e s ,  t b e e n  c a lc u la te d

to be 1*1 -  1*4, and t h i s  probably rep r esen ts  the a c t io n

o f  a sodium potassium  lin k ed  pump as found in  many animr.l 
38

c e l l s .  The h igh er  v a lu es  in the ch lo r o p ln s t  la y e r  o f  the 

sodium/potassium con cen tra tion  r a t io  a lso  in d ica ted  th at  

the c h lo r o p la s ts  may them selves reprecen t a n o n -free  apace 

in  the cytoplaam.

MacRobbie continued her study o f  f i t e l l a  tranalucena  

with measurements o f  the ch lo r id e  ion  con cen tra tio n  in
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39
the o h lo ro p le a t  Ipyer o f  the c^toplaain, and concluded

t h a t  a vacuolar ch lo r id e  lump i e  not e u f f i o i e n t  to

account fo r  the high oon cen ti'a tion . Thue there must

be a ch lo r id e  pump somewhere in  the cytoplasm ic phase;

the high cytoplaem lo ch lo r id e  co n cen tra tio n  may have

been due to  the c h lo r o p la s t s  or the m i t o c h o n d r i a ,

accum ulating ch lo r id e  over th e ir  own membranes. Theee

c e l l u l a r  o r g a n e l le s  were not analysed s e p a r a te ly ,  and so

i t  ia  im p ossib le  to p lace  the ch lo r id e  pump u n eq u ivoca lly

a t  the plasmaletiimn. MacRobbie a loo  measured the f lu x e s

o f  potaseium and c h lo r id e  in to  the vaduole (Mg), and in to

the cytoplaem , (M^), ai< showed th a t  was p rop ortion a l

to and to Mg^. Ko such r e la t io n  could be shown
K Kbetween and . fhi© extraord inary  f a c t  remaino to

be ex p la in e d , as i t  does eeem to in d ic a te  eome so r t  o f

lin k ag e  between the ch lo r id e  f lu x e s  a t  the two membranes. .

Spanswick and w ill ia m s demonstrated by a e im ile r

technique th a t there i s  indeed n ch lo r id e  pump presumably
40

Bt the plaemalemma, but not a t  the tonoplaot* They

measured the vacuolar  p o te n t ia l  witn re sp e c t  to the

cytoplasm , and found i t  bome IB mv. p o s i t i v e ,  in  agreement
35

with a p r e d ic t io n  o f  MacRobbie, and a p p lic a t io n  o f  the 

herudt equation  to the to n o p la st  in d ica ted  th a t  potae:ium  

and ch lo r id e  are p a ee iv e ly  d i s t r ib u t e d ,  but th at sodium 

i s  pumped in to  the v a cu o le .  E a r l ie r  work on a l . a l  c e l l s
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27
had supported the p r e d ic t io n  o f  MacRobbie and Dainty

fo r  N i t e l l o p s ia ,  th a t  the p o te n t ia l  o f  the vacuole would
34,

be zero with r e sp e c t  to  the cytoplasm , but i t  a le c

a p p e a r t h a t  the vacu o le  l a  approximately 5 -  20 mv.
41

p o s i t iv e  to the oytoplasm in  Ohar>̂  a u s tr a l !  . I t  i e

very in t e r e s t in g  to  note th a t in  an e a r l i e r  paper o f  
48

Ooterhout, the vacuolar  p o te n t ia l  f e l l  from an average

o f  14 -  15 m v., to a con stan t l e v e l  o f  4 -  5 mv, a f t e r

se v e r a l  days, during a vacu o lar  p er fu s io n  experiment;

t h i s  i s  eq u iv a le n t  to a drop o f  + 10 mv. in  the v cu o lar

p o t e n t ia l .  I t  i e  w e l l  known th a t  cytoplasm  w i l l  creep

and s e a l  over e le c tr o d e  t ip s  during such experim ents,

and i t  would be in t e r e s t in g  to know whether the p o te n t ia l

o f  4 -  5 mv. re p r esen ts  a cytop lasm ic p o te n t ia l  due to

s e a l in g  o f  the to n o p la s t .

Thus a d i f f e r e n c e  o f  in te r p r e ta t io n  e x i s t a

concerning the tran sp ort i>roperties o f  the to n o p la s t ,

and an important p o in t to c le a r  up i  c e r ta in ly  th at

o f  the true sodium con cen tra tion  in  the flow in g  cytoplasin .

Maybe i t  r ep resen ts  an eg© or season a l d i f fe r e n c e  between
40

the two N it e l l s  so u rces .

For the red a lg a  Rhodymenia palmata, MacRobbie 

and Dainty gaVe the eq u ilib riu m  p o t e n t ia l s

®na “ 1^0 mv. + 75 mv. ^ c l“  ̂ îv.

and the vacuolar p o te n t ia l  measured in  the same laboratory
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was c loü e to -  65 mv. in  moat expérim enta. This again

re q u ire s  an Inward ch lo r id e  and potassium pump, and an

outward sodium pump to ex p la in  the departure from

e lec tro ch em ic a l eq u ilib r iu m . This seaweed bai> two typ es

o f  c e l l s  in  the frond , and the iso to p e  exchange curve

fo r  the in t r a c e l l u l a r  space i s  co respondingly  non-

uniform . I n t r a c e l lu la r  co n cen tra tio n s  were evaluated

as the r a t io  between t i s s u e  ion  co n cen tra tion  end

in t r a c e l l u l a r  w ater.

During th e ir  study o f  s h o r t - c i r c u i t  currents  in
43

i i a l i c y s t i s  o v a l i s ,  Blount and Levedsiil determined the

p o t e n t ia l s  o f  the cytoplasm and the vacuole  in  t h i s  sp h e r ic a l

a lg a ,  and could d e te c t  no d i f f e r e n c e  between the two;

th e ir  c a lc u la t io n s  o f  the eq u ilib r iu m  p o t e n t ia l s  fo r

sodium, potassium  and c h lo r id e  io n s  in d ic a te  th at sodium

i s  extruded from the c e l l  and c h lo r id e  i s  accumulated.

Potassium i s  p a s s iv e ly  d is t r ib u te d  a cro ss  the cytoplasm .

Blount and Levedahl concluded th a t  the sodium ex tru s io n

pump was s i tu a te d  a t  the plasmalemmn, w h i ls t  the ch lo r id e

pump was a t  the to n o p la s t ,  by a ra th er  tenuous argument

baaed on Bonnan p o t e n t ia l s  and by analogy to the

s i t u a t io n  in  N i t e l l o p s i s .  A s im ila r  a p p l ic a t io n  o f  the

Nernst equation  to  ion  d i s t r ib u t io n  in  Chara globular i s
45

by Gaffey and M ullins in d ica ted  th a t  potassium  i s  a lso  in
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e lec tro ch em ic a l eq u ilib r iu m  in  t h i s  c e l l ,  w h i l s t  

ch lo r id e  i s  pumped inwards and ©odium outwards. line 

p o te n t ia l  d i f f e r e n c e  a cro ss  the cytoplasm  seem© to  l i e  

alm ost e n t ir e ly  a cro ss  the plesmalemma, and the vacu o lar  

and cytoplasm ic K co n cen tra tio n s  seem to be eq u al.  

H a l ic y s t i s  o v a l i s :

« -  04 mv. « + 17 mv. -  1 mv.

a -  80 mv. (vacu o lar  p o te n t ia l )

Chara g lo b u la r !8:

-  184 mv. « -  155 mv. + 202 mv.

\ -  181 mv. (Vacuolar p o te n t ia l )
' “  45

(Gaffey and M u ll in s .)

Another H a l ic y s t i s  s p p . , H. o s t e r K O u t i i  has been

stu d ied  from the a sp ec t  o f  in te r n a l  io n  ooncentrationa  by
46

B links and Jacques,who compared the ion  co n cen tra tio n s  w ith

those o f  the n a tu ra l h a b ita t  o f  the p la n t;  Bermuda seawater

From th e ir  data i t  i s  p o s s ib le  to c a lc u la te  the ion

eq u ilib r iu m  p o t e n t ia l s  o f  lodium, potassium , c h lo r id e ,

calcium  and magnesium. In th i s  c e l l  potassium seems to

be pumped out o f  the c e l l ,  an unusual f in d in g .  Sodium

i© extruded to g e th er  w ith  ca lcium , as ŵ is a lso  reported
33

by Hope and a lk er  in  Charm A u stra lie#  Chloride i s

accumulated, w h i ls t  magnésium appears to be in  eq u ilib r iu m .
29

i s  quoted by B lin k s as -  65 mv.

E = -  4 tav. E + 16 mv. E„ = -  72 mv. E ,  +  ̂ mv.
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= + 2 mv.
46

(c a lc u la te d  from B links and J^^quea)

There are a number o f  in t e r e s t in g  a lgae  with p o s i t iv e

vacuolar  p o t e n t ia l s t  Valonif* macropK^sa, Valonia

v e n tr io o s a ,  Krnodesmis v o r t i c i l l i a t a  and Chamaedonis 
29

a n n u la te . Valonia macrophysa h e  been the su b jec t  o f
47

co n sid erab le  study by O sterhoat. From h i s  date fo r

in te r n a l  ion  co n cen tra tio n s  i t  i s  a ls o  p o s s ib le  to

c a lc u la te  the eq u ilib r iu m  ion  p o te n t ia l  fo r  sev era l

io n s .  Potassium ia  s tro n g ly  accum ulated, w h i ls t

sodium i s  weakly extruded by the c e l l .  Magnesium

seems to be extruded as only a trace  i s  chem ically

d e te c ta b le  in  the sap. Calcium i s  here accumulated;

most su r p r is in g  o f  a l l ,  ch lo r id e  i s  in  eq u ilib riu m

between the Bermuda sea  water and the sap.

\  -  9Î? mv. » -  5 mv. + 10 mv.

(calculf^ted from v tmrhout) .

= + IQ mv. (p o t e n t ia l  from Csterhout e t  a l . )

T e  only o th er  s tu d ie s  on ion  tran sp ort p o t e n t ia l s

in  p lan t c o l l s  have been made on angiosperme. Ktherton

and Higlnbotham measured the p o te n t ia l  o f  the vacuole

mA cytoplasm o f r o o t s ,  e p i c o t y l s ,  and c o le o p t i ie g  o f
49

Avena, Fiaum, and Sea. They found no p o te n t ia l  d if f e r e n c e

across  the to n o p la s t  in  a l l  c e l l s  s tu d ied ; a f a c t  reported
2 7 ,3 4 ,4 3 ,4 5

by many workers on a lg a e ,  and a f t e r  apply ln  the Nernst
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equation  they concluded th at potat^eium w e in  approximate

e le c tr o c h e m ic a l  eq u ilib r iu m  w ith  the bath ing  s o lu t io n .
50

Etherton stu d ied  in  d e t a i l  the e f f e c t s  o f  changing  

the e x te r n a l  s o lu t io n  on the in te r n a l  io n  co n ce n tra t io n s  

o f  Avena c o l e o p t i l e s  and r o o t s ,  and Pisum stems and r o o t s .  

The i n t r a c e l l u l a r  r a t io s  o f  eodium/pota siuis are q u ite  

low in  a l l  the oxperim ents, ind icatin*; th a t a sodium 

e x tr u s io n  pump and p o s s ib ly  a ls o  a potaasium accum ulation  

pump are o p e r a t iv e .  Etherton measured the in t r a c e l l u la r  

p o t e n t ia l ,  presumably th a t  o f  cell^? in  f lu x  eq u ilib r iu m ,  

and c a lc u la te d  the t h e o r e t i c a l  in  te  m a l  co n cen tra t io n s  

C^e fo r  sodium and potassium . lie concluded th a t

( l )  a t  low c o n ce n tra t io n s  o f  e x te r n a l  sodium end 

potassium , sodium 1b in  eq u ilib r iu m  'Whilst 

potassium  i s  aecumulr^ted.

( i i )  a t  medium c o n ce n tra t io n s  sodium i r  extruded w h i l s t  

potaeeium i s  in  e q u ilib r iu m ,

and

( i i i )  a t  high ex te r n a l  con e n t r â t ! one both lent? are  

a c t iv e ly  extru ded .

