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The lipophilic cation tetraphenylphosr:hor.ium (TPP ' )  has been extensively utilized as the probe for the m,~mbranc potential 
(1~,,) in various cells. For application ~o manlmalian cells, however, ~wo serious problems require resolution: (I).. correction of 
TPF'  binding to intraccllular constituents and (2), estimation of the considerablc TPP '  accumulation in ,:nitochondria. Wc 
propose here a simplc corrcctive method for Ihc TPP ' binding and its accumulation. TPP ~ distribution is assumed as: (I), tWO 

compartments (a cytosolic and a mitochondrial space): (2), a proportional relationship bclwccn TPP * bound aroount and its 
unbound concentration in each compartmcnt. We theoretically derived the simple equation: 

I~,, = -  

where R, T and F have their usual thermodynamic significance. Here, the. ( ' / M  r~tio is defined as the rdio of TPP'  
couccntL~tion of apparent intraccllular to cxtraeellular space. The suffixes phys and aboi respectively, mean the physiological 
and solely I/,,..aboli:,hcd conditions. This equation was checked with hcpalocytcs, because estimating hcpatocytcs ~ ,  with TPP'  
distribution is nc~. c ,  nsidcrcd possil~lc bccausc of the relativcly high mitochondrial contcnt. The ,~clcctive I~,,, abolition was 
, ,~ . ] ' l |~ .vCu"~ '  " . . . . . .  I l ) )  . . . . . . . .  D C , I , , ~ , . d , , , , , L d l I ~ , I I I ' " ' :  . . . . .  : . . . . . . .  ~, t , , :o"  . , , ""  / . t ~ v l  of an]photeri,'il.~ B. The I,,, wdue was, d]t.,s, esti,naled to be -38.f~ + 0.3 mY, 
compalil,le with those obtained with microclcctrodcs in other labora'orics. V m m hcpa!ocylcs is comlmscd of transmembrane K' 
dilTusion potential ( -20.6 + 0.3 mY) and elcctrogenic N a ' / K  ~-ATPasc ( --. 19,t~ : IL4 mV). Addle, ion of rh¢ogenic ~,-alaninc 
caused a transient but significant dc.polarizatitm (from control to - 3 4  + 0.3 mV). These results taken together indicate thal 
hepatocyte V,,, can bc accurately determined with the present simple method, st, ~hat it ma~ possibly be applicable to the 
evaluation of V,,, in other mammalian cells. 

I n t r o d u c t i o n  

"1 i~C transmeml~rane clectri~:al potential  difference is 
called a plasma membrane  potemial  (I,%) and V m regu- 
lation is well-recognized to be of great importance in 

('orrespon,tencc to: N. K'~mo. Dep:;rtmep, ef Biophysics and Physic 
ochcrnishy F-w,.,l~y of Ph.almaceutical Sciences. ih)kkaido Univer- 
sity, Sappt}ro (}60. J~tt~;.l|i. 
,\bbleviations: AMB, amphotcricin B; C'A, ::hollo acid: DIG, digi- 
fontn: EC:~., half effective coaccntration: Hepes, N-2-hydroxyethyl- 
piperazine-N'-2-ethanesulfimic ac!d; I-Ala. i-alanine; NYS. ny~,la- 
tine; OU,". ouabain: PCG, benzylpenicillin; BSP, bromosulfo- 
phtiaalein: ROT, rotenonc: TeA, taurocholi," acid: TPMP ',  trimeth- 
ylphosphonium: TPP ÷. tetraphenylphosphonium; Win, plasma mem- 
brane potential. 

cell functions [1-3]. V m measurements  have been made 
by various methods.  These include invasive direct 
puncture  of the cell with a microclectrr ' ]e  and non-il,- 
v:~ivc ;r',dircct mettmd~'; like measurcmen! of the accu- 
mulation of the radiolaheled lipophilic cations TPMP + 
and FPP + [4- i0] ,  the exclusion of pcrmeant  anions 
like thiocyanatc t i l l  and ~'CI [12,13], or the fluores- 
cence change of non-toxic potential sensitive fluoro- 

pho rc s [  14-18] .  
in direct measurements  with microelectrodes,  single, 

cells must bc immobilized in order  for a microelcc- 
trodc to be inserted. This is usually done by allowing 
cells to attach to a substratum, such as a ~lass plate or 
collagen matrix in the culture medium. Use of direct 
measurements ,  thus, pc, ses some difficulties in fragile 
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and/or  small cells. Electrode insertion has the possibil- 
ity of damaging cell integrity and imperfections in the 
ceil-sealing process around the leak conductance intro- 
duced by the electrode are likely to cause significant 
errors in V m determination. Hence, an ideal technique 
is one in which a microelectrode pierces the cell with- 
out either cell damage or leak conductance. 

On the other hand, indirect ion distribution meth- 
ods are more suitable for V m measurement in delicate 
and/or  small cells, since these are very difficult to 
imp~a!e on microelectrode. These methods also have 
the advantage that the average V m of many cells can be 
determined easily and non.invasively. In principle, V m 
is estimated from the transmembrane distribution of 
any freely permeable ion. Lipophilic cations, TPP + and 
its analogues in particular', have been extensively us~'d 
for V m estimation in various cells [4-10] and severa~ 
microorganisms [ 19-21]. Two problems, however, must 
be overcome in order to accurately estimate V,,, in 
mammalian cells using the TPP ~ distribution method. 
First, the much greater potential Capprox. -180 mV) 
acro~ the mitochondrial membrane results in most 
intraceUular TPP + being highly concentrated in the 
mitochondrial matrix despite )he relatively small capac- 
ity of this compartment [11]; the potential estimated 
utilizing TPP +, thus, does not reflect V m, but the 
mitochondrial membrane potential in mammaliarA cells. 
This obstacle is especially rec,.)gnized in hepatocytes 
[I I], due to their relatively high mitochondria content. 
Second, these lipophilic cation:~ non~pecifically bind to 
m,,,,,.c,,ular components [22-25], leading to an addi- 
tional problem of estimating unbound TPP + cytosolic 
concentration. The indirect distribution method with 
TPP ~ and its analogues, thus, fi)r the time being, 
seems inapplicable fi)r estimation of V m in mammalian 
cells. 

in th~ 0resent study, we have developed a conve- 
nient meth{al to :orrect TPP + binding inside hepato- 
~tes  and its acc,imula*.ion into mitochondria. It per- 
mits accurate evaluation of P'm in hepatocytes utilizing 
TPP * distribm{~)n, an estimation generally considered 
impossible, it is possible that this technique might be 
t,pplicable to th,; evaluatio~ of ~'m in other mammalian 
,::ells. 

