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E~i ich  ~ d t e s  t u m ~  c ~  m e m ~ e  ~tent ia l  ( ~ )  ~ d  ~ ~  Na +, K + ~ d  O -  ~ w e ~  
m e ~ u r ~  under s t e a d y ~ t e  conditions ~ ~ r m ~  s ~  m ~ m  (Na + = 1 ~ ,  K + = ~ O - = 1 ~  m ~ / ~  
M e m ~ e  ~ n f i ~  was ~fimated ~ ~ - ~  ± ~ 8  mV u~ng ~ s  m ~ r ~ l e c ~ e s .  ~ d l ~  ~ n  
~ w e ~  e~mated  ~ simil~ g l~ s  e l e c ~ e s  ~ ~ w s e l ~ f i ~  ~ incorporation ~ ion-s~cif ic  
~ n o p h o ~  M e ~ e m e n t s  ~ ~ ~ d  ~ ~  ~ f f e ~ n ~ s  w e ~  m ~ e  ~ ~ e  ~ m e  ~ p u l ~ s  ~ c ~  
U ~  ~ e  c ~ f i ~ s  ~ e  ~ a c ~  Na +, K + ~ d  O - a ~  ~ e  4.6 ± ~ ~ . 3  ± &~  ~ d  4 ~ 6  ± ZI 
mequiv./L ~specfively. The appa~m a c t ~  c~ff ic ients  ~ r  Na + ~ d  K + a ~  ~ 1 8  ± ~ 0 2  and ~41  ± ~05  
r ~ v d y .  T h e ~  ~ e  ~ i f i c a n t l y  b w ~  ~ ~ e  a ~ v i f f  c ~ f f ~  ~ ~ r  ~ e  ~ ~ physiological 
s~t  sdufions ~ 7 1  and ~73,  ~ s ~ v d y ) .  The a ~  c ~ f f i ~ t  ~ r  in~acdl~ar  ~ -  ~ 6 7  ± ~ 
howeve~ ~ Nose to ~ ~ ~ e  me,urn ~ and the ~ s m e m ~ a ~  e l e c ~ m i c ~  ~ t e n f i ~  d f f ~ n c e  
~ r  ~ -  ~ n ~  ~ f f e ~  from ~ m .  The ~ R s  ~ t ~ h  ~ ~ e  e n ~  ~ a ~ e  from ~ e  Na + 
e l e c ~ h e m i c a l  ~ a ~ e m  is much ~ e ~  t ~ n  ~ e ~ o u ~ y  ~ f i m ~ e d  f ~ m  ~ e ~ c ~  m e ~ u ~ m e ~ s .  

Ehrlich asd~s  tumor cells have been useful in 
the study of unidire~ion~ and net ion fluxe~ ion 
movements during volume regulation, pH regu- 
lation, and co-transport of inorganic ~.g., H2PO~, 
H +) and organic (e.g., amino addO sub~ra~s.  
Compl~e ev~uation of the resulB of these gudies 
has been impossible, howeve~ fince quantitation 
of the energy gradients affecting these processes 
requires knowledge of the in~acellular ion acrid- 
ties. These measurements have yet to be accom- 
pfished in the Ehrfich cell. 

It has been populated that a large fraction of 
the tot~ cell Na + might be sequestered in the 
nucleus [1], thus redudng the cytoplasmic Na + 
actifity. This posfibility is based on expefimenB 
in whkh the n u d o  of d i~up~d  Ehrlich cells were 

* To whom correspondence should be addre~ed. 

centrifuged through a nonpolar solvent phase and 
thor  c o n ~ n ~  then an~yzed for Na +, K ÷ and C1-. 
Approf imatdy  90% of the to t~  cell Na + was 
associated with the nuclear compa~ment. A dif- 
~rent  ~chnique for isolating the nuclear comparb 
ment led to the condufion that approximatdy 
61% of the call Na + was not associated with the 
cytoplasm [2]. Howeve~ the difficulty of isolating 
undamaged n u d o  has prevented verification of 
these resul~ as reliab~ estimates of in~acdlular 
ion compartmentatiom In additiom binding of 
cations to polyanionic protons  and n u d o c  aods 
may ~so play an impo~ant  role in regulation of 
the intraceHular ion acti~ty. 

Previously estimates ¢f ~ee Na +, K + and C1 
concen~afions in the cytoplasm have depended on 
measurements of these ions in cell extracts by 
means of flame pho tom~r~  atomic absorption 
spec~ometry or, in the case of CI-, amperometric 
measurements. The m~hods do not account for 
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pos~b~ in~acdlular compa~mentafion. The de- 
vdopment of ion-specific r e ins  [3,4] which can be 
incorporated into glass microelec~odes has made 
possible more direct measuremenU of in~acdlular 
ion actifitie~ Estimates from a number of tissues 
u~ng such ion~pecific microdec~odes [5,6] show 
con~derable compa~mentation of in~acdlular 
ions, especially Na + and K +. These observations 
have empha~zed the need for corrections of the 
estimates of the ion elec~ochemical energy gradi- 
ents. 