Changini the e x te r n a l  o o lu t io n  seemed to  have l i t t l e

e f f e c t  on the membrane p o t e n t i a l .  C a lcu la t io n  o f
(rTAôLE. m )

eq u ilib r iu m  p o te n t ia l  v a lu e s  from K therton’ s data  sh>w 

th a t  h io  eon clu o iono  are not r e a l ly  j u s t i f i e d ,  except in  

the c^se o f  the Avena C o lo o p t i le ,  f o r  a l l  o th er  t ia e u e s



20

show a c t iv e  e x tr u s io n  o f  both K and Nu a t  a l l  the  

e x te r n a l  c o n ce n tra t io n s  he u ed , though the ^ active  

tran sp ort p o t e n t i a l s ” , (B^ -  and (B^ -  do

seem to in c r e a s e . I t  seems d oub tfu l v/hothor a l l  h i s  

t i s s u e s  were in  f lu x  eq u ilib r iu m , and thus the n a tu ra l  

^hom eostatic adjuetm ente” o f  the c a t io n  pumps which he 

s u g g e s ts  req u ire  more adequate d em onstration .
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IO N  t S A « î ? r ü R T  i «  P I 3 0 M  AND AVFTÎA

BinUK: -

STEM ROOT

Soln. S „(x) :na E„Xx)

Ix “96 -55 -120 -109 -44 -112

5x -7-: -1Ü -8 0 -1 7

lOx -45 +15 -4 9 +15

AVSN/'*-
•

"ILE^ Til ;(>,«n<H

Boln. % ^na K_(x) ^k :n a

O .lx -145 -105 -106

Ix -109 -  59 -92 -63

5x -  79 -  28 -78 -47

lOx -51 -  55 -57 -5 3 -82

(C alcu la ted  u s in g  the Kernat eq u ation  from 

Ether to n , who quotes i n t r a c e l l u l a r  cor .cen tration e in  

va r iou s  bathing s o lu t io n s ,  X, Jx and lOx. x i s  a standard  

s o lu t io n  l.OmN fo r  sodium and p o tass iu m }.
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I t  liw tempting to aeeume th a t  a nodium -  potaaaiiim

coupled exchange pump o f  the type found in  many animal

c e l l s  i s  o p era t in g  in  p la n t  c e l l e ,  but th a t  i t  can lo s e

the a b i l i t y  to  trenuport e i t h e r  sodium or potat-eium, so
64

becoming an e le c t r o g e n ic  pump. Dainty hae suggested

th a t  a sodium e x tr u s io n  pump could lo s e  i t s  s p e c i f i c i t y

and become a potassium  e x tr u s io n  pump; the reverse  i s
65 66 

c e r ta in ly  known, in  nerve and p o s s ib ly  in  ye^at# This

would c e r ta in ly  e x p la in  the potassium  ex tru s io n  by

H a l ic y s t i s  o s t e r h o u t i i .  Dainty has a l s o  su /g ee ted  th a t

a pump can be rendered i n e f f e c t u a l  by a la rg e  membrane

p erm eab ility  to the ion  in  q u e s t io n ,  as may w e ll  have

happened in  the ca^e o f  V alonia  mscrophysa. I f  t h ie  i s

so the to n o p la s t  should behave as a c h lo r id e  e le c tr o d e

when the vacuole  i s  pe>fused , whica i t  apparently  does  
29

n o t ,  but the gen era l p r in c ip le  i e  s t i l l  v a l i d .  "uch

pumps would however be d e te c ted  by a s h o r t - c i r c u i t
43

technique as used by Blount and L ev ed a h l,fo r  the ion  

tran sp ort current i s  q u ite  independent o f  membrane 

r e s i s t a n c e .
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TABLE I I

C la e ü i f ic a t io n  o f  Ion pumpe lu  p la n t c e l l e .

Note: the lon e  are g iven  a su b sc r ip t  o i  or io  to

d e s ig n a te  the d ir e c t io n  o f  tran sp ort i . e .  

o i  « o u ter  s o lu t io n  to in s id e  o f  c e l l .

Where the ion  pump has been lo c a l io e d  reasonably  

w e l l ,  the s i t e  ( to n o p la s t  or plaamalemma) i s  

mentioned by in s e r t io n  o f  (T) or (P ) ,  

r e s p e c t i v e l y .  Dem onstrations o f  p a ss iv e  

tran sp ort are in c lu d ed , and q u e st io n  marks r e f e r  

to f in d in g s  which are d eb a tea b le .
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33
Charm a u e tr a l ia

45
Ohara g lo b u la r !a

46 ,29
H a l io y t ia  o s t e r b o u t i i

43
B a l io y t i s  o v a l ie

35 ,39  
N i t e l l a  tran slu can s

40
N i t e l l a  tran slu oen e

27
S i t e l l o p s l a  obtusa

42
Rhodymenia palraata

47 ,48  
Valonln raacrophysa

50
Avena, Pleum.

(P ) .  Cn^Q. (? )

K p a a s lv e .  Cl^^. 

k p afis lve . Cl o i*

««io* «10. 0 « io .
Mg p assive* G^oi.

« « io . K p a s e iv e .  Â ^

« « io . (P)

« o i . (P)

O lo i. (? )

G lo i . (T) ?

««Oi. (T) K paoftive (T)

c l  p a ss iv e (T) ?

"«io (P ) . «01 (?)

O lo l . (T)

« « io . «01 . O lio .

« « io . «Oi. 0 « o l .  *^«io.
Cl p ass iv e*

(Na paasiv®} Na^^) (K^^, K 

p asB ive , ?
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SHORT CIRCUIT ITITDIBS.

( i i i )  The e h o it  c i r c u i t  technique wa» d ev ised  fo r
51

stu d yin g  the trari*»pcrt o f  ion» a c r o ss  e p i t h e l i a l  t i s s u e s ,

and t e a r s  a r e la t io n s h ip  to  the v o lta g e  clamp technique
52

used by nerve p h s y i o l o g l s t s .  I t  i s  in  f a c t  a very low

frequency v o lta g e  olrmp. The p r in c ip le  i s  to  hold the

membrane p o t e n t ia l  a t  zero by means o f  an e x te r n a l  s h o r t -

c i r c u i t ,  during which op eration  the cu rren t f low in g  i s

measured. The f lu x e s  o f  c e r ta in  io n s  through the

prep aration  are then measured (u s u a l ly  by l e o t o p ic  t r a c e r s  
53

when a v a i l a b l e ) ,  and t h e i r  c o n tr ib u t io n  to  the t o t a l

cu rren t i s  a s s e s s e d .  Thus i t  i s  p o e s lb le  to f in d  out

i f  the movement o f  a l l  io n s  have been d e te c te d ,  fo r

u n ie as a l l  the ion  tra n sp orte  are measured, the t o t a l

coulOBiblc f lu x  cannot be accounted f o r .  In the

a p p l ic a t io n  o f  v o lta g e  o lem p in , to c e r ta in  a lg a l  c e l l s
23 ,45

which show e l e c t r i c a l  e x c i t a b i l i t y ,  the aim hee been to  

measure the trar: ai tory  d i f f u s io n  cui r e n ts  s e t  up when the 

membrane undergoes p erm eab ility  changes towards c e r ta in  

io n s  and t f u s  to  d e sc r ib e  the time course o f  the s p e c i f i c  

io n  conductance changes. These s b o r t - o ir o u l t  cu rr en ts  

are th er e fo re  p a s s iv e  ion  cu rren ts  o f  a temporary n a tu re ,  

and th ese  s tu d ie s  do not g iv e  d ir e c t  in form ation  about 

m etabolic  ion  tr a n sp o r t .  A ction  cu rren ts  can o f te n  be
p

in  the range o f  1 -  100 m Amps#/cm , but the current
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51

—2crea ted  by ion  pumps i s  o f  the order o f  1 -  50 ^A/cm*~ .

The study o f  ion  tra n sp ort in  H a l ic y a t i s  o v a l ia  by 
43

Blount and Levedaiil i e  an example o f  a s h o r t - c i r c u i t

experiment during which the c e l l  i n t e r i o r  i s  perfused

w ith  a r t i f i c a l  sea-w ater* This ay; tern i s  th er e fo re
51

s im i la r  to th a t  s e t  up during s tu d ie s  on e p i t h e l i a  and
54

on perfused  axons, but d i f f e r s  in  th a t  w h ile  the former

re p r e se n ts  tran sp ort a cro ss  whole c e l l s  and the l a t t e r

tra n sp ort a cro ss  a o i% le  membrane, here tran sp ort i s

a cr o ss  a double membrane system , the cytoplasm* Under

th ese  c o n d it io n s  th ere  i s  no g ra d ien t o f  temperature or

osm otic p ressu re  a cr o ss  the membrane; the use o f  i d e n t i c a l

s o lu t io n s  in s id e  and o u t s id e ,  to g e th e r  w ith  the a b o l i t io n

o f  any g ra d ien t o f  e l e c t r i c a l  p o t e n t ia l  by the ex tern a l

c i r c u i t ,  ensures th a t  there i s  no g ra d ien t  o f

e le c tr o c h e m ic a l  po e n t i a l ,  ^  , fo r  any io n  in  the system*

Thus any n et  movement o f  lon e  which tak es  p lace  under

th ese  c o n d it io n s  must be due to  an ion  pump*

Blount and l.evedahl perfused  the vacuole o f  H a l i c y s t i s
PAw ith  sea  water containing- radio-sodium  ( Na ' ,  Ma ) and 

measured the r a te  o f  i t s  appearance in  the e x te r n a l  

bath ing so lu t io n *  This gave a measure o f  the sodium 

e f f l u x ,  s im i la r  exp r-ixnents w ith  rad io  sodium in  the

bath ing  f lu id  gave v a lu es  o f  the sodium in f lu x ,^
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The n et  f lu x  (j) =  ̂ lo  ns t h i s  was

a p p r e c ia b le ,  m etab o lic  tra n sp o rt  o f  sodium was unambiguously 

dem onstrated, with one p rov iso  however; th a t  the f lu x  

o f  water a cro ss  thenembrane w b aero# With the b ath in g  

s o lu t io n  i . io to n ic  to  the p erfu s io n  s o lu t io n ,  and the  

vacuole  opened by tu b es , no g ra d ien t  o f  osm otic or  

h y d r o s ta t ic  p ressu re  could have e x i s t e d ,  and the absence  

o f  a p o t e n t ia l  d i f f e r e n c e  ru led  out any e le c tr o -o s m o t ic  

co n tr ib u tion *

Outward sodium tra n sp o rt  and inward tran sp ort o f  

c h lo r id e  io n s  wpq dem onstrated, and Blount and Levedahl 

expressed  the magnitude o f  the pumps by c a lc u la t in g  t h e ir  

p ercen tages  o f  the t o t a l  s h o r t - c i r c u i t  current* The 

meat«ured cu rren ts  are q u ite  v a r ia b le ,  but the percentage  

v a lu es  show good c o r r e a la t io n ,  amounting to 97jf o f  the t o t a l  

current* Table I I I .



28.

 1 : .

TABLK 111

DETAIL.; OE m o m  CIHCUIf MBASUaEMERTS 

OR HALICÏSTIS ÜVAIÎ3 BY
43

BLOUNT Ain) LBVBDAML,
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TABTÆ: 3.

Short - c i r c u i t  s tu d ie s  on H a l i c y s t i s  o v n l ia ,
43

taken from Blount and Levedahl.

Ion E ff lu x  In f lu x S h o r t - c ir c u i t  
current  

(micro amps)

Net io n  cu rren t
X 1 0 0 ____________
s h o r t ln c  cu rren t .

Na

c:

74

102

10

426

1 1 .7

44 .5

39.2^  

57.