Materials and Methods 

Chemicals. "~H,O (5 mCi/ml) and [~4C]inulin (3.22 
~Ci/mg) were purchased from New England Nuclear 
(Boston, MA). [-~HrFPP ~ (23 Ci/mmol)was purchased 
from Amersham (Buckinghamshire, England). AMB, 
DIG, firefly lantern extract, L-Ala, NYS, OUA and 
ROT were I~urcha~d from Sigma (St. Louis, MO). 
TPP* was purchased from Dojindo Laboratories 
(Kumamoto. Japan). All other reagents were cc.mmer- 
cial products of analytical grade. 

Animals. Male Wistar rats (Hokkaido Dobutu, 
Muroran, Japan) (180-220 g) were used and given free 
access to food and water. 

Monitoring of  TPP + distribution into hepatocytes uti- 
lizb~g a TPP +-selective electrode. Procedures for isolat- 
ing rat hepatocytes were the same as previously re- 
ported [26,27]. The viability of isolated hepatocytes was 
checked t~y the Trypan blue exclusion test; the value 
obtained usualiy ranged from 95 to 98%. 

A TPP+-selective electrode [20,21,25] was used to 
measure TPP + uptake by intact, metabolically-in- 
hibited or permeabilized hepatocytes. The electromo- 
tive force between the TPP+-selective and calomel 
reference electrodes in the sample solution was mea- 
sured by an electrometer {Model TR-8.~51, Takeda 
Riken, Tokyo) connected to a pen recorder. The con- 
struction and properties of the TPP+-selective elec- 
trode are described in Ref. 25. The extracellular TPP + 
concentration (C~.~t) was continuously monitored with 
the TPP t-selective electrode and TPP + accumulation 
into hepatocytes> was calculated utilizing the law of 
mass conservat!on. The TPP+-selective electrode was 
calibrated before the beginning of each experiment by 
successive TPP + additions (concentration range: 0.1-5 
~ttM) to Hopes buffer consisting of 137 mM NaCi, 5.4 
mM KCI, 1.25 mM CaCi,, 1.0 mM MgCI 2, 0.8 mM 
MgSO4, 0.5 mM r,~aH 2 P{-)4, 4.2 mM NaHCO.~, IG mM 
Hepes and 5 mM gluo'.~,.- ¢,~1-1 7.4). No pharmacological 
agent used in this study had any effect on TPP + 
monitoring by the selective electrode. The temperature 
was maintained at 37°C and the cells were maintained 
in suspension by a ~tirring device. The medium was 
continuously oxygenated with humidified gas (95% 0 2 , 
5% CO,). 

After a 5 min preincubation of the medium at 37°C, 
TPF* accumulatio~ into hepatocy|es was initiated by 
adding 9 500-/zl iv.liquor of cell suspension ((2-3). 10 ~ 
cells/ml) to 4 ml of Hepes buffer containing 2 /~M 
TPP ~. TPP + accumulation into intact hepatocytes ap- 
proached equilibrium within 15 rain (shown in Results). 
After equilibrium. AMB or DIG was added to the cell 
suspension (final conccn',ration: 1-100/~M) followed 
by filrther addition of the metabolic inhibitor ROT 
(final concentration. 5 ~M). A sim:,Iar cxpcrimen~ was 
also performed, in which OUA at various concentra- 
tions (10 pM-2  raM) was added to cell suspen:~ions 
with various K + coaccntrations (5-200 raM) after equi- 
librium. 

Monilorin,,,, o f  TPP ÷ distribution flzto hep~tocyt~s uti- 
lizing/'~H].TPP +. To determine whether TPP + ,:listri- 
button into hepatocytes could be accurately estimated 
utilizing )he TPP* selective electrode, uptake r;xperi- 
ments with 3H-TPP+ were performed in .*.he same way 
as with the electrode. After a 5 min preincut~,tion of 
cell suspension ((2-3). 10" cells/ml) a! 37°Co an aliquot 
of TPP* solution containing [3H]TPP+ (0.1 /~Ci) was 



added to start TPP ÷ uptake by hepatocytes. Initial 
TPP + concentrations ranged from 0.01 to 5 p.M. Treat- 
ment with pharmacological agents was performed as 
described above. An aliquot of cell suspension was 
taken at the designated time and ~lac¢d on the top of 
two-phase system in microfuge tubes, consisting of a 50 
p.! 3 M KOH bottom overlaid with 100 p.i Gf silicone/ 
mineral oil (density: 1.015). The tubes were then cen- 
trifuged for 10 s in a table-top microfuge (Beckman 
Instruments, Fullerton, CA). After the hepatocytes 
were dissolved in the alkaline solution, the bottom of 
the tube was sliced off, the content transferred into the 
scintillation vial and neutralized with 75 p.i of 2 M 
HC. 10 ml scintillation counting cocktail (Amersham) 
wa~, then added to the vial. 3H-radmactivity was deter- 
mined wi',h a liquid scintillation spectrophotometer 
(LSC 3600, Aioka, Tokyo, Japan). 

The amounts taken up by hepatocytes were eor- 
rot, ted for the adherent water film (2.2 p.l /mg protein), 
and were expressed as the ratio of concentration in the 
intraccllular space (cellular volume: 5.2 p.i/mg pro- 
tein) to that in the medium ( C / M  ratio). The adherent 
water volume and intraceilular volume were deter- 
mined using [14C]inulin and 3H20 [27]. The counting 
coefficient of 3H-radioactivity was determined by the 
channel ratio method employing an external standard 
to correct for ~4C-radioactivity spillover. Protein was 
determined with protein assay kits (Bio-Rad, Tokyo, 
Japa~O using BSA as a standard. 

