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Abstract. The divalent cation ionophore A23187 in- 
creased oxygen consumption by isolated epithelial cells 
from toad urinary bladder, an increase similar to that 
seen with 2,4-dinitrophenol, a classic uncoupler of  
mitochondrial oxidative phosphorylation. This respi- 
ratory stimulation was not seen in calcium-free in- 
cubation media. That this A23187 induced rise in ceil 
oxygen consumption was due to a primary uncoupling 
action on mitochondrial oxidative phosphorylation 
rather than secondary to stimulation of cellular trans- 
port processes and mediated via increased cellular ADP 
levels was suggested by the ability of  A23187 to release 
the inhibition of  cellular respiration by oligomycin, an 
inhibitor of the mitochondrial proton ATPase which 
blocks the stimulation of mitochondrial respiration by 
ADP. Since active transepithelial ion transport and 
cellular energy production are ctosely linked processes, 
the uncoupling action of A23187 in the presence of 
extracellular calcium is sufficient to account for an 
acute decline in active ion transport across epithelia 
without invoking other calcium-mediated processes. 
Furthermore, isolated epithelial cells exposed to 
A23187 for 90min had greater than 50% loss of 
viability, as measured by failure of Trypan blue ex- 
clusion. The subacute A23187 induced declines in 
transepithelial transport, therefore, may be secondary 
to its non-specific effects on cell viability. 
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Introduction 

Emerging evidence in a variety of epithelia suggests that 
the cytosolic calcium ion (Ca e+) concentration is a 
critical regulator of transepithelial active ion transport 
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[17]. In this regard, a number of studies have de- 
monstrated that increases in intracellular Ca 2 + levels 
appear to inhibit active ion transport [1, 20]. Maneuvers 
designed to raise cytosolic Ca 2 § activity, however, have 
usually depended on the use of  divalent cation iono- 
phores, in general [17], and A23187, in particular 
[1,20]. Of note, Ca 2§ and A23187 are potent un- 
couplers of mitochondrial oxidative phosphorylation 
[2, 11]. Since active ion transport and cellular energy 
production are tightly linked processes [19], the un- 
coupling action of these compounds may be sufficient 
to account for their inhibitory influence on active 
transepithelial ion transport without invoking other 
calcium related processes. To determine the effect of  
A23187 and Ca 2 § on energy production in transport- 
ing epithelia, the effect of  these agents on oxygen 
consumption by isolated epithelial cells from toad 
urinary bladder was studied. Furthermore, since cel- 
lular calcium overload secondary to alterations in 
plasma membrane calcium permeability appears to be 
an important final common pathway leading to cell 
death [14] and prolonged cell exposure to A23187 and 
Ca 2 + has been shown to be detrimental to cell viability 
in other tissues [14], the subacute effect of A23187 on 
toad bladder epithelial cell viability was also assessed. 

Materials and Methods 

Cell Isolation. Toads (Bufo marinus) were obtained from National 
Reagents (Bridgeport, CT, USA). Amphibian Ringer's solution, 
containing 113 mM NaC1, 2.5 mM KCI, 2.5 mM NaHCO3, 2 mM 
CaCt2, 5 mM Tris HC1 (pH 8.0), and 5 mM glucose was used in all 
experiments. Epithelial cells were collected by scraping with a glass 
slide the mucosal surface of hemibladders twice washed in no added 
calcium Ringer's and incubated for 45 rain in well aerated calcium- 
free Ringer's containing I mM ethyleneglycol-bis-(fl-aminoethyl 
ether) N,N'-tetraacetic acid (EGTA). The isolated cells were suspen- 
ded in no added calcium Ringer's solution and the celt pellet was 
obtained by centrifugation at 500g for 10min. The cells were 
resuspended in appropriate Ringer's solution and kept at 4 ~ C for the 
remainder of the experiment. An average hemibladder yielded 
approximately 2 4 mg protein of epithelial cells. 
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Oxygen Consumption. Oxygen consumption of isolated epithelial cells 
was measured polarographically [4] at 25~ employing a Clark 
electrode in a closed calibrated 1.4 ml vessel with stirring bar and 
thermostatistically controlled bath (Model K-IC, Gilson Medical 
Electronics, Inc., Middleton, WI, USA). Each experiment was started 
by adding cells, containing between 1 and 3 mg of cellular protein, to 
the oxygraph vessel. After obtaining a basal rate of oxygen con- 
sumption for 2 - 3  min, the initial change in cell respiration in 
response to the various experimental agents was measured. 

