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The lipophilic cation triphenylmethylphosphonium (TPMP +) and the potassium analog Rb +, were used to 
monitor the membrane potential (Aq') of freshly isolated rabbit type II alveolar epithelial cells. Type II cells 
were found to accumulate TPMP + rapidly at 37°C in Hanks' balanced-salt solution with 5 pM tetrapbenyl 
boron, but this accumulation was partially due to non-membrane potential dependent binding of TPMP + to 
the cell. Lysophosphatidylcholine (lysoPC) was found to abolish Aq, and permitted correction for bound 
TPMP + or Rb +. TPMP + remaining in the cell following correction for binding represents the sum of 
mitochondrial and plasma membrane potential dependent accumulation. The accumulation of Rb + by the type 
II cell was found to be independent of the mitochondriai membrane potential and indicated a trans-plasma 
membrane Rb + distribution potential of -62.9 + 4 inV. A similar value was obtained by estimating the 
plasma membrane potential dependent accumulation of TPMP + in type II cells whose mitochondria were 
depolarized with carbonylcyanide m-chlorophenylhydrazone (CCCP). The release of TPMP + due to CCCP 
treatment also permitted an estimation for the trans-mitochondrial membrane potential of - 141.8 + 10 mV. 
These techniques of membrane potential measurements were found to be sensitive to changes in Aqt induced 
by a number of inhibitors and ionophores. The ability to measure the membrane potential of the type II 
pneumocyte, and the changes caused by various agents, should be useful in characterizing the functional 
responses of this pulmonary surfactant producing cell. 

Introduction 

The alveolar type II cell is responsible for the 
synthesis and secretion of surfactant in the lung 
[1,2]. This function is of critical importance to air 
breathing animals due to the role of surfactant in 
lowering alveolar surface tension and permitting 
alveolar expansion and stability [3-5]. In the past 

Abbreviations: CCCP, carbonyl cyanide m-chlorophenylhy- 
drazone; TPB-,  tetraphenylboron anion; TPMP + , triphenyl- 
methylphosphonium ion; Ag" m, trans-mitochondrial membrane 
potential; A,/,p, trans-plasma membrane potential. 

decade, techniques have been developed which 
allow the isolation of a relatively pure population 
of type II cells from among the approximately 40 
different cell types in the lung [6-9]. This ability 
has led to new investigations into biochemical 
processes involved in regulation of type II cell 
functions, particularly those related to pulmonary 
surfactant metabolism [10]. However, little infor- 
mation is presently available concerning the elec- 
trophysiology of this epithelial cell. 

Recent evidence has indicated that the trans- 
membrane electrical potential (Aft,) is intimately 
involved in the response of various cell types to 
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stimulatory agents such as insulin [11,12] and 
adrenergic agents [13,14]. These studies have dem- 
onstrated a specific interaction between cellular 
activation and changes in the distribution of ions 
responsible for the generation of A~ [15]. In this 
investigation we attempted to evaluate quantita- 
tively the steady-state membrane potential of the 
isolated type II cell in order to better understand 
how stimulatory agents and lung injury might 
directly affect type II cell function. 

The measurement of a membrane potential in 
isolated cells has been approached by a variety of 
methods. Direct measurements by microelectrode 
impalement of the plasma membrane are highly 
quantitative [16] yet extremely difficult in small 
cells (smaller than 12 /~m) such as type II cells. 
Indirect methods such as fluorescent cyanine dyes 
have been found useful for qualitative evaluation 
of rapid fluctuations in A~ relative to a resting 
value [17-19], but the accuracy of dye methods is 
questionable in terms of quantitative evaluation of 
the steady-state membrane potential. 

In the present study we used a method for 
measurement of Aq, based on the intracellular 
accumulation of radiolabeled permeable ions. 
Specifically, measurements are made of the accu- 
mulation of the monovalent cations triphenyl- 
methylphosphonium ([3H]TPMP +) and 86Rb + in 
isolated type II cells. TPMP + is a permeant lipo- 
philic cation which has been used for the measure- 
ment of A,/, in a number of cellular systems [20-23]. 
The potassium analog, 86Rb+ is used in conjunc- 
tion with TPMP + to distinguish between plasma 
membrane and mitochondrial membrane potential 
dependent accumulation of each ion [24]. These 
methods were applied to measure the membrane 
potentials across both the plasma and mitochon- 
drial membrane of freshly isolated type II cells, 
and were used further to investigate the response 
of these membrane potentials to known depolariz- 
ing agents. 

Methods and Materials 

Isolation and purification of type H cells 
Type II cells were isolated from the lungs of 

male New Zealand white rabbits (2-4 kg) and 
purified from the crude mixture of cells by centri- 

fugation on a discontinuous Ficoll gradient as 
previously described [8]. For the present study, cell 
counts and viability were determined by hemocy- 
tometer counts and Trypan blue exclusion, respec- 
tively. Type lI cells isolated by this procedure have 
previously been shown to exhibit metabolic activ- 
ity consistent with the minimization of cell injury 
during the isolation process [8,25]. Purity of the 
isolated cells was determined by a modified 
Papanicolaou staining procedure on air dried 
smears. Type II cells were also routinely char- 
acterized by both light and electron microscopic 
observation. 