Measurement o f  b~traceilular A TP. In experiments in 
which hepatocytes were trea~ed with various agents, 
cells ((2-3)" l0 t' cells/ml) were preincubated with 
those agents (time of preincubation and dose are shown 
in Table I) in Hepes buffer (pH 7.4) at 37°C. A 100-#1 
aliquot of cell suspension wa., ~.hen treated with 2 mi 
5% F.crchloric acid, and cellular ATP was extracted. 
After neutralization by 1 M KOH and centrifugation at 
3000 rpm for 15 min, the supernatant was used to 
determine ATP will! a J4-7441 Chem-Giow Photome- 
ter (American Instrument, Silver Spring, MD) utilizing 
firefly lantern extract [28]. 

Theory 

V,,, calculation by TPP + distribution into hepatocytes 
The lipophilic cation TPP + is accumulatca n.~;t only 

across the plasma membrane, but also across the mito- 
chondrial membrane. The much greater potential 
across tile latter membrane leads to a considerable 
amount of TPP + in the mitochondrial compartmeot, 
d . . . .  :*" it~ relatively small capacity [11]o Since this is ~ ~ . ~  b ~.,l,, ~ _ . 

the case, TPP ~ can be assumed to be distribuled 
mainly in the cytosolic and mitochondrial spaces [11,22]. 
The amount of TPP* 4ccumulation into hepatocytes is 
given by the follev, ing equation: 

At  = Ac  + Am ( i )  
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where At represents the total accumulatmn, A c the 
amount in the cytosolic compartment and A m the 
amount in the mitochondrial compartment. It was 
demonstrated earlier that a considerable amount of 
TPP + binds to constituents (membrane and proteins) 
of these two cumpartment~ [23]. The binding sites of 
the lipophilic cations in each compartment are soluble 
proteins and the interfaces between the membrane and 
aqueous solutions (the outer surface and the inner 
surface of the membrane) [29]. In the present study, 
the bound TPP + amount in each compartment is also 
assumed to be proportional to the unbound TPP + 
concentration in the corresponding compartment 
[22,24.29]. A c and A,. are expre~:scd a~ follows: 

A,, = V,.C~..t + A,..b 

= V~C..I + K , , ( ' ~  + KiC,. J + K,.,pC,.j (2) 

where V~ represents the cytosolic compartment vol- 
ume, Ac. . the bound TPP* amount in the cytosol 
compartment, Co. f the unbound TPP + concentration in 
the cytosol compartment, K o the proportionality con- 
stant at the external binding site of the plasma meln- 
brane, K~ the proportionality constant at the internal 
binding site of the plasma membrane and Kc. p the 
proportio~allty constant at the protein-binding site in 
the cytosol, Similarly, we obtain: 

A m = Vm(,...'m, f "J-, A m,h 

= ~nCm.f + Km.oCc. ! + Km.iCm. t + Km.pCm. t (3) 

where V c represents toe mitochondriai compartment 
volume, Am. . the bound TPP 4 amount in the mito- 
chondrial compartment; Cm.f the unbound TPP + con- 
centration in the mitochondriai compartment; Kin. o the 
proportionality constant at the external binding site of 
the mitochondrial membrane, Kin. i the proportionality 
constant at the internal binding site of that membrane 
and Km. p the proportionality at the protein binding 
site in the mitochondria. Substituting Eqns. 2 and 3 
into Eqn. 1 and rearranging gives 

A t = K,,Ce~ t + V~(I + a)C'cj  + Vn,(I + f l )C, .  J (4) 

a = (K~,p + K~ +/era.o)/V~ 

r 

= ( rm.o + rm.~)/%, 

The principle that at equilibrium, a free ionic probe is 
distributed between the internal and externa] spaces in 
accordance with the Nernst equation, results in the 
following equation: 

A ~  = - ( R T / z F )  In(C i . / C  c) (5) 

witere A~, represents the membrane potential with 
respect to the outside, R the ga.s constant, T absolute 
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temperature, F the Faraday constant, z the valency of 
the ionic probe, C i the internal concentration and C~ 
the external concentration of the probe. According to 
FAIn. 5, Co. ~ and Cm. ~ are expressed as follows: 

Cc.r " Cc, c~p( - ( F / R T )  Alamo m ) (6) 

Cm. [ - C~j exp( - ( F / R T )  AOmi ,) (7) 

where A0m~m and A0mi t a re  the membrane potentials 
across the plasma and mitochondrial membranes, re- 
spectively. Substituting Eqn. 6 into Eqn. 7 and rear- 
ranging yields 

Cm. r -C'v.  cxp( - (F /RT) (AOmv m + "~mtt)} (8) 

Substituting Eqns. 6 and 8 into Eqn. 4 and :carranging 
yields 

A, " Cc.( Ko + ~,(I + a)  e x p ( - ( F / R T )  AW~,~., ) 

+ Vine i + #)  exp( - ( F / F . " ) t A # , ~ m  + A#~.,,, ))) (g) 

The value of A t divided by V~ is designated as the 
apparent TPP + intracellular concentration (Cap p) and 
rearranging to solve the ratio of its apparent intra- 
cellular concentration to the extracellulaz com'entra- 
tion (C/M ratio) yields 

C/Af ratio - C,,~ / C~., 

- K,, / I~. + ( I + a + V m / It,.( I + ~1 ) exp( - ( F / R T )  A#.,,, )} 

°/,/ L -  

¢~ 1000 

0 t I t I 

0 10 2'0 
Time (min) 

Fig. I. TPP' accumuiation by intact rat isolated hepatocytes. TPP' 
uptake determined utilizing TPP + ,~elective electrode: Cell suspen- 
sion (~2-3). I(P cells/ml) was incubated in Hepes buffer containing 
TPP'  ( I -5  .LM) at 37°C. Extracellular TPP + concentration was 
monitored utilizing the TPP'-selective electrode. TPP ~ accumula- 
;,io. i , to hcpattv~/tes was calculated from extraccliuia, TPP'  utiliz- 
ing the law of mass conservation. (e), I/zM; ( • ) ,  2 ttM; ( I ) ,  5 ttM. 
TPP" uptake determined utilizing [~ll]TPP'; After ~:ell susl~,,~ion 
was incubated at 37°C for 5 rain, a small aliquot of [31t]TPP ~ was 
added to start TPP" uptake at various concent-ativm,~ ( 0 0 t - ~ .  M~ 
TFP + accumulation into hepatic.Vies was estimated from "~ll-radio- 
activity in cells. (o), 0.01 /zM; (~) ,  i ~M; (~) ,  5 p,M. TPP* 
distributkm was expressed as ('/M ratio. Each point represents the 

mean + S.E. of five experiments. 

