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T h e  p lasma  m e m b r a n e  potential  o f  isolated ra t  hepa tocy tes  was  c lamped at  d i f ferent  va lues  be tween  0 and  - - 6 8  mV by 
addi t ion of  val lnomycin in the  p resence  of  d i f ferent  extracel lular  concen t ra t ions  of  K +, and  m e a s u r e d  by the  
dis t r ibut ion o f  ~SRb+ be tween  cells  and  medium.  36C1 - dis t r ibut ion came  to s teady s ta te  in 1 0 - 1 5  min ,  T h i s  s teady-s ta te  
d is t r ibut ion was  compared  to t he  p lasma  m e m b r a n e  potent ial  over  a r ange  of  values.  ~ s C l -  d is t r ibut ion provided an  
accura te  m e a s u r e m e n t  o f  p lasma  m e m b r a n e  potential  be tween  - - 4  and  - - 4 0  mV.  At  h igher  potent ia ls  intracel lular  
chlor ide  concen t ra t ion  is less  than  20% of  the  extracel lu lar  concent ra t ion  and  e r rors  due  to uncer ta in t ies  in the  
m e a s t w e m e n t  o f  intracel lular  vo lume  and  of  the  con tamina t ion  of  cell pellets  by extrncel lolar  m e d i u m  precluded 
accura te  de te rmina t ion  o f  m e m b r a n e  potential:  t hus  in our  expe r imen t s  ~SCI- unde re s t ima ted  the  p lasma m e m b r a n e  
potent ia l  a t  - - 6 8  mV  by 8 inV. 

In t roduc t ion  

Var ious  m e t h o d s  have  been  used  to m e a s u r e  the  
p l a s m a  m e m b r a n e  po ten t ia l  o f  liver cells. T h e s e  inc lude  
direct  m e t h o d s  where  cells are  p u n c t u r e d  wi th  micro-  
e lec t rodes  [1-6]  a n d  non- invas ive  indirect  t echn iques  
like m e a s u r e m e n t  o f  the  a c c u m u l a t i o n  o f  the  radio-  
label led l ipophil ic  ca t ions  T P M P  + a n d  T P P  + [7,8] o r  the  
exc lus ion  o f  p e r m e a n t  a n i o n s  like th iocyana te  [9] a n d  
36C1- [7,10-13].  

Direc t  m e a s u r e m e n t s  wi th  microe lec t rodes  a re  con-  
ven ien t  for work  wi th  pe r fused  livers o r  wi th  cu l tured  
hepa tocy te s  a t t ached  to a s u b s t r a t u m ,  bu t  a re  no t  easy  
wi th  isolated hepa tocy tes  in suspens ion .  T h e  measu re -  
m e n t  o f  p l a s m a  m e m b r a n e  potent ia l  wi th  raicroelec- 
t rodes  in  an cho red  liver cells ha s  yielded widely differ-  
ing  resul ts ,  f r o m - -9 .7  to  - 7 8  m V  (negat ive  inside) 
a l t h o u g h  a value a r o u n d  - 3 5  m V  is c o m m o n l y  ob-  
t a ined  (see ReL 5). Some  workers  [5] repor t  tha t  micro-  
e lec t rode  r ead ings  are  b iphas ic  in t ime.  These  dif-  
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ferences  be tween  repor ts  m a y  ar ise  f rom cell d a m a g e  
du r ing  electrode inser t ion o r  f r om di f ferences  in the  cell 
sea l ing  process  a r o u n d  the  impa l i ng  electrode.  

Indirect  ion d i s t r ibu t ion  m e t h o d s  are  more  su i table  
for m e a s u r e m e n t  o f  p l a s m a  m e m b r a n e  potent ia l  in iso- 
la ted liver cells. However ,  m e a s u r e m e n t  o f  a c c u m u l a -  
t ion o f  ca t ions  ( such  as  the l ipophil ie  ca t ions  T P M P *  
a n d  T P P * )  is general ly  unsu i t ab l e  for  m e a s u r e m e n t  o f  
p l a s m a  m e m b r a n e  potent ia l  in liver cells. These  ions  are  
a c c u m u l a t e d  no t  on ly  across  t he  p l a s m a  m e m b r a n e  bu t  
also across  the  mi tochondr i a l  m e m b r a n e .  T h e  m u c h  
grea ter  potent ia l  ac ross  the mi tochondr i a l  m e m b r a n e  
resul ts  in mos t  o f  the  ca t ion  be ing  in the  mi tochondr i a l  
ma t r ix  despi te  the  relatively smal l  vo lume  of  th is  c o m -  
pa r tmen t .  It  is ha rd  to ove rcome  this  p rob lem.  O n e  way  
is to abol ish  the mi tochondr i a l  m e m b r a n e  potent ia l  
wi th  uncoup le r s  such  as F C C P  u n d e r  cond i t i ons  in 
which  the  p l a s m a  m e m b r a n e  potent ia l  c an  be  s h o w n  no t  
to change ;  this  ha s  been  d o n e  for  l y m p h o c y t e s  [14]. The  
inhib i t ion  o f  mi tochondr i a l  func t ion  in liver cells is, 
however ,  no t  a lways  des i rab le  a n d  the  rate o f  glycolysis  
m a y  be  insuff ic ient  to m a i n t a i n  cell A T P  levels in the 
presence  o f  inh ib i tors  a n d  i onopho re s  tha t  impa i r  mi to-  
chondr ia l  func t ion  (see be low a n d  Refs .  9 a n d  12). 
A t t e m p t s  to correct  for  mi tochondr i a i  a c c u m u l a t i o n  by  
sub t r ac t ing  ca t ion  a c c u m u l a t i o n  af te r  abol i t ion  o f  the  
p l ~ m a  m e m b r a n e  potent ia l  [7,15] a re  theoret ical ly  
flawed s ince  changes  in p l a s m a  m e m b r a n e  potent ia l  will 
change  the  cy top lasmic  concen t r a t i on  o f  the  ca t ion  a n d  
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so alter the total amount within the mitochondria even 
if the mitochondriai potential remains unchanged (see 
Ref. 14). A second way to avoid the problem of mito- 
chondrial cation accumulation is to assume that the 
mitochondriat potential does not change under different 
conditions and to use the total cation uptake as a 
qualitative measure of plasma membrane potential (see, 
for example, Ftef. 8). This assumption is clearly !msatis- 
factory when quantitative analysis is required. 

Measurement of the exclusion of anions from the 
ceils is in principle a better method of estimating the 
plasma membrane potential since anions will tend to be 
excluded rather than accumulated by intracellular 
organelles. Hock et al. [9] used the distribution of 
thiocyanate across the hepatocyte plasma membrane to 
calculate the plasma membrane potential. In high K + 
medium and in the presence of FCCP or valinomycin 
these workers expected the plasma membrane to be 
completely depolarised but found the thiocyanate accu- 
mulation to be greater than 1. They introduced a correc- 
tion term for unspecific binding of thiocyanate to cellu- 
lar components assuming this binding to be indepen- 
dent of incubation conditions. Such binding corrections 
introduce considerable uncertainties in the measured 
values of plasma membrane potential particularly at 
high values. 