* p . mol. per cm . second.
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( iv )

Many workers have measured the p e r m e a b i l i t ie s  o f  

c e l l  membranes, by v a r io u s  methods. These f a l l  under 

th ree  d i s t i n c t  heads

( i )  Flux s t u d ie s .  These are based on the fundamental

r e la t io n s h ip  -zFE

F « P e RT )

whore F « the n et f l u x ,  P » a p erm ea b ility  c o e f f i c i e n t ,  

and are the a c t i v i t i e s  in  the two phases o , i ,

d i f f e r in g  in  p o t e n t ia l  by E. This eq u ation  i s  o f  

g en era l v a l i d i t y  and makes no assumption about the  

c o n d it io n  o f  the membrane* The p erm ea b ility  c o e f f i c i e n t  

P, d efin ed  in  t h i s  way i e  not a p r io r i  assumed to be 

c o n s ta n t .  An in te r e s t in g ,  method fo r  determ ining
33

p e r m e a b i l i t i e s  has been employed by liope and Walker.

They passed cu rren ts  through the tonopl^ a t and measured 

the sodium f l u x ,  which did not a l t e r  to any e x t e n t .

Thus, they concluded th a t  the to n o p la s t  i s  v i r t u a l l y  

impermeable to sodium io n s .  This method has not been  

developed in  a q u a n t i t iv e  way.

( i i )  P o te n t ia l-c h a n g e  s tu d ie s :

These are bawed on the a p p l ic a t io n  o f  e i t h e r  the Planck
55,56

or the Goldman eq u ation  to the p a ss iv e  ion  d i s t r ib u t io n :

E = l o g  ^ ?K '.«o + & R .

^Na, *Cl" °
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where P^ and the p erm ea b ility  c o e f f l c i e n t e

f o r  the  three lo n e  i^a, K, and C l. hon-paosive ion

tran sp o rt i s  u su a l ly  p resen t aw w e l l  and t h i s ,  when

e le c t r o g e n lo ,  g ivou  r i s e  to  an a d d it io n a l  p o te n t i f i l .

For t h i s  reason change© in  membrane p o te n t ia l  are

u s u a l ly  s tu d ie d :  the e x te r n a l  s o lu t io n  i s  changed

a b ru p tly , and a new membrane p o t e n t ia l  i s  s e t  up. The

n o n -p a ss iv e  ion  tra n sp o rt  i s  assumed to be u n a f le c te d .

Any Donnan p o t e n t ia l s  due to  the c o n t ig u i ty  o f  the

w a l l ,  a f ix e d -a n io n  phmse, and the plasmAlemma, are

kept co n sta n t by m ainta in ing  a co n sta n t  s a l t  co n o e n tr e t io n ,

varying  only the c a t io n  p r o p o r t io n s . This approach has

been w e l l  in v  s t ig a te d  fo r  Chnra a u s t r a l i s  by Hopo and 
57

Walker, and they concluded th a t  the r e s u l t s  o f  such 

c h a n g e a r e  adequately  exp la ined  by the Goldman th eo ry ,  

which le a d s  to reasonably accurate  q u a n t i ta t iv e  p red iction©  

over a co n s id e ra b le  range o f  e x te r n a l  co n cen tra tio n e  o f  

Ha and K. Those methods have been used where i s

n e g l l^ , lb le .  The Goldman eq u atio / then g iv e s :

RT «0 +1, =  —  ^ -------------------------

P

where = P /  P # This w e l l  be a membrane 
Na K

prop r ty  which I s  independent o f  the a b so lu te  v a lu es  o f  

and Hope and ?/alker d er ived  a va lue o f  

and (K. + K  Ha - ) ,  an ^ in tern a l concen r a t io n  fa c to r " ,V V
which were assimod co n sta n t during the exp er im en ts .
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ear. o f  course be d er ived  fr o »  in d iv id u a l  f lu *  

raearurements which t i v e  and se p a r a te ly  ae in  ( i ) .  

( i l l )  R es is ta n ce  Measurements.

Tlio Goldman theory p r e d ic t s  th a t  .hen io n ic  

B olution e o f  s im i la r  ooKiiOsition but d i f f e r e n t  s tr e n g th  

are cepcirated by r membrane, r e s i s t a n c e  meaourejnehts 

w i l l  show r e c t i f i c a t i o n  o f  the system . The e x te n t  o f  

the r e c t i : iC H tio h  cauoed by an io n  i s  a fu n c t io n  o f  the  

p erm eab ility  o f  the membrane to  th a t  io n ,  and thus  

p erm ea b il ity  c o e f f l c i e n t e  can be c a lc u la te d  by a study  

o f  the r e c t i f i c a t i o n  o f  a raer.;brarte in  d i f f e r e n t  io n ic
57

s o lu t io n » .  This has been done in  a qu.nnt:!tative laannor.

D i f f e r e n t ia t io n  o f  the Goldman equation  fo r  ion

f lu x  to  ob ta ln r— i g iv e s  a r e la t io n s h ip  l in k in g
[ i l j  l - * 0  g g

membrcuie r e a l .stance, ( =* H^) and ion  f lu x  .

This ta k es  o ev era l forma, from w lob we may note

* f e  l t " *  4 * 1 .................... ( “ )

*■ “ p  <V0„ -  1 /o y / lo g ^ .  ( c ^ o ^ )  . . .  M  *■'

where Cq = ^  and
o j  o j

:qu?itioii (a )  ho.a been used by se v e r a l  workers to p r e d ic t
27, 5 ,5 8

membrraje r e a la ta n c a a , w h ll .it  equation  (b) h - s  bo en
57

used to  oa lo u lf  te and from r e s is ta n c e  moHeurements, 

u sin g  v a lu es  o f  and (P .̂K^  ̂ + ha^) obtained  from

p ob ofit ia l -  oh nge meawuremente#
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The problem o f  enauring th: t  the ap p lied  cu xreot

d e n s ity  over a c e l l  ourfaoe i s  f a i r l y  uniform has been
59. 58

d e a l t  w ith  a t  le n g th  by Walker, Dainty e t . a l . ,  and 
57

Hope and Walker. I f  t h i s  c o n d it io n  i e  not met, q u ite

erroneous v a lu e s  o f  membrane r e s i s t a n c e  and cap a c ita n ce  
60

can be o b ta in ed . This problem i s  a l s o  very important 

in  e h o r t - c i r o u i t  te c h n iq u e s ,  and w i l l  be d ieoueeed  

below .

The moot i n t e r e s t in g  f a c t  to  emerge from

r e s is t a n c e  s tu d ie s  i s  th a t  the v a lu e s  o f  membrane

r e a is ta n o e  g iv en  by d i r e c t  e l e c t r i c a l  measurement do not

agree w ith th ose  c a lc u la te d  from f lu x  d a ta , the l a t t e r

o f te n  being  la r g e r  by a fa c t o r  o f  ten  or more. % ls

has been observed in  any b i o lo g i c a l  t i e s u e a  and has
61

been a t tr ib u te d  by Hodgkin and Keynes to t  e f i l i n g  o f  

io n s  through membrane p ores; t h i s  w i l l  modify the  

ion  conductance equation  (a )  by a fa c t o r  n .

Where n xb the nmnber o f  lo n e  in  th e  pore . Thuo n

appears to be about 10# Dlgcrep&nolee between c a lc u la te d

and observed re©Intance o f  the order o f  20 have been

found in  a lg a l  o o l l a ,  and pores o f  t h i s  s i z e  seem

d o u b tfu l;  the fundamental aeeumption o f  indape dont ion

movement probably needs to be q u e s t io n e d , ae hue been 
63

done by B jod in .
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The v a lu e s  o f  to n o p lep t  r e s la ta n o e  c n lc u la te d

from f lu x  data  rx'« o f t e n  much low er than those
35

c a lc u la te d  fo r  the p laam aleaœ a., although the to n o p la a t
29

has low a e l e c t l v i t y  towards io n s  in  g e n e r a l .  A ll

d i r e c t  r e s iu ta n c e  measurements have so fa r  shown th a t

the to n o p la s t  r e s i s t a n c e  l a  very much low er than th a t
5 7 ,5 9 .  

o f  the plasmalemiise.

The d iscrep an cy  between f lu x  -measured r e s i s t a n c e

and potentia l-raeaoured  r e s i s t a n c e ,  when f i n a l l y  r e s o lv e d ,

w i l l  no doubt shed new l i g h t  on the problem o f  membrane

s tr u c tu r e .  To t h i s  end, i t  i e  worthy o f  co n s id era b le

s tu d y .

Values o f  o ( ,  and 31̂  quoted by

V riou a  author© are c o l l e c t e d  in  Table IV. I t  can be

eeen th a t  the r e e le ta n c e  anomaly e x ia td  fo r  the ton op lao t

and the plaeraulemma. Measurement© were a l l  made v/ith

in s e r te d  m ic r o e le c tr o d e s ,  The r e s i s t a n c e s  o f  in te r n o d a l
58

c e l l s  o f  the Chareceae has been a.©viewed by Dainty e t . a l ,  

who g iv e  the io n ic  com position  o f  the bathing" medium 

in  which the monsurements were made, a most important 

p o in t .
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TABLE IV*

W  ^ t le c  aad 4^©eiets|z|cpy |̂ r

g ia n t alfoX c o lls

Note*- the values of iqiproxifflately 100 KUl/om.^ for the
SBresistance of the cytoplasm In H ite lla  flex lX is # 

uhera ooronata®^, U ite lla  micronata^^ and a n i t e l la  

spp^^ are not included* Those re su lts ,  together
go

with those of Weidip.atin are not corroborated in  

recent stud ies, and are regarded, for a variety of 

reasons, as being anomalous.

The values quoted ate marked,

(A) ~ derived i r m  flux data 

or (6) -  derived frcan e le c tr ic a l  measurements*

The only c e l l  on which both types of measurement 

have been made to date i s  N ite l la  traneluoens* 

Permeabilities arc given as cos. sec."^ and 

resistances as kllohms* cm .*'
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TABIÆ: IV.

K le c t r ic a l  Ke8 l»t#^i|O0 8  and Ion P o r m e a b ll l t le a  

in  Plrsnt C e l l s .

P lan t

N i t e l l a  app.

Mensûrement Author

F indlay 91

94

R = 27 K d e p o la r is in g

46 K hyperpolpr i s i n g  

-  plasmftlemias (B)

R « 54 K (B )- F indlay

R o 5 -  50 K plfismalerama (B)

. R = 1 K -  to n o p la a t  (B)

Chera a u s t r a l i s  R = 15 K plasmalenuaa (D) Walker

Hope é  Walker

K  = 0 .0 6  (B)

N i t e l l a  app

59

Cher a a u s t r a l i s  P^ = 10**  ̂ 10~^
57

45
G affey & M u llin s  

Oda 93

*Obrra g lo b u la r ! a P^ = 3 x 10"^ Pg^= 10*®

•  pla^mmlemra (A)

Ch ra b ra u n ii R « 30 K (B)

K i t e l l o p e i s  obtuü» R =» 250 K -  to n o p la a t  (A)

» 0 .0 5  MacRobbie«&
Dainty  ̂  ̂

57
 ̂ C alcu la ted  from f lu x  data by Hope and Walker
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TABLE IV (Cor.t»d)

P la n t M«a»ureracat Author

N i t e l l a  a x i l l « r i a  Pg=1.3 x 10*^- Diamond &po
plRomaleam (A) solomon

N i t e l l a  tranaluoena R « >60 K

-  plaemalemma (A)

K  =  0.18

N i t e l l a  tranwluoene R = 19 K (B)

-  plasmaleœino

N i t e l l a  tra n s lu cen a  <\ s  0 .2  (B)

MacRobbie
35

W illiam e, 

Johnston & 

Dainty^®

Spanowlok &
W illiams^?
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(V) IQH TRANSPORT STUDIBa OH LBIOIIIUM

The atudy o f  io n  tr tm sport in  the c e l l e  o f

higher  plant© ie  grea tly  complicated by the email

BiBG o f  the c e l l s .  In the s tu d ie s  on Pisum, 2ea ,
4 9 ,5 0

and Avene by E th erton , i t  i s  q u ite  im p o o s ib le ,  so  fa r  

as modern tech n iq u es  p erm it , to  o b ta in  sam ples o f  

vacu o lar  gap or pure cytop lasm . In any prooeedure  

fo r  e x t r a c t in g  c e l l u l a r  f r a c t io n s  from whole t i s s u e s  

the rupture o f  c e l l  membranes le a d s  in e v i t a b ly  to  

the contam ination  o f  m a te r ia l  from one c e l l  oompArtmont 

by th a t  from an o th er .