unde" conditions before V,,, perturbation. Assuming 
that In, alone is altered under rarity,as experimental 
conditions, the change in V m cali bt: o~taincd ubing 
Eqn. 12: 

X exp( - ( F / R T )  J#m~.m ) (I0) 

Under conditions where V,,, would bc selectively abol- 
ished, Eqn. 10 is reduced to the following equation: 

¢ /M~ . , ,  ratio - I + K , , / K .  +"  + ;~. / V,.(I + #) 

X *:xp( - ( I ' I R T )  A~m, ) ( I I )  

where C/MQbol ratio is the C/M ratio value under 
conditions where I '  m is selectively abolished. TPP +-bi- 
nding to the surface of hepatocytes seems negligible, 
since TPP + ifdtial-adsorption in the ac=umulation ex- 
periment revealed minimal (Fig. 1). The parameter 
Ko/V o in FAlns. 10 and 11 might, thus, be negligible. 
Putting Eqn. II into Eqn. 10, I'm can be calculated as 
follows: 

A~mcm "-(RT/F) ln( C'I Mph~" lati° ) 
C/,~.f.~,~ ratio 

(12) 

where C/Mp~ ratio represents the C/M ratio under 
physiological conditions. 

It should be noted that this calculation is based on 
selective V m abolition, in the same manner, a change in 
I '  m can also be calculated utilizing the C/M ratio value 

( ' I M  ratio ) 
.Irk...i,,,,,g~, = "l@mcm - A@,~cn, = ( R T / F )  In ( ' I M '  ratio (13) 

where AOm.,,t~,,n~,.,, represents a change in Vm; C/M ratio 
and C/M' ratio. TPP + distributions before and i~fter 
V m perturbation, respectively. 

Kesults 

TPP + distribution into isolated hepatocytes 
The uptake time-courses of TPP + arc shown in Fig. 

1. TPP + distribution approached equilibrium bctwee.~ 
medium and hcpatocytes within 15 rain and the C/M 
ratio remained unchanged over incubation periods of 
b0 min. The uptake time-courses at various TPP + 
concentrations (0.01-5 /zM) were superimpo,;ed on a 
single curve, suggesting that TPP '  binding was propor- 
tional to, its unbound concentration in hcpat(wytes. 
The uptake time-courses obtained with the TPP +- 
selective electrode coincided with those w~th [3H]TPP, 
this electrode, thus, proving to ke an accurate TPP + 
detector. Cellular ATP levels were maintained at 3.7 to 
4.3 mM over the incubation periods, indicatin~ that the 
mitochondrial activity might remain unchanged (Table 
!). 
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Fig. 2. Time profiles of TPP + release elicited by AM3 and DIG. Panel A, TPP + release by AMB; Panel !~;, TPP + reiease by DIG. After 
hepatocytes ((2-3). 10 +' cells/ml) were incubated at 37°C in Hepes buffer containing 2 ~M TPP + for 20 m,n, an aliquot of the mcmbrar.e 
permeabilizer (AMB or DIG) was added at various concentratio,s (1-20 #M). TPP + distribution was exl)res:,ed as % of C / M  l'atio in h'atac, 

hepat~v~tes at equilibrium. (o), control; (o), 5/zM; (ra), 10 #M; (II), 20/zM. Each point represents the mean ± S.E. ot five experiments. 

Effects of AMB and DIG on TPP + accumulation b,to 
hepatocytes 

As aforementioned, the meth~J Io correct the intra- 
cellular TPP + binding and its mitochondrial accumula- 
tion mainly involves the estimation of TPP + distribu- 
tion under selective V m abolition. To determine TPP + 
distribution ~ander selectively V m abolished conditions, 
we managed to selectively permeabilize the plasma 
membrane by polyene macrolide antibiotics (AMB) 
and saponin extract (DIG) at various concentrations. 
After equilibrium of TPP + distribution, the addition of 
both agents to the cell suspension was followed by a 
rapid TPP + release within 5 min (Fig. 2). Both TPP + 
releases induced by AMB and DIG revealed a concen- 
tration-dependence, the maximum of which was 
achieved at more than 20 #M. TPP + release caused by 
more than 20 # M  AMB remained constant at 60% of 
TPP + accumulation, whereas DIG completely released 
the TPP + accumulated in hepatocytes (Fig. 3). TPP + 
unreleasable by AMB was released by 5 /zM ROT, 
indicating that this unreleasable TPP + involves TPP + 

accumulation in mitochondria. TPP + relent+- c~.';c,t bv 
the other polyene macrolide antibiotic NYS revealed a 
similar concentration-dependence (data not shewn). 

Intracellular ATP levels were measured to deter- 
mine whether these agents selectively permeabilized 
the plasma membrane without damage to mito- 
chondria. There was no effect of 20 #M AMB on the 
intracellular ATP levels (Table I), suggesting that AMB 
might selectively abolish V,, without damaging mito- 
chondria. In fact, the mitochondria activity estimated 
from oxygen consumption proved that the AMB effect 
on mitochon;irial ,espira~ion was minimal (data not 
shown). By contrast, 5 #M ROT and 29 #M DIG 
decreased the intracellular ATP levels by at least 75%, 
indicating damage to mitochondria. Further, the 
marker-en~me releases for cytosoi and mitochondria 
were determined (lactate dehydrogenase a ,d  citrate 
synthase, respectively, data not shown). DIG aug- 
mented release of both enzymes from hepatocytes in a 
concentration-dependent manner, the maximum being 

TABLE ! 

