
Biochimica et BiophysicaActa 817 (1985) 85-94 85 
Elsevier 

BBA72653 

Basic characterization of an ouabain-resistant, bumetanide-sensitive K ÷ 
carrier-mediated transport system in J774.2 mouse macrophage-like cell line and 

in variants deficient in adenylate cyclase and cAMP-dependent protein kinase 
activities * 

Aline Bourrit  a,b, Henri  At lan b, I lana Fromer  b, Raphael  N. Melmed c and 
David Lichtstein a, ** 

a Department of Physiology, Hebrew University-Hadassah Medical School, Jerusalem, b Department of Medical Biophysics 
and c Department of Medicine B, and the Mayer Mitchell Cell Biology Laboratory of the Lunenfeld Cardiac Surgery 

Research Center, Hadassah University Hospital, Jerusalem (Israel) 

(Received February 12th, 1985) 

Key words: K + transport; Potassium carrier-mediated transport; Ouabain resistance; Bumetanide; Membrane 
potential; (Mouse macrophage) 

s6 Rb(K +) transport across the plasma membrane of macrophage-like cells was studied. The cells used were 
the wild-type J774.2 and its two variants, CT2 cells, deficient in adenylate cyclase, and J7HI  cells, deficient 
in cAMP-dependent protein kinase. In the three cell lines about 15% of the total S6Rb(K+) influx is 
transported by the K + carrier-mediated transport system. The S6Rb(K+) efflux carried by the same 
transporter is negligible when measured in the absence of ouabain in the medium. Therefore this carrier 
conducts a net inward flux of K + under the experimental conditions used. The transporter is sensitive to 
extracellular Na + and inhibited by 'loop' diuretics; bumetanide inhibits ouabain-resistant S6Rb(K+) influx 
with IC5o of 0.I, 5.0, and 0.05 p M  for J774.2, CT2 and J7HI  macrophages, respectively. The membrane 
potential of the three cells was measured, using the distribution of 13H]tetraphenylphosphonium ([ 3H]TPP +) 
across the plasma membrane, and found to be - 80.1, - 108.5 and - 105.1 mV for J774.2, CT2 and J7HI  
cells, respectively. The addition of bumetanide to the cell medium does not alter [3H]TPP + uptake indicating 
that the transporter is electrically silent. It is concluded that despite the differences in cAMP metabolism by 
the three macrophages, the basic characteristics of K + carrier-mediated transport system of the three cells 
are very similar. 

Introduction 

An ouabain-resistant, K + carrier-mediated 
transport has been described in the plasma mere- 
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Abbreviations: TPP +, tetraphenylphosphonium ion; CCCP, 
carbonyl cyanide m-chlorophenylhydrazone. 

brane of number of cells. Under certain condi- 
tions, it has been shown to be a linked, bidirec- 
tional, co-transport of Na ÷, K ÷ and C1- with a 
probable [Na ÷, K ÷, C1-] stoichiometry of 1 : 1 : 2 
(for review, see Refs. 1-4). It was postulated that 
the movement of either cation is coupled to, and 
can be driven by, the gradient of its co-ion [2,4]; it 
thus does not require any energy [1]. It also has a 
specific ion requirement satisfied only by Na ÷, 
K ÷, Rb ÷, C1- and Br- [1,2,4,5] and is saturable by 
Rb ÷ [6]. This transport system is resistant to 
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ouabain and amiloride, but inhibited by 'loop' 
diuretics such as bumetanide, furosemide and 
ethacrynic acid [3,4,6-8] and also by K ÷ iono- 
phores (valinomycin, dicyclohexyl-18-crown-6) 
probably by competition [6,9,10]. 