Cell Viability. Cells were isolated as above and suspended in 
amphibian Ringer's solution to give a final cell concentration of 
approximately 2x 106 cells/ml. Cells were treated with sodium 
cyanide (10mM), A23187 (2 and 10nmoles/mg cell protein), and 
sham solution for 90 rain at 22~ Cell viability was assesed by 
Trypan blue exclusion, a well established assay for viability [5, 14]. 
Trypan blue (2.0% in 0.45% NaCI) was added directly to cell 
suspensions to give a final concentration of 0.67 %. Within 10 min the 
number of cells which did and did not exclude the dye was counted in 
a hemocytometer in duplicate. Trypan blue exclusion, and thus cell 
viability, is expressed as the percentage of unstained cells to total 
stained and unstained cells. A yield of (2-4) x 106 cells per hem• 
bladder with ~ 90 % viability was obtained. 

Reagents. A23127 was a generous gift from Dr. Robert Ham• Eli 
Lilly Company (Indianapolis, IN, USA). All other reagents were 
obtained from Sigma Chemical Company (St. Louis, MO, USA). 
A23187, 2,4 dinitrophenol (DNP) and oligomycin were dissolved in 
absolute ethanol in quantities to deliver the required concentration in 
10 gl aliquots. In all instances, absolute ethanol was used as the sham 
solution. 

Statistical Methods. Student paired t-tests were used for statistical 
analysis. Significance is defined as P < 0.05 two-tailed. 

Results 

Effects o f A 2 3 1 8 7  and Ca 2 + on Epithelial Cell Oxygen 
Consumption 

A23187,  80 nmoles /mg  prote in ,  immedia te ly  increased 
oxygen consumpt ion  by epi thel ia l  cell suspensions f rom 
a basa l  level o f  7.9_+ 1 . 0 - 1 3 . 8  _+ 1 . 6 n a t o m  equiva-  
lents oxygen/ ra in / rag  p ro te in  (n = 6, P < 0.001), an 
increase similar  to tha t  seen with  1 0 - 4 M  D N P  
(Table 1). The actual  record  o f  a typical  exper iment  is 
i l lus t ra ted  in the left hand  panel  o f  Fig. 1. As  litt le as 
4 nmoles /mg pro te in  o f  A23187 p r o d u c e d  a detec table  
s t imula t ion  o f  oxygen consumpt ion  f rom a mean  
basel ine value of  8.7 _+ 1.1 - 14.3 _+ 1.6 n a t o m  equiva-  
lents oxygen/ ra in / rag  protein.  The presence o f  Ca 2 + in 
the incuba t ion  med ium was necessary for this response 
since no s t imula t ion  of  resp i ra t ion  by  A23187 was 
observed in ei ther  a no a d d e d  calc ium incuba t ion  or a 
calcium-free m e d i u m  conta in ing  1 m M  E G T A .  O f  
note,  add i t i on  o f  absolu te  e thanol ,  sham solut ion,  had  
no effect on cell respira t ion.  