For estimates of plasma membrane potential from 
the 36C1- distribution across the hepatocyte plasma 
membrane it is necessary that ~ C I -  is passively distrib- 
uted according to the Nernst equilibrium and that its 
binding to intracellular components is negligible. Direct 
measurements of membrane potential using microelee- 
trodes in perfused rivers have been compared with the 
activity of intracelhilar chloride measured by tracer 
studies [1] and CI-  sensitive electrodes [3,4] over a range 
of membrane potentials. The good correlation between 
membrane potential and CI-  distribution suggested that 
C1- is passively distributed according to membrane 
potential in river cells in situ. The pathway and the role 
of electrophoretic C1- transport in fiver are becoming 
clearer. There is recent evidence for the existence of a 
DIDS-sensitive CI-  channel in liver [7]. Chloride efflux 
through this channel may be activated by raised cAMP 
levels [16] i=~ response to increased plasma membrane 
potential [12]; this may be important in the formation 
of bile [16]. Other pathways for CI-  transport may also 
exist. For example it is reported that bilirubin stimu- 
lates a CI - /o rgan ic  anion exchange mechanism in per- 
fused livers [17]. In epithelial tissues Na+-coupled CI -  
transport occurs [18]. However, under unstimulated 
conditions ion replacement studies have found no con- 
sistent evidence for Na + and C1- flux coupling in liver 
cells [4,6]. Although C 1 - / H C O f  exchange occurs in 
liver cells, its physiological role remains unclear [19]. 

The distribution of J6CI- has also been used to 
measure the plasma membrane potential in isolated 

hepatocytes [10-13]. A good qualitative demonstration 
,hat 36Ci- distribution follows the plasma membrane 
:Jotential has been provided by Bradford et al. [12]. 
These workers observed a hyperpotarisation of the 
;:!asma membrane potential in the presence of cAMP 
and a depolarisation of the plasma membrane potential 
of cells incubated in high K + medium as measured by 
the distribution of 36C1-. They compared these values 
of plasma membrane potential with those measured 
directly with microelectrodes in perfused liver by other 
workers under similar conditions and found good agree- 
ment. Bear et al. [7] proposed that [~H]TPP + accumula- 
tion and 3°C1- distribution measured the same value of 
plasma membrane potential in hepatocytes at high val- 
ues ( - -40 mV) in the presence of valinomyein and at 
low values ( - -29 mV) in the absence of  valinomycin, 
but the correction they used for TPP + binding was 
inappropriate (see above). Despite these studies, a 
quantitative evaluation of the use of 36Cl- distribution 
to measure plasma membrane potential over a range of 
values has not been reported. Experiments in which the 
mitochondrial membrane potential is measured in situ 
with lipophilic cation probes [9,11] and safranine dyes 
[10] require simultaneous and accurate measurement of 
the plasma membrane potential. This is particularly 
important for those conditions in which the plasma 
membrane potential may change: hormonal treatments 
[2,20], the nutritional status [2,3], alterations in intra- 
cellular pH [21] and temperature [22 l. 

To test the possibility that non-electrogenic CI-  
transport may affect the transmembrane distribution of 
CI-  we have compared the distribution of  36C!- with 
the equilibrium potential for K + (EK)  over a range of 
values. Vafinomycin was present to increase the K + 
conductance of the membrane to high values and so 
clamp the plasma membrane potential at Eg.  Plasma 
membrane potential was set at different values by vary- 
ing extracelhilar [K+], and measured using 86Rb+ accu- 
mulation. The results show that the distribution of 
36Cl- provides accurate measurement of the plasma 
membrane potential over a range of - 4  to --40 inV. At 
high potential ( -  68 mV) the 36CI- distribution under- 
estimates the actual potential. The use of 3°C1- for 
measurement of high plasma membrane potentials may 
be limited by fl'ke inaccuracy in determinations of cell 
volume and exlracellular contamination of cell pellets. 

Experimental 

Materials. s6[~bCI, [3H]TPMP iodide, Na36CI, hy- 
droxy[~4C]mer~tylinulin, and 3H20  were f rom 
Amersham In~.ernational pie, Amersham,  U.K.  
Valinomycin, ol.igomycin, BSA, inulin and Trypan blue 
were from Sigma Chemical Company Ltd., Peele, U.K. 
Myxothiazol w~s from Boehringer Mannheim, Mann- 
helm, F.R.G. DLnonyl phthalate and silicone fluid D.C. 



550 were f rom B D H  Chemia l s  Ltd.,  Peele ,  U .K.  T P M P  
b r o m i d e  was  f rom Aldr ich  Chemica l  Co.  Ltd,,  Gil-  
l ingham,  U .K.  R h o d a m i n e  6G  was f rom Hopk in  and  
Wi l l i ams  Ltd. ,  Chadwel l  Hea th ,  Essex,  U.K.  Firefly 
L a n t e r n  extract  was  f rom Sigma Chemica l  Co., P.O. 
Box 14508, St. Louis ,  U.S.A. 

Preparation of hepatocytes. Hepa tocy te s  were pre-  
pa red  f rom fed female  Wis t a r  rats  (230-.280 g) by a 
modi f ica t ion  [23] o f  the  m e t h o d  of  Berry and  Fr iend  
[24]. The  viabil i ty o f  freshly isolated cells as de t e rmined  
by  exc lus ion  of  0.3% T r y p a n  b lue  was  grea ter  t han  90%. 
Cel ls  were s tored  o n  ice for 0 to 3 h before  use. Dry  cell 
weight  was  ca lcula ted  by  dry ing  a k n o w n  vo lume  o f  
cells at  7 0 ° C  for 24 h and  sub t r ac t ing  the dry  weight  of  
an  equal  vo lume  of  med ium.  

Determinati~,n of accumulation of S6Rb *, [SH] 
TPMP +, and 3aCI- by hepatocytes. Hepa toey te s  were 
i ncuba ted  in 20-ml s toppered  glass  vials in m e d i u m  
c o n t a i n i n g  105.8 m M  NaCI ,  5.2 m M  KCI, 25 m M  
N a H C O ~ ,  0.41 m M  M g S O  a, 10.42 m M  1~a2HPO 4, 2.5 
m M  CaCI z, 10 m M  glucose,  0.001% ( w / v )  Phenol  red 
a n d  2.25% ( w / v )  de fa t t ed  BSA. Stock 9% BSA was  
d ia lysed  aga ins t  153 m M  NaCI ,  10.8 m M  KC1 and  
de fa t t ed  b y  the m e t h o d  of  C h e n  [25]. The  m e d i u m  was  
equ i l ib ra ted  to p H  7.4 wi th  a mix tu re  con t a in ing  95% 
air  a n d  5% ca rb on  dioxide.  In  m e d i a  c o n t a i n i n g  differ-  
en t  K + concen t ra t ions ,  N a C i  was  replaced in par t  o r  
comple t e ly  with  the  s a m e  concen t r a t i on  o f  KCI  and  the  
B g A  was  replaced in par t  or  comple te ly  wi th  BSA 
d ia lysed  aga ins t  150 m M  KC1, to give final ca lcula ted  
c o n c e n t r a t i o n s  o f  5.6, 45, 86 a n d  125 m M  K +. 