Extensive studies have been made on the physi- 
ological role of this transport system in living cells. 
It was postulated that it is involved in the mod- 
ulation of cell volume [4,11-13] and in cell differ- 
entiation and division [4,6,8,14,15]. Moreover, it 
has been shown that this transport system is con- 
trolled by different regulatory mechanisms [16]. In 
avian erythrocytes it is stimulated by fl-adrenergic 
agonists, cholera enterotoxin, adenosine, cAMP 
analogs, all agents that raise intracellular cAMP 
levels [4,13,17-20]; this stimulation involves prob- 
ably protein phosphorylation [4,21,22]. It is also 
activated by several treatments which do not act 
through cAMP, e.g. hypertonicity, and deoxygena- 
tion [4,20], the mechanism of action of which is 
still unknown. In contrast with these data, it has 
been found that cAMP and sometimes cGMP 
inhibit K ÷ carrier-mediated transport in epithelial 
tissues such as rabbit gallbladder, flounder in- 
testine, rabbit ileum, and in human eythrocytes 
[23-27]. In most of those epithelia the direct effect 
of catecholamines has not been yet studied; how- 
ever, Garay [24] showed that isoproterenol does 
not affect human erythrocytes which do not ex- 
hibit any fl-adrenergic receptors. Moreover, we 
have found that adrenaline and isoproterenol in- 
hibit this transport system through the /3-adren- 
ergic receptors in NIH 3T3 cells, but that cAMP 
does not seem to be involved in this phenomenon 
(unpublished data). Consequently, it appears that 
the regulation of K ÷ carrier-mediated system by 
catecholamines and second messengers does not 
involve the same mechanism in different tissues. 
Therefore it was of interest to characterize this 
transport system in cells in which the adenylate 
cyclase-protein kinase system was described in de- 
tails. The cells chosen for this study are J774.2 
macrophages and two variants derived from these 
cells, CT2, deficient in adenylate cyclase and J7H1, 
deficient in cAMP-dependent protein kinase. Those 
three macrophage-like cell lines were isolated and 
characterized by Bloom, Muschel, Rosen and their 
colleagues [28,29]. They were previously used for 
studying three of the functions affected by cAMP 

in J744.2 cells, i.e. growth inhibition and two 
properties considered to be markers for macro- 
phage activation: Fc-mediated phagocytosis and 
plasminogen activator secretion [29]. They were 
also used to study cell volume, regulation by cyto- 
skeleton and cAMP [30]. 

This paper describes the characteristics of the 
K + carrier-mediated transpbrt.'in these macro- 
phages with respect to the net flux of potassium 
ions, its sensitivity to extracellular Na + and its 
possible effect on the electrical membrane poten- 
tial. 

Materials and Methods 

Materials 
86Rb was purchased from the Radiochemical 

Centre, Amersham, U.K. [3H]TPP+ (tetraphenyl- 
phosphonium) (5670 mCi/ml) was obtained from 
the Nuclear Research Centre, Negev, Israel. Fur- 
osemide was purchased from Hoechst AG, Frank- 
furt am Main, F.R.G. Bumetanide was provided 
from laboratoire Leo B.P. 9-28500, Vernouillet~ 
Denmark. 

Cell culture 
The J774.2 mouse macrophage cloned cell line 

[28] and two of its variants [29]: CT2, deficient in 
adenylate cyclase, and J7H1, deficient in cAMP- 
dependent protein kinase, were grown and main- 
tained in modified Eagle's medium (MEM) sup- 
plemented with kanamycin 0.01%, penibrin 0.01%, 
glucose 0.35%, glutamine 4 mM, non essential 
amino acids and 20% heat inactivated horse serum 
on non tissue culture plastic dishes (Falcon 1005) 
to which the cells scarcely adhere. Harvesting was 
accomplished by gently scraping the cells with a 
rubber policeman, shaking them off culture dishes 
and centrifugation at room temperature (1500 × g, 
5 rain). Then the cells were washed once with the 
appropriate medium (described below) and resus- 
pended in the same medium at (3.5-4.5). 106 cells 
per ml. 

86Rb influx 
In order to obtain identical experimental condi- 

tions for the influx and for the efflux (see below), 



cells were held for approximately one hour at 
37°C after being washed. Reactions were initiated 
by adding 250/~1 of the cell suspension to 250 ~1 
of a solution containing 2 ~tCi of 86Rb in one of 
the following media: (I) complete MEM; (II) Na + 
and choline + media, the compositions of which are 
in mM (final concentrations): 5 glucose, 0.5 
MgC12, 1 CaC12, 5 Hepes-Tris (pH 7.0), 145-0 
NaC1/0-145 choline chloride, 5 KC1, and ad- 
ditional drugs (ouabain, bumetanide, furosemide, 
etc.) when indicated. 