We have previou~y measured membrane po- 
tentials in Ehrlich calls using glass microdec~odes 
filled with potas~um acetate [7]. These potentials 
are stable (approximately -23 .0  mV) and are 
sen~tive to extraceHular K +, Ca 2+ and valinomy- 
cin [2,7,8]. U~ng digh~y modified techniques, we 
have constructued ion-specific microelectrodes for 
Na +, K + and C1- [5]. These dectrodes have been 
calibrated and used to determine the in~acellular 
ionic activities in these cells. 

Matefifls and Methods 

CeH suspensmns 
Experiments were performed with Eh~ich 

ascites tumor cells ( L e t ~  s ~ n ;  hyperdiploid) 
which were m~n t~ned  in H a / I C R  m~e m~e by 
weekly transphntafion. Tumo~bearing animus 
with growths between 10 and 12 days were used. 
Calls were removed ~om u n a n a e s t h ~ e d  animus 
by pefitone~ aspkation and washed ~ee of ascit~ 
fluid. The wash and incubation medium was safine 
buffered to pH 7.4 with 10 mM Hepes (4-(2-hy- 
droxyethylk l -p ipera~neethanesulphonic  acid). 
The ionic compofition was: [Na+]=  154 mM; 
[K + ] = 6  mM; [CI ] = 1 5 0  mM; [Ca + ] = 2  raM; 
and [Mg2+]=0.2 mM. Cell suspenfions were 
incubamd in 50 or 500 ml Eflenmeyer flasks under 
an ~ r  atmosphere at 21-24°C on a gyrorotary 
shaker set for 48 osci~ations per min. In genera, 
the cell suspensions were incubated in flasks large 
enough to insure a sh~low, wall aerated sy~em. 

In~aceHu&r ion conten~ 
The m~hods used to determine intracdlular 

Na +, K + and C1- contents by flame photom~ry 
(Na + and K +) and amperom~ric ti~ation ( C 1 )  
have been pre~ou~y described [2]. Briefly, mea- 

surements of cellular ion contents were made on 
1% perchloric add extracts of call prints  ~om 
~ther  1.0 or 0.2 ml aliquo~ of call suspension. 
The C1 contents of the perchlofic acid extract 
and incubation medium were an~yzed with a 
Buchle~Cotlove auto-fi~ator, while Na + and K + 
contents were determined with a Beckman Klina 
flame photom~er  using Li + as an i n ~ n ~  stan- 
dard. AH estimations of ingacellular ion contents 
were co~ec~d  for ~apped ex~ac~lular fluid u~ng 
fleshly diMyzed [3H]methox~nufin (ICN) as an 
extracdluiar space marker. Cdlular water content 
was de~rmined from wet and dry w~gh~ of the 
p d ~  [2]. 

Microelectrodes 
Glass microelec~odes were prepared from Na + 

borosificate microfihment capi~afies (A-M M~ro- 
sys~m~. The capillaries were pulled on a horizon- 
t~  m i c r o p i p ~  puller (Industri~ Science A~o~) ,  
~d d in g  two tapered ~ass capil~ries with tip di- 
ambers  less than 0.2 micron~ The ba~ds  of these 
capillaries were then phced (tip-up) in a s~ution 
of 300 mM potasfium aceta~. The tip was filled 
by the wick action of the microfilament. The 
r e m i n d e r  of the electrode was completely filled 
with potasfium acetate ufing a syringe and 30 
gauge needle. Elec~odes may be used immediate~ 
for potenfi~ measuremen~ as pre~ou~y described 
[8], or stored for sever~ weeks in the potasfium 
acetate s~ufion. 

Ion-3elective m~roelectrodes 
Ca~Haries ~en t i c~  to those used for conven- 

t ion~ m i c r o e ~ r o d e s  (described above) were used 
for the h b r i c ~ n  of ~n-specific mi~odec~odes .  
Ca~Hari~  were puiled as before and then placed 
t~-up  ~ a s~ution of ~01-~025% Dow-Corn~g 
1107 h i , o n e  ~ acetone. The dec~ode  tips filled 
wit~n 10 s by ca~Hari~.  The de~rodes  were 
then ~moved ~om ~ e  s~ufion and placed in a 
dean,  dry 10 ml beaker and cured in an oven 
o v ~ g h t  at 100-120°C. A~er c o ~ g  and micro- 
scopic ~specfion these dec~odes were placed tip- 
up in ~ e  defired l~and and once ag~n allowed to 
fiH by cap~larity. Alffiough the d e ,  rode tips fiH 
wi t~n 30 min to 2 h depen~ng on the hgand 
( C l ~ i v e  is the fastesL Na%sde~ive  is the 
~owest), a ~gher  percentage of usuable d e ~ r o d ~  



was obt~ned if they were allowed to fiH overnighL 
A~er  the d e , r o d e  tips were filled with ion-sde~ 
five refi~ the electrodes were back-filled with 
Other 1.0 M NaC1 (Na ~ and C l ~ s d e ~ e  d e ~  
~ode9  or 300 mM potasfium acetate (K~se l e~  
tNe d e ~ r o d e ~  and stored in these solutions over- 
night. With this metho& right to ~n  de~rodes  of 
each ion spedf id ty  could be made per day with 
20-60% of these bring usable for implement .  