Effect of pharmacological agents on intraceilular A TP let'el:' 

Values are mean ± S.E. of five cell preparations. After hepatocytes 
((2-3)' 10" cells/ml) were incubated in Hepes buffer, pharmacologi- 
cal a~ents were added to cell suspension. A'ri; level was measured as 
described previously [28], following a 10 min incubation. Compar- 
isons were by pa~red t-test. * P < 0.0l vs. control; NS, not signifi- 
cantly different from control 

Agent lntraccllular AI P 
(aiM) 

Control 4.1 ± 0.12 
i mM OUA 4.0 t: 0.24 NS 
I mM CUA ~, 150 mM K + 3.9±0.35 NS 

20 #M AMB 3.8±0.23 NS 
20 p.M DIG 1.1 ±0.38 * 
5 p.M ROT 0.6±0.23 * 

8~ 

- -  + 
o 6 0  

m 
,~ 40 ~ ~ ~  

20 +\ 
0 - -  ' ' ~ 1 -  . • , , -,m U 20 40 6 0  8 G  1 0 0  

Drug conoontrat_!on (VM) 

Fig. 3. Dependence of TPP + release from isolated rat he|:.;+~ocytcs 
on AMB and DIG. Cell.,. were treated ;~ith tX,c given substances as 
detailed in Materials a.-d Methods. TPP + distrit,ution was expressed 
as % of C/M ratio in intact hepatocytes at equilibrium. (o), AMB; 

(*), DIG. 
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Fig. 4. Dependence of V,, ~s,'/K"-ATP~,~: and A# K. Ul)~m [K + ],,. 
V m and ~I~N,,/K*.ATPam.. were calculated utilizing TPP* release 
elicited by 20 #M AMB and I mM OUA, respectively. '~K' was 
calculated by subtracting AI~N:,*/K,.ATI,,~ from V m in this fil~ure. 
The null.point of the relationship betwee, ~ t t"  t,.d [K * ],, indi- 
cates the point where [K' ],, is identical to [K* ],. The 120 mM point 
represents [K* ], obtained by extrapolation to the null.point. (o), 

Vm; ( • ), ~I~N,, ' K* .A'rt,,a,,~; (O), A~K..  

obtained at 15 pM.  No marker-enzyme release was 
observed with AMB, however, despite its high concew 
tration (more than 20/~M), confirming that the perme- 
abilization with 20 / tM AMB was appropriate. 

Assuming that TPP + accumulation into hepatocytes 
permeabilized with 20 ttM AMB corresponds to that 
under Vm.selective abolition conditions, [/m WaS calcu- 
lated to be -38 .6  ±0.3 mV (mean ± S.E., n -  10), 
utilizing Eqn. 12. To establish further the validity of 
our V m evaluation, we measured the effects of increas- 
ing extrac¢llular KCI concentration on V m, assuming 
that the transmembrane K+-gradient contributes to rat 
hepatocyte V m, V'm plotted vs. extracellular K + concen- 
tration, [K÷]o, as shown in Fi~. 4, decreased in re- 
sponse to increasing [g*] o, Despite a high K ÷ concen- 
tration (200 raM), I '  m revealed some values (approx. 
- 15 mV), indicating that V m productit:~n in rat hepato- 
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Fig. 6. Effcct of [K* ],, and OUA on TPP + accumulation. After 
hepatocytes ((2-3). 10 f' cells/ml) were incubated in Hepes buffer 
containing 2 ttM with various IK ÷ ],, (5-200 raM), an OUA aliquot 
was added to cell suspension. [K ~ ], was varied by substituting 
external NaCI with an equivalent KCI concentration. After a 20 min 
incubation period, an aliquot of OUA solution was added to the cell 
suspension (final concentration I raM). TPP+ accumulation was 
expressed as C/M ratio. Each point represents the mean+S.E, of 
five experiments. (o),  [ K * ] , , - 5  raM; (o), [ K + ] , , - 7 0  mM; (!:]), 

[ K '  ],, ~- 120 raM; ( l ) ,  [K *  ]o - 151) raM. 

cytes involves a mechanism other than transmembrane 
K+-gradient. 

Effect of K +-gradient and Na +/K ~-ATPase on TPP ~ 
¢wcumul~ztion 

After equilibrium of TPP + distribution, OUA addi- 
tion to cell suspension (OUA co[~ccntration 10-2300 
/LM) was followed by a rapid TPP + release within 5 
,nin (Fig. 5A). OUA augmented TPP + release in a 
concentration.dependent manner, with the maximum 
obtained at 1 mM OUA (Fig. 5B). The EC:;~} of TPP + 
release by OUA was approx. 200/~M. The effects of 
[K + ]o on TPP + accumulation at initial equilibrium and 
after 1 mM OUA addition are depicted in Fig. 6; 
accumulation decreased in response to increasing 

A 
1 Q O ~ O - - o - - -  o o o - - - - - - o  100 

# ~ t ~ - - -  o_____. 
40 • " ' ' ' ~ - -  40 
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l~me (mln) 

o-_ .___ t . , .____ ½ 
• n I , 

1000 2000 
O U A  c o n c e n t r a t i o n  (pM)  

Fig, 5, "rPp-" release elicited by OUA. Pare:| A, T;in¢-course.~ ,)f "i'PP ÷ release elicited by OUA. TPP ÷ distribution was expressed as % of C/M 
ratio in intact hepatocytes at equilibrium. (o), control; (e), 50/zM; (ra), 230 ~tM; ( • ) ,  1000 pM. Panel B, Dependence of TPP ÷ release OUA 
concentration, 'rPP ÷ distn'bution was expressed as % of C/M ratio in intact hepatocytes at equilibrium. After hepatocytes ((2-3). 106 cells/ml) 
were incubated at 37"(:: in Hepes buffer containing 2/~M TPP ÷ for 20 rain, an OUA aliquot was added at various concentrations (10-2~00 ~tM). 