Reaction mixtures containing these solutions 
were equilibrated at 37°C prior to addition of the 
cells. After initiating the reactions, incubations 
were continued at 37°C for given times, and 
stopped either (a) by addition of 500/~1 of ice-cold 
125 mM MgC12 and centrifugation of the reaction 
vessels in a Brinkmann Eppendorf microcentrifuge 
(model 5912) for 15 s. The supernatants were 
immediately aspirated and the same operation re- 
peated with 1 ml of ice-cold 125 mM MgC12. Or 
(b) by addition of 100 /~1 of di-n-butylphthalate. 
The reaction vessels were centrifuged as described 
above and the supernatants were immediately 
aspirated. Both methods gave similar results which 
did not vary by more than 5%. The bottom of the 
tube containing the cell pellet was then sliced off 
and transferred to counting vials containing 4 ml 
of toluene-Triton scintillation medium (1 liter 
toluene, 300 ml Triton X-100, 4 g PPO and 50 mg 
POPOP) and radioactivity was determined by 
liquid scintillation spectrometry at a counting ef- 
ficiency of approx. 90%. Ouabain-sensitive 86Rb 
influx (86Rb influx due to the (Na++K+)  - 
ATPase) and ouabain-resistant, bumetanide-sensi- 
tive 86Rb influx (86Rb influx carried by K + car- 
rier-mediated transport) were determined respec- 
tively by subtracting the values obtained in the 
presence of 1 mM ouabain (ouabain-resistant 86Rb 
influx) from the ones obtained with no ouabain 
(total 86Rb influx), and by subtracting the values 
obtained in the presence of ouabain 1 mM and 
bumetan ide  100 /~M (ouabain-resistant ,  
bumetanide-resistant 86Rb influx or 86Rb influx 
by diffusion) from those obtained in the presence 
of ouabain 1 mM only. Isotope trapping in the 
extracellular space of the pellet was corrected for 
by subtraction of zero-time counts taken im- 
mediately after addition of the cells to the media. 
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86Rb efflux 
Cells collected in their own growth medium 

were loaded with 86Rb (1 /~Ci per 106 cells) for 
approximately one hour at 37°C, and washed three 
times with ice-cold complete MEM (2 ml per 106 
cells). Reactions were initiated by adding 250 ~tl of 
washed cells resuspended at (3.5-4.5)-106/ml of 
MEM to 250/~1 of prewarmed (37°C) MEM. After 
given times, 500 /~1 of ice-cold 125 mM MgC12 
were added and the reaction vessels were centri- 
fuged for 15 s. 500 #1 of the supernatants were 
transferred to counting vials containing 4 ml of 
toluene-Triton scintillation and radioactivity 
counted as described above for 86Rb influx. The 
K+(86Rb) specific activity was determined by 
counting total 86Rb and measuring total K + con- 
tent on cells submitted to the same treatments, but 
in the absence of 86Rb, by Perkin-Elmer atomic 
absorbance spectrophotometry. Bumetanide-sensi- 
tive 86Rb efflux (efflux due to K + carrier-mediated 
transport) was determined by subtracting the val- 
ues obtained in the presence of bumetanide 100 
/tM from the ones obtained without it. Activation 
of bumetanide-sensitive 86Rb efflux by ouabain 
was monitored under the same conditions, except 
that 1 mM ouabain was added to the solutions. 
Loss of isotope was measured by removal of cell 
aliquots at specific intervals following resuspen- 
sion in isotope free medium. 

[3H]TPP + uptake 
The accumulation of [3H]TPP + was measured 

as previously described [31]. Briefly, the reactions 
were started by adding 250 /~1 of washed cells 
previously equilibrated at 37°C to 250 /~1 of a 
solution containing 2 #M 3H[TPP + ] in one of the 
following reaction mixtures: (I) 'high-Na + 
medium', 132 mM NaC1, 5 mM KC1, 5 mM glu- 
cose, 50 mM Hepes-Tris (pH 7.0), 0.5 mM MgCI2, 
1 mM CaC12; (II) 'high-K + medium', same as 
high-Na + medium except that 132 mM KC1 was 
used in place of NaCI; and (III) 'high-choline + 
medium', same as high-Na + medium except that 
132 mM choline chloride was used in place of 
NaC1 and no KCI was present. After given incuba- 
tion times, 100/~1 of di-n-butylphthalate were ad- 
ded and the reaction vessels were centrifuged for 
15 s. The rest of the procedure was the same as in 
86Rb influx. The radioactivity was determined by 
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liquid scintillation spectrometry at counting ef- 
ficiency of 50 to 60%. Corrections for the radioac- 
tivity trapped in the extracellular space of the 
pellets were determined by measuring [3H]TPP+ 
uptake at time zero. The concentration of 
[3H]TPP+ accumulated by the cells was obtained 
by using values for intracellular volume previously 
published [30], i.e. in/~1/106 cells: 2.1 for J774.2, 
1.5 for CT2 and 1.32 for J7H1. These values were 
determined by isotope dilution of markers for total 
water ([3H]H20) and extracellular space ([14C]in- 
ulin) [30]. It  is noteworthy that we obtained almost 
the same results by a modification of the method 
of Kletzien et al. using 3-O-methyl-D-[14C]glucose 
as an intracellular space marker [32]. The con- 
centrations of TPP ÷ were then used to calculate 
a~b by the Nernst equation as reported [31]: 