Ion~e~ctive ligands 
Cl~dective Hgand (Corning No. 477913) was 

obt~ned ~om Corning Medic~, Medfid& MA. 
K~sdec t ive  Hgand (Coming No. 477317) was ~so 
obt~ned ~om Corning M e d ~  and LIX-110 
K%sdective hgand was obt~ned ~om WPI, New 
Have~ CT. Both K %selective hgands gave f imihr  
results. Na%selective hgand was fabrica~d in our 
laboratory according to p reoou~y  published 
m~hods [9]. Spedficall~ the unopened shipping 
~ containing 50 mg of Na + l~and I (Fluk~ 
Swi~edand) was centrifuged for 10 min at low 
speed. The f i ~  was then opened and 177 ~l 3- 
n i~o-~x~ene  (Aldrich Chemic~ Co., MHwaukee, 
Wisconfin) plus 2.5 mg sodium ~ a p h e n ~ b c r a t e  
(Fluka) was added to Ligand I. This mixture 
represents a 2-fold greater concentration of the 
hgand than pre~ou~y described [~. ~nce  the 
sodium ~ a p h e n ~ b o r a t e  di~olves slowly, the 
hgand was not used for at least 24 h a~er its 
preparation. All hgands were kept dry and in the 
dark at room ~mperature (approx. 22°C). There 
was no change in the performance charac~ristics 
of the hgands during the period of thdr  use. 

Measurement of ~e  membrane po~ntial 
The membrane po~nf i~  of Ehrlich asd~s  

tumor calls was determined as pref iou~y de- 
scribed [7,8] under the same conditions used to 
ev~uate the in~acellular a~ivities of Na +, K + 
and CI-. Call suspen~on, dilu~d 60 : 1 with saline 
medium, was added to the four quadrants of an 
X-p~te. The calls were allowed to sett~ and at- 
tach to the bottom of the plate. This occurred in 
about 5 min. Aaachment  of the cells was fad~- 
tated by the presence of Ca 2÷, but did not require 
s ped~  Ueatment of the X-plates. In addition, the 
presence of Ca ~÷ in the medium has been shown 
to ~ter  cation permeabihties and to increase the 
membrane po~nf i~  ~om apFroximatdy - 1 0  mV 
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(without Ca 2 +) to - 2 3  mV [8]. The ef~ct  of C ~  + 
is m a ~ m ~  at 2.0 mM, the concentration used for 
~1 experimen~ in this study. 

The X-plates cont~ning diluted cell suspen- 
fions were placed on a modified microscope stage 
and observed with 100X magnification. The 
po~n t i~  difference b~ween cell cytoplasm and 
medium was recorded as pre¼oufly described [8]. 
The po~nf i~  recorded was confidered a valid 
measurement of the membrane po~n t i~  if three 
criteria were met: 

(1) the po~nf i~  changed abrupt~ upon inse~ 
tion of the decffode; 

(2) the p o ~n t i~  was stable for at least 30 s; 
(3) upon withdraw~ of the d e ,  rode the po~n-  

fi~ returned to its pre-imp~ement v~ue. 
Approx. 60% of the at~mpts at cell imp lemen t  
~ d d e d  responses which satisfied these criteria 
When they were not fulfilled the measurement was 
roected. 

The call membrane refinance (Rm) was ~so 
estimated during an implement .  Typ~al l~  to t~  
~rcuit refinance increased by about 20 M r  fol- 
lowing implement .  During stable membrane 
p o ~ n t i ~  recordings, the membrane refinance 
could be measured sever~ times. An unchan~ng 
re ,s tance was taken as fu~her e~dence for the 
absence of dectr ic~ shunting (~akag~ around the 
d ec~o d ~  

Estimation of mtracellular ~n aa~ities 
The po~nf i~  of a perfectly sdective ion spedfic 

dec~ode  may be wri~en as: 
V= ~ + S ~ g a  i (1)  

where ~ (mV) is a constant and S (mV) is the 
change in the output of the d e ,  rode that corr~ 
sponds to a 10-fold change in ion acfi~ty, a i. If 
the dec~ode  ~ not perfectly ~on~de~iv~ but has 
finite respon~veness to other ions in a mixed 
solution, the p o ~n t i~  output is a mcre complex 
function of the solution and d e ,  rode characteris- 
tics [1~. For examp~, if the electrode is respon- 
sive to two monov~ent  ions, i and j, in a mixture 
and responds to 10-fold changes in ~ther i or j 
with the same po~n t i~  change, S, then the output 
is ~ven by: 