2 ml  o f  cells ( 1 5 - 2 0  rag  wet w t . / m l )  were rout ine ly  
p re incuba ted ,  in the  p resence  o f  1 . 0 /~M carr ier  T P M P  
b romide ,  0.1 m g / m l  carr ier  inul in  a n d  rad iochemica l s  
(1 p C i  [ 3 H ] T P M P 4 / m l  and  5/~Ci  S 6 R b + / m l  or  0.1 ?tCi 
a 6 C l - / m i  a n d  2.5 ~tCi 3 H 2 0 / m l ) ,  for 10 rain to allow 
the  cells to es tab l i sh  ion  g rad ien t s  af ter  be ing  s tored  on  
ice [26]. A t  zero t ime  inhib i tors  a n d  ionophores  
(va l i nomyc in  ( 0 - 2 0 0  .aM), myxo th iazo l  (3 .aM) a n d  
o l igomycin  (10 . a g / m l ) )  were added .  Cel ls  were ,:~,n 
i ncuba t ed  for 20 rain un less  o therwise  indicated.  For  
the  t ime  course  expe r imen t s  in Figs.  2 and  3 the  radio-  
chemica l s  were a d d e d  at d i f fe rent  t imes  du r ing  the  cell 
i ncuba t i on  to vary  the  l eng th  o f  t ime with r ad iochem-  
ical bu t  keep the  total  l ength  o f  the  expe r imen t  con-  
s tan t .  A t  the  end  o f  i ncuba t i ons  dupl ica te  700 ttl s a m -  
ples  were r emoved  a n d  p ipe t t ed  in to  1.5 mt  mic ro fuge  
tubes  at  r o om t e m p e r a t u r e  c o n t a i n i n g  100 p.I o f  2% 
( v / v )  T r i t on  X -1 00 /0 .25  M sucrose  over la id  wi th  350 / t l  
o f  oil (42% ( v / v )  d inony l  p h t h a l a t e / 5 8 %  sil icone fluid 
D.C.  550) a n d  cen t r i fuged  in a n  E p p e n d o r f  mic ro fuge  
for 2 rain. A 200-/~1 s amp le  o f  the  s u p e r n a t a n t  was  
r emoved  a n d  placed in a scint i l la t ion vial wh ich  was  
covered to p revent  evapora t ion .  T h e  r e m a i n i n g  super -  
n a t a n t  and  oil were  asp i ra ted  a n d  the  s ides  o f  the  
mic ro fuge  tube  were wiped clean.  T h e  pellet was  resus-  
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pended  by vortex mixing,  the tube  was  cu t  th rough  and  
the b o t t o m  of  the tube con t a i a ing  the  pellet mix tu re  
was placed in a scinti l lat ion vial and  3.0 ml of  scinti l-  
lant  (op t iphase  'HiSafe" II, L K B  Scint i l lant  Products .  
Loughbo rough ,  Lelcs., U.K.)  was  added  to this  and  the 
200 p,l of  supe rna tan t .  Parallel de t e rmina t ion  o f  intra-  
and  extracel lular  pellet spaces  were pe r fo rmed  with 
each exper iment .  Cells  were incuba ted  with 2.5 btCi 
3 H 2 0 / m l  and  0.1 /zCi hyd roxy [14C]me thy l i nu l i n /ml  for 
m e a s u r e m e n t  of  total  pellet space  ( 3 H 2 0  space)  and  
extrace!!ular space  of  pel!et ([14C]inulin space'L 3HzO 
was added  to cells at ~he s tar t  o f  incuba t ion ,  
hydroxy[ t4C]methy l inu l in  was a d d e d  immedia te ly  pr ior  
to sampl ing .  We  found  that  u n d e r  s t anda rd  incuba t ion  
condi t ions  the t ime  of  i ncuba t ion  of  cells with 
hydroxy[~4CImethylinullm m a d e  no  di f ference  to the 
appa ren t  extracel lular  space.  Radioac t iv i ty  in super -  
n a t a n t s  and  pellets  was  de t e rmined  by dua l - channe l  
l iquid scint i l lat ion c o u n t i n g  for 3H and  S6Rb, 3H and  
36CI, and  ~H and  ~4C by u s ing  q u e n c h  and  crossover  
cor rec t ions  as appropr ia te .  T h e  a p p a r e n t  vo lume  of  
pellet  avai lable to each  isotope (its space  in Ill) was  
ca lcula ted  as ( d p m  in total  p e l l e t ) / ( d p m  per  /~1 
o f  supern : . t an t  sample , .  T h e  accumula t i on  ra t ios  {[ca- 
t ionl in / [caf ion]om) for 86Rb+ a n d  [3H]TPMP + were 
ca lcula ted  as (cat ion sl:ace - |14Clinul in  s p a c e ) / ( 3 H 2 0  
space  - [ taC]inul in  space).  For  grea ter  precis ion correc- 
t ion for total pellet v o l u m e  was  m a d e  in each pellet  
con ta in ing  J6CI- ,  thus 36C1- d i s t r ibu t ion  ( [ C I - ] ~ J  
[CI-],,~,) :;'as ~alculatcd as [(3H_,O s p a c e - [ l a C ] i n u l i n  
space)  -- ( 3 H 2 0  space  -- _~6 C I -  s p a c e ) ] / (  3 H zO space  - 
[~4Clinulin space).  

Ect a n d  E K were ca lcula ted  f rom the  36C1- d is t r ibu-  
t ion and  the H6Rb+ a c c u m u l a t i o n  rat io  us ing  the  Ne rns t  
equa t ion .  

E o = + 61.5 ]og[Cll,./ICI]ou, 

Eg = - 61.5 log[ Rbl,n/[ Rblo, u, 

Microscopy. Rh_odamine 6 G  was  d issolved in di- 
me thy l su lphox ide  at a concen t r a t i on  o f  0.1 m g / m l .  Th i s  
was  s tored  a t  4 ° C  for u p  to 2 weeks. Cells  were 
incuba ted  as descr ibed  in the  legend to Fig. 6 to abo l i sh  
mi t cchondr i a l  m e m b r a n e  potent ia l  a n d  loaded wi th  
r h o d a m i n e  6G  (0.1 ~ g / m l )  for  10 min.  R h o d a m i n e  6 G  
will be  concen t r a t ed  in to  the cells u n d e r  the inf luence  o f  
the  p lasma  m e m b r a n e  potent ia l  u n d e r  these  condi t ions .  
A s a m p l e  o f  the  cell s u s p e n s i o n  was  p laced  on  a mic ro -  
scope  slide and  covered with a coverslip.  Ceils  s t a ined  
with r h o d a m i n e  6G  were e x a m i n e d  by  ep i f luorescent  
i l lumina t ion  on  a Leitz Diaver t  f luorescence  mic roscope  
equ ipped  wi th  a high p ressu re  X e n o n  l a m p  a n d  a Leitz 
N filter block ( 5 3 0 - 5 7 0  n m  exci ta t ion  filter). Photo-  
g r aphs  were m a d e  us ing  K o d a k  T - m a x  (ASA400)  f i lm 
with an  exposure  t ime of  1 min .  Phase  con t ras t  pho to -  
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graphs  of the same field of  view were taken with the 
light switched on and an exposure time of  30 s. Kodak 
T-max film was developed for 6 rain in Kodak HC110 
(dilution B). The port ion of cells which stain with 
Rhodamine  6G and so have a p lasma m e m b r a n e  poten-  
tial and the por t ion of  cells that did not  stain and are 
depolariscd were counted from the photographs  taken 
with fluorescence. Phase contrast  pho tographs  gave the 
total cell number.  