/~  = (2.3 RT/F) log([TPP + ]~n~r~t~/[TPP + ]out) 

in which 2.3 R T / F =  -61  at 37°C and 

[Tpp+ l corrected [Tpp+ lm~Na + [Tpp+ ]high K + 
a in ~ j in - -  a in • 

Results 

(1) Effect of ouabain on total 86Rb influx 
The total 86Rb influx in growing J744.2 macro- 
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Fig. 1. Time-courses of S6Rb influx to J774.2 macrophages. 
J774.2 macrophages were suspended in complete MEM in the 
absence (e) and the presence of 1 mM ouabain (©) or 1 mM 
ouabain plus 100 #M bumetanide (zx), and incubated at 37°C 
for the indicated times. (A representative experiment out of 
three performed is demonstrated). 

phages suspended in complete MEM, when mea- 
sured as a function of time (Fig. 1), is linear for 
the first ten minutes. The addition of 1 mM 
ouabain to the incubation medium decreases the 
initial rate of 86Rb influx by 76.6% indicating that 
ouabain-sensitive influx, due to ( N a + +  K+)-  
ATPase activity, is the main portion of total 86Rb 
influx by those cells. These results are in total 
agreement with those found for other eukaryotic 
cells [33-35]. The ouabain-sensitive 86Rb influx is 
inhibited by the cardiac glycoside with an IC50 of 
approx. 40 gM. This requirement for a relatively 
high concentration is probably due to the known 
resistance of mouse cells to cardiac glycosides. 
Comparable  results (ICs0 about 35/~M) were ob- 
tained with growing CT2 and J7H1 macrophages 
(Table I). 

(2) Sensitivity of ouabain-resistant S6Rb influx to 
"loop' diuretics 

The inhibitory effect of bumetanide and fur- 
osemide was tested on ouabain-resistant S6Rb in- 
fluxes of the three cell lines. As can be seen in Fig. 
1, the addition of 100 #M bumetanide in the 
presence of 1 mM ouabain causes an inhibition of 
91.2% of the initial rate of 86Rb influx. Ouabain- 
resistant, bumetanide-sensitive S6Rb influx par- 
ticipates therefore in 14.8% of the total 86Rb influx 
in J744.2 macrophages. Very similar results were 
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Fig. 2. Bumetanide dose-response on ouabain-resistant 86Rb 
influx to J774.2, CT2 and J7H1 macrophages. J774.2 (e), CT2 
(©) and J7H1 (zx) macrophages were suspended in complete 
MEM containing 1 mM ouabain with the indicated concentra- 
tions of bumetanide, and incubated for 10 rnin at 37°C. Each 
point represents the mean + S.E. of 2 to 23 experiments. 
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TABLE I 

COMPONENTS OF UNIDIRECTIONAL S6Rb INFLUX TO J774.2, CT2 AND J7H1 MACROPHAGES 

J774.2, CT2 and J7H1 macrophages were suspended in complete MEM in the absence (1) and in the presence of 1 mM ouabain (3) or 
1 mM ouabain plus 100/xM bumetanide (5). After 10 min incubation intracellular radioactivity was determined and ouabain-sensitive 
S6Rb influx (2) as well as ouabain-resistant, bumetanide-sensitive 86Rb influx (4) were calculated as described in Materials and 
Methods. The data are presented in nmol SrRb/10 rnin per 106 cells, mean 5: S.E. The number in parenthesis represents the number 
of separate experiments on different cell populations. 

Cell lines J774.2 (WT) CT2 (AC-) J7H1 (PK-)  

86Rb influx % of control 86 Rb influx % of control SrRb influx % of control 

(1) Total SrRb influx 51.3+0.7(16) 1 0 0 . 0  45.8+0.4(23) 1 0 0 . 0  42.05:0.5(10) 100.0 
(2) Ouabain-sensitive s6 Rb 

influx ((Na ÷ + K ÷ )-ATPase) 39.3 5:0.7 (11) 76.6 26.9+ 1.0 (5) 58.7 32.5 5:0.7 (5) 77.4 
(3) Ouabain-resistant SrRb 

influx 12.55:0.4(17) 24.4 18.2+0.4 (5) 39,7 10.4±0.6 (5) 24.8 
(4) Ouabain-resistant, 

bumetanide-sensitive 
86Rb influx (K + carrier- 
mediated transport) 7.6+0.3 (9) 14.8 6.45:0.6 (4) 14.0 7.45:0.5 (3) 17.6 