Each point represents the mean + S.E. of five experiments. 
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Fig. 7. Effect of L-Ala and organic anions on rat hepatocyte V m. Panel A, Effect of r-Ala (10 .~M) vn V m. Open and closed circles represent 
effects of i-Ala on V m in the presence and the absence of I m.~.! O!JA, respectively. Panel B, Effect of various organic anions (10 ,aM) on V,~. 
( I ) ,  BSP; (o). CA; (e), PCG: (ra), TCA. After hepatocytes ((2-3), 10 t' cells/ml)were incubated in Hepes buffer containing 2 ,aM TPP + for 20 

min, an aliquot of compound was added to cell suspension. Each point represents the mean + S.E. of four experiments. 

[K+]o . The TPP + release elicited by 1 mM OUA 
addition decreased with increasing iK +]o, whereas the 
ratio of C/M ratio before OUA addition to that after 
OUA remained unchanged, irrespective of [K+],,. As- 
suming that TPP + release elicited by 1 mM OUA 
involves the inhibition of electrogenic Na+/K +- 
ATPase, the membrane potential produced by 
Na +/K +-ATPase ( AON,~ */K ÷-ATp~ ) was calculated uti- 
lizing Eqn. 13. The A~'~N~,/K*.^TVa~ values remained 
constant (approx. - 2 0  mV), irrespective of [K+]o (Fig. 
4), indicating that the electrogenic Na+/K+-ATPase 
contributes to Vm production independent of [K+],,. 
Furthermore, we determined the membrane potcntiaf 
attributed to the transmembrane K+-gradient (ACoK+) 
under variocs K + concentrations by subtracting the 
AONa+/K+.ATPas e valves from the V m values. The rela- 
tionship between [K + ]o and A0 K is depicted in Figl 4. 
[ K+]o can be considered identical to intracellular K + 
concentration ([K+]i) at the null-point of AOK+. Ex- 
trapolating the AOK+ values to the null-point, we, the,% 
determined [K~]~ to be approx. 120 raM. Utilizing 
TPP + distribution under conditions of the transmem- 
brane K+-gradient elimination ([K +]o ffi 120 mM), the 
A~.~, values were then determined to be -20.6 :t: 0,3 
mV, compatible with those obtained by subtracting 
A0N a. /K. .ATPa~ from V m. 

Effect of t.-Ala and organic anions on hepatocyte V m 
10 mM L-Ala evoked an electrogenic response in 

isolated hepatocytes (Fig. 7A). When hepatocytes ;;'ere 
exposvd to 10 mM L-Ala, hepatocyte F~, decreased 
within 5 rain from control to - 3 4  + t~.3 mV (mean + 
S.E., n -  4). After the initial depolarization event, the 
plasma membrane repola,ized. 1 mM OUA, on the 
contrary, inhibited the repolarization, suggesting that 
this action involved Na+/K+-ATPase. However, the 
rate of depolarization in response to L-Ala was some- 
what slower than that obtained with the microel~ctrode 
[30-34]. We further examined the effect of the organic 

anions BSP, CA, PCG and TCA on hepatocyte Vm, 
since it has been confirmed that they are transported 
into hepatocytes by the carrier-mediated transport sys- 
tems. These organic anions also induced plasma mem- 
brane depolarization with 5 min, after which it re- 
mained stable (Fig. 7B). 

Discussion 

The indi:ect ion-distribution method has been com- 
monly used to estimate V m. The indirect distribution 
method with a cationic probe TPP +, however, seems 
inapplicable at least at present to the accurate esth'~,a - 
tion of V m in mammalian cells, because of the cation's 
binding to the intracellular constituents and its high 
~cv¢l of accumuh:tion in mitochondri~. The goal of this 
study was to determine whether V m in hepatocytes can 
be accurately estimated utilizing the TPP + distributiol, 
method with a TPP+-selective electrode. 

Attempts have often been made to correct for TPP + 
intracellular binding and mitoehondriai accumulation 
by subtracting the accumulation after selective V m abo- 
lition [6,7]. However, thes¢ attempts are theoreticll!y 
flawed, since changes in V m will change the intr~,- 
cellular TPP + concentration and so aitei the total 
amount within mitochondria, even if the A0n,~t value 
remains unchanged. In contrasi, we here corrected for 
TPP + binding and accumulation in mitochondria by 
dividing by TPP + accumulation into hepatocytes after 
V m abolition (shown in Eqn. 12). It should be noted 
that we took into account TPP ÷ redistribution between 
the mitochondria and cytosol after selective V m aboli- 
tion. The method seems to us to be without flaw and 
superior to previous techniques. ,Assuming that TPP: 
is distributed mainly in the O, tosolic and mitochondrial 
spaces and that it binds proportionally to intraceilular 
corJtents [22-24], V m could, thus, be expressed as a 
simple equation, Eqn. 12. As far as we know, this 
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method of correction is the first to be presented. 
Assuming a selective V m abolition by hepatocyte expo- 
sure to 20 v.M AMB, V m was calculated to be -38.6 + 
0.3 mV. compatible with results in other laboratories 
( 35 to 37mV) r'm -~-,~'~1 - - t.,,,- .... .,..,.,,,,. According!', this cor- 
rection method might be applicable to the accurate 
evaluation of V m in other m~..mmalian cells. 

As stated, this means of correcting the intracellular 
TPP ~" binding and its mitochondrial accumulation is 
based primarily on whether TPP + distributio,a can be 
accurately estimated under conditions of selective V m 
abolition. To selectively abolish hepatocytc V,,, we 
attempted to permeabilize the plasma membrane uti- 
lizirlg DIG and AMB without damage to mitochondria. 
These pharmacological agents interact specifically with 
sterols and thereby permeabilize, but do not solubilizc, 
ceils. This interaction with cholesterol gives them a 
major advantage over other permeabilizing agents such 
as glycerol, toluene or Triton X-100, which arc rela- 
tively non-specific in their effects on different types of 
cell membrane, in general, organelles do not have high 
molar cholesterol/phospholipid ratios [37]. In contrast, 
the high molar ratio of ,:holcsterol to phospholipids in 
plasma membranes of eukaryocytes provides a certain 
selecti,,ity of plasma membrane permeabilization with 
these agents. This is why we first chose treatments with 
these agents for the purpose of selective It,,, aboWition. 