Fu r the rmore ,  t r ea tment  o f  the cell suspensions  wi th  
o l igomycin  lowered  con t ro l  oxygen c o n s u m p t i o n  
over a 5 rain pe r iod  f rom 8.1 + 0 . 9 - 3 . 0  _+ 0.2 n a t o m  
equivalents oxygen/rain/rag pro te in  (n = 18, P < 0.001). 
Subsequent  add i t i on  o fA23187  (80 nmoles /mg  prote in)  
increased oxygen c o n s u m p t i o n  to a s ignif icant ly 

Table 1. Effects of  A23187 and DNP on oxygen consumption by 
isolated toad bladder epithelial cells 

Agent n Oxygen consumption 
(natom equivalents 
oxygen/min/mg protein) 

Control Experimental 

Sham 8 8.2 _+ 1.2 8.0 _+ 1.0 

A23187 
(80 nmoles/mg protein) 7 7.9 _+ 1.0 13.8 + 1.6" 

A23187 
(4nmoles/mg protein) 6 8.7 _+ 1.1 14.3 • 1.6" 

DNP (10 -4 M) 6 7.6 • 1.2 13.1 • 2.5* 

Data expressed as mean • SE 
* P < 0.001 compared to control 

I rain A23187 

0.025 
Nmoles 02 

Fig. 1. Typical tracings of the respiratory responses of isolated 
epithelial cell suspensions from toad urinary bladder. Epithelial cells 
(3 mg protein) were incubated in amphibian Ringer's containing 
2 mM CaC12. At the indicated times, additions were made to give 
final concentrations in the incubation medium of: A23187 
(80 nmoles/mg protein), oligomycin (20 gg/ml). Sham solution was 
10 gl absolute ethanol, the solvent for A23187 and oligomycin 

(P  < 0.01) higher  mean  value of  7.8 _+ 0.5 n a t o m  equi-  
valents  oxygen/ ra in / rag  prote in .  The ac tua l  r ecord  of  a 
typical  exper iment  is i l lus t ra ted  in the r ight  h a n d  panel  
of  Fig. 1. A n  effect s imilar  to  tha t  o f  A23197 was ob- 
ta ined  by  add ing  10 ~ M  D N P  in the presence of  
o l igomycin  (Table  2). 

Effects o f A 2 3 1 8 7  and Ca 2 + on Epithelial Cell Viability 

Cells incuba ted  in the presence o f  A23187 
(10 nmoles /mg  prote in)  for 90 rain had  greater  than  
50 % loss o f  viabil i ty,  as measu red  by  fai lure o f  T r y p a n  
blue exclusion (Table  3). This rate  was de mons t r ab ly  
greater  than  t ime and sham cont ro ls  and  was s imilar  to 
tha t  observed  with  cyanide  (10 raM).  A lower dosage o f  
A23187 (2 nmoles /mg  prote in)  h a d  a less p ronounced ,  
bu t  still s ignif icant ly greater  than  control ,  effect on  cell 
viabil i ty.  A b s o l u t e  e thanol ,  sham sglut ion,  d id  no t  
decrease cell viabil i ty.  

Discussion 

Recen t  in teres t  has focused u p o n  the role o f  cytosol ic  
Ca  2 + act ivi ty  in the regu la t ion  o f  t ransepi thel ia l  active 
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Table 2. Effects of A23187 and DNP in the presence of oligomycin on 
oxygen consumption by isolated toad bladder epithelial cells 

Agent n Oxygen consumption 
(natom equivalents 
oxygen/min/mg protein) 

Control 18 8.1 + 0.9 

Oligomycin (20 gg/ml) 18 3.1 + 0.2* 

Oligomycin (20 gg/ml) 
+ Sham 6 3.3 _+ 0.3 

Oligomycin (20 gg/ml) 
+ A23187 
(80 nmoles/mg protein) 6 7.8 + 0.5** 

Oligomycin (20 gg/ml) 
+ DNP (10 -~ M) 6 8.5 _+ 1.2"* 

Data expressed as mean _+ SE 
* P < 0.001 compared to control 

** P < 0.01 compared to oligomycin + sham 

Table 3. Effect of cyanide and A23187 on toad bladder epithelial cell 
viability 

Agent n Viability (~)  

