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The plasma membrane potential of human neutrophils. 
Role of ion channels and the sodium/potassium pump 

A n n a  M a j a n d e r  a n d  M h r t e n  Wiks t r /Sm 

D,:-~,rtm, ,;~ of Medical Ch~mistr)'. University of tlelsinkt. HeLs-tnkt (Finland) 

(Received 2 November 1988) 

Key 'ords: Neutrophil; Membrane potential; Voltage gating; Sodium/potassium pump: (Human blood) 

Calcium-depleted hu.'atan neutrophils are depolarlsed when suspended in calcium-free media containing sodium ions, and 
are repolarised by extracellular replenishment of Ca 2+. The depolarisation is due to a high inward sodium current, which 
is blocked by calcimn and by several other divalent cations, hut not by barium. Addition of calcium results in a rise in 
the cytosolic concentration from approx. 20 nM to the resting level of approx. 130 nM. Calcium influx is strongly 
accelerated by a voltage-gated calcium channel. This channel might be responsible for the depolarising Na ÷ current in 
the absence of divalent cations. In the polarlsed state the neutrophil membrane has a high intrinsic permeability to K ÷, 
which may be low or absent in the depolari~ed state. Generation of membrane potential from the depolarised state is 
mainly due to the electrogenic sodium/potassium pump. However, the resting potential of about - 7 5  mV is maintained 
primarily by the K + conductance, and only to a s~al l  extent by the sodium/potassium pump. 

Introduction 

The activation of neutrophils in the inflammatory 
response consists of several chemical and physical 
events, such as production of superoxide, phagocytosis 
and degranulation [1,2]. These events are accom-,anied 
or preceded by changes in membrane potential !3-5] 
and in the cytosolic concentration of free calcium [6-10]. 
The mechanism underlying the extensive depolarisation 
of the plasma membrane in this situation has not been 
established unequivocally. 

The membrane potential of resting neutrophils has 
been proposed to have a significant contribution from 
the electrogenic sodium/potass ium pump [11,12]. Bash- 
ford and Pasternak [13] have gone further to suggest 
that the pump is alone responsible for the resting poten- 
tial in human neutrophils. In contrast to previous work, 
they found very small or no depolarisation upon ad- 
dition of extracellular potassium. 

Here we report on an apparent cooperation between 
the sodium/potass ium pump and a voltage-gated 
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potassium conductance in generating and maintaining 
the resting potential of human neutrophils. We also 
present evidence for a voltage-gated calcium conduc- 
tance that opens only at high (negative) plasma mem- 
brane potentials. 

Materials and Methods 

Neutrophils were isolated from human buffy coats 
given by the Finnish Red Cross Blood Transfusion 
Centre. The isolation was performed following a modifi- 
cation of standard methods [14,15]. Erythrocytes were 
sedimented for 25 min over a solution containing 1% 
Dextran T-500 and 0.9% NaCI. The supernatant was 
layered on 5.7% Ficoll/0.9% sodium diatrizoate and 
centrifuged at 2 5 0 × g  for 15 rain. Contaminating 
erytbrocytes in the pellet were haemolysed with ice-cold 
distilled water for 25 s before isotonicity was restored 
with an equal volume of hypertonic NaCI. Neutrophils 
were sedimented by centrifugation at 250 × g for 5 rain 
and then resuspended in saline medium containing 5 
mM glucose/138 mM NaCI/2.7 mM KCI/8.1 mM 
sodium phosphate/1.5 mM potassium phosphate (pH 
7.4). The stock of neutrophils containing 1.5-108 
cel ls /ml  was kept at room temperature under continu- 
ous shaking to avoid aggregation. 

Absorbance measurements were made with a 
Shimadzu UV-3000 spectrophotometer. We used oxonol 
V to measure the electrical potential across the plasma 
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membrane [16]. Changes in absorbance at 630 minus 
590 nm were registered. Measurements were performed 
in a 2 ml volume cuvette containing 1.5.107 cells and 
2.5 #M oxonol V. The cuvette was thermostatted at 
37°C and the contents stirred magnetically. 

Fluorescence intensities of the calcium indicator 
fura-2 were measured with a Hitachi F-4000 fluores- 
cence spectrophotometer. Neutrophils were loaded by 
incubating 5 • 106 cells,/ml of saline medium containing 
1 p.g/ml fttra-2 (corresponding to 0.24 nmol / i06  cells) 
m a sh;.king water bath thermostatted to 37°C  for 30 
min. Lcaded cells were washed twice and a sample of 
5.106 ,:ells in a 2 ml volume of calcium-free saline 
medium was used in a measurement. Excitation was at 
340 _+ 10 nm and emission was recorded through a 
band-pass filter of 510 + 10 nm. Free cytosolic calcium 
concentrations were calculated by the equation [17]: 

( C a :  + ) = K d ( (  F - From ) / (  Fma x - F ) )  

where fluorescence intensities ( F )  were measured in 
arbitrary units. A dissociation constant (Kd) of 135 nM 
was used in the calculations [17]. Fm~ x and Fmi n corre- 
spond to the intensities of calcium-saturated and free 
fura-2 [17]. Calibration was done by making cells freely 
permeable to calcium with ionomycin in the presence of 
excess external calcium, yielding F.,.,~. The same per- 
meabilisation was done in the presence of excess EGTA 
to chelate all calcium, and the resulting fluorescence 
was taken as Fmi n [18]. 