To compare  the oor t ion of cells that exclude Trypan  
blue with the p o r u o n  that stain with Rhodamine  6G, 
parallel incubations of cells were made as for the 
Rhodamine  6G loading experiment.  At  the end of  in- 
cubat ion a sample cf  t~ell incubat ion was mixed with an 
equal volume of  0.6% ( w / v )  T rypan  blue (dissolved in 
saline) and examined under  a light microscope. Un-  
stained ceils and blue stained calls were counted.  

A TP assays. Intracellular ATP  was measured using 
Firefly Lantern extract in a D u p o n t  760 Luminescence 
Biometer as in [27]. 

Results 

Effect of  valinomycin on [ ~ H ] T P M P  + and *ORb + accu- 
mulation in hepatocytes 

Hepatocytes  were tittered with the potass ium iono- 
phore  valinomycin (0-200 p M )  in order  to obta in  a 
concentra t ion of  valinomycin that greatly increased K + 
flux across the p lasma m e m b r a n e  and so b rough t  the 
p lasma membrane  to E r  without  collapsing the K + 
gradient.  The K ÷ gradient across the p lasma m e m b r a n e  
was monitored by measur ing 86Rb* aoeumnlat ion into 
cells. The distr ibution o f  [3H]TPMP + was measured  
simultaneously.  Mitochondrial  uptake of  [3H]TPMP+ 
was decreased by addition of  the respiratory chain 
inhibitor, myxothiazol (3 FM) and the ATP synthase  
inhibitor, oligomycin (10 p g / m l ) .  In  the presence of  
oligomycin cells will be prevented f rom mainta ining a 
mitochondrial  membrane  potential  by the hydrolysis of  
ATP produced dur ing glycolysis. Fo r  cells prepared 
f rom fed rats and respiring on 10 m M  glucose call ATP 
levels fell by  only 10-15% over a 40-rain incubat ion in 
the presence of myxothiazol  and oligomycin (results not  
shown).  These experiments  were not  possible wi th  cells 
from starved rats since the inhibitors and ionophores  
caused substantial  decreases in cell ATP levels and  
complete loss of  the K ÷ gradient (results not  shown).  

Fig. 1 shows the effect of val inomycin on  [3H]TPMP + 
and a6Rb+ accumulat ion in hepatocytes. In the absence 
of  val inomycin the 14-fold accumulat ion of [3H]TPMP + 
represents equil ibration of  this ion with the p lasma 
membrane  potential  and any residual mitochondrial  
membrane  potential  in the presence of myxothiazol and 
ofigomycin. The  addition of  0.1 ttM val inomycin re- 
sulted in a loss of  [3H]TPMP+ from the cells. This is 
likely to be due to selective depolarisat ion of  mito-  
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Fig. 1. Effect of valinomycin on the accumulation of [3H]TPMP+ and 
S6Rb + by hepatocytes. Cells were preincubatex] for 10 rain at 37°C. 
At zero time valinomycin (0-200 p,M), myaothiazol (3 ~M), oligomy- 
tin (10 btg/mi), 13H]TPMP ÷ and eeRb+ were added. [~H]TPMP + 
and e6Rb+ in pellet and supernatant were measured at 50 rain and 
the accumulation ratios were calculated as de.~ribed in the Experi- 
mental section. [3HIFPMP+ accumulation ratios were corrected for 
binding of TPMP + to cytoplasmic components by determining the 
TPMP + accumulation into toe cells, in the absence of a mitochondrial 
membrane potential, at several known valuun of plasma membrane 
potential. The plasma membrane potential was clamped by adding 
valinomyein and varying the external K. + concentration. The binding 
correction factor for TPMP + was 0.21. This means that 215 of 
TPMP + in the cytoplasm is bound. The data .*t:.own are mean and 
range of two experiments: II, [SH]TPMP+ ace,,rnulation ratio; re, 

S*Rb ÷ accumulation ratio. 

chondr ia  by val inomycin wi thout  altering p l a sma  mem-  
brane  K ÷ fluxes as observed with lymphocytes  [28]. At  
higher concentra t ions  o f  val inomycin [ 3 H ] T P M P ÷  accu- 
mula t ion  was  increased. This  is due to hyperpolar i sa t ion  
of  the p lasma  m e m b r a n e  as a result o f  increased mem-  
brane  conductance  to K +. At  concent ra t ions  of  
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Fig. 2. Time course of S6Rb ÷ uptake into hepatocytes in the presence 
and absence of vali.,-,,3mycln, After 10-rain preincubation, cells were 
incubated for 50 rain '~'ith myxothiaxol (3 pM) and oligomycin (10 
pg/ml) in the presence (e) or absence (0) of I00 pM valinomycin. 
S6Rb+ was added to cells at the indicated times before termination 
and the experiment was terntinated at 50 rain. The 86Rb+ accumula- 
tion ratio was calculated as described in the Experimental section. 

Results are means of duplicate points from a single experiment, 
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Fig. 3. Time course of uptake of ~SCI- into hepatocytes in the 
presence and absence of valinomycin. After 10 rain preincubation. 
cells were incubated for 20 win with myxothiazol (3 gM) and 
oligomycin (10 tJg/ml} in the presence (O) or absence (o) of 
valinomycin (100/~M). Z6CI- was added to the cells at the indicated 
times before termination and the experiment was terminated at 20 
rain. 36CI- distribution was calculated as described in the Experimen- 

tal section. Results represent mean and range of two experiments. 

val inomyein above 50 ~ M  the 86Rb+ and [3H]TPMP t 
come  to equil ibr ium with the Eg .  This  was  approxi-  
m a t d y  - 7 0  mV (negative inside) as measured f rom the 
[3H]TPMP + and S6Rb÷ accumulat ion (see Fig. 1). Fig. 1 
also shows  that  there is only a small drop  in the S6Rb+ 
accumulat ion with increasing valinomycin. F r o m  the 
8~Rb+ accumulat ion ratio it can be calculated that the 
intracellular concentra t ion of  K + in the presence of 100 
/aM valinomycin is 70 m M  ([K+]out = 5.6 raM). 

Time course of ~°Rb + uptake 
Fig. 2 shows that  the rate o f  SSRb+ uptake into 

hepatocytes  was  increased in the presence of  100 /tM 
valinomy¢in.  Steady-state 8SRb+ dis t r ibut ion with 
val inomycin was  achieved within 15 rain and control 
~ R b  + distribution, in the absence of  valinomycin, had 
no t  reached steady state even after 50 rain. These results 
show that  the SSRb+ and  thus the K + conductance of  
the p lasma m e m b r a n e  was greatly increased in the 
presence of  this concentra t ion of  valinomycin. 