Limcnium was chosen as a very s u i t a b le  m a te r ia l  

f o r  the study o f  io n  tra n sp o rt  in  h ig h e r  p la n ts  fo r  

two reai^ons:

( i )  i t  i s  p o s s ib le  to  apply s h o r t - c i r c u i t  s tu d ie s  to  

the l e a f .

( i i )  the le a f  w i l l  transport tons from one so lu tion  to 

OTiOther, and the composition o f both th ese  solutions  

can be vai'ied  at w ill#

The upper su rface  o f  the Limonium l e a f  consieti.' o f  

numerous m u l t io e l lu l  r g lan ds embedded in  a h ig h ly  

impermeable c u t i c l e  ; th ere  are about fou r  to  f i v e  tim es  

the number o f  g landa on the upper su r fa ce  as on the  

low er , in  Limonium vulgar© • The midrib a ls o  becomes
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inconsp iououc towards th© t i p  o f  the l e a f  and t h i s  

en a b les  one to  remove a f l a t  d i s c  o f  t i s s u e  w ith  a 

punch; a f t e r  s u i t a b le  pretreatm ent (M a ter ia ls  and 

Methods) the d i s c  can be used to sa p ftr -te two chambers 

c o n ta in in g  s a l t  s o lu t io n s  fo r  a sh o r t  c i r c u i t
51

experiment# in  a s im i la r  manner to many animal e p i t h e l ia #

The fu n c t io n iiu ,  o f  the g la n d s  has been stu d ied
87

by ^ r is s  e t . a l . in  the c lo s e l y  r e la t e d  s p e c ie s

Limonium la t i fo l iu m #  with r e s p e c t  to t h e i r  a b i l i t y  to
96

tra n sp o rt  c h lo r id e .  Ruhland had p r e v io u s ly  d e rcribed

the g lande o f  Limonium g i m l l n i i  in  d e t a i l#  but came to

the c o n c lu s io n  th a t the glandulax“ exudate ŵ ls i s o t o n ie

w ith  the c e l l  sap# and th a t  ae a consequence the g lan ds

do not perform osm otic  work. A r isz  has c le a r ly

demonstrated th a t  the Oi@motio p ressu re  o f  the exudate

i s  h ig h er  than th a t  o f  the l e a f  sap# and th a t  the

s e c r e t io n  o f  c h lo r id e  lon^  ̂ io  c l o s e l y  l in k ed  to

i^etabolism . He has a ls o  shown th a t  the ra te  o f

s a l t  exudation  i e  u n a ffec ted  by Increasing; the oamotic

preQiJure o f  the medium on which the l e a f  d i s c s  arc

p la c e d . The e a r l i e r  work has been s u c c in c t ly  reviewed  
102

by l ie ld e r .

S h o r t - c ir c u i t  s tu d ie s  on the Limonium l e n f  can 

th er e fo re  be used to o b ta in  in form ation  about c h lo r id e
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tra n sp o rt  through the gland c e l l e ,  and the itu dy  can 

be extended to many o th er  lone# This p resen t work 

i s  concerned with  the trm m port o f  sev o r a l  » I k a l i  

metal io n s  and the h a l id e  io n s ,  w ith  r e sp e c t  to  the  

d ir e c t io n  and magnitude o f  the trartsport proceeeee*

The in form ation  obta ined  from such experim ents can 

thon be Ui ©d to shed l i g h t  on ion  tra asi-ort  phenonoi^a In  

o th er  h igh er  p la n t  tisauoB# The e l e c t r i c ;  1 impedance 

o f  the Liffiohiuffi prep r a t  on can e a s i l y  be measured 

in  v a r io u s  dmit ^ jolutions, and i t  has in  f a c t  proved 

p o s s ib le  t< ponstruot an analogue o f  the l e a f ,  u s in g  

r e s i s t o r s  and ca p a c ito r s#  The ea se  o f  working w ith  

Limonium le s if  d i s c s  i s  on ly  counterbalanced  by the 

g re a t  v a r i a b i l i t y  o f  the s ec re to r y  process#  In a l l  

experim ents the l e a f  d i s c s  used were taken from the 

same p la n t ,  where t h i s  was p o s s ib l e .  I t  I s  ev id en t  

th a t  the on ly  comparison which cannot be made between 

the r e c u i t s  o f  experim ents w ith  t h i s  p la n t  and a lg a l  

c e l l s  I s  th a t o f  membrane p r o p e r t ie s  per u n it  area  o f  

surface#  W hilst i t  i s  p o s s ib le  to  d er iv e  v a lu e s  fo r  

r e s i s t a n c e ,  CApacitanc© and p erm ea b il ity  f o r  .u n it  areas  

o f l e a f  s u r fa c e ,  th ese  cannot be co rrec ted  to  a b so lu te  

membrane c o e f f l c i e n t e ,  fo r  the membrane su rfa ce  o f  the
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glaridular cytoplasm  i t  q u ite  unknown ; i t  may be 

enonaous In s p i t e  o f  the sm all s i z e  o f the c e l l s .  

Deterialxmtiomv o f  and compArlsons o f  e l e c t r i c a l  

rea la ta jicea  w ith  ion  conductances are s t i l l  p e r f e c t ly  

v a l i d ,  however.
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MATERIALS AMD METHODS:-
IiiBionium v u lg n re , M il le r # ,  (syn# steitic© limonium  

L . , Sea Lavender) wno c o l l e c t e d  in  October from a 

Kent sa itm areh , and grown fo r  th ree  year© in  the 

greenhouae; p la n ta  grew w e l l  only  when cu ltu red  in  a 

p oly thene m oiature t e n t ,  in  pots# L igh tin g  wts 

provided by mercury vapour lamps above the t e n t ,  and 

the p la n t s  were watered w ith  tapw ater two or three  

tim es a week. Leaves were s e le c t e d  fo r  experim ents  

p r e fe r a b ly  a l l  from a c in g le  p la n t  to ensure  

u n ifo r m ity , each le?-f y i e ld in g  one l e a f  d i s c .  In a 

few exp er im en ts , very b ig  le a v e s  y ie ld e d  two or even  

th ree  cliacs from e i t h e r  a id e  o f  the midrib# The sm all 

s i z e  o f  the m idrib a t  the top o f  the l e a f  enabled a 

f l a t  lamina o f  1#B cm# diam eter to  be punched o u t .

The o ld  le a v e s  (dark green) and vexy  young le a v e s  

(b r ig h t  i^ r̂eeïi) were not used#

The protreatm ent o f  l e a f  d i s c s  c o n s is te d  o f  two 

s ta g e s ;  to  begin  w ith  the d io c  was la id  fa ce  

downwards onto a wet rubber bung, and the low er c u t i c l e  

g e n t ly  scraped a l l  over w ith  a very sharp s c a lp e l#  This

d e s tr o y s  the h igh  imp r m e a b il i ty  o f  the low er c u t i c l e ,  

and a ls o  removes the few g lan ds on the low er su rfa ce  

( 1 / 5 th in  number o f  thoi^e on the upper s u r fa c e ) .  This  

treatm ent can be ahoin to be sound by measurement o f  the
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impedance o f  the l e a f  d ioo  (d isc u se e d  in  Part IV); 

the l e a f  now behaves bq a " tran sp ort Jdurface" oomprlHing 

the upper c u t i c l e  w ith  i t «  g la n d s , a ttached  to a f a i r l y  

homogeneous d i f f u s io n  la y e r  c o n s i s t in g  o f  l e a f  

parenchyma, which hms no p o la r  tra n sp o rt  p ro p er t ie s*

The r e s i s t a n c e  o f  the parenchyma la y e r  i s  about 1 Kxi. » 

w h i l s t  th a t  o f  the upper su r fa ce  roughly 10 K * The 

d i s c s  were trana-ferred to sm all p l a s t i c  v i a l s  

c o n ta in in g  the s a l t  s o lu t io n s ,  which were aerated  by 

f i n e  p o ly thene  a lr^ tu b es;  they were l e f t  in  th ese  

s o lu t io n s  fo r  about 15 -  20 hours under bench 

i l lu m in a t io n  (60 watt* tungiaten bulb a t  6 in ch es  through  

p la te  g l a s s ) ,  a f t e r  which t  me i t  was assumed th a t  f lu x  

eq u ilib r iu m  had been a tta in ed *  The tra n sp o rt  o f  any 

p a r t ic u la r  ion  a cro ss  the g lan ds in  e i t h e r  d ir e c t io n  

was then determined ee  f o l l o w s . In the e f f l u x  

exp er im en ts , ( i . e *  tra n sp o rt  o f  an ion  from the  

parenchymatic su r fa ce  to  the o u t s id e )  the d i s c s  were 

p re trea te d  in  a s a l t  s o lu t io n  la b e l le d  with the 

r a d io is o to p e  o f  the io n ,  and mounted in  the sh ort c i r c u i t  

chamber w ith  la b e l le d  s o lu t io n  on the parenchymatio  

s id e  and u n la b e lle d  s o lu t io n  on the other* The 

u n la b e lle d  s o lu t io n  was then sampled fo r  tlie appearance  

o f  r a d io a c t iv i ty *  In the in t lu x  experim ent s, ( i*e*  

tra n sp o rt  o f  an io n  from the o u ts id e  through to tho
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parenchyma) the d l s c e  were p re trea te d  in  an u n la b e lle d  

s a l t  s o lu t io n  and mounted in  the chamber witK 

u n la b e l le d  s o lu t io n  on the parenchymatic e id e  and 

l a b e l le d  s o lu t io n  on the o u t s id e .  M'ter the experim ent  

the d i s c s  were removed and r in s e d ,  b lo t t e d  dry and 

stu ck  l i g h t l y  to  a p la n c h e tte  lA/ith v a s e l i n e ,  fo r  

d ir e c t  r a d io -a e e a y .  A ll  the r a d io a c t iv i t y  c r o s s in g  

the g lan d u la r  su rfa ce  i s  trapped in  the pnrenchymatic  

la y e r ,  through which d i f f u s io n  i s  s low .

The chambers are i l l u s t r a t e d  in  ? lg .  1 . Each 

chamber had a volume o f  about 2 m l . ,  and the assem bly, 

which was made from p ersp ex , was clamped onto a perspex  

ta b le  h o ld in g  th e  e l e c t r o d e s .  Each chamber wtm 

r a d i a l ly  eymrijetrical, and the l e a f  d i s c  ( ‘X) was hold  

by e p a ir  o f  taynthetlc rubber O -r in g s , l e t  in to  the  

fa ce  f  each chamber, (D ). The e le c t r o d e s  fo r  

impedance s tu d ie s  were f l a t  s p i r a l o f  anodised  

platinum  (C,C) a t  the ends o f  each chamber and p a r a l l e l  

to  the l e a f  d i s c ,  thus ensurin^j. even cu rren t d e n s ity  

through the t i s s u e .  S a l t  b r id g es  (A,A) o o m is te d  o f  

polythen© tubes f i l l e d  w ith  5M KOI a g a r -g o l ,  l e t  in to  

each chamber through clo^^ely f i t t i n g  h o le s  in  the top  

and connected d i r e c t ly  to calom el e le c t r o d e s ;  th ese
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were used to  record the trm ieg land u lar  p o te n t lm l.

A s im i la r  s e t  (B,B) a^oü cormected to Calomel

e le c tr o d e s ; , w s used to paae the sh o rt  c i r c u i t  cu rren t

through the chamber. The area o f  l e a f  d is c  exposed
2to each chamber w 8 1 .7 6  cm • iU ir r in g  was done by

e l e c t r i c a l l y  d r iven  s h a f t s ,  ( S ,S ) .  For e f f l u x

expérimentas the chamber fa c in g  the o u ts id e  o f  the l e a f  

d is c  WAS f i l l e d  w ith  a graduated p ip e t t e  and the anmplinju, 

a t  the end o f  the experim ental time (0 .5  m l.)  was 

made w ith  a gr duated i^yringe. For a l l  othftr work, 

sim ple t e f lo n  sy r in g e s  were used to tr a n s fe r  s o lu t io n s  

to  and from the chambers.