However, while AMB seemed to selectively abolish 
hepatocyte V m. DIG unexpectedly seemed to fail (Fig. 
3). What mechanism is involved in this difference of 
action? Initially, DIG interacts selectively with choles- 
terol and puhs it out of the plasma membrane, forming 
a large hole which permits large molecules access to 
intracellular si~e~ [38,39]. Usually, DIG can only be 
applied within a narrow range of time a~ltl ~:on¢,:ntra- 
tiort [38-41]. The permeabilization by continaously ex- 
Ix)si.,ag hepatt~.~tes to DIG may have I)cen extreme and 
may hay.: resulted in mitochondrial damage. This may 
be why Ihe I~rmcabilization with DIG exposurt: failed 
to achieve the selective V m abolition in this study. 
AMB, on the contrary, selectively interacts with choles. 
terol and forms a small, channel-like pore. which al- 
lows the leaking,, of monovalent cations, such as K ÷ 
and Na". but is impermeable to glucose and large 
molecules [42-45]. Indeed, no marked enzyme, release 
was observed wit~ AMB following 20 rain incubati:m. 
despite the use of a high AMB concentration (50 ~M). 
Furthermore, AMB has been shown to inhibit 
Na*/K*-ATPase at concentrations ;~bove 3 tzM [46], 
suggesting that a,kn,,./g..a.n,,,~ is simultaneously abol- 
:,~l~.ctl. Con~quently. ,"~-~B ~ucceed,:d in selectively 
abolishing hepatocyte 1~, without miiochondrial dam- 
age. The lxrmeabilizatmn with AMB would be rather 
moderate and more suitable for selective V m abolition. 

The Na+/K+-ATPase.specific inhibitor OUA 
elicited a rapid TPP + release from hepatocytes in a 

concentration-dependent manner (Fig. 5), the maxi- 
mum of which was obtained at approx. 1 mM. In 
rodent hepatocytes, Na+/K+-ATPase inhibition re- 
quires a relati;ei~ high OUA concentration (inhibition 
constant 0.2 mM) [47,48], compatible with the concen- 
tration-dependent vaanner of TPP + release by OUA. 
Accordingly, TPP ÷ release by OUA involved Na+/ 
K+-ATPase inhibition. Utilizing Eqn. 13, we then cal- 
culated ,~l/tNa-~/K..A1.Pasc tO be - 19.6 + 0.4 mV, indi- 
cating that tl" e electrogcn;c Na+/K+-ATPasc activity is 
one of the major V,, determinants in rat hepatocytes. 
Other investigators also demonstrated that OUA par- 
tially depolarizes the plasma membrane in hepatocytes 
[11,35,39], although it is frequently stated that the 
quantitative contribution of the Na+/K+-ATPase ac- 
tivity to V m is small. 

The TPP + release by OUA, however, might be 
explained by another possibility: the depolarization is 
attributable to a disappearance of the transinembrane 
K*-gradient or mttochondrial damage. Using the 
S"Rb-distribution technique, we demonstrated that the 
OUA effect on the transmembranc K*-gradient was 
minimal during the experimental period (unpublished 
data). Moreover, intraeellular ATP level also remHned 
unchanged in the presence of I mM OUA, suggesting 
no mitochondrial damage. Taken together, these re- 
sulted in our assumption that TPP+ release elicited by 
OUA might involve primarily the plasma membrane 
depolarization caused by the elcctrogenic Na+/K ~- 

s 

ATPase inhibition. ,. 
We further calcuiatco tide .1~ K. value by subtract- 

ing the .10~:,.,~, a'rp,,,~, value from the V value (Fig. 
4). The plot of A~b~. vs. [K+].. shows that ASK. 
decreases with increasing [K + ],,, thcrt~P.y substantiating 
the validity of the potential recording. In Fig. 4, the 
[K÷]i value can be considered identical to the [K+], 
value at the null-point of ASK.. The [K+], value was, 
thus, estimated to be approx. 120 mM by extrapolation 
of A~bl~. t,.? the null-point, comparable to the values 
obtained ~vith perfused liver [50] and isolated hepato- 
cytes [51]. Combining Na÷/K+.ATPase inhibition and 
transmembrane K÷-gradient elimination tiK+],,= 120 

l , I  . raM), w, was men estimated to be 38.9 + 0.6 inV. This 
• m 

was comparable to that obtained with AMB, indicating 
that selective V m abolition can also be achieved b2,' 
simultaneous Na+/K+-ATPase inhibition and trans- 
membrane K+-gradient elimination. 

On the other hand, the ratio of [K +]~ to [K +],, i~ 
approx. 24. if the electrogenic permeability to K + were 
high, the A~, K. value of -8{1 mV would be expected 
fr, bm [K ÷ ]i and [K + 1,, values, being far removed from 
the observed valve of ,a,kK- ( -  20 mV). This indicates 
that A~v, in hepatocytes is not simply a consequence 
of the transmembrane K+-diffusion gradient. When 
added to hepatocytes at low concentrations, valino- 
mycin specifically increases the permeability of the 
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plasma membrane to K + and causes membrane hyper- 
polarization [10,35]. suggesting that the permeability 
for K + is not high. Whereas K* conductance con- 
tributes in part to A~P~<,• the curvilinear relationship 
between Ag, K. and [K+], (Fig. 4) is not a Nernstian 
function, as would be expected of a K+-selective mere- 
• . . . .  mm,¢. Thus, membrane ,.,,,.,.,u,..~,......,.,~-,.~",,",'~ . . . .  of. other ions, 
notably Na + a n d / o r  Cl- ,  also may contribute to Ag/K,. 

in our ex0eriments, we used the TPP+-electrode, 
which can ~onitor  the V m change continuously. As 
shown in Fig. 7A, 10 mM t.-Ala produced the biphasic 
response. The addition of L-Ala causes an immediate 
and transient depolarization, followed by repolariza- 
tion. Similar findings were reported by other laborato- 
ries when a microelectrode was utilized. Thus, the 
electrode can tbllow a relatively rapid V,, change. 