V = ~ + S log( a i + k~aj ) (2)  

where ko is the sdecfifi ty coeffident of the dec- 
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trode for j with respect to i. The characteristics of 
the d e ,  rode (S and ko) can be estimated from 
separate calibrations in solutions cont~ning purdy 
i or j, or by reca~brating in s~utions of knowm 
fixed acti¼ties of in~rfering ions. The cation- 
specific de~rodes  used for these ~ud~s  were 
highly selective (Na~selective: k~ : :K  b~w~en 
0.02 and 0.03; K%selective: k ~ : ~  b~ween 0.016 
and 0.02) and r idded  calibration responses in 
pure sdutions with S in the range 55-60 mV, 
compared to a v~ue of 58~ mV expec~d for an 
ide~ d e ~ r o d ~  The Cl~sdect ive ~e~rodes  gave 
c~ibration responses with S v~ues somewhat ~ss 
than the ide~ (range 48-55 mV), even though the 
c~ibrafing s~utions were nominally flee of in~r- 
~fing anion~ The bails for the de¼afion f o m  
ideality was not explored. Under the incubation 
conditions used for these ~udies (dilu~ call sus- 
penfion cont~ning C1- as lhe only anion), the 
m~or  in~acellular anion that might fignificanfly 
interfere with determination of cdlular C1- actN- 
ity is phosphat~ However, addition of 10 mM 
tot~  phosphate to the calibration solutions was 
without measureable effect on the dec~ode  out- 
put, suggesting minim~ in~rference. Sdecti¼ty 
toward other anions was not ~ e d .  

Even though ion sde~Ne de~rodes  may ex- 
hibit nearly ide~ beha~oL thor  use to estimate 
in~acellular acti~ty is compficated by two fac tor .  
First, the inVacellular output includes lhe mem- 
brane potential, V m. If reliab~ estimates of V m can 
be obtaine& the tot~ change in d e , r o d e  output 
can be corrected for its contribution. However, for 
an ion in electrochemicM equilibrium a spe rm 
problem arise~ since the d e ,  rode response to 
M~red ion acti~ty upon imp lemen t  may be ex- 
actly matched by the contribution of V m [5]. Thus, 
a perfe~ly satisfactory implemen t  may D,e  no 
~ e ~ f i c ~  fignatur~ ob¼afing appficafion of our 
norm~ cri~fia for validating measurements. Reso- 
lution of this prob~m is confidered later with 
respe~ to estimates of in~acd luhr  C1- acti~ty. 
Second, when advan~ng the decvode  into the cell 
not on~  does the activity of the ion of interest 
chang~ but ~so the acti~ty of the in~r~r ing  
ions. The to t~  change in d e , r o d e  po~n t i~  ( ~ )  
is ~ven by: 

a~=Slog([a~+k~]/[a~+k~]}+~,~ (3) 
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~g. 1. N a ~ m ~ e  demrode c a h b r ~ n  and u~ ~ r  in~acd~ 
~ar ~n a ~  ~ d m a ~  For c~ibrado~ the electrodes were 
f i~t  i m m ~ d  in ~e s ~ e  b ~ n g  s~udon and ~e dec~ode 
ouwut was ~ken as zero. ~ o d e  ou~ut was then d~ 
~ d  ~ te~ s~u~ons of k n ~ n  a~. .  (2~ to 21~ 
~ ~ the presence of 60 m ~  K + to ~ c  the 
in~acdl~ar a~+. The ca~bradon cu~e ~ shown. ~ o n  of 
the dec~ode ~ to  a c ~  ~dds a po~nt i~ change (&~)  r e f l ~  
~g  bmh ~e m t ~  aN.* and ~ .  Co leman  ~ ~e 
~ o n ~  ~ r  the contribution ~om ~ p ~  the aN.÷ corre- 
~ond~g  to ~ . +  to be read ~ r e ~  from the ~ r ~  
~ 

where the supe~cript c and m indicate cellular 
and medium solutions, respectivdy. If S dif~rs 
for the ions, or k~ is a function of acfi~ty, then 
the use of the calibration charac~ristics de- 
termined f o r e  cMibrafion curves in solutions of 
fixed contents is inappropriate for the c~culation 
of in~acdlular ion acfi¼fies [5]. This proved to be 
the case in the present ~udies for the use of 
N a + - s e ~ i v e  de~rode~  Even though kNa:K 
ranged b~ween 0.02 and 0.03, the electrode re- 
sponse to aNa (2-20.9 m e q u i ~ / ~  in the presence 
of a K = 60 mequi~/1 (to mimic in~acellu~r ~ctiv- 
ity) was not finea~ This nondinearity may have 
reflected tither ~ r e d  responfivene~ to Na + as 
opposed to K + (difference in S) or dependence of 