Measurement of type H cell volume 
Total type II cell volume was measured using 

electronic cell sizing based on Coulter counter 
determinations of freshly isolated cells equi- 
librated for 15 rain at 37°C in Hanks' balanced-salt 
solution. The fraction of the total cell volume 
representative of the exchangeable water compart- 
ment was evaluated based on established tech- 
niques for the determination of intracellular and 
extracellular space [26]. In brief, type II cells were 
equilibrated in Hanks' salt solution for 15 min at 
37°C, and were then suspended at a concentration 
of 1.5.10 6 cells/ml in Hanks' salt solution con- 
taining either [3H]H20 (1/~Ci/ml) or [14C]sucrose 
(0.5 ~tCi/ml). After thorough mixing and incuba- 
tion at 37°C with [3H]H20 for 15 rain or 
[14C]sucrose for 3 min, 0.5 ml of the cell suspen- 
sion was layered upon 0.3 ml of an oil cushion (6 
parts dibutylphthalate to I part mineral oil, v /v ,  
d = 1.02) in a 1.5 ml plastic microfuge tube. The 
tubes were then spun for 90 s in a Beckman Model 
B microfuge. An aliquot of the supernatant was 
saved to determine radioactivity and the rest dis- 
carded to isolate the cell pellet. The radioactivity 
associated with the cell pellet was analyzed by 
cutting off the bottom of the tube below the oil 
meniscus. The tube tip and pellet were then added 
to 1 ml of 0.1 M NaOH in a glass scintillation vial. 
Following overnight incubation at room tempera- 
ture to allow complete cell lysis, the total radioac- 
tivity was measured by liquid scintillation spec- 
trometry in a Beckman LS700-1iquid scintillator 
system. The total volume of the pellet was de- 
termined from the [3H]H20 content, and the ex- 
tracellular space from the [14C]sucrose content. 



The intracellular space was taken as the difference 
between total and extracellular volumes. 

Uptake of [3H]TPMP + and 86Rb + 
Under conditions identical to those in which 

cell volume determinations were made, uptake of 
86Rb+ was initiated by the addition of a known 
volume of 5 mM RbC1 in water with an 86Rb÷ 
specific activity of (0.6 gCi/ml) .  [3H]TPMP ÷ up- 
take was initiated by first equilibrating cells with 
1-5 #M sodium tetraphenylboron (TPB-)  in 
Hanks' salt solution at 37°C for 15 min. This 
pre-treatment with TPB-  was used to enhance the 
rate of cellular uptake of TPMP ÷ to its steady-state 
value, as described in detail later. A known volume 
of a working solution of 1 mM triphenylmethyl- 
phosphonium bromide (TPMP ÷) in HeO with 
[3H]TPMP + activity of (20.0 /~Ci/ml) was then 
added to the cell suspension. All uptake experi- 
ments for either Rb ÷ or TPMP + were conducted 
in a 37°C water bath with periodic mixing. The 
amount of [3H]TPMP+ or 86Rb+ in the type II 
cell pellet was determined by separation through 
an oil cushion as described above for the measure- 
ment of cell volume. 

To further characterize the membrane potential 
of type II cells, a number of experiments were 
carried out involving exposures to various agents 
during the course of [3H]TPMP ÷ or 86Rb+ up- 
take. The specific agents used, each known to 
affect cell membranes or membrane potential in 
other cell systems included: 5 #M CCCP, 1 mM 
ouabain, 2 #M valinomycin, 100 #M 2,4-di- 
nitrophenol, 5 g g / m l  oligomycin-, 2 mM KCN, 
and 100/~M A23187. All stock solutions of these 
agents were prepared in absolute ethanol (except 
KCN which was in H20  ) and mixed with the cell 
suspensions to give a final ethanol concentration 
of not more than 1%. Control measurements of 
TPMP ÷ or Rb ÷ uptake were done using approx. 
1% ethanol. 

Cell permeabilization 
For accurate measurement of membrane poten- 

tial, it was necessary to separate the membrane 
potential dependent accumulation of TPMP ÷ or 
Rb ÷ from the uptake which was due to binding of 
these radiolabeled ions to cellular constituents. 
Binding was determined by permeabilizing the cell 
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to abolish the electropotential gradient across the 
cell membrane. Nystatin has been used in this 
capacity by others [27] but we found relatively 
little effect of nystatin on the membrane potential 
of isolated type II cells. Miller et al. [28] and 
Castellot [29] have described a method for reversi- 
bly permeabilizing cells by the use of lysophos- 
phatidylcholine. This method was newly adapted 
here in order to obtain a background value for 
TPMP ÷ or Rb ÷ accumulation by type II cells. 
This accumulation represented the binding of 
TPMP ÷ or Rb ÷ in the absence of a trans-mem- 
brane electrical potential. Following incubation 
with [3H]TPMP ÷ or 86Rb+ in Hanks' salt solution 
at 37°C, aliquots of the type II suspension were 
quickly removed and exposed to 10-12 # g / m l  
lysophosphatidylcholine at 37°C for 3-5 rnJn. The 
cell suspension was then transferred to microfuge 
tubes, spun through the oil cushion, and radioac- 
tivity in the cell pellet determined as described 
earlier. Triplicate samples of lysophosphatidylcho- 
line treated type II cells were taken at each point 
at which total [3H]TPMP+ or 86Rb+ accumula- 
tion was determined. The total DNA in cell pellets 
was analyzed by the method of Labarca and Paigen 
[30] and total protein was determined by the 
method of Lowry et al. [31]. 