The rcpolarization-hyperpolarizatkm tfl' hepatocytcs 
during n.-Ala uptake (Fig. 7A) is confirmed to be in- 
volved by mechanisms that regulate its': osmotic and 
electrical equilibrium [52-55]. In response to the co- 
Iranspcwt of Na + and ~.-Aia, cells must compensate lor 
both solute load and increased positive charge to main- 
tain their volume and V m, respectively. When hepato- 
cytes are incubated with I0 mM L-Ala, there is an 
immediate decrease in !/, and an increase in intra- 
cellular Na + and cell v qlume. Subsequent increases in 
K ~ conductivity and Na+/K~-ATPase pump activity 
re.store 1/, [44]. We found that this activated 
Na+/K+-ATPase pump might be inhibited by 1 :aM 
OUA, leading to an impairment of V m ~epolarization 
(Fig. 7A). The electrogenic response evoked by TCA 
was similar to that stimulated by L-Ala uptake, al- 
though rcpoiaiiza~ion was not obscived (Fig. 7B). 
TCA-stimulatcd depolarization was also observed'by 
Fitz and Scharschmidt [3{I] and Bear et al. [33], using 
microelectrodes. They concluded that Na+-couplcd 
TCA uptake by hepatocytes occurs through an electro- 
genie system which transpo~ ~s more than one Na" with 
each TCA molecule. It is o: great interest tha~ other 
organic anions, BSP, CA ano PCG, produced a similar 
electro~;,i¢ ~,~,sponse, suggesting the feasibility that 
thr,~r, anions ";"~'" bc taken up by i~epatocyte~ through . . . .  i l l l ~ i l  II, 

an inwardly positive charged electrogenic transport sys- 
tem. Despite these organic ~:aions having been con- 
firmed to be ;.ransported via a carrier-mediated system 
[56-59], the electrogenicity remains unknown and is 
worthy of investigation in the future. 

Two assumptions were m'ide in ti~i~ paper for the 
sake of the simple modeling of TPP ~ distribution in 
hepatocytes. First, TPP + has bee_n assumed to be dis- 
tributed mainly into two compartmer, ts, cytosolic and 
intramitnchondrial. However, strictly speaking, a hepa- 
tocyte conststs of a multicompartment systen~, so that 
TPF "+ distribution in hepatocytes must be uescribed 
utilizing multicompartments. On the o~hcr hand, a 
hepatocyt¢ contains a relatively high content ef mite. 

chondria, into which most intracellular TPP ÷ may bc 
accumulated by its very negative V,, ( - 1 8 0  mV), in 
spite of the relatively sinai! ¢apaci:y ,~r this compar'.. 
ment. Indeed• TPP + accumulation into mitochondria 
was calculated to be more than 90% of its total content 
in hepatocytes, indicating a minimal TPP + distribution 
into other organelles. The time courses of TPP + accu- 
mulation into hepatocytes were expressed by three 
exponential equations, suggesting that llepatocytes 
might have two main TPP + distribution pools (data not 
shown). Therefore, the first assumption that TPP + 
distributes mainly into ~.he cytosol and mitochohdria 
seems appropriate. Second, a proportional TPP ÷ bind- 
ing has been dssumed, the amount of bound TPP ÷ in 
each compartment being proportional to unbound 
I'PP 4 concentration. We previously reported that 
TPP + binding to mitochondria and intracellular con- 
stituents revealed saturation [23]. The relationship can 
be expressed as Langmuir adsorption, the binding of 
which wa,: almost linear up to as high as 800/.tM. in 
the present study, TPP ÷ mitochondria did not exceed 
800 /zM and TPP + C/M ratio remained unchanged 
irrespective of ~: wide range of TPP + concentrations 
(0.01-5 p.M), thus, indicating a proportional TPP + 
binding. Consequently, this assumption might also be 
judged appropriate. However, there is the question of 
whether or not the binding parameters might depend 
on hepatoc~te V,,,. When the amounts of bound probes 
are increased, we cannot deny the possibility thz.t some 
probes may be located in the middle part of thz mere. 
branes and that the binding parameters may depend on 
V m. This point should be further investigated, ;,lthough 
previous analysis, show the ~ i,d~p~aidcacc ol t~mding 
parameters on V m [23]. 

The measurement of V,,, and its change with TPP +- 
selective electrode invol,,,..s the estimation of TPP + 
redistribution ir hepatocytes following thermodynamic 
equilibrium. Accordingly, a rapid TPP + redi,~tribution 
between hepato~:ytes and medium is Prerequisite to 
monitoring V m and its 7aodifications unde~ different 
experimental ¢onditlnn% pc.~,~,,;.,m, any - "" . . . . . . . . .  ~, . . . . . .  s ,ap~u and tran- 
sient change. As shown in Figs. 2 and 5, the "i'PP + 
redistribution caused by various inhibitors and li~aads 
was achieved within a few minutes, sufficient for moni- 
toring a rapid V m change. Indeed, we were able t.o 
monitor a rather rapid V m change under various condi- 
tions (Fig. 7). However, the rate of depolarization in 
response to L-Ala in thc present ~tudy was relatively 
slower ~han that obtained with the microelectrode [30- 
34], probably as a result of the delay in TPP + rcuJslri- 
bution elicited by I.;n alteration. The response rate of 
the TPP+-selective electrode might, thus, be somewhat 
slower than that oI the microelectrode, so Lilat me 
interpretation of monitoring data on a v,..ry fast tran- 
sient V m change (less than l n,lin) shoult, bc made 
cautiously. 
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In the present paper, we demonstrate that it is 
possible to correct both TPP + binding inside cells and 
its accumulated mitochondri~ pro~'ided we can obtain 
TPP ÷ cellular distribution for ¢e!!s whose I~ m is selec- 
tively abolished. The rat hepat,~vte V m values deter- 
mined in the present study were in agreement with 
those in other laboratories ( - 3 5  mV to - 3 7  mV) 
[30-32,35,36]. Furthermore, the V m transient depolar- 
ization caused by L-Ale was similar to those demon- 
strated with microelectrode by other investigators [30- 
34], suggesting that this electrode can monitor a rather 
rapid change in V m. These results taken together sug- 
gest that this method using a TPP+-selective elecgrode 
is of value and applicable to estimating V m of any other 
mammalian cell which may be difficult to measure with 
a microelectrode. 
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