(5) Ouabain-resistant, 
bumetanide-resistant 
86Rb influx (diffusion) 4.55:0.5 (10) 8.8 12.05:0.7 (4) 26.2 3.35:0.4 (3) 7.9 

ob t a ined  in the two var ian t  l ines (Table  I). 
The  dose- response  curves of  the S6Rb influx to 

b u m e t a n i d e  in the presence  of  1 m M  ouaba in  for 
the three cells are  shown in Fig. 2. In  J774.2 and 
J7H1 cells 100 /~M b u m e t a n i d e  inhibi ts  a lmost  
to ta l ly  ouaba in - res i s t an t  S6Rb inf lux while in CT2 

macrophages  it r emains  still high, ind ica t ing  that  
d i f fus ion  a n d / o r  o ther  t r anspor t  mechan i sms  are  
re la t ively larger  in those cells. The  IC50 for 
b u m e t a n i d e  are found  to be  0.1, 5.0 and  0 .05 /~M 
for J774.2, CT2 and  J7H1 cells, respectively.  J774.2 
and  J7H1 macrophages  seem therefore  to be  more  
sensit ive to b u m e t a n i d e  than  CT2 cells. Fu r -  
osemide  also inh ib i ted  the ouaba in - res i s t an t  86Rb 
inf lux of  the three ceils (da t a  not  shown). In  
agreement  with previous  studies [7], it was ap-  
p rox ima te ly  10-t imes less efficient  c o m p a r e d  to 
bumetan ide .  I t  can  be  conc luded  that  abou t  15% 
of  the to ta l  86Rb inf lux is t r anspor t ed  th rough  the 
K ÷ ca r r i e r -med ia ted  t r anspor t  system in those 
mac rophages  and  that  under  these exper imenta l  
condi t ions ,  CT2 cells are less sensit ive to ' l o o p '  
d iure t ics  than  the two o ther  cell lines. 

(3) Evidence for bumetanide-sensitive S6Rb efflux 
The  tota l  86Rb efflux in growing J744.2 macro-  
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Fig. 3. Time-courses of SrRb efflux from J774.2 macrophages. 
J774,2 macrophages, preloaded with 86Rb, were suspended in 
complete MEM in the absence (O) and the presence of 1 mM 
ouabain (e) or 1 mM ouabain plus 100/tM bumetanide (zx) or 
100 /~M bumetanide (13) and incubated at 37°C for the indi- 
cated times. Radioactivity contained in the extracellular medium 
was then determined as described in Materials and Methods. 
(A representative experiment out of three performed is demon- 
strated). 
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TABLE II 

EFFECT OF OUABAIN AND BUMETANIDE ON UNIDIRECTIONAL 86Rb EFFLUX IN J774.2, CT2 AND J7H1 MACRO- 
PHAGES 

J774.2, CT2 and J7H1 macrophages, preloaded with 86Rb, were suspended in complete MEM in the absence (1) and in the presence of 
1 mM ouabain (2) or 1 mM ouabain plus 100/~M bumetanide (3) or 100/~M bumetanide (4). After 10 min incubation extracellular 
radioactivity was determined and 86Rb efflux due to K + carrier-mediated transport (5) was calculated as described in Materials and 
Methods. The data are presented in nmol 86Rb/10 min per 106 cells, mean + S.E. The number in parenthesis represents the number 
of separate experiments on different cell populations. 

Cell lines J774.2 (WT) CT2 (AC-) J7H1 (PK-) 

86Rb efflux % of control 86Rb efflux % of control 86Rb efflux % of control 

(1) Total 86Rb efflux 50.2 + 0.8 (7) 100.0 43.7 + 2.0 (2) 100.0 41.7 + 1.0 (4) 100.0 
(2) 86Rb efflux in presence 

of 1 mM ouabain 65.8 + 1.2 (4) 131.1 56.5 ___ 2.4 (2) 129.3 57.4 + 1.8 (2) 137.6 
(3) 86Rb efflux in presence of 

1 mM ouabain and 100/~M 
bumetanide 45.6 + 0.9 (4) 90.8 45.6 ± 1.3 (2) 104.3 43.7 ± 3.8 (2) 104.8 

(4) S6Rb efflux in presence 
of 100/xM bumetanide 49.6 + 2.1 (2) 98.8 42.4 + 1.1 (2) 97.0 41.7 + 2.9 (3) 100.0 