Calculation of membrane potentials 
The transmembrane electrical potential (A~/,) 

can, in principle, be calculated based on the distri- 
bution of any freely permeable cationic probe 
across the cell membrane. The steady-state value 
for AXO is given by the Nernst relation in the form: 

[c + ] 
Ag, = -R-F--~ In ~ 

where [C +]out is the concentration of cation in the 
solution outside of the membrane and [C +]in is the 
concentration of the cation in the compartment 
contained by the membrane. The quotient of these 
terms (the distribution ratio) represents the ability 
of a negative A,/, to accumulate the positively 
charged probe. Since a membrane potential exists 
across both the plasma membrane and the 
mitochondrial membrane in the type II cell, it was 
necessary to distinguish the value for [C +]in within 
the mitochondrial compartment from that within 
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the cytoplasmic compartment. In this report we 
present an approach for determining the distribu- 
tion ratios for [3H]TPMP + and 86Rb + across both 
the mitochondrial and plasma membranes. An 
analysis of the distribution ratios established by 
both of these ionic probes was then applied to- 
wards the estimation of the mitochondrial and 
plasma membrane potential of the type II cell. 

Materials 
[3H]Triphenylmethylphosphonium bromide, 

[S6Rb]rubidium chloride, tritiated water, and 
[]4C]sucrose were purchased from New England 
Nuclear, Boston, MA. Rubidium chloride, 99.9% 
pure salt, was obtained from ICN Pharmaceuti- 
cals, Inc., Plainview, NY. CCCP was purchased 
from US Biochemical Corp., Cleveland, Ohio. All 
other inhibitors and ionophores as well as sodium 
tetraphenylboron, triphenylmethylphosphonium 
bromide, and Trypsin and DNAase for type II cell 
isolations were obtained from Sigma Chemical 
Co., St. Louis, MO. The elastase used for the 
isolation of type II cells was purchased from 
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Fig. 1. Effect of T P B -  on total uptake of TPMP + by type II 
cells. Type II cells were incuabted at 37°C with 7 /~M 
[3H]TPMP + and with T P B -  concentrations of 0 (O), 1 ~M (ll), 
2/~M (A), and 5/~M (C)). Each point represents the m e a n +  S.E. 
of total TPMP + uptake in the cell pellets from triplicate 
samples taken from three to five separate cell preparations. 

Worthington Diagnostic Systems, Freehold, NY. 
Media used in the preparation of type II cells were 
purchased from GIBCO, Grand Island, NY. 

Results and Discussion 

Accumulation of TPMP + by type 1I cells 
The use of a lipophilic cationic probe such as 

TPMP + to calculate the membrane potential of a 
cell requires the probe to be freely permeable to 
the cell membrane. The results shown in Fig. 1 
illustrate the rate of uptake of TPMP + by a freshly 
isolated type II cell suspension. Although the cells 
are permeable to TPMP+, the rate of intracellular 
accumulation is very slow. Following 120 min of 
incubation no apparent steady-state accumulation 
value was reached. This slow accumulation rate of 
TPMP + has been reported previously for other 
cell types, and has been corrected for by the 
addition of a lipophilic anion tetraphenylboron 
(TPB-) [20-22]. Fig. 1 shows that the addition of 
various concentrations of TPB- to the incubation 
medium influenced both the rate and total amount 
of TPMP + accumulated by the type II cell. In the 

320 ~ - ~ - ~  , , , , , 

280 

200 

~ 60 

~"~ 120 

DO 

4O 

0 t 
1 

! 

a I I J I I I I I 0 111 1T3 114 
:z 3 4 ~ 6 7 e 9 ~ ~2 ~ 

LeC pG/ML 

Fig. 2. T P M P  + b ind ing  by lysophospha t idy lcho l ine  
(LPC)-treated type II cells. Type II cells were incubated for 30 
rain at 37°C with 7 I~M TPMP + and 5 /LM T P B -  prior to a 5 
rain treatment with lysophosphatidylcholine. Total accumula- 
tion in the pellet was determined immediately following 
lysophosphatidylcholine treatment. Each point represents the 
mean_+S.E, of triplicate samples taken from three to five 
separate cell preparations. 



presence of 5 #M TPB- ,  type II cells were found 
to accumulate TPMP ÷ rapidly within the first 15 
min of incubation. However, the apparent steady- 
state accumulation of TPMP + expressed by the 
plateau phase of the curve was not constant, and 
varied with the concentration of TPB-  in the 
incubation medium. These results indicated that 
T P B -  either increased total TPMP + uptake 
through a hyperpolarizing effect on Ag,p, or in- 
creased the total TPMP + accumulated by non- 
membrane potential dependent binding of TPMP + 
to the cell. To distinguish between these two ef- 
fects, it is necessary to obtain a control value for 
TPMP + accumulation at a A,/,p of 0 mV [27]. 