A l l  the r a d io is o to p e s  were obta ined  from the  

Radiochem ical C entre, Amer sham, England. Tiodium, 

potasfcjium, caesium and rubidium ere  used in  s o lu t io n  

as the c l o r i â e e ,  C l, and Rb'^^Cl,

w n i l s t  c h lo r id e  bromide and io d id e  wore used as sodium

s a l t s ,  m  ol^G, Ma Br®  ̂ and Na alm ost a l l

the expf rim enta the io n ic  con cen trâ t Ionu were 100 mH 

S p e c i f i c  a c t i v i t i e s  wore a l l  ad ju sted  to  g iv e  a 

s o lu t io n  a c t i v i t y  o f  500 ^ / l i t r e  ap proxim ately .

So b u f fe r s  were u sed .

Counting was done w ith  a Panax ao in  i l l a t i o n  

cou n tin g  u n it  (v-calar type i). 6 5 7 . ,  Timer type T.^OO)} 

in  one experim ent where siodiuia (Ra^^) and o h lo r id e  (01^^)



46.

ionA were aeeayed mixed, the o h lo r id e  b e ta  r a d ia t io n  

w e  removed w ith  a Panax aluminium f i l t w r j
“Tfi O O

Cl^ ho8 no gamma em le s io n , and eo the Ra can be 

ai^eayed by iti -̂ r e e id u a l  gamm p a r t ic le ©  which paee the  

f i l t e r .  The 0 .5  ml. l iq u id  ©ample© were dried  down 

on fou r  p lanchette©  and the t o t a l  count obtained by 

a d d it io n ;  l e a f  d iecB  were allow ed to  dry under 

ambient con d ition © , and aeeayed w hole . The » e l f -  

a b so rp tion  o f  the th in  dry lamina was n e g l i g ib l e  

( les©  than 2)6).

The e l e c t r i e n l  c i r c u i t  i s  shown in  F ig .  2 . The 

tra n sp o rt  chambore (TO) were connected by t h e ir  

e le c tr o d e  eyeterns to ;

(a )  The impedance measuring c i r c u i t .  This comprised

the A.C. bridge (AC), which was powered by a sim ple

o s c i l l a t o r  (OBC) o f  frequency range 4 ,0 0 0  -  20 c . p . e .

( s i n e ) .  The ou put from the bridge was fed  to  the

y - p l a t e s  o f  a cathode ray o s c i l l o s c o p e  (CRO) with i t s

tiîae-basie d isc o n n e c te d , to g en era te  a L issa jo u  f ig u r e ;

the X-platea? were connected to the o e o i l l a t o r  vif* a

s te p  down transform er (10 : 1 ) ,  and the output from

the bridge was p ream p lif ied  in  the OKCillo^oope. At
55

the b alance p o in t  a s t r a ig h t  l i n e  was o b ta in e d . The 

platinum  s p ir a l s  a t  the ends o f  the ohkimbers wore occacion- 

a l l y  rep la tod  in  PtClg a o lu t io n s .  The r e s i s t a n c e  o f
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the chaaboru without the l e a f  d ie o ,  when f i l l e d  with  

100 jnM. sodium ch lo r id e  s o lu t io n ,  was 300 ohms,

(b) The p o t e n t ia l  meBsurln- c i r o u i t .  The oslom el  

electrod e©  attach ed  to the s a l t  b r id g es  AA (F ig .  1)  

were connected to  a h igh  impedance m i l l i v o l t n e t e r ,  the  

output o f  which was fed  to  a moving sp ot galvanom eter  

(GB), thus im p^rting co n s id e ra b le  s e n s i t i v i t y  (0 .2  mv. 

per cm. sp ot d e f l e c t i o n ) .  At zero p o t e n t ia l  the  

m il l iv o l tm a te r  output was z e r o .  Tho lead  tc  the  

r a i l l iv o lm o t o r  in pu t wns double s h ie ld e d ,  the inner  

s h ie ld  going to  the cn th o d e -fo l lo w e r  cathode;

the o u ter  s h ie ld  w s ear th ed , aa the o th er  calom el 

e le c t r o d e .  In te r fe r e n c e  wfo roducec by s i t in g  the 

whole apparatus on an earthed y h ee t ,  surrounded by 

a wire cage .

(c )  The h o r t in  5, c i r c u i t .   ̂ p o t e n t ia l  d iv id e r  (P) 

was used to  paua cu rren t through the cu rren t e le c t r o d e s  

B,B, (F ig .  1) in  s e r i e s  with a c a l ib r a te d  moving

sp ot microammeter (MA). Also in clud ed  in  the c i r c u i t  

w< 8 a standard 100 K ohm r e s i s t a n c e  (B ), and the  

p o t e n t ia l  drop over tL ls  was am p lif ied  (A ), and fed to  

a record er  ( ? » ) .  The sh o rt c i r c u i t  cu rren t was 

adju&^ted every f i v e  m in utes , the zero p o t e n t ia l  being  

observed on the m il l lv o ltx a e te r  galvanom eter d i s p la y .
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The record er  tr a c e  provided an accurate  record o f  

the t im e , meet experim ents l a s t i n g  from h a l f - a n -  

hour to  an hour.

Ion f lu x e s  were c a lc u la te d  as ion  cu rren ts  

(mioroamps.) from the formula;

io n  cu rren t (microaiape, ) = ( w ) #  96 .5  x 10^Au

where

M = M o l e s / l i t r e  o f  ion  in  the b ath in g  s o lu t io n .  

C » t o t a l  c o u n t /u n it  t im e . ,  o f  ion  tra n sp o rted .  

A » c o u n t s /m l . /u n i t  t i m e . , o f  the ra d io -b a th in g  

s o lu t io n .

8 « seconds (d u ration  o f  experim ent)

The average sh ort o i f b u l t  current was obtained by 

g ra p h ica l  in t e g r a t io n  o f  the record er  t r a c e .



49.F ig .  1 . S h o r t - c ir c u i t  chrmbcre.

A.A. A gar-gel 3 M KCl b r id g es  to  

celom ol e le c t r o d e s  and m l l l iv o l tm e te r

B.B. A gar-gel 3 M KCl bridge© to  calom el  

e le c t r o d e s  and ab ortin g  c i r c u i t .

C.C. Platinum blpok © piral e le c tr o d e s  

v ia  e x te r n a l  lea d a  to  A.C. b r id g e .

S .S . B l e c t r i c a l l y  d r iven  e t i r r e r s .

LL. Leaf d i s c .

D. O-ringa h o ld in g  l e a f  d i s c .

F ig .  2 .  MV. Marconi TP 1095 M ll l iv o l tm e te r .

GD. Galvanometer d isp la y  -  T in s ley  

3.R . 4 /45  moving s p o t .

080 . Advance H -  1 o s c i l l a t o r  (20 -  4 ,000

C. p. B. )•

AC. Muirhead U n iversa l B rid ge, A-154-&. 

CRO. O so illop oop e -  B olatron  O.D. 1 0 1 4 .2 .  

MA. M icrohm s te r  -  Py« "Boalamp” 7 9 0 6 /5 .  

R. 100 K ohm. r e s i s t o r .

P. V r i f b l e  source ( p o t e n t ia l  d iv id e r s  

plue b a t t e r y ) .

P.W. P en ^ r iter  -  Kvershed Mark 2 .  Minature 

r e co rd er .

! ' A. U.C. A m p lif ie r ,  lOOOi 1 g a in .

T.C. Transport chambers.
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BESUIIPS

All the Ion ourrente in the following ta b le s  are expressed 

in miorosnpereR ( yuA ), end a l l  the resistanoes in 

kilohms ( K ohm ).A flow of negative ohirge from the inside 

eurfaoe to the outside is  regarded as a ne^^tive current.

Thue for example, an outwardly directed anion pump would
'I

give rise to a negative ion current. The polarity of 

partial current a, influx and efflux, is  not indicated for 

i t  is  already implicit in their description, but a reminder 

of the experimental arrangement is  included before each table*
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Experiment 1# Determination of the transglandular

impedanoe.

A select ion of th irty  lea f discs collected from four plants 

was randomised and divided into three groups, ( i ) , ( i i )  and ( l i i )#  

Groups ( i i )  and ( i l l )  were pretreated as follows t -

Group ( i i )  The lower cu tic le  was removed, as described

in Materials and Methods.

Group ( l i i )  Both cu ticles were removed, as above*

All the groups were incubated with a solution of composition,

NaOl 100 mM.

KOI 2 m .

îigClg 10

Oa(MÔ )2 ? m*.

for twenty four hours* This solution represents sea -  water 

diluted approximately 4& times*Each disc was then clamped into  

the chambers and i t s  impedanoe measured over the frequ^cy range 

20 -  2000 c*p#8. at 100 mv., with the bridge cirouit and oscillator*  

Results from each group were avera^^d, and the resu lts wore 

plotted as three curves, shown in Fig* 3* The average impedanoe 

values are given in Table 5* Groups ( i ) ,  ( i i )  and ( i i i )  are 

represented by the upper, middle and lower curves, respectively.
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( solid  line ). It can be seen that each cuticle with i t s  

associated glands behaves as a resistance which is  effectively  

shunted at h i^  frequencies by a oapaoitative element in parallel. 

The relatively frequency -  independent impedance of the leaf 

parenchyma ( group ( i i i ) ,  lower curve ), and i t s  low value indicate 

that i t  ie , as would be e le c te d , a slow diffusion eons presumably 

via the apoplasm.
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TaBLB V
i ■ ■ i r

Bjqjerlment ! •  ( Impedanoe o f  th e  Llmonium le a f  as a fu n ction
. ■ M i n  II i i i i i n w M  III a i i . i . i a M

o f  frequency. )

Group ( i ) ,  
K ohm.

Group ( i i ) ,  
K ohm.

Group ( i i i ) i  
K ohm.

f ,  o.p.e

47,75

41.00

21.70

10.20

4.67

2.30

11.26

10.94

8.34

4.46

2.60

1,55

1.90

1.72

1.56

1.28

20

50

100

200

500

1000

2000

Area of leaf dieo « 1.76 am.2
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L I M O N I U M .
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40
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30
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L O G  f r e q u e n c y  

(Ç.R S)

Q

R = 2 K

R =  3 7  k R= I K
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EzperlmcHit 2 Th# Measurement of C3iloride ion transport

in aodium ohloride eolutiwi

Efflux I -

KaCl̂  ̂ inside • gland t NaCl outside

Influx t ~

KaCl inside t gland t HaCl̂  ̂ outside

Ion concentration « 100 mM. NaCl

Chlorine^^ has a h a lf- life  of 3#03 #10  ̂ years, and emits 

no gamma radiation, only beta.
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efflux 0 1 *̂ influx

Dieo
Ho.

ohloride
ourrent

ahort-
oirouit
ouvrent

/A

Dieo
Ho.

ohloride
ourrent

ehort-
oirouit
ourrent

/A

1 6.28 - 2 . 5 0 5 0.46 - 1 . 5 3

2 7.11 -2.87 6 2.29 -2.20

3 5.25 —1.86 7 0,43 - 1 . 5 0

4 4.22 -1.43 8 0.10 -1.55

Average ohloride ourrent »

5 . 7 2

Average ohloride ourrent #

0.82

îîet average ohloride ion ourrent « -4.90yuA 

Average ehort-oirouit ourrent « -1.93 yuA

^otes The net ohloride ourrent vae ne^jativo, Indicating the 

outward transport of ohloride lone; the ehort-oirouit 

ourrent ie  negative also.
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Experiment 3 The measurement of sodium ion transport

in sodium ohloride solution

Efflux I -

Hâ ^Cl inside t gland t HaCl outside

Influx I-
22MaCl inside s gland t Ha Cl outside

Ion concentration « 100 mM. HaCl

22Sodium has a h a lf- life  of 2.6 years, emitting gamma 

and e beta ( positrons ).
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e ff lu x 22Ha influx

Disc
Ho.

sodium
ourrent

short-
oirouit
ourrent

Dieo
HO.