k N a : K  o n  aK+.  
Con~equenfl~ for measurement cf in~acellular 

ion acti~ties we have adop~d the m~hod of 
mixed solutions [5]. A t y p ~  cafibration curve for 
a Na* sdecfive dectrode is shown in Fi~ 1. Each 



dec~ode was calibra~d by measuring its response 
to varying ionic a~l~U~" " ' in the presence of possi- 
b~  in~r~ring ~ns. The c o n c e n V ~ n s  of pos~ble 
in~r~ring ~ns were sde~ed to mimic those 
estim~ed for the cell cyto~asm. Prior to calibr~ 
tion, each electrode potenti~ was set to 0 mi~- 
v~ts (mV) when imm~sed ~ the norm~ saline 
me&um. In this way deflations ~om an ~ e ~  
response world be a u t o m a t ~  ~duded  ~ the 
calibration curve for the d e , r o d e  [5]. Na%sde~ 
five de~rodes were calibra~d ~ s~ut~ns con- 
t~ning 60 m e q ~ / 1  KC1 and Na ÷ acfi¼fi~ from 
2.0 to 21.0 m e q ~ / 1 .  K ~  and Cl~sdective dec- 
~odes were ca~brated in s~utions with acti¼ti~ 
of 13-110 m e q ~ / 1  in the presence of 20 
m e q ~ / 1  NaCI. Each d e , r o d e  c~ibrafion was 
~pe~ed  at ~ast five times and decvodes with 
d e f i ~ n s  gre~er than 1 mV were not used. 

The ionic actifiti~ of the c~ibration s~ufions 
were cMcd~ed as described by F~imoto and 
Kubota [11]. The a c t i ~  co~fiden~ ( ~ )  for the 
ions in the incubation me&um were 0.73 for K + 
and C1- and 0.71 for Na ÷. 

R e s d ~  

Membrane potential measuremen~ 
In the present study the membrane po~nt i~  of 

Ehrlich asd~s tumor cells has been measured 
u~ng microdec~odes filled with 300 mM potas- 
~um acetate. We have prefiou~y demon~rated 
that the use of potassium acetate in~ead of KC1 
as a filing solution fidds measurements of 
improved stability. We have aafibuted the 
improvement to elimination of ~akage of the fil~ 
ing s~ution into the cell [7]. Tip po~nti~s of 
these de~rodes range from 0 to 10 mV, and tip 
r e ~ a n c e s  are about 30-40 Mr.  A typic~ poten- 
ti~ recording is shown in Fig. 2~ Stable mem- 
brane po~nti~s of s~ady-~ate Ehrlich cells have 
been recorded for as long as 15 min. During this 
time ndther changes in membrane in~grity nor 
cell morphology are apparent from ~su~ inspe~- 
ion or dectric~ characteristics. The average mem- 
brane po~nti~ of these cells is -23.3 ± 0.8 mV 
(S.E.; n = 66). This v~ue ~ in agreement with 
those from prefious de~rophy~olo~c~ ~udies 
[2,7,8] and with estimates based on the C1- equi- 
fibrium di~ribution [8,12]. 
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~ t m ~ r  ~n aa~Ri~  m s ~ a ~ m ~  ~ r r c h  
ce~ 

R ~ n ~ f i ~  ~ c o r ~ n ~  of ~ p f l e m ~  ~ t h  
K ~  and Na%sd~five ~ o ~ ~  are shown 
~ ~g.  2b and 2c. The criteria used ~ r  accepting 
~ n  a ~ f f  me~u~men~  were: (1) ~ ~it if l  ~ a ~  
deflection upon implement  to a new, rdatNe~ 
stable po~ntifl; and ~ ~How~g ~ a w ~  of 
the dec~od~ a return of the po~nfi~ to its 
pr~impflement v~ue. Based on these cfi~fi~ an 
~n-sde~Ne dec~ode wo~d be c ~ ,  used 
for ~ v ~  ~ p f l e m ~  ~ - 1 ~ ,  and then re- 
c h a r g e d  to ~sure that no changes ~ the d e c ~ -  
c~ characteristics had occurred. 