Fig. 2 illustrates how permeabilization by 
lysophosphatidylcholine affected the final steady- 
state value for TPMP + accumulation by a type II 
cell suspension. In the low concentration range of 
lysophosphatidylcholine (from 0.1 to 3 gg /ml )  no 
appreciable loss of TPMP + was seen from the cell 
pellet. At higher concentrations of lysophosphati- 
dylcholine, there was a significant loss of TPMP ÷ 
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Fig. 3. Effect of T P B -  on TPMP + uptake by type II cells after 
correction for TPMP + binding. Type II cells were incubated at 
37 °C with 7/* M [ 3 H]TPMP + and with T P B -  concentrations of 
0 (e), 1 #M (R), 2 # M  (zx), and 5 # M  (O).  Following incuba- 
tion with TPMP + _+TPB-, for the indicated time periods, an 
aliquot of the cell suspension was removed and treated with 12 
# g / m l  lysophosphatidylcholin¢ for 5 rain. Each point repre- 
sents the difference in the m e a n s +  S.E. between control and 
lysophosphatidylcholine-treated cell pellets from triplicate sam- 
ples of three to six separate cell preparations, 
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associated with the type II cell pellet until a new 
constant value for TPMP + accumulation was 
reached at 8-15 /~g/ml lysophosphatidylcholine. 
This decrease in TPMP + accumulation corre- 
sponded to a large increase in the uptake of Trypan 
blue from less than 5% to greater than 95%. Fur- 
thermore, the additional treatment of lysophos- 
phatidylcholine treated cells with mitochondrial 
uncouplers such as CCCP or DNP, or treatment of 
type II cells with valinomycin in a high K + con- 
taining medium, did not result in any further loss 
of TPMP ÷ from the type II cell pellet. The ab- 
sence of any further effect from these depolarizing 
agents indicates a maximal depolarization by 
treatment with lysophosphatidylcholine alone. 
These results are therefore consistent with a de- 
polarization of the type II cell membrane potential 
toward 0 mV in the presence of 8-15 # g / m l  
lysophosphatidylcholine. The DNA and protein 
content of the cell pellet remained constant 
throughout a lysophosphatidylcholine concentra- 
tion range of 0 .1 -15 / ,g /ml .  Microscopic and elec- 
tronic cell sizing observations of these cells indi- 
cated that the cells were intact up to a concentra- 
tion of 15 # g / m l  lysophosphatidylcholine, but be- 
gan to burst at concentrations greater than this. 
Therefore, at a lysophosphatidylcholine concentra- 
tion of 8-15 #g /ml ,  the [3H]TPMP+ in the cell 
pellet represented uptake (binding) by intact, de- 
polarized cells, and was suitable for comparison to 
untreated cells. 

As a result of the data in Fig. 2, the amount of 
[3H]TPMP + accumulated by lysophosphati- 
dylcholine-treated cells (12 #g /ml )  was used to 
define the amount of non-membrane potential de- 
pendent binding of TPMP ÷ to type II cells. This 
non-membrane potential dependent binding of 
TPMP ÷ was found not to be a constant value but 
to vary according to the time of incubation with 
TPMP + and the concentration of TPB-  in the 
incubation medium. When TPMP ÷ binding was 
subtracted from the corresponding values for total 
accumulation in Fig. 1, the results in Fig. 3 were 
generated. These results show that initially TP B-  
affected the membrane potential dependent ac- 
cumulation of TPMP ÷ by increasing the initial 
rate of the TPMP + uptake phase of the accumula- 
tion curve. In contrast to the rate data in Fig. 1, 
the plateau phase shown in Fig. 3 remains con- 
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s tant  for at  least  60 min and thus gives a meaning-  
ful s teady-s ta te  value for T P M P  ÷ accumula t ion  by 
type  II  cells in Fig. 3. The s teady-s ta te  accumula-  
t ion value of  95 pmol  T P M P  ÷ per  7 .5-105  cells 

was found to be independen t  of  T P B -  concent ra-  
t ion from 1 to 5 /~M in the incuba t ion  medium.  
These  results  demons t r a t ed  that  T P B -  assisted a 

r ap id  d is t r ibu t ion  of T P M P  ÷ across the type II cell 
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Fig. 4. Effect of extracellular TPMP + on type lI ceils. The 
accumulation of TPMP + was measured following a 20 min 
incubation at 37°C with various concentrations of TPMP + and 
5 p,M TPB-. (a) [3H]TPMP+ accumulation after correction for 
non-membrane potential dependent TPMP ÷ binding is ex- 
pressed as a function of the extracellular concentration of 
[ 3H]TPMP + in the incubation media. (b) The concentration of 
TPMP + in the extracellular solution ([TPMP + ]cxt) was di- 
vided by the concentration calculated for TPMP ÷ in the type 
II cell ([TPMP + ]cell) and expressed as a distribution ratio. 
[ TPMP+ ]cell was calculated based on the accumulation of 
TPMP + seen in (a) and a type II cell intracellular volume of 
0.442 ~1 per 7.5-105 cells. The distribution ratio is expressed as 
a function of the extraceUular concentration of [3H]TPMP+ 
with each point representing the mean_S.E, from triplicate 
samples of three separate cell preparations. 

membrane ,  but  d id  not  affect the final amoun t  of 
accumula t ion  which was due specif ical ly to the 
m e m b r a n e  potent ia l .  Consequent ly ,  T P B -  did not  
affect the final ca lcula t ion of Aft, based  on this 
f inal  amoun t  of T P M P  + accumula t ion ,  and its use 
wi th  T P M P  ÷ was a permiss ib le  combina t ion  for 
the measurement  of  type II cell membrane  poten-  
tial. 