(5) 86Rb efflux due to K + 
carrier-mediated transport 0.4 + 0.3 (2) 0.8 1.3 ± 0.8 (2) 3.0 1.0 ± 0.6 (3) 2.4 

phages  as a funct ion  of t ime was measured  in the 
same condi t ions  as the total  86Rb inf lux (Fig. 3). I t  

was seen to be l inear  for at  least  20 min. Interes t -  
ingly the add i t i on  of  1 m M  ouaba in  causes an 
increase  of  27% of  total  86Rb efflux. Since ouaba in  
inhibi ts  (Na  ÷ + K ÷) -ATPase  act ivi ty  which t rans-  
por t s  K+(86Rb)  in to  the cells, a direct  effect of  
o u a b a i n  on 86Rb efflux is not  expected.  A poss ib le  
mechan i sm for this p h e n o m e n o n  is that  the inhibi-  
t ion of (Na  ÷ +  K ÷) -ATPase  by  ouaba in  results  in 
an increase  of ext racel lu lar  N a  + concen t ra t ion  
which in turn  induces  an ac t iva t ion  of  the t rans-  
por ter .  W h e n  86Rb efflux was mon i to red  in pres-  

ence of  1 m M  ouaba in  and  100 # M  bumetan ide ,  it 
was seen to undergo  a decrease  of  9% c o m p a r e d  to 
the cont ro l  and  of  31% c o m p a r e d  with 86Rb efflux 
measured  in the presence of  1 m M  ouabain .  

The  same measurement s  were pe r fo rmed  on the 
two variants .  On these cells, as for the wild type, 
ouaba in  caused a s t imula t ion  of  to ta l  86Rb efflux 
( tab le  II). Moreover ,  when 100 /~M bume tan ide  
was a d d e d  to the solut ion conta in ing  1 m M  
ouaba in ,  a slight ac t iva t ion  of  86Rb efflux was still 
measured .  There  results  are consis tent  with those 
observed  in ascites cells [36,37], in SV-3T3 cells 
[38], in M D C K  renal  epi thel ia l  cells and  in Hela  

ca rc inoma  cells [32] where ouaba in  was shown to 
cause  an increase  in K ÷ efflux, s t imula t ion  which 
is inhib i ted  by  ' l o o p '  diuretics.  In  the absence of  
o u a b a i n  in the reac t ion  med ium,  100 /~M 
b u m e t a n i d e  d id  not,  or  scarcely, affect total  86Rb 
efflux (Fig. 3 and  Table  II), which means  that  
86Rb efflux under  no rma l  condi t ions  in these three 
cell l ines is essent ial ly  a leak efflux. 

(4) Determination of the net ouabain-resistant, 
bumetanide-sensitive 86Rb flux 

As men t ioned  previously,  to ta l  86Rb influx and 
efflux were de te rmined  under  s imilar  exper imenta l  
condi t ions .  The  to ta l  86Rb influx rates were a lmost  
equal  to the total  efflux rates (Tables  I and  II), in 
agreement  with what  one would  expect  f rom cells 
in s teady  state. On the o ther  hand  because  of  the 
ouaba in - induced  ac t iva t ion  of  86Rb efflux men- 
t ioned  above,  86Rb efflux through the K + carr ier-  
med ia t ed  t r anspor t  sys tem was measured  in solu- 
t ions free of  ouabain .  86Rb inf lux carr ied by  the 
same system in our  cells was insensit ive to 
ouaba in - induced  ac t iva t ion  under  the exper imen-  
tal condi t ions  used (unl ike those measured  in 
M D C K  cells and  Hela  cells [32]). The  same condi -  
t ions for measur ing  86Rb net  fluxes were used in 



other laboratories for Ehrlich ascites tumor cell 
[33,36]. Thus the net flux could be calculated by 
subtracting the bumetanide-sensitive 86Rb effhix 
from the ouabain-resistant, bumetanide-sensitive 
86Rb influx. The values obtained for the net flux 
were 7.2, 5.1 and 6.4 nmol /10  min per 106 ceils for 
J774.2, CT2 and J7H1 cells, respectively. There- 
fore it can be concluded that K + cartier-mediated 
transport system carries a net inward K + flux in 
the three cell lines. 