Oxonol V was a gift from Dr. C.L. Bashford. Fura-2 
wa~ from Molecular Probes, Junction City, OR. 
Valinomycin, ionomycm, moncnsin and ouabain were 
fr~rn Sigma Chemical MO. Other chemicals were of the 
highest purity commercially available. 

Results 

Our initial observation was that suspending neu- 
trophils in Ca 2 +-free saline medium yielded depolarised 
cells. Addition of cells to Ca2+-free saline containing 
oxonol V first caused an absorption increase due to 
equilibration of the dye with the cells. Subsequent ad- 
dition of 0.5 mM Ca 2+ induced complete polarisation 
within 5 min (Fig. 1). 

Addition of K ÷ to cells polarised in this way caused 
immediate depolarisation, which was independent of 
the K + ionophore valinomycin. Addition of valinomy- 
cin to the depolarised cells, in place of calcium, caused 
rapid polarisation (Fig. 1). Thus a potassium gradient is 
sustained across the membrane of the depolarised cells, 
but the intrinsic potassium conductance is apparenlly 
too low to polarise the cells significantly in these condi- 
tions. Calcium subsequently polarised the cells to the 
same extent as with calcium alone (Fig. 1). 
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Fig. 1. Membrane potential and free cytosolic calcium. 1.5.107 
caleium-depEted neutrophils were suspended in 2 ml of saline medium 
(see Materials and Methods) containing 2.5 pM oxonol V. Increase in 
the absorbance at 630-590 nm corresponds to depolarisation of 
membrane potential (lower panel). Fluorescence (upper panel) of 
5.106 fura-2-1oaded neutrophils in 2 ml of saline medium was mea- 
sured on the same time-scale as the potential measurements. The 
lower level of fluorescence corresponds to 20 nM cytosolie free 
calcium, and the higher level to 130 nM 0.5 ;nM CaCI 2 and 2.5 
pg/ml of valinomycin were added as indicated by the arrows. Each 

KCI addition corresponds to 15 raM. 

Fig. 1 (inset) shows measurements of cytosolic free 
calcium under identical conditions. The cytosolic Ca 2+ 
concentration falls to a level of approx. 20 nM in cells 
isolated and stored in the absence of added calcium, 
and suspended in calcium-free saline medium. Addition 
of 0.5 mM extracellular Ca 2+ increases the intracellular 
level to approx. 130 nM. Higher concentrations of ex- 
tracellular calcium did not enhance this level further, 
suggesting that a regulated resting calcium level was 
reached intracellularly. The resting cytosolic calcium 
level was reached with a half-time of approx. 40 s in 
these conditions. If membrane potential is generated 
with valinomycin prior to the addition of calcium, the 
half-time is shortened (see below). 

We then attempted to determine the current respon- 
sible for depolarisation m calcium-free medium. Cells 
were suspended in Ca2+-frce buffer at decreasing con- 
centrations of NaCI, which was replaced iso-osmotically 
with choline chloride. As shown in Fig. 2, depolarisa- 
fion was less extensive the lower the extracellular con- 
centration of Na +. In the absence of added Na +, there 
was no further polarisation of the cells on addition of 
0.5 mM Ca24; the cells were fully polarised. Instead, a 



CaC~ 2 

5 m,-~ 
Fig. 2. Neutrophils were suspended in 10 mM Hepes-Tris buffer (pH 
7.4) containing 5 mM glucose, 2.5 ~M oxonol, 4.5 mM KCI and the 
indicated concentration of NaCI together with sufficient choline chlo- 
ride to give a final concentration of 145 mM (NaCI plus choline 
chloride). CaCI z and KCI were added as in Fig. I. Thc upper inset 
shows the increase in cytosolic free calcium as 0.5 mM calcium was 
added to cells suspended in 145 mM NaCI. The lower inset shows the 

corresponding effect for cells in 145 mM choline chloride. 