Fig. 4a shows that  the s teady-s ta te  value for 
T P M P  ÷ accumula t ion  by  a type II cell suspension 
var ied  l inearly with the concen t ra t ion  of T P M P  + 

in the incuba t ion  med ium in the range of 1 to 16 
/~M. This l inear re la t ionship  is equivalent  to a 

cons tan t  d i s t r ibu t ion  ra t io  for the concen t ra t ion  of 
T P M P  ÷ in the extracel lular  and  in t racel lu lar  com- 
pa r tmen t s  (Fig. 4b). This  behavior  is consis tent  
wi th  the hypothes is  that  T P M P  ÷ up take  (corrected 
for b inding)  is a passive process  and,  within the 
concen t ra t ion  range used here, not  sa turable  (i.e., 
the m e m b r a n e  poten t ia l  is unaffected by  T P M P  ÷ ). 
A t  external  T P M P  + concent ra t ions  higher than 16 
/zM there was an increase in the d is t r ibu t ion  ratio,  
p r e sumab ly  due to a direct  effect of high T P M P  + 
concen t ra t ions  on Aft. As a result  of the da ta  in 
Figs.  3 and 4, the condi t ions  for T P M P  ÷ accumu-  

la t ion in subsequent  exper iments  were s tandar -  
d ized to a 30 min incuba t ion  with 5 # M  T P B -  and 
7 /~M external  T P M P  +. 

Accumulation of Rb + by type 11 cells 
To calculate  a p l a sma  m e m b r a n e  poten t ia l  based  

on the s teady-s ta te  d i s t r ibu t ion  ra t io  of  a cat ionic  
p robe  such as T P M P  ÷, it is necessary to dis- 
t inguish how much of the total  s teady-s ta te  ac- 
cumula t ion  is due to the t r ans -p lasma  m e m b r a n e  
p o t e n t i a l  (Aftp)  as o p p o s e d  to the t rans-  
mi tochondr i a l  m e m b r a n e  poten t ia l  (Aftm). High 
values have been repor ted  for t r ansmi tochondr ia l  
m e m b r a n e  poten t ia l s  in other  cell types (130-165 
mV) [22,24,32] and  we expected a s ignif icant  frac- 
t ion of  the total  cell T P M P  + to be con ta ined  in the 
type  II  cell mi tochondr i a  since T P M P  + has been 
shown to be freely pe rmeab le  to the inner  
mi tochondr i a l  m e m b r a n e  [11,20]. To evaluate  the 
mi tochondr i a l  accumula t ion  of T P M P  ÷, a second 
rad io labe led  p robe  (86Rb+), was used. Unl ike  the 
l ipophi l ic  ion T P M P  +, the Rb  ÷ is selectively per-  
meab le  and will not  passively enter  the inner  
mi tochondr ia l  m e m b r a n e  [24]. Therefore,  its ac- 
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Fig. 5.86Rb+ accumulation by type II cells. The accumulation 
of 25 #M S6Rb+ by type II cells at 37°C was measured and 
expressed as a function of time of incubation with Rb +. Each 
point represents the mean+S,E,  for the difference between 
total Rb + accumulation and Rb ÷ accumulated following 12 
# g / m l  lysophosphatidylcholine treatment of triplicate samples 
from three or four separate determinations. 

cumulation should be independent  of the 
mitochondrial membrane potential. As an ana- 
logue of K ÷, Rb ÷ has been used in other cell 
systems [24,20] to give an estimate of the K ÷ 
diffusion potential across the plasma membrane. 

The accumulation of 86Rb÷ by freshly isolated 
type II cells is depicted in Fig. 5. A steady-state 
accumulation of 86Rb÷ occurred after 60 min of 
incubation with a 86Rb+ extracellular concentra- 
tion of 25 /~M. Fig. 6a demonstrates a linear 
relationship between the extracellular concentra- 
tion of 86Rb ÷ and in tracellular 86Rb ÷ as measured 
at steady state in the type II cell. As described 
previously with [3H]TPMP ÷ accumulation, the 
distribution ratio of extracellular 86Rb+ to in- 
tracellular 86Rb+ (Fig. 6b) is a constant over the 
range of 10 to 50 #M extracellular 86Rb+. Thus, 
Rb ÷, as well as TPMP ÷, can be used at low 
concentrations which will not directly affect the 
measured value for the membrane potential of the 
type II cell. 

Determination of the plasma membrane potential 
The steady state distribution ratios depicted in 
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Fig. 6. Effect of extracellular S6Rb+ on type II cells. The 
accumulation of SrRb + by type II cells was measured following 
a 60 rnin incubation with extracellular SrRb÷ at 37°C. (a) 
Accumulation of SrRb+ after correction for binding is ex- 
pressed as a function of extracellular 86Rb+. (b) The distribu- 
tion ratio for SrRb+ was calculated based on the accumulation 
of S6Rb+ seen in (a) and a type II cell intracellular volume of 
0.442 ~1 per 7.5.105 cells. Each point represents the mean + S,E. 
for triplicate samples of two or three separate cell preparations. 