Time course of  J6Cl - uptake 
Fig. 3 shows  the t ime course  of  ~ C I -  dis tr ibut ion 

in to  hepatoeytes in the presence and  absence of  
val lnomycin.  The  half-t ime for 3SCl- equil ibration seems 
unaffected by  the presence of  val inomycin and  in both  
cases it is equil ibrated by about  10-15 rain. The  time of  
equil ibrat ion of  ~6C1- may  be less but  for these experi- 
men t s  it was  impor tan t  that  36C1- had reached steady 
state. Therefore 15 rain was chosen for the following 
exper iments  to allow equifibration of  bo th  ~ C i -  and 
86Rb+. A similar time course  for the uptake of  36Ct- 
was  presented by Bradford et al. [12]. The rapid equi- 
f ibration of  36C1- in hepatocytes shows that  it is a 
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suitable probe  for measur ing relatively short  term 
changes in E o in these cells. 

Qualitatively the data presented in Fig. 3 suggests the 
36C1- distr ibution reflects the plasma membrane  poten- 
tial. In the absence of valinomycin ~6CI- equilibrates 
with the resting plasma membrane  potential (approxi-  
mately - 2 7  mV from data presented in Fig. 3; compare  
with microelectrode measurements  [1-3,5]) In the pres- 
ence of valinomycin it equilibrates with a hy-pcr- 
polarised membrane  potential  (approximately --54 mV 
from data presented in Fig. 3). This  suppor t s  evidence 
that 36CI- is passively distributed according to the 
plasma membrane  potential [1,3,4,6,7,12]. 

Effect of increasing [K +] ..... on cell volume 
For  cells incubated in s tandard NaCI medium, in the 

absence of  ionophores  and inhibitors, the cell volume 
was 1.7 4- 0.07 p , l /mg  dry wt. (mean of  seven observa- 
tions 4-S.E.). In the same medium in the presence of 
valinomycin, oligomycin and myxothiazol (Fig. 4) it was 
1.5 4- 0.10 t~l /mg dry wt. (mean of  three observat ions + 
S.E.), This  lack of  a significant ( p > 0.1) volume change 
contrasts  with the results ot Bear et al. [7] who observed 
a shrinking of cells of  16% in the presence of  valinomy- 
cin. Fig. 4 shows that at increased [K+]ou~ the ceils 
increased slightly in volume; this increase was taken 
into account  in subsequent  calculation of  Ec~ and E K. 

Comparison of E K and E(, 1 
The results presented above show thett vaiinomycin 

at a concentrat ion of  100 p~M greatly st imulated 86Rb + 
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Fig. 4. Effect of varying external K ÷ concentration in the presence of 
vafinomycin on the intracellular volume of hepatocytes, Cells were 
preincubated for iO rain in media calculated to contain 5.6, 45, 86 or 
125 mM K +. They were then incubated for 20 rnln in the presence of 
valinomycin (100 ~ML myxolhiazol (3 gM) and ofigomycin (10 
/lg/ml). Cell volume was measured as described in the Experimental 
section. 3HzO was added to cells at zero time, hydrox~laC]methylin - 
ufin was added to cells immediately before sampling in two cases and 
at zero t ime in one case. The t ime o f  add i t i on  o f  hydroxy [~4Clmethy l  - 
inulin to cells made no difference to the calculated intracellular 
volume. Data represents mean±S.E, for three separate experiments 

carried out in duplicate. 
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Fig. 5, Relationship between E o and E g .  Cells were preincubatcd in 
media containing 5.6, 45, 86, 125 mM K + for l0 min and then 
incubated for 20 m/n in the presence of valinomycin (100 /zM), 
myxothiazol (3 ~aM) and oligomycin (10 ~ag/ml). ~CI-  distribution 
and S6Rb+ accumulation ratio were determined in parallel incuba- 
tions by addition of 36CI- or ahRb+ to cells at zero time. A parallel 
determination of intraeellular volume was performed for each [K ÷ lout- 
3H 20 was added to cells at the start of incubation; 
hydrosy[ J4 C]methylinulin was added to ceils immediately before sam- 
piing in two coses and at the start of incubation in one case. Eci and 
Eg were calculated from the ~CI-  distribution and the S6Rb+ 
accumulation ratio as de.scribed in the Experimenlal section. The 
dotted line shows the expected result if 36CI- is passively distributed 
across the plasma membrane. Data are means±S.E, of three experi- 

ments carried out in duplicate. 

f luxes across  the  p l a s m a  m e m b r a n e .  T h e  [ 3 H ] T P M P  + 
a c c u m u l a t i o n  into cells at  th is  concen t r a t i on  o f  
va l inomyc in  indicates  tha t  the  p l a s m a  m e m b r a n e  po t en -  
tial is c l amped  at  the  K + d i f fus ion  potent ia l .  In  the  
presence  of  va l inomyc in  aSc I -  a n d  86Rb* d i s t r ibu t ion  
reached  s t eady  s ta te  wi th in  15 m i n  o f  add i t ion  o f  iso- 
tope  to the cells. 

W e  were then  able  to m e a s u r e  the  d i s t r ibu t ion  o f  
~ c I -  at  d i f ferent  c l amped  values  o f  the  p l a s m a  m e m -  
b r ane  potent ia l  (varied by  c h a n g i n g  extracel lular  K + 
concen t ra t ion)  to see whe the r  Ec~ was  the s a m e  as E z  
in the  presence o f  va l inomyc in  i.e. whe the r  the  d is t r ibu-  
t ion of  36C1- gives a quan t i t a t ive  m e a s u r e  o f  the  p l a s m a  
m e m b r a n e  potent ia l .  Fig. 5 show s  tha t  for  va lues  o f  EK 
above  abou t  - - 20  mV  E 0 falls below tha t  expec ted  
( indica ted  by the do t ted  li~te) if  36CI- were pass ive ly  
d is t r ibuted  accord ing  to the N e r n s t  equ i l ib r ium.  T h e  
resul ts  show tea t  the  d i s t r ibu t ion  of  36C!- underes t i -  
ma t e s  the p l a s m a  m e m b r a n e  potent ia l  a n d  sugges t s  tha t  
at t~rber  po ten t ia l s  36CI- is a ccumula t ed  to a g rea te r  
ex ten t  then  wou ld  be  expected for a pass ive  d i s t r ibu t ion  
o f  this  ion. 