(5) Extracellular Na + dependence of ouabain-re- 
sistant, bumetanide-sensitive 86Rb influx 

In other experimental systems the ouabain-re- 
sistant, bumetanide-sensitive S6Rb influx was 
shown to be sensitive to extracellular Na + con- 
centration [35]. As can be seen in Fig. 4 the 
ouabain-resistant, bumetanide-sensitive 86Rb in- 
flux to J774.2 macrophages is also dependent on 
the presence of Na + in the extracellular medium. 
The reduction of Na + to 10 mM decreases the 
ouabain-resistant, bumetanide-sensitive 86Rb in- 
flux by 81.6% while its elevation over 100 mM 
does not influence the carrier-mediated transport. 
At low Na + concentrations a slight decrease in 
ouabain-resistant, bumetanide-sensitive 86Rb in- 
flux is observed when the extracellular Na + con- 
tent is increased (between 0 and 10 mM). This 

' -  ~ 12 

y =  
. c  

0 

I I I 

0 50 100 150 

I Na* l  mM 

Fig. 4. Sodium dependence of ouabain-resistant, bumetanide-  
sensitive 86Rb influx to J774.2 macropbages. Ouabain-resistant,  
bumetanide-sensitive 86Rb influx to J774.2 macrophages, as a 
function of Na + concentration, was measured for 10 rain and 
calculated as described in Materials and Methods. (A repre- 
sentative experiment out  of three performed is demonstrated).  
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effect may reflect a true change in the transporter 
activity or may result from an indirect effect of the 
Na + concentration on bumetanide binding since 
Na + requirement for bumetanide inhibition of car- 
rier-mediated transport has been previously dem- 
onstrated [41]. The K m for Na + calculated from 
analysis of 1 /V  versus 1 / [Na  +] (plot not shown) 
is about 83.3 mM, a value that is close to the one 
(68.9 mM) determine for NIH 3T3 cells [35]. 

(6) Electroneutrality of ouabain-resistant, 
bumetanide-sensitive 86Rb flux 

In order to determine whether the ouabain-re- 
sistant, bumetanide-sensitive 86Rb flux is electro- 
genie or electroneutral, [3H]TPP + accumulation 
was monitored to establish the electrical mem- 
brane potential of the three macrophages. J774.2, 
CT2 and J7H1 cells suspended in high-Na + and 
high-choline + media take up [3 H]TPP + rapidly for 
about 20 rain and reach a steady-state level of 
accumulation at approx. 40 min (Fig. 5). The time 
curves obtained in those two media are almost 
identical indicating that Na + does not contribute 
significantly to the resting membrane potential of 
these cells. In contrast, when the cells are sus- 
pended in a medium containing a high K + con- 
centration the steady-state level of [3 H]TPP + accu- 
mulation is decreased by approx. 70%, 80% and 
85% in J774.2, J7H1 and CT2 macrophages, re- 
spectively. These results are similar to those ob- 
tained with neuroblastoma-glioma NG108-15 hy- 
brid cells [31], human peripheral lymphocytes [42] 
and mouse spleen lymphocytes [43], and show that 
the A+ across the plasma membrane of these 
macrophages is also due substantially to a K + 
diffusion potential (K~- n > Ko+t). By using the dif- 
ferences between the results obtained in high-Na ÷ 
and high-K + media, za~k of -80 .1  + 0.31, - 108.5 
+ 0.14 and -105.1  + 0.12 mV can be calculated 
from the data shown in Fig. 5 and Table III for 
J774.2, CT2 and J7H1 cells, respectively. The first 
value is in good agreement with the resting poten- 
tial of - 8 7  mV obtained on macrophages from 
mouse spleen cultures by measurements using in- 
tracellular microelectrodes [44]. It should be no- 
ticed that the two variants present higher resting 
membrane potentials than J774.2 macrophages. 

As can be seen in Table III, the addition of the 
protonophore carbonyl cyanide m-chlorophenyl- 
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Fig. 5. Time-courses of [3H]TPP + accumulation. J774.2, CT2 and J7H1 macrophages were suspended in high-Na + (©)  or 
high-choline (0) or high-K + (zx) medium with 1 /*M [3H]TPP+ and incubated at 37°C for the times indicated. Each point represents 
the mean _+ S.E. of 2 to 8 experiments. 

hydrazone (CCCP 10 #M) to the extracellular 
medium results in a marked decrease in [3H]TPP + 
accumulation by the three cell lines. Since CCCP 
generates an increase in proton permeability it 
causes a dissipation of A~k and depolarization. 
This perturbation in [3H]TPP+ uptake by CCCP 
offers additional proof that [3H]TPP+ accumula- 
tion serves as a good measure of the plasma mem- 
brane/~p as has been observed in other cells [31]. 
The addition of bumetanide (100 #M) to the 

medium does not affect at all [3H]TPP + accumula- 
tion in the three cells indicating that the K ÷ 
carrier-mediated transport system is electroneutral. 