Upon imp~emem of a c ~  ~ t h  a ion-selective 
de~rod~ an i m m e ~ e  po~nti~ change ( ~ )  is 
recorded. ~ o  factors contribute to the m ~ e  
of t~s change: (1) the ~n  a ~ f f  ~ f ~ n c e  be- 
tween me~um and c ~  ( ~ ) ;  and, (~  the mem- 
brane po~nt i~  d ~ n c e  ( ~ ) .  To ~ e  the 
change ~ response due to the difference in ion 
a c t i ~  ~ must be me~u~d  and subtracted 
from the tot~ respons~ ~ .  The po~nt i~  change 
~s~ting from ~e  ~n  a ~ y  ~ e  ( A ~ )  ~ 

a ~ o  n = ~ -- V m ( ~  

I w I W I W 
t t t t t t 

2 5  sec 2 5  ~ec 2 5  sec 

20 2b 2c 

Fi~ Z (a) Reproduction of an oscilloscop~ record of the 
membrane potenfi~ (V m = -  22.4 mV) of an Ehrlich a s ~ s  
tumor cell. The measured resistance (Rm) increases by 10 M r  
during impalement. The tot~ time course of this implement  if 
20 s. (b) Reproduction of an os~lloscop~ record of the poten- 
tial change measured with a K+-selective microelectrod~ The 
maximum potenti~ change ~ 50 mV and ~ of oppofi~ polar- 
~y to V m. Since the K +-selective dectrode measures both the 
ion activity difference and the membrane potenti~ difference, 
V m must be added to the recorded change to obtain the 
potenti~ change ( ~ o . )  reflecting the K + acti~ty difference. 
The time course of this measurement ~ 30 s. (c) Typic~ 
oscilloscopic record of the potenti~ change found with use of a 
Na+-sdective microelec~od~ The maximum potenti~ change 
here is 100 mV and is of same polarity as V m. Thu~ V m is 
s u b . a c i d  from the Na+-sdecfive electrode measuremen~ to 
ob t~n  the potenti~ change (~o~) due to the Na ÷ activity 
difference. The time course of this measurement ~ 30 s. 
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The small s~e of Ehrlich tumor cells (diameter = 
12 ~m) renders it difficult lo rdiably measure A~ 
and V m in the same cell, ~nce this would require 
impMement with separate dec~odes.  Thus, the 
average V m of the population of calls was mea- 
sured and used to correct A~.  T y p ~ N  resul~ 
obtNned u~ng this method are shown in Fig. 1 for 
a Na~sdec f ive  dec t rod~ A~er  A~ is measured 
in 6-12 calls, a mean is cNculate& This vNue is 
then corrected for the contribution of the mem- 
brane po~nt iN (Vm). The inUacellular act i~ty 
that co~esponds to a~a÷ can then be read directly 
~ o m  the axis representing the ion actifity. 

The impMement of cells with the cafion-sdec- 
rive elec~odes yidded large changes in the ~ec- 
trode output ( N a ~ d e c ~ o d e :  average A~ = - 9 2 . 0  
± 2.0 mV (S.E.; n = 25); K+-dectrode: average 
A~ = 36.0 ± 1.0 mV (S.E.; n = 32)). Conse- 
quendy, the cri~ria for establNhing the vahdity of 
the measurements could be deafly apphed. Ap- 
prox. 60% of our a t~mpted  impMemen~ u~ng 
these de~rodes  gave po~ntiM responses con- 
~ e n t  with these criterim In the case of Cl--sdec-  
tive dectrodes, howeveL the success of a t t emp~d  
impMements could not be ~o deafly judged. A 
con~derably larger percentage of the a t tempu,  
compared to cation-sdecti~e or V m measurement~ 
resulted in no ~gnificant change in dectrode out- 
put. As has been pre¼ou~y noted [51, a perfectly 
sdectiv~ ideN dectrode would show no response 
for an ion in dec~ochemicM equilibrium. How- 
ever, ~nce we have no cri~rion for validating the 
impMements in the absence of dectricM ~gnM~ 
we did not include any null responses for estimat- 
ing ac~ . The average A~ ~ o m  those impMements 
which resulted in measureab~ changes was - 2 . 9  
± 0.6 mV (S.E.; n = 16). It is notable that these 
were obtNned with dectrodes showing S vMues 
less than that expected for ideM dectrodes. Only 
these estimates were used to evMuate a ~  . 

T a b ~  I Nves lhe results ~ o m  the measurements 
of ion contents and ion activities in s~ady-~a te  
calls. The in~acellular K + act i~ty is 68.3 ± 8.0 
mequi~/1,  while that for Na  + is 4.6 ± 0.5 
mequi~/1.  Coupled with the measuremen~ of totM 
ion content~ these vMues y idd  apparent act i~ty 
coeff idenu (V~pp) of 0.41 ± 0.05 and 0.18 ± 0.02 
for K + and Na +, respectivdN in the intracellular 
compa~ment .  These estimates are ~milar to those 

TABLE 1 

ACTIVITIES, AVERAGE CONCENTRATION~ ~ N D  AP- 
PARENT ACTIVITY COEFFICIENTS FOR INTRACELL- 
ULAR N a ~  K + AND C1 IN EHRLICH ASCITES TUMOR 
CELLS 