Figs. 4 and 6 are based on identical incubation 
conditions in which the concentration of intracell- 
ular probe was calculated from the volume of 
intracellular space and the membrane potential 
specific accumulation at steady state. Based on 
[3H]H20 and [14C]sucrose measurements (see 
Methods and Materials), the mean value found for 
type II cell intracellular space was 0:422 #1 per 
7.5 • 10 5 cells. The mean total volume of the type 
II cell based on electronic cell sizing was 0.542/~1 
per 7.5-10 5 cells. These volume measurements 
were found not to be affected significantly by the 
concentrations of TPMP ÷, Rb ÷, or TP B-  used in 
the present study. 
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To test the hypothesis that Rb + accumulation 
reflects the trans-plasma membrane potential while 
TPMP + accumulation reflects both the plasma 
and mitochondrial membrane potentials, type lI 
cells were treated with the mitochondrial uncou- 
pler CCCP for 5 rain following the steady-state 
accumulation of TPMP ÷ or Rb +. This CCCP 
treatment dissipates the mitochondrial electro- 
potential gradient [32,33]. Therefore, following 
treatment with CCCP, the mitochondrial contribu- 
tion to the total accumulation of either 86Rb+ or 
TPMP + will be eliminated. 

Experiments conducted on type II cells which 
had accumulated 86Rb+ to steady state showed no 
significant change in the total accumulation of 
86Rb+ after mitochondrial depolarization with 
CCCP. At an extracellular concentration of 25 ~M 
86Rb+, the total 86Rb+ accumulated by type II 

cells after correction for non-membrane potential 
binding was 111 __+ 9 pmol per 7.5 • l0 s cells. The 
lack of any change in the accumulation of 86Rb+ 

1 6 0  
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4 0  

0 40 80 120 

E X T R A C E L L U L A R  K ÷ (mM) 

Fig. 7. Effect of extracellular [K + ] on the steady state accumu- 
lation of [3H]TPMP +. Type II cells equilibrated at 37°C in a 
modified Hanks' salt solution containing 40 mM NaCI, and 
choline + plus K + equal to 140 mM. Cells were incubated with 
5 /~M TPB- and 7 ,aM TPMP + for 20 rain. Each point 
represents the mean_+S.E, of the total [3H]TPMP + contained 
in the cell pellet of triplicate samples from two to four separate 
cell preparations. 

following CCCP treatment confirms the inability 
of 86Rb+ to be accumulated by the trans- 
mitochondrial potential gradient. If the total 86 Rb + 
accumulation is then assumed to be due to the 
trans-plasma membrane potential alone, the Nernst 
equation (see Methods and Materials) predicts a 
Rb + distribution potential of - 62.9 + 4 mV. 

In contrast to the accumulation of 86Rb+, the 
accumulation of TPMP + by type II cells was ex- 
tremely sensitive to treatment with CCCP. Under 
control conditions of 7 ~M extracellular [3H] 
TPMP +, type II cells accumulated TPMP + to a 
steady-state value of 100 +_ 7 pmol per 7.5-10 5 
cells (after correction for non-membrane potential 
dependent binding). Immediately following treat- 
ment with CCCP, TPMP + accumulation decreased 
to 35 + 9 pmol per 7.5 - 105 cells. Thus, it would 
appear that TPMP + was substantially accu- 
mulated by the mitochondria of the type II cell, 
and that CCCP resulted in release of this fraction 
of TPMP + accumulated by the trans-mitochondrial 
membrane potential. The TPMP + remaining after 
CCCP treatment can be substituted into the Nernst 
equation to give a value of -63_+ 9 mV. This 
value agrees closely with the value obtained based 
on the Rb + distribution potential, and thus indi- 
cates the TPMP + remaining after CCCP treatment 
can be attributed purely to the plasma membrane 
potential. 

Estimation of the mitochondrial membrane potential 
The mitochondrial membrane potential is de- 

fined by the Nernst equation with the distribution 
ratio based on the cytosolic concentration of the 
probe for [C+]out and the intramitochondrial con- 
centration for [C+]in. The major problem with the 
use of the equation in this form concerns the 
necessity for an accurate measure of the volume of 
the mitochondrial compartment. The results of the 
previous section demonstrated a 65% loss of 
TPMP + by type II cells following CCCP treat- 
ment. Since CCCP did not result in any loss of 
86Rb+, it is reasonable to assume that CCCP + did 
not affect the plasma membrane potential. There- 
fore 65% (65 pmol), of the TPMP + accumulation 
can be attributed to the mitochondrial compart- 
ment. However, to determine a distribution ratio 
of TPMP + across the mitochondrial membrane, it 
is necessary to know the concentration of TPMP 



in mitochondria, and this requires knowledge of 
mitochondrial volume. 