Control Experimental 

Sham 6 89_+1 88_+1 

Cyanide (t0 mM) 6 87 + 2 44 + 2* 

A23187 
(10 nmoles/mg protein) 6 88 _+ 2 48 _+ 2* 

A23187 
(2 nmoles/mg protein) 4 87 _+ 2 68 _+ 2** 

Data expressed as mean _+ SE 
* P < 0.001 compared to control 

** P < 0.01 compared to control 

ion transport. To shed light on this problem a variety of 
agents which alter calcium flux across membranes have 
been utilized in various transporting epithelia [7]. 
Divalent cation ionophores, in general, and the calcium 
ionophore A23187, in particular, have been commonly 
used agents to increase calcium flux across biological 
membranes and, thereby, presumably, to increase the 
cytosolic Ca 2 § concentration [1, 17, 20]. In this regard, 
A23187 has been shown to inhibit active sodium 
transport in toad urinary bladder [20] and active 
hydrogen ion transport in turtle urinary bladder [1]. 
These results have led to the suggestion that an increase 
in cystolic Ca 2 § activity either inhibits directly intrin- 
sic ion pump activity or alters luminal membrane ion 
permeability [17]. 

In light of the experiments reported herein, ho- 
wever, an additional mechanism for this A23187 in- 

duced decline in active transepithelial ion transport 
must be considered: the effect of A23187 and Ca 2 § on 
mitochondrial oxidative phosphorylation and, there- 
fore, on cellular energy production. Abundant evidence 
exists for a close linkage between active transepithelial 
transport and epithelial cell energy production [19]. In 
fact, DNP, a classic uncoupler of mitochondrial oxid- 
ative phosphorylation, leads to a rapid and immediate 
decline in transepithelial active transport in anuran 
membranes [3]. In the present experiments, both DNP 
and A23187 significantly increased oxygen consump- 
tion of epithelial cell suspensions. The A23187 in- 
duced rise in cell respiration is consistent with an 
uncoupling action of A23187 on mitochondrial oxid- 
ative phosphorylation, an effect also recently reported 
in bovine spermatozoa [2]. 

In isolated mitochondria, the uncoupling action of 
A23187, and, therefore, the stimulation of mitochon- 
drial respiration, is due to a cyclical calcium flux across 
the mitochondrial inner membrane [13]. In whole cells, 
the A23187 induced rise in respiration may be due to 
primary effects on either the plasma membrane or the 
mitochondrial membrane. A23187 mediated altera- 
tions in plasma membrane calcium permeability may 
result in a persistent flux of Ca 2-- into the cytosol and 
continuous uptake of Ca 2+ by mitochondria; or 
A23187 mediated alterations in inner mitochondrial 
membrane calcium permeability may result in repetitive 
recycling of intracellular Ca 2 § as described above. In 
either case, since mitochondrial calcium transport 
occurs as an alternative to, and at the expense of, ATP 
synthesis and dissipates the electrochemical proton 
gradient across the inner mitochondrial membrane, 
elevated respiratory rates and uncoupling of oxidative 
phosphorylation occur. The requirement for extracel- 
lutar Ca z§ to increase cellular respiration in these 
studies suggest that A23187 and endogenous cell 
calcium alone are not sufficient to activate these 
processes. 

Since mitochondrial respiration accounts almost 
entirely for epithelial cell oxygen consumption, the 
A23187 related increase in epithelial cell oxygen con- 
sumption is mitochondrial in origin. This increase in 
mitochondrial oxygen consumption, however, may not 
be from an uncoupling action of Ca 2 § and A23187 but 
from a requirement for increased cellular energy pro- 
duction to fuel, for example, calcium pumps on the 
plasma membrane to maintain low levels of cytosolic 
Ca 2+ threatened by A23187 induced alterations in 
membrane calcium permeability. To differentiate be- 
tween these possibilities, the respiratory response of 
epithelial cells to A23187 in the presence of oligomycin 
was measured. Oligomycin inhibits the mitochondrial 
F1F o ATPase and prevents the utilization of the 
electrochemical proton gradient across the mitochon- 
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drial  inner  m e m b r a n e  to form A T P  f rom A D P  and 
inorgan ic  phospha t e  [7, 12], and  thereby the abi l i ty  o f  
A D P  to s t imula te  mi tochondr i a l  respira t ion.  I t  is 
effective in bo th  isola ted  m i t o c h o n d r i a  and  in tac t  cell 
p repa ra t ions  [3, 8, 18]. In  the presen t  studies,  oligo- 
mycin  demons t r ab ly  lowered  oxygen c o n s u m p t i o n  of  
epi thel ial  cell suspensions  to 30 ~ o f  basa l  levels. The 
observa t ion  tha t  A23187,  l ike DNP,  more  than  doub-  
led this lower rate  o f  cell resp i ra t ion  induced  by 
o l igomycin  indicates  tha t  the s t imula t ion  o f  cel lular  
oxygen c o n s u m p t i o n  by A23187 does no t  arise f rom 
increased mi tochondr i a l  subs t ra te  ox ida t ion  in re- 
sponse to higher  in t racel lu lar  A D P  levels, bu t  is, ra ther ,  
due to an uncoup l ing  effect [9]. Consis tent  wi th  this 
f inding are recent  Observations tha t  A23187 d rama t i -  
cally lowers A T P  levels in a var ie ty  o f  tissues [6, 16]. 