Eh~ch  ~ s  m m ~  c ~  w~e  ~cub~ed  in p h ~ c M  
saline meNum at ~ - 2 4 ° C  m establi~ s t e a d ~ m e  cellul~ ion 
content~ The ~ e l l u h r  ~ n  acfi~ti~ were m e ~ e d  ufing 
~ m s d e ~ N e  m ~ m d ~ o d ~ .  The average in~acd~Nr  concen- 
~ m ~ n s  of ~ e  ions w~e  de~rm~ed  by ~ect roph~ometry  (for 
Na + and K + ) and ampemm~fically (for C1- ). The apparent 
acti¼~ coeffic~n~ (yi~ p) were cNcuh~d  as the ratio of 
a ~ i ¼ ~  to concentration. D a ~  ~ p ~ n t  mean ± ~ ~ r  activ- 
ity and average concen~ation determinations. N u m b ~ s  of 
obse~ation ~ e  ~ n  ~ p ~ n ~ .  

Ion In~aceH~ar I m ~ c e l l d ~  ~ P  
concentration a c t i ~  
(mequi~/1) ( m e q ~ / l )  

Na ÷ 25.3 ± ~ 5  ~6±0 .5  ~5) ~18 ±0D2 
K ÷ 165.1±1.2 68.3 ± 8~ (32) ~41 ±0D5 
CI-  65.3 ± 0 ~  43.6±2.1 (16) 0~7 ±~03  

made in other cells [9,1~1~ and reflect cation 
compa~menta t ion  a n d / o r  binding to macromo~-  
cules. Nd the r  Na + nor K + is in electrochemic~ 
equifibrium. The CI -  acti¼ty is 43.6 ± 2.1 
mequi~/1.  Compared ~o the chemically measured 
C1- (65.3 mequi~/1),  this ~ d d s  an apparent acfi~ 
ity coeffident of 0.67 ± 0~3, dose  to that in the 
p h y ~ o l o ~ c ~  medium (0.73). Thus, under the 
s m a d y - ~ e  conditions there is fitt~ indication for 
compartmentation. Furthermor~ applic~ion of 
the Nern~  equation to the ~ansmembrane  CI-  
di~ribution HiNds an equilibrium p o ~ n t i ~  of 
- 2 3 . 4  mV. This is not different from the mem- 
brane p o ~ n f i ~  and is consistent with our finding 
that a t ~ m p ~  to imp~e  the cells with the C I ~  
~elecfive decgodes  frequently resuRed in no 
change in the d e , r o d e  outpuL 

Discussion 

Ion~dect ive  microdec~odes  have been used to 
estimate the intraceHular ion activities in a num- 
ber of cell sy~ems ~,6,1~.  In this study fim~ar 
ion~decfive,  de~rodes  have been employed to 
ev~uate  the intracdlular acti~ties of Na +, K + 
and C1- in Ehrlich a s d ~ s  tumcr cells. S ~ a d y - ~ e  



cells incub~ed in no rm~ saline have in~acdlular 
activities of 4.6 ± 0.5 and 68.3 ± 8.0 m e q ~ / 1 ,  
respe~Ne~,  for Na + and K +. Comparison of 
these v~ues to estim~es based on chemic~ mea- 
surements ( [Na+]=25.3  m e q ~ / 1  call w~er;  
[K + ] = 165.1 m e q ~ / 1  cell w~eO ~ d d s  apparent 
ac t i~f f  coeff iden~ of 0.18 ± 0.02 and 0.41 ± 0.05 
for Na ÷ and K +, ~specf ivd~  Act i~f f  coeff iden~ 
less than unity indic~e cell~ar compartment~ 
t~n,  ~though our ~ s d ~  do not p~mi t  identific~ 
tion of the compartmen~ (e.g., seques~ation by 
organd~s  or binding to m a ~ o m ~ e c ~ ) .  ~milar  
f in~ngs have been reposed  ~ epi thdi~  cells [5,6] 
and in car~ac  muscle [13]. 

Ehdich cells incub~ed in norm~ saline have a 
[C1-] of 65.3 ± 0.4 m e q ~ / 1  cell water when 
measured amperometrically.  I m p l e m e n t  of 
Ehrli~h tumor cells with C l ~ n s i t i v e  dec~ode~  
~ves an ~ t i m ~ n  of 43.6 ± 2.1 m e q ~ / 1  for call 
C1- act i~ty (apparent ac t i~ff  coefficient = 0.67 ± 
0.03). Substitution into the N ~ n ~  equation 
(medium C1- acti¼ff is 109.5 mequiv./1) p r e ~ s  
an eq~fibrium p o ~ n t i ~  of -23 .4  mV, which is 
not diff~ent  from the membrane potent i~ ( - 23.3 
mV) measured with potasfium a c ~ f i l ~ d  mi- 
croelectrodes. The condufion that C1- is in dec- 
trochemic~ eq~fibrium is confi~ent with our cur- 
rent unde~ tan~ng  of C1- uanspo~ ~ s~ady-s t~e  
Ehrlich asd~s  cells. Of the t h e e  mechanisms for 
C1 movement which have been characterized (i.e., 
conductive, anion exchange and cation-dependent 
co-~anspo~ [15]), o ~ y  the cation-dependent co- 
~anspo~ of C1- with Na + and K + en¼fions cou- 
pfing to energy sources which might estabhsh 
non-eq~fibrium con~t ion~ Howeve~ it is well 
estabhshed that inhibition of the c ~ a n s p o ~  by 
furosemide ~ without effect on lhe C1- ~ r i b u -  
tion in s ~ a d ~ e  cells; o ~ y  u ~ c t i o n ~  C1- 
fluxes are ~ r e d  (cf. Ref. 15). It seems apparent 
that under these con~tions C1- is not m~n t~ned  
cut of dec~ochemical  equil~rium. 