Th i s  result  m ig h t  occur  if there  was an  active inward  
m o v e m e n t  o f  36C1- despi te  good  evidence  to sugges t  
tha t  ~ C I -  is pass ively  d i s t r ibu ted  across  the  p l a s m a  
m e m b r a n e  [1,3,4,6,7,12,29]. It cou ld  also be  caused  by  
b ind ing  of  36C1- to in t racel lu lar  c o m p o n e n t s ,  bu t  there  
is no  evidence tha t  this  occurs .  Al terna t ive ly  such  a 

resul t  migh t  be  ob ta ined  if 36CI- was  en te r ing  a space  in 
the cell pellet tha t  hydroxy[14C]methyl inul in ,  t he  ex- 
t racelhi lar  marker ,  was  unab le  to penet ra te .  Th i s  could  
h a p p e n  if a po r t ion  o f  cells a re  depola r i sed  a n d  t hus  
have  36CI- evenly  d i s t r ibu ted  across  the  p l a s m a  m e m -  
b rane  bu t  are s:i!! able  to exc lude  hydroxy[ t4C]methy l -  
inulin.  W e  exam±ned this  poss ib i l i ty  by  c o m p a r i n g  the  
p ropor t ion  o f  cells tha t  s ta in  with  a f luorescen t  p r o b e  o f  
m e m b r a n e  potent ia l ,  R h o d a m i n e  6 G  [30,31], wi th  the  
p ropor t ion  o f  cells tha t  are  ab le  to exc lude  T r y p a n  blue. 
Here  we arc  u s ing  T r y p a n  b lue  exc lus ion  as a m e a s u r e  
o f  hydroxy[14C]methyl inu l in  exclus ion .  W e  believe this  
to be  a fair a s s u m p t i o n  s ince  cells take  up  T r y p a n  b lue  
when  there  is gross  s t ruc tura l  d a m a g e  to the  p l a s m a  
m e m b r a n e  and  inul in  is a m u c h  la rger  molecu le  t h a n  
T r y p a n  blue. R h o d a m i n e  6 0  is no rma l ly  u sed  as  a 
p robe  for mi tochondr i a l  po ten t ia l  in cells [30,31]; here  
we are  depola r i s ing  the  m i t o c h o n d r i a  by  add i t i on  o f  
va l inomyc in  ( and  myxo th i azo l  a n d  o l igomyc in )  a n d  ob-  
serving the  m u c h  sma l l e r  s ignal  d u e  to a c c u m u l a t i o n  
across  the  p l a s m a  m e m b r a n e  in  r e sponse  to the  p l a s m a  
m e m b r a n e  potent ia l .  

Comparison of the proportion of Rhodamine 6G stained 
cells with the proportion of cells excluding Trypan blue 

Cells  were loaded  wi th  R h o d a m i n ¢  6 G  a n d  p h o t o -  
g r aphs  were t aken  as descr ibed  in t he  Expe r imen ta l  
section.  Fig. 6(a) s h o w s  t ha t  cells in  s t a n d a r d  N a C I  
m e d i u m  wi thou t  inh ib i to rs  t ake  up  R h o d a m i n e  6 G  a n d  
a p p e a r  bright .  T h e  p ropor t ion  o f  t hese  cells s t a ined  wi th  
R h o d a m i n e  6 G  is s imi lar  to  the  p r o p o r t i o n  exc lud ing  
T r y p a n  b lue  (see Tab le  I). Fig.  6(b) s h o w s  tha t  cells tha t  
a re  depola r i sed  ( i ncuba t ed  in  h igh  K + m e d i u m  in t he  
p resence  o f  va l i nomyc in )  s t a in  poor ly  wi th  R h o d a m i n ¢  
6 G  a n d  appea r  dul l  on  the  p h o t o g r a p h s .  Fig. 6(c) s h o w s  
cells i ncuba ted  in N a C I  m e d i u m  wi th  va l i nomyc in ,  
myxo th iazo l  a n d  o l igomycin ,  i t  c an  clear ly  be  seen  t ha t  
there  a re  two d is t inc t  p o p u l a t i o n s  o f  cells, s o m e  br igh t  
(polar ised)  a n d  s o m e  dul l  (depolaf ised) .  A grea te r  p ro-  
por t ion  o f  the  cells a p p e a r  dul l  u n d e r  these  cond i t ions .  
Tile p h a s e  con t ras t  p h o t o g r a p h  of  the  s a m e  field o f  view 
of  cells t aken  o f  f luorescence  Fig, 6(d) a l lows a total  cell 
c o u n t  to be  made .  T h i s  de le te r ious  effect  on  the  p l a s m a  
m e m b r a n e  po ten t ia l  o f  s o m e  of  the  cells is c a u s e d  by  
va l inomycin ,  s ince  on ly  a sma l l  p r o p o r t i o n  o f  t he  cells 
a p p e a r  depola r i sed  w h e n  i n c u b a t e d  in N a C I  m e d i u m  in 
the  absence  o f  v a l i n o m y c i n  bu t  in the  p resence  o f  
myxo th iazo l  a n d  o l igomyc in  (Fig. 6(el  a n d  (0) .  

Tab l e  I gives the  p r o p o r t i o n  o f  cells wh ich  exc lude  
T r y p a n  b lue  a n d  s ta in  wi th  R h o d a m i n e  6 G  u n d e r  these  
three  condi t ions .  Fo r  cells i n c u b a t e d  in NaCI  m e d i u m  
in the p resence  o f  v a l i n o m y c i n  there  is a large d i f fe rence  
be tween  % T r y p a n  bh ie  exc lus ion  a n d  % cells t ha t  are  
polar ised.  If  we a s s u m e  tha t  the  po r t i on  o f  cells exc lud-  
ing T r y p a n  b lue  r ep resen t s  the  po r t i on  o f  cells exc lud-  
ing hydroxy[14C]methy l inu l in  t hen  20.5% of  the  cell 
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Fig. 6. Comparison of Rhodamine 6(] staining of cells incubated in high and low K + media and in the presence and absence of  valinomycin. Cells 
wcrc incubated in standard NaCI m~lium, IK*I  = 5.6 mM (a), KC1 medium (125 raM) (b) or standard NaCi medium in the presence~ of 
valinomycin (t00/~M), myxothiaanl (3 pM) and oligomycin (10 p.g/ml), (c) and (d). or in standard NaCI medium with myxothiazol and oligomycin 
only, {e) and (D. Ceils were preincubated for 10 rnin before the addition of inhibitors and then incubated for 10 win. Rhodaminc 6G (0.l ,aM) was 
then added to cells and after a further l0  rain a sample of cells was placed on a microscope slide, covered with a cover slip and immediately 
photographed as described in the Experimental section. Photographs showing fluorescence of ghodaminc  6G arc  shown in (a), (b), (c) and (©). 
Phase contrast photographs of the same field of view of cells in i t )  and (e) are shown in (d) and (0, respectively. Size bar on (e) = 50 ~am. All other 

photographs were of the sam° magnification. 

w a t e r  s p a c e  t h a t  is  i m p e r m e a b l e  t o  i n u l i n  h a s  3 6 C l -  
e v e n l y  d i s t r i b u t e d  a c r o s s  i t  in  t h e  p r e s e n c e  o f  

v a l i n o m y c i n .  
T h e  h e t e r o g e n e o u s  ce l l  p o p u l a t i o n  f o r  R h o d a m i n e  

6 G  s t a i n i n g  o f  ce l l s  i n c u b a t e d  in  N a C I  m e d i u m  in  t h e  

p r e s e n c e  o f  v a l i n o m y c i n ,  m y x o t h i a z o i  a n d  o l i g o m y c i n  
m a y  b e  t h e  r e s u l t  o f  a fa l l  i n  ce l l  A T P  levels .  A s  
i n d i c a t e d  a b o v e  cel l  A T P  l eve l s  fell  b y  1 0 - 1 5 %  i n  t h e  
p r e s e n c e  o f  o l i g o m y c i n  a n d  m y x o t h i a z o l  a l o n e  o v e r  a 
3 0 - r a i n  i n c u b a t i o n  a s  c o m p a r e d  t o  c o n t r o l  i n c u b a t i o n s .  
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TABLE I 