Discussion 

This study has shown that J774.2 mouse macro- 
phages and its two variant lines, CT2, deficient in 
adenylate cyclase, and J7H1, deficient in cAMP- 
dependent protein kinase, contain a K ÷ carrier- 

TABLE llI 

EFFECT OF CCCP A N D  B U M E T A N I D E  ON STEADY-STATE LEVELS OF [3H]TPP + A C C U M U L A T I O N  

J774.2, CT2 and J7H1 macrophages were washed and suspended in high-Na + and high-K + media with 1 #M [3H]TPP +. After 30 min 
accumulation the indicated compounds  were added, and incubations were continued for 30 more minutes. Results are presented as 
mean _+ S.E. with number  of experiments in parenthesis. 

Cell lines J774.2 (WT) CT2 ( A C - )  J7H1 ( P K - )  

Media Additions [3H]TPP+ uptake A~p [3H]TPP + uptake A~ [3H]TPP + uptake A~b 
(pmol /106 cells) (mV) (pmol /106 cells) (mV) (pmol /106 cells) (mV) 

High Na + - 63.3_+4.1 (3) -80 .1  112.2+1.7 (4) -108 .5  81.6_4-1.2 (4) -105.1  
High K ÷ 20.0 _+ 0.1 (2) 22.0 + 1.0 (4) 11.9 -+ 0.6 (2) 
High Na + CCCP 10 # M  8.9-+0.6 (2) 2.9_+0.2 (2) 4.1 _+0.3 (2) 
High Na*  bumetanide 63.4_+1.9(2) - 8 0 . 2  110.6+3.4(4)  -108.1  80.9_+4.3(4) -104 .8  



mediated t ransport  system in their p lasma mem- 
brane. The characterization of  this t ransporter  in- 
dicates that it conducts  a net inward flux of  K ÷ 
under  the experimental condit ions used. This re- 
sult is in agreement with those obtained on Ehrlich 
ascites tumor  cells [1,34] but  differs f rom those 
obtained on N I H  3T3 cells [35] and on rabbit  
reticulocytes [6] (net flux outward),  or on human  
red cells [24,39,40] and on Ehrlich ascites tumor  
cells [33,36] (zero net flux). It should be observed 
that the obtained results (net flux inward or out-  
ward,  or no net flux at all) are dependent  on the 
experimental conditions. This is particularly obvi- 
ous in the case of  the Ehrlich ascites tumor  cells 
where two different results where observed: a net 
influx, when K ÷ carrier-mediated transport  system 
was measured on K ÷ depleted cells in K ÷ free 
medium [1,34] and no net flux when it was de- 
termined under  physiological condit ions [33,36]. 

The K ÷ carrier-mediated t ransport  system re- 
quires extracellular N a  ÷ for t ransport ing K ÷ into 
the cells, as demonstra ted for J774.2 cells (fig. 4) 
and is electrically silent, as shown for the three cell 
lines (Table III).  These observations are in agree- 
ment  with the characteristics of this t ransport  sys- 
tem in other eukaryotic  cells [1,34]. 

Despite these similarities, differences between 
the three cell lines have been detected. The two 
variant  cells have a resting membrane  potential 
higher than the J774.2 macrophages (Table III). 
These increased zl~b may result f rom either an 
increased permeabil i ty to potassium ions or an 
increase of the electrogenic N a + / K  ÷ pump activ- 
ity. Since the ouabain-sensitive 86Rb influx is per- 
centagewise approximately the same in the three 
cells (Table I), the later possibility seem to be 
ruled out. The CT2 cells show a relatively large 
K ÷ diffusion, compared  to the two other cells, 
which indeed may account  for the increased Aft of  
these cells. On  the other hand  K ÷ diffusion per- 
centagewise seems to be similar for J774.2 and 
J7H1 cells despite their difference in A~b. This 
difference appears, therefore, to be the result of  a 
decreased N a  ÷ permeabil i ty in J7H1 cells com- 
pared with J774.2 macrophages.  Interestingly a 
significant difference in the sensitivity of  the 
ouabain-resistant  S6Rb influx to bumetanide  of  the 
CT2 cells as compared  to the two other cell lines 
was observed. This adenylate cyclase deficient cell 
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line is at least ten times less sensitive to bumetanide  
than the two other macrophages.  Whether  this 
difference is due to the decreased level of  c A M P  in 
these cells is not  known at the present. 

Following this basic characterization, it seems 
suitable to use these cells for studying the effects 
of  several perturbat ions (such as changes in the 
media  or addit ion of hormones)  on the K ÷ 
cart ier-mediated transport  system. These studies 
hopefully will lead to a better unders tanding of  the 
action of the transporter  and its physiological role. 
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