Taken tog~he~ the ~ s d ~  i n d ~ e  that 59% of 
the in~acdlular  K + and 82% of the inUacell~ar 
Na + do not contribute to the flee cation po~s.  On 
the other hand, these resul~ ~so show that y~P is 
not different from that in the m e ~ u m  and CI- is 
in dec~ochemic~ eq~hbrium. Consequenfl~ at 
least under ~ e a d ~ e  c o n ~ t ~ n ~  chemic~ esti- 
mates of the C1- ~ f i b u t i o n  accu r~dy  p ~ d i ~  
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the membrane po~nt i~ .  
The demon~ration of appa~nt  Na + and K + 

compartmen~tion in the~  cells has impo~ant 
implications concerning processes which depend 
on lh~r decUochemical p o ~ n t i ~  gra~ents [1,2]. 
Two examples ~rve  to emphafize the con~-  
quences. Fk~ ,  ~ t i m m ~  of V m which use i n ~ r e ~  
m~hod~  such as the a c c u m ~ n  of fluorescent 
d y ~  or lipophil~ ~ns,  g e n ~  ~ve v~ues grea~r 
than those obt~ned by direct d e c ~ o p h y f i ~ o ~ c ~  
~chn iqu~  [7,1~17]. This difference can be appre- 
d a ~ d  by comparing the V m obt~ned ~ the pre- 
sent study ( - 2 3 . 3  ± 0.8 mV) to the ~ t i m ~  
achieved ufing carbocyanine d y ~  (about - 60 mV) 
[16,17]. As we have p ~ o u ~ y  p ~ n ~ d  out, pan  of 
this dff~rence undoub~dly ~flects ~ r e d  cellu- 
lar m ~ a b ~ m  in the presence of the dyes [20]. 
Our f i n i n g  t h ~  in~acd l~a r  K + shows fignifi- 
cant c o m p a ~ m e n t ~ n  offers an ad~f ion~  expl~ 
nation for the ~ p a n c y .  The indire~ m~hods 
rd y  on knowledge of lhe K + eq~fibrium p o ~n t i~  
for calibration, ufing chemic~ measu~s of cellu- 
lar K + for its c~c~at ion.  Clearly this procedure 
will ~ad to a serious o v ~ s t i m a t i o n  of the 
c ~ r a t i n g  po~nt i~ .  Whi~ the experiment~ con- 
ditions in the p r~en t  ~ u ~  are not fully com- 
parab~ to those ufing the ~ p o ~n t i~  prob~,  
we can achieve a rough ev~uation of the magni- 
tude of the o v ~ - e s f i m ~ n  ufing the data in T a ~ e  
I. R e g a r ~ s  cf the [K +] in the me ,u rn ,  c ~ c ~  
fion of the K + eq~fibrium potenti~ ufing the 
chemical measu~ment  for cell~ar K + (165.1 
m e q u i ~ / 0  will o v e ~ t i m ~ e  the true v~ue (based 
on a~+ = 68.3 meq~v./1)  by 22.6 mV. The effects 
of this mi~calibration on the derived v~ue for V m 
under p h y f i ~ o ~ c ~  con&fions need to be more 
thoroughly confidered in future ~ u ~  which rely 
on K + equil~fium po~nt i~s .  Second, the Na +- 
gradient hypothesis for amino add  ~anspo~ in 
these cells en~fions that the energy source is the 
Na + dec~ochemic~ p o ~ n t i ~  gra~ent  [1,18]. 
Howev~,  all ~ m p t s  to d e m o n s ~ e  that the 
Na + grad~nt cont~ns sufficient energy have 
failed. It is of ~ that pre~ous ~ u d i ~  have 
suggested that ff the Na + gradient ~ the energy 
sourc~ then y~Pf+ would need to be about 0.40 
[19]. In fight of our f i n i n g  that appro~mately 
82% of ~Uacel l~ar  Na + ~ not dectrochemically 
actN~ the energy balance needs to be ~examined. 
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