Morphologic evidence indicates that the in- 
tramitochondrial volume is a small fraction of 
cytoplasmic volume in type II cells [8]. Conse- 
quently, the cytoplasmic volume can be approxi- 
mated as the total measured intracellular volume. 
If the mitochondrial volume (Vm) is assumed as 
some percent (e.g., 1%) of the total cytoplasmic 
volume, the concentration of TPMP + in the 
mitochondria ([C+]in) can be estimated. The 
mitochondrial membrane potential, A~/" m, can then 
be calculated from the Nernst equation based on a 
value for [C÷]o,t which is equal to the cytoplasmic 
concentration of TPMP ÷. By this method A'/" m is 
estimated to be -141 .8  + 10 mV if V~ is 1% of 
intracellular volume. This value for the mito- 
chondrial membrane potential in type II cells is 
similar to those calculated for the mitochondrial 
membrane potential in a number of different cell 
systems [23,24,32]. Unfortunately, this method of 
determining the mitochondrial membrane poten- 
tial is strongly dependent on the estimate of 
mitochondrial volume. A 2-fold error in the value 
for V m results in an 18 mV change in the magni- 
tude of Ag' m based on the TPMP ÷ accumulations 
found here. However, even though the absolute 
magnitude of A~ m is approximate, accurate 
evaluation of the relative effect of various agents 
on the mitochondrial membrane potential is possi- 
ble since these do not require knowledge of 1,',~ but 
only of relative changes in the accumulation of 
TPMP ÷. Thus, although TPMP ÷ presents difficul- 
ties in calculating an absolute value for either the 
plasma or mitochondrial membrane potential due 
to its accumulation in both compartments, it is 
very useful as a relative indicator of mitochondrial 
or plasma membrane responses. The results of a 
number of experiments involving plasma mem- 
brane a n d / o r  mitochondrial membrane potential 
changes in type II cells are now described. 

Effect of  extracellular K + on T P M P  + accumulation 
Type II cells were equilibrated for 15 min at 

37°C in modified solutions of Hanks' medium 
which contained 40 mM Na + and various con- 
centrations of K +. The osmolarity of the solution 
was maintained at a constant value by substitution 
of K ÷ for choline +. Increasing the extracellular 
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concentration of K + by this method has been 
reported by several investigators [15,22,26] to de- 
polarize cells in which the plasma membrane 
potential 'is strongly dependent upon a K + diffu- 
sion potential. Fig. 7 illustrates the effect of K ÷ on 
the total steady-state accumulation of TPMP ÷ in 
type II cells and the results demonstrate the sensi- 
tivity of TPMP + to monitor changes in the plasma 
membrane potential. The remaining TPMP + shown 
in the cells at high extracellular K + is presumably 
due in part to non-membrane potential dependent 
binding and in part to the mitochondrial accumu- 
lation of TPMP ÷ since A~/' m is not strongly depen- 
dent on the K ÷ concentration gradient in the 
absence of a K + ionophore [24]. This result tends 
to further support the validity of using TPMP ÷ 
accumulation to detect changes in the plasma 
membrane potential of the type II cell. It is not 
appropriate however, to make a direct comparison 
of type II cells in this system containing a low 
concentration of Na ÷ (40 mM) to cells incubated 
in normal Hanks' salt solution since the contribu- 
tion of Na ÷ to the membrane potential of the type 
II cell is at present unknown. 

Effects o f  ionophores and inhibitors on T P M P  ÷ 
accumulation 

• The effects of several inhibitors and ionophores 
on ihe steady-state accumulation of TPMP ÷ by 
type I1 cells are summarized in Table I. Before 
exposure to the experimental agent, type II cells 
were first allowed to reach the normal steady-state 
value for TPMP ÷ accumulation (incubation time 
30 min). Following 5 and 30 min of exposure to 
each agent, aliquots of the cell suspension were 
removed and analyzed for TPMP + accumulation. 

As shown in Table I, the (Na÷+ K÷)-ATPase 
inhibitor ouabain resulted in a 20% decrease of 
TPMP + uptake in the type II cell by 5 min and 
almost a 40% decrease at 30 min. The early de- 
polarization due to ouabain treatment indicates 
the possible presence of a electrogenic component 
to the plasma membrane potential in type II cells 
which is abolished by inhibition of the Na+,K ÷ 
pump activity. 

Mitochondrial poisons such as C N -  and 
Oligomycin do not function through an immediate 
dissipation of transmembrane potentials in other 
cell systems [34]. Therefore, as expected, TPMP ÷ 
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accumulation in type II cells did not significantly 
decrease after 5 rain of treatment with these agents. 
After 30 min of exposure, the results of Table I do 
show decreased TPMP + accumulation, which may 
reflect a depolarization of the mitochondria due to 
the inability of poisoned mitochondria to maintain 
a proton gradient, as well as possible effects on the 
plasma membrane potential due to a depletion of 
ATP in the cell. 