Comparison of q6 of cells staining with Rhodamine 6G with ~b of cells excluding Trypan blue 

The proportion of cells staining with Rhodamine 6G was determined from photographs as shown in Fig. 6. The proportion of cells that exclude 
Trypan blue was determined by parallel incubation of ceds as for determination of Rhodamine 6G staining. Trypan blue was added to cells 
immediately before they were observed under a standard light microscope. Unstained cells were scored as a percentage of unstained and blue 
stained cells. Results are weighted means+S.E with the number of cell preparations as indicated in the parentheses. *: significantly different by 
Student's t-test from cel!s incubated in NaCI medium only (P < 0.005). 1: not significantly different by Student's t-test from cells incubated in 
NaCI medium. For statmticel analysis arc sine transformations were performed on percentage data. 

Conditions Cells stained with Total cells Cells excluding Total cells Difference 
of incubation Rbodamine 6G (~) counted Trypan blue (%) counted (t~) 

(phase contrast) 

NaCI medium only 87.5 4-1.0 (4) 762 91.1 4-1.0 (3) 800 3.6 4-1.5 
NaCI medium + oligomycin 

+ myxothiazol 84.8 =1:2.0 (4) t 323 88.5 -I- 1.0 (2) 1" 600 3.7 + 2.4 
NaCI medium + valinomycin 

+oligomycin + myxothiazol 67.9.t-3.0(4) * 713 88.44-1.0 (3} t 800 20.54-1.8 

This  impl ies  tha t  g lycolys is  f rom suppl ied  g lucose  ma in -  
ta ins  cell A T P  levels  in  the  absence  of  ox ida t ive  phos -  
phory la t ion .  U n d e r  these cond i t ions  we  did not  observe  
a large di f ference be tween r h o d a m i n e  s t a in ing  of  cel ls  
a n d  T rypan  b lue  exclusion.  In  the p resence  of  
v a l i n o m y c i n  A T P  levels fell s tead i ly  r each ing  30% of  
con t ro l  at  30 rain af ter  add i t i on  of  v a l i n o m y c i n  ( resul ts  
not  showa) .  We  suggest  tha t  the g rea te r  p r o p o r t i o n  of  
depola r i sed  cel ls  in  the  presence  of  v a l i n o m y c i n  is d u e  
to a fall in cell  A T P  levels. 

We  have  reca lcu la ted  the 36C1- d i s t r i bu t ion  a n d  
S6Rb+ a c c u m u l a t i o n  and  thus  Eel  a n d  EK to  accoun t  
for the f ract ion of  cel ls  tha t  are depo la r i s ed  b u t  exc lude  

8O 
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Fig. 7. Relationship between Eel and E g after correction for de- 
polarised intact cells. The accumulation ratios used to produce Fig. 5 
were recalculated by reducing the measured cell volume by 20.5% 
under each condition. This value of 20.5% was obtained from the 
difference between the portion of cells that have a plasma membrane 
potential and so stain with ghedamine 6G and the portion that 
exclude Trypan blue (assumed also to exclude the extracellular marker 
of pellet water space, hydroxyl14C]metbylinulin) as shown in Table 1. 
The dotted line having a Mope of 1 is the expected result if SScI- is 
passively distributed across the plasma membrane. The slope of the 
lines fitted by linear regression for each of the three experiments (not 

shown) were significantly different from 1. 

T r y p a n  b lue  in  the  p resence  of  va l inomyc in .  T h e  re- 
ca l cu la t ed  d a t a  is p re sen ted  in  Fig. 7. (The  S6Rb÷ 
a c c u m u l a t i o n  a n d  36Cl-  d i s t r i b u t i o n  in  the  p resence  of  
v a l i n o m y c i n  p re sen ted  in  Figs.  2 a n d  3, respect ively ,  is 
cor rec ted  for the  f rac t ion  of  cel ls  tha t  are  depo la r i s ed  
u n d e r  these cond i t ions . )  36CI-  d i s t r i b u t i o n  a n d  S6Rb+ 
a c c u m u l a t i o n  were  r eca l cu la t ed  for each  [K+]out a b  
t hough  we on ly  c o m p a r e d  R h o d a m i n e  6 G  s t a i n i a g  o i  
cel ls  w i th  T r y p a n  b lue  exc lus ion  for cel ls  i n c u b a t e d  in  
low K + m e d i u m  in the  p re sence  of  v a l i n o m y e l n  ( E g  of  
a b o u t  - 7 0  mV). However ,  the  r eca l cu l a t i on  h a d  l i t t l e  
effect  a t  h ighe r  [K+]o, t  a n d  we bel ieve  th is  e x t r a p o l a -  
t ion  f rom low to h igh  [K+]om is reasonable .  T h e  re la -  
t i onsh ip  be tween  Eel  a n d  E K ind ica t e s  t ha t  for mea -  
su r emen t s  of  m e m b r a n e  p o t e n t i a l  f rom - 4  to  - 4 0  m V  
the  d i s t r i bu t ion  of  3eCl -  gives  a q u a n t i t a t i v e  m e a s u r e  of  
the  p l a s m a  m e m b r a n e  po ten t ia l .  However ,  w h e n  the  
p l a s m a  m e m b r a n e  was  h y p e r p o l a r i s e d  to  a b o u t  - - 7 0  
mV, by  i m p o s i n g  a K + d i f fus ion  p o t e n t i a l  in  the  pres-  
ence  of  v a l i n o m y c i n  a n d  low [K+]o~t, c a l cu l a t i on  of  
p l a s m a  m e m b r a n e  p o t e n t i a l  f rom the 36Cl-  d i s t r i b u t i o n  
u n d e r e s t i m a t e d  the m e m b r a n e  po ten t ia l .  Since 3 6 0 -  is 
exc luded  f rom the  cel ls  m e a s u r e m e n t  o f  h igh  p l a s m a  
m e m b r a n e  po ten t i a l s  w i t h  th is  p r o b e  is necessar i ly  inac-  
cu ra te  due  to er rors  in  the  m e a s u r e m e n t  of  cell  v o l u m e  
a n d  o f  ex t race l lu la r  space  (see a l so  Refs.  10 a n d  29). 
Also,  a n y  smal l  e l ec t roneu t r a l  C I -  t r a n s p o r t  t ha t  m i g h t  
t ake  p lace  w o u l d  h a v e  l a rger  effects  a t  lf igh 36Cl-  
exclus ion.  