Exper iments  examining  the effects o f  A23187 on 
active t r anspo r t  processes in epi thel ia  have frequent ly  
used p r o l o n g e d  incuba t ion  per iods  [t,  20]. In  view o f  
the acute deleter ious effects o f  A23187 on mi tochon-  
drial  oxidat ive  p h o s p h o r y l a t i o n  [13] and  the subacute  
de t r imenta l  effects o f  cel lular  ca lc ium over load  on cell 
v iabi l i ty  [14], the inh ib i t ion  o f  active t r anspo r t  af ter  
p ro longed  epi thel ial  cell exposure  may  also be due to 
non-specif ic  toxic effects on cell function.  The present  
studies demons t r a t e  tha t  more  than  50 ~o o f  i sola ted  
epi thel ial  cells exposed  to A23187 (10 nmoles /mg  p ro -  
tein) for 90 rain were no t  viable as de te rmined  by  
T r y p a n  blue exclusion,  a well es tabl ished technique for 
the assessment  o f  cell viabi l i ty  [5, 14]. This  decline in 
viabi l i ty  was quant i ta t ive ly  s imilar  to tha t  seen with  
10 m M  cyanide  and  was s ignif icant ly greater  than  t ime 
and sham controls .  This toxic effect o f  A23187 appea r s  
to be dose re la ted  in that  a lower  dose o f  A23187 had  an 
apprec iab ly  lesser effect on cell viabil i ty.  

In  conclus ion,  the inh ib i tory  effects o f  A23187 on 
active t ransepi thel ia l  ion t r anspo r t  may  be expla ined  
acutely by its uncoup l ing  ac t ion  on mi tochondr i a l  
oxidat ive  p h o s p h o r y l a t i o n  in the presence o f  extracel-  
lular  ca lc ium and  subacute ly  by its non-specif ic  toxic 
effects on cell viabili ty.  Fu tu re  in te rp re ta t ion  o f  
A23187 re la ted  inh ib i to ry  effects on energy dependen t  
cel lular  processes mus t  consider  the possible  ac t ion  o f  
this agent  on cellular  energy p roduc t ion .  Fu r the rmore ,  
because o f  the l ipophi l ic  na ture  o f  A23187,  it  will have 
demons t rab le  effects no t  only on p l a s m a  membranes ,  
bu t  subcel lular  organe l la r  membranes ,  as well. In  this 
regard ,  the u l t imate  influence o f  A23187 on cellular  
ca lc ium levels and  thus on cellular  funct ion will be a 
complex  in terp lay  o f  at  least  its pa r t i t ion  coefficients in 
var ious  b io logica l  membranes ,  its concent ra t ion ,  and  
the concen t ra t ion  o f  ionized calc ium in the incuba t ion  
medium.  A c k n o w l e d g e m e n t  o f  these factors  will result  
in the careful  use o f  this a l ready  va luable  agent  to bet ter  

unde r s t and  the role of  Ca  2 + in cel lular  processes.  
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