The K + ionophore valinomycin [35], and the 
calcium ionophore A23187 [35,36], both resulted 
in a substantial release of TPMP + from type II 
cells. Valinomycin acts to increase the permeabil- 
ity of both the mitochondrial and plasma mem- 
brane to K + [35], and should thus give rise to two 
effects in our system. First, Aq' m should depolarize 
with the lower limit being the value seen with 
CCCP mitochondrial inhibition; second, A~p 
should approach a value set by the distribution 
ratio of K + across the plasma membrane. The 
results in Table I show that after 5 min of 
valinomycin exposure there was a release of 
TPMP + from the type II cell essentially identical 
to that seen after CCCP treatment. The TPMP + 
remaining in the type II cell at this point would 
apparently indicate that the K + distribution ratio 
is quite close to the plasma membrane potential 
seen after CCCP treatment. However, this does 
not necessarily mean that the plasma membrane 
potential after either CCCP or valinomycin treat- 

TABLE I 

EFFECTS OF INHIBITORS AND 1ONOPHORES ON THE 
STEADY-STATE ACCUMULATION OF TPMP + 

Type II cells were incubated with 7 /~M TPMP + and 5 /~M 
TPB-  for 20 rain and then treated with test compound or 1% 
ethanol as a vehicle control. Following 5 min or 30 rain of 
treatment, [3H]TPMP + accumulation in the type II cell was 
measured. The data are expressed as % control -+ S,E. for the 
mean of triplicate determinations from at least three separate 
cell preparations. 

Treatment % cell-associated TPMP + 

5 rain 30 min 

Control 100 
Oligomycin (5 / tg /ml )  103 -+ 6 
KCN (2 mM) 107 -+ 8 
Ouabain (1 mM) 78 +_10 
Valinomycin (2 tLm) 29 4- 4 
A23187 (100/~g/ml) 8.0+ 9 

100 
73 +13 
38 -+15 
63 -+ 7 

1.0-+ 8 

ment is equal to the normal K + distribution poten- 
tial for this ceil. 

The calcium ionophore A23187 was seen to 
have the most significant effect on the membrane 
potential of type II cells (Table I). The release of 
TPMP + suggests that this ionophore depolarized 
both the mitochondrial and plasma membranes by 
permitting movement of Ca 2+ into the cell. In 
Ca 2+ free medium this effect of A23187 was not 
found to be present (data not shown). Therefore, it 
appears that measurement of TPMP + accumula- 
tion could provide a sensitive indicator of calcium 
entry into the type II cell in future experiments. 

In summary, the responses of isolated type II 
cells to the presence of valinomycin and high 
external K + are both consistent with the ability of 
TPMP + to detect changes in the plasma and 
mitochondrial membrane potentials of the type II 
cell. The accumulation of Rb +, while not sensitive 
to mitochondrial membrane potential changes, 
offers the benefit of specifically detecting changes 
in the plasma membrane potential. Therefore, by 
independently investigating the membrane poten- 
tial of type II cells with both ionic probes, one can 
detect an alteration in either membrane and dis- 
tinguish a purely plasma membrane specific effect 
from the action of an agent which may influence 
both the plasma and mitochondrial membrane 
potential. 

In the process of establishing these measure- 
ment methods for type II  cells, several other points 
have been illustrated. First, the uptake of a ca- 
tionic probe such as TPMP + by charged cells is 
not a process simply dependent on Aq, p. The rate 
of uptake and approach to steady state must be 
considered, and if compounds are added to in- 
crease this rate (e.g., TPB-)  their effects on the 
cells of interest must be accounted for. For exam- 
ple, considerable care must be taken to correct for 
non-membrane potential dependent binding ef- 
fects, or for uptake by other charged compart-  
ments in the cell. The mitochondrial component  of 
TPMP + accumulation has been shown here to be a 
considerable factor in the type II cell system, with 
a mitochondrial potential which is larger in abso- 
lute magnitude than the plasma membrane poten- 
tial. Possible effects on the measurement of AkOp 
from other compartments  such as Golgi, endo- 
plasmic reticulum, or lamellar bodies are more 



diff icult  to resolve. However ,  the appa ren t  similar-  

i ty between the R b  + measurements  and  the C C C P  
t rea ted  T P M P  ÷ measurements  would  tend to indi-  
cate  that  the con t r ibu t ion  of these other  compar t -  
ments  to the measurement  of  the membrane  
po ten t ia l  by  T P M P  ÷ is min imal  in this system. 

A final po in t  of  interest  concerns  the effect of  
the calc ium ionophore  A23187 on type II  cell 
m e m b r a n e  poten t ia l  compared  to the effect of this 
ca lc ium ionophore  on type II  cell function.  Mason  
et al. [7] have shown that  surfac tant  release by 
type  II cells occurs  in response to A23187 treat-  

ment .  Through the analysis  of  changes in T P M P  ÷ 
and  Rb  ÷ accumula t ion ,  it may  be possible  to 
d is t inguish between the role of  mi tochondr ia l  
ca lc ium release and the t r ans -p lasma  membrane  

ca lc ium flux in sur fac tan t  secretion. Fur the rmore ,  
o ther  type II cell secretagogues such as phorbo l  
myr i s ta te  acetate,  and  fl adrenergic  agents,  are 
under  invest igat ion in our  l abora to ry  as having a 
poss ib le  inf luence on the type II  cell m e m b r a n e  
potent ia l .  The  abi l i ty  to ob ta in  an accurate  mea-  
surement  of  bo th  the p l a sma  and  mi tochondr ia l  
m e m b r a n e  poten t ia l  at  s teady state should prove 
to be  of s ignif icant  ut i l i ty  for the analysis  of the 
type  II  cell 's  response  to normal  physiologic  and 
toxic agents.  
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