sodium
ourrent

ehort-
oirouit
current

yUA /«A
r r

1 3.37 ....... —1.42 5 ......... 0.25 —3.4

2 2.9 -3 .5 6 0.34 —1.4

3 1.1 -0 .7 7 0.38 —0.6

4 4.65 -1.65 8 0.33 -2 .2

Average sodium ourrimt # Average sodium ourrent «

3.03 0.33

Met average sodium ourrent « 2 . 7 0  yUA

Average ehort-oirouit ourrent « -1 .86  yuA 

Hotel The net aodium ourrent was positive, indicating an 

outward transport of sodium ions.
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Experiment 4 The meaBuremv:nt of potaeslum ion transport

In potassium ohloride solution

Efflux I-

liutide I gland r  KCl outeida

Influx t -

KCl inaide i gland i K̂ Ĉl outaidi

Ion oonoentration « 100 idK, KOI

42PotassivB» has a h a lf- life  of 12.45 hours, and emits ganma 

and l^ta#
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42 efflux Influx

Dieo
No#

potassium
ourrent

Bhort-
olrauit
ourrent

Dieo
Ho.

potassium
ourrent

short-
oirouit
ourrent

yuA

2 0.48 0.08 1 0 . 5 0 o#5l

3 2.37 0.38 6 5.72 -0.22

4 1 . 1 8 0.41 7 10#84 -0#27

5 1.49 -0.12 8 2.09 -0.29

Averâ ]@ potassium ourrent «

1.38

Avsrâ ŝ potassium ourrent #

4.79

Net average potassium ourrent 

Average oir<^it ourrent

I 3.41 yuA 

I 0.06 yuA

Notea The net short oirouit ourrent ie  virtually aero, being

sometimes positive and sometimes negative# The potassium 

icm transport, idxioh is  dmnonetrated, ie  in^ardsi th is  

is  in oontrast to sodium, whioh shows an outwrnd ion 

ourrent of roughly similar magnitude#



üxperixsOTt 3 The measurement of rubldiiaa ion transport

in rubidium ohloride solution

Efflux I -

86Hb Cl Inside s gland i BbCl outside

Influx I -

86aiK)l inc îde t gland t Eb Cl outside

Ion oonoentration # 100 mM. EbCl

86
Rubidium has a h a l f - l i f e  o f 18,7 days, em itting gamma 

and beta.

61.
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e fflu x in flu x

Dima
Ho.

rubidium
ourrent

ahort-
olvouit
ourrent

Diao
Ho.

rubidium
ourrwit

ehort-
oirouit
ourrent

r
yuA

1 3.09 2.30 5 0.46 0.16

2 10.35 0.40 6 0.81 0.37

3 2.59 0,05 7 1.71 0.12

4 42.0 0.30 8 5.84 0.17

Average rubidium ourrent *

1 4 . 5 1

Average rubidium ourrent «

2.21

Net average rubidium ion ourrent 

Average ehort-oirouit ourrent

12.30 yuA 

0.48 yuA

Note# The out Girard transport o f  rubidium ione ie  demonstrated.

The ion ouïrent ie  quite large, some four times that of 

sodium or potassium. The ehort-oirouit ourrent i s  

consistently  p o s it iv e .



Experiment 6 The measurement of oaeslum ion transport

in  oaeeium oh lorid e  so lu tio n

E fflu x  I -
1 1 7

Cs ^^Cl in s id e  t gland t CsCl o u ts id e  

In flu x  # -

GsOl in s id e  t gland t Qs^^^Cl o u ts id e

Ion oonoentration # 100 mM, OsOl

i nCaesium has a h a l f - l i f e  o f  3 0 .0  y e a rs , em ittin g  gamma

63.

and b eta .
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«fflu x in flu x

Diso oaaBium ehort- Dieo oaesiuin ehort-
No. ourrent oirouit Ho. ourrent oirouit

ourrent ourrent

, / A / XX
r

i 9.60 0.44 1 1.44 0.30

4 13.93 0.98 2 6.87 0.17

5 22.23 1.24 7 3.36 0.21

6 15.65 0.74 8 4.07 0.53

Averafra oaasium ourrent «

15.35

Average oaesium ourrent 4

3.94

Net average oaeeium Ion ourrent # 11.41 yuA 

Average ehort-oirouit ourrent « 0.38 yuA

Note# Very sim ilar to  rubidium; a p ositive  ehort-oirouit 

ourrent, and a large net caesium ourrent, directed  

ftutwagds.
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Sxperlmttat 7 The measurement of bromide ion transport

in  sodium bromide solution

Efflux I -
Dp

NaBr inside t gland i NaAr outside

Influx I -
Oo

HaBr inside t gland t HaBr outside

Ion oonoentration •  100 mM. NaBr

Bromine has a h a l f - l i f e  o f 36 hours, emitting gamma

and beta#

65,
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■ Br®® efflu x .
'

Ap
Br”  ̂ in flu x

Dlso
Ho.

bromide
ourrent

short-
olrouit
ourrent

DIbo
Ho*

bromide
ouiraot

short-
oirouit
ourrent

/ XX
r • y.A /XK

5 3.50 0.04 1 4.73 -0 .5

6 3.39 -0 .2 0 2 0*10 —0 .5

7 17.77 1.26 3 0.41 -0 .9 3

8 3.63 -0 .9 0 4 4.50 0.65

Average bromide ourrent ,

7.07

Average bromide ourrent ,

2,44

Set avera^^e bromide ion currant # -4 ,6 3  yuA

Average ehort-oirouit ourrent « -0 .14  yuA

Note# The ehort-oirouit ourj^nt was ag^n o f variable

p o la r ity  and th e  bromide eurrente show oonsiderab le  

V ariation ; th e  net ion  ourrent i s  very s im ila r  t o  

th a t in  the <dilar1.de transport experim ents.



Experiment 8 The meaBurB«n̂ t of iodide io n  transport

in sodium iodide solution

Efflux I -

inside t gland t Kal outside

Influx I-»

ITal inside i gland t outside

Ion oonoentration 100 xnK. Hal

lodlne^^  ̂ has a h a lf-life  of 8.04 days, emitting gaimna 

and beta*

67.
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efflux

Blao iodide sbort-
Ho. ourrmit oiroult

current

r /.A

5 5.12 0.04

6 3.76 0.14

7 1.67 0.02

6 0.69 Û.29

Average iodide ourrant *

4*81

influx

Disc
Ho.

iodide
current

short-
circuit
current

/A

1 0.51 -0,35

2 0.75 0.16

3 1.54 *0.021

4 0.57 - 0 . 0 6

Average iodide current « 

0.84

Het average Iodide ion current « -3*97 y&A

Avera^ short-circuit current # 0.03 yuA

Hots; Similar to  bromide; th e  s h o r t-c irc u it  current ie  o f 

V ariable p o la r i ty , w ith a net outward iodide tran sp o rt 

c lm ila r  to  ch lo ride  and hroraide.

* Circuit current actually reversed polarity during th is  

experiment.
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l iperiment 9 The measurement of chloride ion transport

in a oodiun/potascium chloride solution

Efflux I -

-01^^ inside # gland t -01 outside

Influx j -

-01 inside t gland : -01^^ outside

Ion concentrations « 100 (ti&

2 hM

. 10 ratt

2 m

Cl“ 122 bK

This is  the same solution as was used in Experiment 1 ., and 

represents sea-wnter diluted some 4 - 5  times•
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01̂ ® efflu x 01 ^  in flu x

Diao ohlorlde Bhort— Meo chloride ehnrt-
Ho. ourrent olrouit Ho. ourrent olroult

ourrent ourrent

r '

1 3.01 -1 .2 8 la 0.12 - 1.20

2 3.13 -1 .1 2 2a 2.83 - 2.03

3 3.47 —2.58 3a 0.60 - 3.16

4 3.34 —1.41 4a 0.00 -2 .23

5 2.63 -0 .3 9 8 0.04

6 0.90 —0.31

7 0.92 - 0.17

Average chloride ourrent « 

2.42

Average chloride- ourrent «

0.76

Het average chloride ourrerit « -1 .7 3  y»A 

Average short-cirou it ourrent # -1 .3 9  yuA

Hotet The net oiJoride ion current ie  reduced to  about 

a third  o f i t s  value in 100 raM Had eolutione 

(Exp. 2 ) . The eh ort-o lro ilt current la approximately 

normal, and always negative.
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Experiment 10 The measurement of short-ciroult current in

solutions of sodium and potaseium borate.

The borate ion was chosen as being one which i s  not * actively*  

transported b/ the gland, a reasonable assumption. It i s  not 

known to  participate d irectly  in respiratory metabolism, and 

i s  non -  to x ic .

Note I Far from there being measuroable short -  circu it  

currents and p otentia ls due to sodium or potassium ion transport, 

the tlBSue seems to  be e lec tr ica lly  dead. The resistanoes, which 

were also measui'ed, indicate that the glandular membranes are 

fa ir ly  permeable to borate ions for th e ir  value i s  not hi^d .̂

In
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agama mê jLWtesm»».

Sodium borate. Ka 100 p41.

E.
12 K , p .d . 0
12 K mioroempe. 0 
16 K
13 K

#

H. p.d. 0
10 K mioroanpfi. 0
14 K

Sodium 50 potaBBltPtt 50 taM. bormt#

■ a.
18 K p .d . 0
11 K mloroampH. 0

14 £



Experiment 11

Influx I -

73.

The simultaneous measurement o f e leo tr io a l 

reeietanoea and ion oonductanoea in  

sodium chloride solution

NaCl in s id . • gland i outside

Ion oonoentration 100 m . HaOl.

cXjIdvtJL̂
Note t kBemiag that the in flux  of sodium and potase ium ions

i s  passive ( 2 & 3 )# the measurement o f these fluxes

leads to  a oaloulated value of the to ta l ion oonduotanoe 

of the dieos in sodium chloride solution  ( page 32 )# The D#C. 

resistance o f the t is su e  should be equivalent to  the to ta l ion 

conductance.

Ha^  ̂ and Cl^  ̂ influxes were measured in  short-circu it experiments 

by combined assay ; a fter  counting the mixed isotopee in a d isc , 

the so ft 01^  ̂ betas were f ilte r e d  out with an aluminium f i l t e r .

The two isotopes could therefore be assayed separately. Impedance 

measurements were made on each d isc at 20 o.p .s#
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if }

Dieo no. itsaiatancs Cl in flu x  N# in flux
(K ohms) yuA yuA

1 ' 40 0.039 0.033

2 22 0.057 0

3 29 m 0.057 0.020

4 11 0 . 0 6 6  0.852
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DXBCUUSIOR

The complex impedanoe of the Limonium leaf la equivalent 

to a olrouit shown In Fig# 4| having measured the low frequency 

Impedanoe of the leaf dise with one or both outioles removed, 

i t  ie  pofiôible to oaloulate the magnitude of the capaoitatlve 

element whloh shunts the reeietanoea eesooiated with the 

surfaoee. An example w ill make th is clear; the low frequency 

Imijedanoe of the diso with lower surface removed ie  (on average) 

11 K ohm, Removing the remaining upper surface reduces the 

low frequency impedanoe to 2 K ohm, and th is low impedance is  

relatively frequency-independent• The diso without lower 

surfaoe i s  thus represmited by the equivalent expression

^(upper surfaoe)
 ̂ * ^(parenchyma) ^

J l  ♦ (upper surface)

where w # 2ÏÏf, f  being the A,0, frequency 

C » the oapaoitanoe*

Inserting the two known values, th is reduoee to

10

imd as we have several values of 2 at different frequencies 

(Table g), an average value of 0 oan be calculated. There are
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certainly more accurate methods of obtaining 0 (e .g , graphical 

ones) but the capacitance dU>ee not really concern us in th is  

study, and a value of Q » 0»06 microfarads probably represents 

a good approximation.