Discuss ion  

In  the p resen t  p a p e r  we p r o v i d e  a q u a n t i t a t i v e  assess-  
m e n t  of  the  use of  36 C I -  to  m e a s u r e  p l a s m a  m e m b r a n e  
po ten t i a l  in hepa tocytes .  W e  c o n f i r m  p rev ious  obse rva -  
t ions  [12] t ha t  36C1- equ i l i b r a t e s  ac ross  the  p l a s m a  
m e m b r a n e  in  1 0 - 1 5  min.  The  q u a n t i t a t i v e  ana lys i s  is 
ca r r ied  ou t  c o m p a r i n g  the m e m b r a n e  po ten t i a l  ca lcu-  



l a t e d  f r o m  th¢  ~ C I -  d i s t r i b u t i o n  (Ec~) w i t h  t h a t  o f  E g  
c l a m p e d  b y  the  p r e s e n c e  o f  v a f i n o m y c i n  a n d  d i f f e r e n t  
e × t r a c e l l u l a r  K + c o n c e n t r a t i o n s  :!qd m e a s u r e d  u s i n g  
SSRb+ a c c u m u l a t i o n .  W e  a s s u m e  t h a t  i f  Eel  re f lec t s  E g  
u n d e r  these  c o n d i t i o n s  t h e n  e l e c t r o g e n i c  C I -  c o n d u c -  
t a n c e  is g r e a t  e n o u g h  to  a l l o w  C I -  to  e q u i l i b r a t e  w i t h  
t h e  p l a s m a  m e m b r a n e  p o t e n t i a l  u n d e r  o t h e r ,  m o r e  
p h y s i o l o g i c a l ,  c o n d i t i o n s .  

I n  t h e  p r e s e n c e  o f  v a l i n o m y c i n ,  Eel a n d  E g  a r e  
a p p r o x i m a t e l y  e q u a l  o n l y  f r o m  0 to  a b o u t  - - 2 0  inV.  
H o w e v e r ,  t h e  e x p e r i m e n t s  w i t h  I L h o d a m i n e  6 G  a n d  
T r y p a n  b l u e  s h o w e d  t h a t  v a l i n o m y c i n  c a u s e s  a p r o p o r -  
t i on  o f  t he  cel ls  t o  lose  the i r  m e m b r a n e  p o t e n t i a l  b u t  
r e m a i n  i n u l i n - i m p e r m e a b l e .  C o r r e c t i o n  fo r  th i s  e f f ec t  
i m p r o v e s  t h e  l i n e a r i t y  o f  t he  r e l a t i o n s h i p  b e t w e e n  Ecz 
a n d  E g  so  t h a t  i t  n o w  e x t e n d s  to  a b o u t  - - 4 0  inV.  S ince  
t h e  e f f ec t  is  c a u s e d  b y  v a l i n o m y c i n ,  c o r r e c t i o n  s h o u l d  
n o t  n o r m a l l y  b e  n e c e s s a r y  w h e n  m e a s u r i n g  p l a s m a  
m e m b r a n e  p o t e n t i a l s  u s i n g  3 6 C t -  d i s t r i b u t i o n  in t he  
a b s e n c e  o f  v a l i n o m y c i n .  

E v e n  a f t e r  th i s  c o r r e c t i o n  t h e  r e su l t s  s h o w  t h a t  t he  
d i s t r i b u t i o n  o f  36C1-  s l igh t ly  u n d e r e s t i m a t e s  t he  p l a s m a  
m e m b r a n e  p o t e n t i a l  w h e n  i t  is h y p e r p o l a r i s e d  to  - 7 0  
m V .  T h i s  u n d e r e s t i m a t i o n  a t  h i g h  m e m b r a n e  p o t e n t i a l  
m a y  b e  d u e  t o  t h e  i n a b i l i t y  o f  p r e s e n t  m e t h o d s  to  
m e a s u r e  cel l  v o l u m e  a n d  ex t racc l~u la r  s p a c e  a c c u r a t e l y ,  
a s  s u g g e s t e d  b y  o t h e r  w o r k e r s  [10,29] .  T h i s  is b e c a u s e  
36C1-  is  e x c l u d e d  a n d  a t  l o w  [ C l - ] i  n in  s l igh t  u n d e r -  
e s t i m a t i o n  o f  t he  cel l  v o l u m e  o r  "~veres t imat ion  o f  t he  
e x t r a c e l l u l a r  s p a c e  o f  t he  pe l le t  wi l l  i n c r e a s e  t h e  c a l c u -  
l a t e d  i n t r a c e l l u l a r  36C1- c o n c e n t r a t i o n  a n d  r e su l t  in  a n  
u n d e r e s t i m a t i o n  o f  t he  p l a s m a  m e m b r a n e  p o t e n t i a l .  
S m a l l  h e t e r o g e n e i t i c s  in  t h e  cel l  p o p u l a t i o n  o f  t h e  s o r t  
p r o d u c e d  b y  a d d i t i o n  o f  v a l i n o m y c i n  wi l l  a l s o  b e  m u c h  
m o r e  a p p a r e n t  a t  h i g h  m e m b r a n e  p o t e n t i a l ,  a s  wil l  a n y  
c o n c e n t r a t i o n - i n d e p e n d e n t  b i n d i n g  o f  C I -  t o  c e l l u l a r  
c o m p o n e n t s ,  

D e s p i t e  t h e s e  p r o b l e m s  in  t he  u s e  o f  36C1- d i s t r i b u -  
t i o n  t o  m e a s u r e  p l a s m a  m e m b r a n e  p o t e n t i a l  a t  h i g h  
p o t e n t i a l s ,  o u r  r e su l t s  s h o w  t h a t  i t  is a g o o d  q u a n t i t a t i v e  
m e t h o d  o v e r  t he  n o r m a l  r a n g e  o f  p o t e n t i a l s  f o u n d  in  
n n s t i m u t a t e d  cells .  O n l y  a b o v e  a b o u t  - 4 0  m V  d o e s  i t  
b e c o m e  i n a c c u r a t e ;  a t  t hese  h i g h e r  p o t e n t i a l s  i t  s h o u l d  
b e  u s e d  o n l y  q u a l i t a t i v e l y  u n l e s s  r i g o r o u s  c a l i b r a t i o n  
c a n  b e  c a r r i e d  o u t .  T h e  r e s u l t s  a l so  s h o w  t h a t  C I -  
t r a n s p o r t  p a t h w a y s  s u c h  as  N a + / K + / 2 C I  - t r a n s p o r t  
d o  n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  c h l o r i d e  d i s t r i b u t i o n  
i n  h e p a t o c y t e s  a t  l ea s t  f o r  m e m b r a n e  p o t e n t i a l s  b e l o w  
a b o u t  - 4 0  m V .  

A c k n o w l e d g e m e n t s  

W e  t h a n k  P r o f e s s o r  M i c h a e l  B e r r y  f o r  h is  h e l p  w i t h  
t h i s  w o r k  a n d  M a r k  L e a c h  f o r  t e c h n i c a l  a s s i s t a n c e .  T h i s  
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w o r k  w a s  s u p p o r t e d  b y  a g r a n t  f r o m  the  S c i e n c e  a n d  
E n g i n e e r i n g  R e s e a r c h  C o u n c i l .  C . D . N .  w a s  s u p p o r t e d  
b y  a g r a n t  f r o m  the  D e p a r t m e n t  o f  M e d i c a l  B i o c h e m -  
i s t ry  a t  F l i n d e r s  U n i v e r s i t y  o f  S o u t h  A u s t r a l i a .  
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