An analogue of Fig, 4 was constructed from electrical 

resistors and capacitors, and i t s  frequency characteristics 

were examined by using exactly the same apparatus as shown in 

the loksr part of Fig, 2, with the analogue replacing the diso 

in the transport chamber. The dotted curves of Fig, 3 were 

obtained, showing that the f i t  is  very good; the two RO 

elements of Fig, 4 represent the aurfaoes, A basic assumption 

in XhXu frequeuoy-onalysia is  that the low frequency impedance 

(20 Otp.a,} is  equivalent to the D,C, resistance. In fact to 

test th is , the D,0« résistance was measuied over a range of 

20Ü m illivo lt0 by passing a ourrent through the leaf with the 

shorting olrouit (Fig, 2 ), and the calculated resistance is  

here compared with the impedance of the leaf disc roeaeured 

with A,C« at 20 c .p .e ,

A,C, impedance 12,1 Kilohma

D,C, resietwice 12,3 Kilohms

The A.C, impedance ie  1,6;* lower than tlie D,C, resietence, and 

th is  discrepancy is  neglected in th is study,

The impedanoe of the upper surface i s  thus 9/37 that of the

lower surface, and expressing th is as a conductance, we can e#y
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that the upper surface has 4 times the oonduotanoe of the lower; 

i t  ie  now poesible to predict that there should be acme etruotural 

difference between theee aurfaoes to account for these conduct­

ances, and it  ia  indeed a fact that the upper surface has 3 — S"

times as many glands ae the lower. Thus the value of 
/ 29 kilo)ms,/om, ie  identified with the traneglsndular resistance

2
per am, of upper surface, and the transcuti^lar conductance 

ie  neglected. The relationship of the e lectrica lly  determined 

resistance to the ion oonduotanoe in the Limoniu» gland ie  

investigated in Experiment 11.

It is  esewitial to begin any interpretation of the transport 

experiments by accounting for the ehort-cirouit ourrmit vhidi 

flows during a typical exigeriment with a Limonium leaf diso.

If th is can be satisfactorily  done, th«m a ll the ion transport 

processes contributing to the ourrent w ill have been recognised, 

and i t  w ill also demonstrate that the experimental techniques 

are sound#

In Bxperim^nt 1, the net transport of chloride ions was 

determined in a sample of eight leaf discs, in pure sodium 

ohlorlde solution. The average net ion cmrrent was 4,90yuA, 

and th is represents an * active^ transport of the ion.

The shoft-oircuit ourrent was 1,93yUA, and th is was negative, 

and is  thus equivalent to the outward movement of a negative ion,
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or the inward movement of a positive one# We require, therefore, 

a tranoport of sodium ione in an outarard direction, and of 

magnitude 4,90 -  1,93 «* 2#97yuA, to aooount for the ehort-*oiro»iit 

current. The simultaneous transfer of both sodium ions and 

(Cdiloride ions in sin^ l̂e leaf dlooe was not measured, aM so i t  

i s  only possible to compare the sodium currents In another 

Sample of eight discs with the ion current» in Experiment 2,

Experimmt 3 represents the measurement of the sodium 

currents in a «ample of discs# The net average sodium current 

was 2,67yuA, and th is  represents an outward transport# In fact 

the average ehort-cirouit ourrent during: th is sodium transport 

experiPMint was -1 .86yuA, and so the average short-circuit 

ourrent for the twq Experiments 2 and 3$ is  -1,89yuA, i .e .

(1,93 t  1.86)/2 . These results have been analysed sta tistica lly  

in the Appendix  ̂ where a sample calculation of a short-circuit 

experiment i s  also included# There is  no significant difference 

between the average short-circuit current and the mm of the 

Chloride and sodium net transfers, at p » 0,05# the eunmozy 

of these results i s  set out below in Table 6.

It i s  possible to say, therefore, that the short-circuit 

m rrm t represents the difference between the net ion currents 

of sodium and chloride ions, and that the movement of no other 

ion» i s  required to explain the observations# The * active*
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sodium efflux le  about 80  ̂ that of the *ROtive* ohlorlde efflux, 

in ©odium ohlorlde aolution.

I f  we assume that the gland is  a desalting organ, it  eeems 

surprising at f ir s t  that there are two ion transport meoamniems 

operating! one would be quite sufficient for the purpose# An 

outwardly directed chloride pump would cause the passive efflux  

of cations, and the proportions of these in the exudate could 

be regulated by the selectiv ity  of the membranes towards 

positive ions# The small eiae of the short-circuit current 

i s  due as we have seen, to a sodium and chloride pump aoting in 

the same direction; where they opposed, a© is  the case in 

Halioyctis ovali»^^ (Table 3), the ourrent would have been

about 8 mioroamps (2#68yUA for Ha f 4#9yuA for K), i . e .
2 2 4#3yuA/om. taking account of the diso area (l#?6 <wi. ) , and

th is is  comparable with the smallest ourrent© obtained from

Halioystis#

A» the other halide lone usually have ein ilar phyeiologioal 

properties to chloride ions, their transport was studied, using 

sodium radiobromide and sodium radio-iodide, Ziqieriments 7 and 8* 

It Can be seen that both ions are outwardly transported in a 

similar manner to chloride, and to a similar extent# in fact, 

there is  no reason to believe that they do not substitute for
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ohlorlde and that they are transported by the same pump. Of 

especial interest ia the polarity of the olrouit ounxmt «hioh 

appears to vary from diso to dice, giving a very email average 

Value,

The transport of potassium ions i s  d ifferw t from the other

alkali metal Iona, Kxperii îsnt 4, There is  oertainly a net ion

ourrent, indioating the operation of a potassium pump, hut it

i s  an inward transport, of apparently equal else to that of

sodium* It is  d ifficu lt at fir st  to reoonoile th is inward

potassium transport with any meohaniem of desalination. The

oonoentration of potassium ions in seawater is  quite low (rougiily

10 B#.) compared to 100 mM. KOI solution, whilst the sodium

oonoentration i s  imioh h i^ er  tlian 100 sK. (400-500 nfi.}, and

thus the most pressing requirement is  to lower the sodium ion

oonoentration in the tieeue. In view of the faot that moet

oe lls  exorete sodium, but often aoouxnulate potassium to higjh

levels, one might venture the suggestion that (here at any rate)

desalination really implies a lowering of the intraoellular

sodium oonoentration, and th a t the |X>ta8&iimi aooumulation

mechanism therefore s t i l l  operates. In view of the faot that
17 l8potaBBlun aoouimilation 1 . oft an 'linked' to sodium szorstion * ,

i t  ie  interesting to oompars the relative magnitudes of the two
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35transports. MaoBobbls ha® shown in Hitella transluoene that 

the ratio of active sodium efflux to active potassium influx 

l ie s  in the ranee 1.1-1#4, and SpanswiCk and Hilllams^^ have 

shown that in th is speoiea the specific inhibitor of the 

coupled sodium/potassium pump, the cardiac glycoside ouabain, 

does not affect the m#mbrane potential; thus *neutral* pumjMB do 

seem to exist in plants* Althou^ in Idmonlum the separate ion 

transport mechanisms can apparently operate in the absence of 

each other i t  is  interesting to note that the ratio of net 

sodium current in 100 rNB. KaCl to net potassium ourrent in 

100 KOI is  1.1 in Idmmium. Does th is represent the 

separate electrogenio action of two pumps which are usually 

linked together as a •neutral* exchange pump?

Experiments 5 and 6 indicate that rubidium and caesium 

ions are actively transported in an outward direction. The net 

average ion currents of these two alkali metal ions are some 

three times larger than the net sodium current in sodium chloride 

solution (Experiment 3), but their similarity indicates that 

they are most probably transported by the some mechanism; there 

ie  indeed no reason why the Limonium gland should not possess a 

general cation p*mp with differing a ffin itie s  for the various 

alkali metal ions. Considering the fact that rubidium and 

caesium are present in seawater in low concentration (less than
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10  ̂ X potassium oonoentration), i t  would seem mildly unusual 

for a separate meohanism to exist for their transport* The 

average short-oirouit is  small in Experiments 5 and 6, hut the 

fact that i t  ie  positive shows that oat ion transport was always 

greater than the ohlorlde tranei^ort*

The magnitude of the short-oirouit ourrent oan provide 

information of the greatest interest onoe the assumption is  

made that i t  represents the disparity between the individual 

Cation and anion transport; we have seen that th is assumption 

i s  most probably oorreot by analysis of the transport in 

sodium chloride solutions (Experiments 2 and 3)« Bxaminatlmi 

of the short-circuit current in potassiwn chloride solution 

(Experiment 4 ), now shows that i t s  value is  quite minute 

(f  0*06jkxA) and th is must mean that the chloride pump in th is  

experiment was compensating for the potassium ion ourrent, and 

was in consequence directed iqwords* The chloride pump semns 

to reverse i t s e l f  during potassium ion transport in pure 

potassium chloride solution*

Reference to the short-circuit ourrent in rubidium chloride 

(Experiment g) and caesium chloride (Expriment 6) indicates 

another effect * Here the small value of the currents indicates 

that the chloride ion current must have been of similar
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magnitude to that of rubidium and oaesium, and directed outwards. 

The chloride ion transport ©eeme therefore to have Inoreaeed in 

magnitude by a factor of three or ©o, when compared with it s  

value in sodium chloride solutions {Experiment 3). The cation 

transport thus seems to determine both the direction and the 

magrilt^d  ̂ of the chloride transport, or assuming i^ eio logioal 

equivalence of bromide and iodide ions, the halide transport 

process. Transport of anion and cation are linked together in 

such a way that they are fairly  evenly matched, and consequently 

the measurable potentials and currents in liimonium are very 

small. The position is  set out in Table ?• It ia as well to 

consider what th is implies from a general standpoint; in a 

situation where the anioa is  not •actively* transported at a l l ,  

the movment of anions i s  always in the same direction and of 

equal magnitude to the cation transport. This much is  demanded 

by the principle of electroneutrality. The polarity of any 

potential or short-circuit ourrent measured in such a situation  

ie  dictated by the cationic charge (tve) and the magnitude of 

the cation transport process. We say that the anion passively 

•accompanies* the •active* transport of oat ions. The situation  

which seems to operate in Limonium, however, is  one in which the 

•active* transport of anions (chloride ions and probably halide 

ions in general ) i s  geared to the transport of cat ions, both with 

respect to direct ion and magnitude*
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The extent to which th is matching process operates can be 

judged from two important observations:

( i)  The olrouit currents in Experiments 4, 7 and 8 are of 

Variable polarity, although the net short-circuit 

currents are small ( O 0*^2 and respectively). 

It seems that when the matching is  fa irly  good corresponding 

to a small short-circuit ourrent, either of the transports, 

cation or anion, oan exceed the other, leading to either 

positive or negative currents.

( i i )  The circuit ourrent drifts the whole time during an 

experiment, and where it  is  small, it  can change polarity 

during an experiment; in fact th is actually happened 

during Experiment 8 (iodide transport) in Disc no. 3, 

whose ourrent slowly drifted over the zero-line, ending 

up negative*

The matching process therefore seems to be only aoproxime t̂e* and 

we can say that over short time intervals the extent of the 

matching appears to be a sta tis tica l process, subject to 

random fluctuation#

Experiments 9 and 10 must be considered before we oan 

definitely assume that the ion transport mechanisms are not 

really independent, and in fact they strongly support th is  

assumption. In Experiment 9 the transport of chloride ions
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was studied with 01 in a medium representing diluted eea- 

water, a® opposed to pure sodium ohlorlde solution (Experiment 2). 

The net ohlorlde ion ourrent wao oonelderably reduced in th is  

medium, but It ie  interesting to note that the which ie

presumably passive* «as virtually Unchanged (0#76 as compared 

with 0#82yuA in Experiment 2)* The net chloride efflux has in 

faot been reduced to 35/̂  of i t s  value in sodium ohlorlde solution# 

Bearing in mind that the chloride transport seems to reverse 

in pure potassium chloride media, i t  is  a possibility that the 

presence of potassium is  causing a reduction in the • active* 

chloride efflux, and there could come a point where a high 

potassium/sodium oonoentration ratio would reduce the net 

chloride transport to zero* This is  obviously a point to be 

settled  by future experiments, but Experiment 9 nevertheless 

shows that the chloride transport i s  reduced by the presence of 

other cations in the medium#

Bixperlment 10 is  a study of the short-circuit currents in 

solutions of sodium and potassium borate. Borate was chosen as 

an ion which is  presumably not transported by a specific ion 

pump, and which ie  not toxic or actively metabolised. If there 

exists an independent sodium ion pump whose function ie to excrete 

sodium Ions from the Limonium gland, then the short-circuit 

current should increase to a positive value of about 4yiA, and the 

reverse should occur in potassium borate eolutione. There was
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in faot no eleotrioal activity whatsoever; the probability 

that borate transport ie  taking place, end to an exactly 

similar extent to sodium ion transport in a ll  disoe studied, 

thus giving r ise  to no measurable short-oirouit. ourrent, must 

surely be remote. The resistances are comparable to those 

obtained from discs in pure sodium chloride eoluti<m, indicating 

that the glandular mwsbranes cannot really be any leee permeable 

to borate ions than chloride ions.

If we abandon the picture of independent ion pumps in 

Limonioff), what mechanism can possibly explain the linkage 

observed between cation and anion transport? If we regard a 

neutral transfer pump ( i .e .  a pump which would transfer a cation 

and an anion outwards with perfect 1 * 1  Btoiohiometry in a 

similar manner to the neutral potaseiun/eodium exchange pump)

0 8  being a molecular linkage, and reject th is explanation on 

the grounds that it  i s  far from etoiohiometric, and oertainly

electrogenio, we are le ft with two strong possibilities*
21metabolic linkage, and pinopytosie •

Coupling of ion transports by metabolic linkage is
71illustrated by sodium and potassium transport in Ulva laotuoa . 

Here the two transports are of similar magnitude and opposite 

direction, and when the tissue is  put into darkness, both pumps 

cease to function, hoott and Haywaz*d have showi that the
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sodium pump seems to be lirtked quite directly to l i ^  

u tiliea tlon , probably via photophoaphorylation, whilst the 

potaseium pump is  geared to glyoolysis via the dark réactions 

of photosynthesis I during illumination theee two ion pumps 

seem to function together and at equal rates.

This view of linkage, i f  applied to the preemit results, 

would require two separate ehloride pimps to explain the 

reversal of ohlorlde ion transport in pure potassium chloride 

solutions. This is  not so unusual as i t  might seem; many 

workers have postulated the existenoe of separate chloride

pumps to acooimt for chloride transport over the plasmalemma
25 24 98and the tonoplast ’ « The two chloride pumps would then

be linked to the transport of eodium ions and potassium ions 

in different directions. The nature of the metabolic linkage 

must on one liand be that of a * tightly* coupled one, for 

cation transport does not take place in the absence of halide 

ions as we have seen, and yet on the other, the coupling must 

be * loose* enou^ to allow for considerable differences in 

rates, which manifest themselvee as the constant fluctuations in 

short-circuit current. Experiment 9 al®o shows that the 

presence of other cations can reduce the efflux of chloride 

ions, leaving the influx unchanged, and th is ie d ifficu lt to  

reconcile with two chloride pumps worKlng in oppoeite directions.
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Pinooytoais would provide a simpler explanation of the

apparent linkage of oat ion and anion transport, in that the

vesiolee would possess approximate electroneutrality, and thus

they would transfer mainly sa lt , not separate ions. The pino-

cytctic mechanism envisaged is  that of membrane bounded

vesicles being formed from a pre-existing membrane, either the

inner plasmalemma of a gland ce ll or one inside the cytoplasm,

and theee vesiolee crossing the oytoplaon and fusing with the

outer plasmalwma of the gland c e ll to liberate their contents

through the gland pores, Plate 2« This outer plasmaleiwna has

an area which has been anatomically reatrioted to that exposed

through minute pores, and th is faot suggests that the ion

transport meohanlsm ie associated with th is outer membrane.

If th is were not so, the pore-r est rioted fiuKsbrene would act

as a serious diffusion barrier to ions leaving or approaching

the transport s ite s , and it  would seem to be a basic principle

that the membrane at which an •active* ion transport meohanlsm

is  operative should possess low conductanoe to the ion in

question or else  the h i^  permeability will *short-ciroult *

the transport process. An example of th is principle operating
2.95in another tieeue is  that of the frog ekin permeability

The weak eleotroa^nio nature of the vesicular transport 

oould be explained by
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(a) The operation of cation or anion pimpe aoroBs the 

veeiale membrane, after their detachment from the 

mother membrane. Thus the vesiolee oould arrive at 

the oppoeite c e ll mmiibrane with a cation or anion 

imbalance giving rise to ion transport with measurable 

olrouit ourrent,

or

(b) The existence of an eleotrioal double layer at the

mother membrane. I f  the dimensions of the vesicle were

comparable to those of th is minute layer the vesicles

might contain net charge i . e .  an exoese of oat ion or

anion due to ionio asymmetry in the layer. (The theory
44%of the double layer is  given by Briggs et a l. )

Transport by membrane bounded veeloles implies

contrary movement of vesicles oontainin^r sodium chloride to

those oontainisg r^otasslum chloride, but th is ie  quite feasible.

It ie  well known that certain cations ore required for the

induction of pinooytotio drinking In Chaos chaos, the giant 
73amoeba , and that a preliminary phase to drinking ie  ion 

binding on the ce ll surface. It i s  quite conceivable that 

the two plaemalemma surf aces (outer and Inner) of the gland 

c e lls  are differently activated by sodium and potasslum; 

halide ions would obviously be required to complété the prooess.
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whereas borate ion» would be incapable of th is . The random

fluctuation» of ehort-oirouit ourrent s t i l l  have to be

explained, and th is may be due to a combinat ion of (a) and (b).

It ia impossible to decide between the two major

p o ss ib ilitie s , pinacytoels or metabolic linkage on the

present evidence* A conclusive test of membrane vésiculation

would be the measurement of the electrogenlo drift during a

transport experiment and the dwaozmtration that it  could be

resolved into 'transport noise*, which would be quantal in

nature* th is has been done with the tranSi>ort of acetylcholine
eg

in synaptic vesicles by nerve physiologists • It is  also of

in te re s t  that the uneaqplalned linkage between pl&smalerrima

fluxes of Chloride ionu and tonop last fluxes o f potassium and
39chloride ions, found hy iftacEobbie in H itella translucena  ̂ can

be interpreted &» evidence for pinooytotio transfer into the
4,2-

vacuole, but c l i f f s  has also claimed that electron micrographs 

of Limonium glandular tissue reveal man;/ minute vesiolee 

scattered throu^out the cytoplasm; thus pinocytosis eeems 

a Strang cendidabe.

Sxperiment 11 is  a study of the ion conductances in 

Limonium. As deooribed la Part 4 of the Introduction, there 

exists a serious discrepancy between ion conductances and
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e le o tr io a l  reaisfeanoes in  many a lg a l o e lla , aa » e ll as aninial 

ones. Prœn th e  azpresolcai fo r  Ion oonduotanoe

\  ^  ( 2 + '  - I*  * )'“Hr

wo con d erive  th e  equivalent expression 

1 / ^ ( to ta l )

where « membrane re e le ttn c e  in  kilohme 

^ ( to ta l )  * th e  e fflu x es (or in flu x es) expressed

in  raloroaroperee#

I t  may be argued th a t the  above expr see lone are derived under 

th e  cond itions o f 'aero  ourrent flow* and are th e re fo re  

InapplicfAble to  any of th e  data  presented above* This ie  not 

so , however, fo r  th e  conditions of ’zero current flow* re a lly  

im^)ly the absence of passive ion ou rren t, w hilst the short 

c i r c u i t  current rep resen ts  a non-passive ion current due to  

tran sp o rt mechanis»^# bn the sp ec ia l case of a tis su e  which 

has been voltage-clampod at aero with no a c t iv i ty  grad ien ts 

o p era tin g , th e  above ejqpression fo r  membrane re s is tan c e  ie  

p e rfe c tly  valid* D irect ca lcu la tio n  of the to ta l  im^ard 

cu rren ts  and thus ion conductances fo r  the four d iscs  in d ica te  

th a t  th e  diKorepanoies noted in  o ther syetesio also  ex is t here, 

T ab les.
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100
D aln tj) Oroghati and Fanaoro have propoaad th a t an 

a l te rn a tiv e  explanation  to  ion f i l i n g  ia  th a t eleotro-K>smoeio 

i s  tak in g  p laoe, and th a t the  flow o f eolvent through the  

poree oan a l6 e r  the  e fre o tiv e  ion io  m o b ilitiea  in  the 

membrane#

I t  seems from the r e s u l ts  obtained here th a t n e ith er

explanation  i s  re a l ly  applioable# % e e lse  o f the  dleorepanoy

V aries from about two to  above twenty, and th i s  V a riab ility

makes th e  io rir-filing  hypothesis ra th e r  u n lik e ly , althoufdi i t

does not ru le  i t  out oompletely# Any eleotro-osinotio  efreo t

i s  however extremely u n lik e ly , fo r  under a aero voltage-olamp

th e  ooourrenee o f eleatro--oemo6i& i s  ra th e r  improbable#

Pex^pe another explanation fo r  the  dleorepanoy i s  th a t the

membrane poseeesea ohannele th r o u ^  vhioh ohoVf^ oan flow, but

not ionBg i t  i s  in te re s t in g  to  note in  support of th i s  th a t

fro g  sk in  appears to  have an impedanoe vhioh i s  inoreaeed by
lo t

in h ib i t io n  o f the  sodium pu»y? ; th e  sk in  ie  q u ite  Impermeable 

to  sodium under normal oonditions#
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f  AILS VI

Average net oh lo ride  ion  ourrent (Eaq>erlm«nt 2}

(ion  f lu x  # ~4.90yuA

Average net sodium i<m ourrent (Ksrperiment 3)

(ion  f lu x  out^w^de.) « +2#6?yuA

Average «hort-K jirouit ourrent fo r  the  two

experiments # ^ 1 # ^  yuA

l e t  ion  ourrent outward» » #»2 . 2 3yiA

(eh lo ride  o u r iw t ♦ eodium cu rren t)
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SX .

In;
Mmmitude and 

Direct Icâ

/*
A

Had

KOI

HbCl

4 * 9 0  outward 

3.47 inward

11.82 outwaxd

Measured with Cl36

Différence between K 
ourrent and short*- 
oiroult current

42

Difference between Kb 
current and short- 
circuit current

86

OsCl 10.83 outward Difference between 
Geljf ou iisn t and 
short-circuit current
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table VIII

Elaotyioal r#al*kan*# and ion @omdw#«n@# ia Uwoniwi

Mao Bu Impadonoo « 6

Eo* 2 0  o.p.a.
Kllohmm

1  351 40

2  444 22

3  328 29

à 28 1 1
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APrmnix

Plate I

Flat# II

( l)  Example of result sheet and oaloulation 

of shoart-olrouit our rent#

( l i )  Analysis of variance in Bxperimwts 2 and 3<



103

TOP

S u rface v iew  o f  the s a l t  glajtid o f Limonium 

v u lg a r e . M i l l e r . ,  compered w ith  a 

n eigh b ou rin g  stom a.

BOTTOM

C u tic le  from Limonium vu 1̂ âre ahowing the 

fo u r  p ores which O V 'rile  the fou r cen tra l 

c e l l s .
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APDKKBIX

( i l )  Analyeie of varlanoe | the resu lts o f expérimente
      .n . ,  u        i

2 and 3*

Four valuee of the average net Ion ourrent, l.e#

(chloride efflu x  -  chloride in flux) minus 

(eodium efflu x  -  eodium influx) , 

were obtained by random eeleotion , and these were 

paired with th eir  oorreeponding average short-oirouit ourrente*

Cl -  Na
f t

-2 .2 6  . - 2 .4 9

-  0.50 -  1.17

-  3.40 —1.17

-  8.06 -  7.58
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Analysis of Varlanoe, oont*

D.P. S.S. H.S. V.R,

S.S, between eamples 1 0.22 0 .22 0.23

S.S, within ssmples 6 5 .59 0.93

8*8# t o t e l 7 5.81

For 6 degrees o f  freedom, P « 0#05 , t  « 2«447*

Since the oalouXated value o f t  i s  0#23 $ th e  d ifferen oe between

the average net ion current and the sh o rt-o lrcu it  current i s

not s ig n if ica n t»  The sh o rt-o iro u it current can therefore be sa id

to  represent the d ifferen oe between the net transport o f  ch loride

and sodium lon e , In pure sodium ch loride solution#