smal l  t ransient  depolar isa t ion was  observed,  indica t ing  
tha t  ca lc ium ent ry  is an  electrogenic process.  Subse- 
quen t  addi t ions  of  po ta s s ium aga in  depolar ised the  

cells, independent ly  of  added  calcium. 
M e a s u r e m e n t s  of  cytosolic free ca lc ium (Fig.  2, inset) 

showed aga in  that  the  velocity of  ca lc ium entry  is 
aecele~'ated when  the  m e m b r a n e  potent ia l  is ma in ta ined  
at  a h igh level, in this case due  to the absence  of  

extracel lular  s o d i u m  (tt/2 = 15 s vs. 40 s). 
These  results  indicate  that an  inward  N a  + current  is 

responsible  for  the depolar isa t ion  of  the cells in the 
absence  of  added  calcium, and  that  ca lc ium blocks this 
current .  In  suppor t  o f  this view the sod ium ionophore  
monens in  [181 effect ively depolar ised ca lc ium-t rea ted  
cells in sal ine m e d i u m  (data  not  shown).  Fur the r  sup-  
por t  c a m e  f rom the f inding that  Cd  2+, Mn  2+, Co 2 ~ and  
Z n  2+ mimicked  the  effect  of  calcium, while M g  2÷ and  
Ba 24 were  ineffect ive (Fig.  3). La  °+ was  also effect ive 
bu t  aggrega t ion  of  the cells p revented  quant i ta t ive  
evaluat ion  in this case. Octanol  is known  to reduce 
s o d i u m  currents  in frog nerve cells [20]. Interest ingly,  
0.5 m M  octanol  was  found to m i m i c k  the ca lc ium 
effect,  caus ing  rapid  polar isa t ion in Ca2+-free saline 
m e d i u m  (Fig.  4). 

N e x t  we a t t empted  to elucidate the ma in  m e c h a n i s m s  
responsible  for genera t ing  and  sus ta in ing  the res t ing 
m e m b r a n e  potent ial  in neutrophils.  

Fig. 5 shows that  m e m b r a n e  polar isa t ion upon  ad-  
di t ion of  ca lc ium was  largely (about  80%) blocked in the  
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Fig. 3. Blocking of Na" conductance by divalent cations. Neutrophils 
were suspended in saline medium as in Fig. 1.0.5 mM CaCI.,, 0.1 mM 
ZnCt2.0.3 mM MnCI 2, 0.5 mM CdCI~. 0.! mM CoSOa. 0.5 MgSOa 
or 0.5 mM BaCI~ was added as indicated the arrows. Additional 
0.5 mM CaCI z was added subsequently: later additions each of 15 

mM KC| are also shown. 

presence of  0.5 m M  ouabain ,  or  if  po tass ium was omi t ted  
f rom the med ium.  Both condi t ions  are well-known to 
block N a + / K  ~-ATPase (see Ref.  13). Addi t ion  of  KCI  
to the K +-depleted medi tnn  caused rapid  polarisat ion in 
a ouabain-sens i t ive  fashion (see Fig. 6). 

CcC l  2 oc t c . c~  
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Fig. 4. Effect of octanol on membrane potential. 0.5 mM CaCI 2 or 0.5 
mM octanol was added to ceils suspended in saline medium as in Fig. 

l. Potassium was added as described before (see legend to Fig, 3). 
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Fg. 5. ,Ipper and lower panels correspond to fura-2 and oxonol 
expe~mems, respectively. (a) Addition of 0.5 mM calcium to neu- 
trophils suspended in saline medium as in Fig. 1.0.5 ram ouabain is 
added in the lower panel. (b) Same as (a), but ouabain added before 
calcium. (c) Neutrophils suspended in potassium-free medium, con- 
taining 10 mM Hepes-Tris buffer (pH 7.4)/145 mM NaCI/5 mM 
glucose. 0.5 ram calcium is added, followed by 4.5 mM KCI. Addition 

of 4.5 mM KCI before calcium is shown by the unmarked curve. 

In contras t  to the report  o f  Bashford  and  Pas te rnak  
[13], we found that  the addi t ion  of  0.5 m M  ouabain  to 
fully polarised cells (in the presence of  ca lc ium) caused 
only part ial  (about  2070) depolar isa t ion of  the  res t ing  
m e m b r a n e  potent ial  (Fig.  5). Thus ,  whilst  b locking  the 
s o d i u m / p o t a s s i u m  p u m p  largely prevents  genera t ion  of  
m e m b r a n e  potential  in the depolar ised state, it has  a 
much  smal ler  effect  on the a l ready establ ished res t ing 
potential .  

These  results suggest  that the  eleetrogenic onaba in-  
sensi t ive s o d i u m / p o t a s s i u m  p u m p  is the m a i n  act iv i ty  
responsible  for initial genera t ion  of  m e m b r a n e  potent ia l  
in depolar ised h u m a n  neutrophils.  However ,  o ther  ion 
fluxes domina te  the m e m b r a n e  potent ia l  when  it is 
ma in ta ined  in the polarised st,~ady-state. 

Figs. 5 and  6 (insets)  show that  ca lc ium entry  into 
the cytosol is great ly re tarded in the absence  of  ex-  
tracellular potass ium.  Addi t ion  of  K + s t rongly accel- 
erates  calc ium entry  (Fig.  5, inset)  in an ouabain-sens i -  
t ive fashion (Fig.  6, inset). Addi t ion  of  va l inomycin  at  
low extracellular  K + also strongly accelerates ca lc ium 
entry,  independent ly  of  ouaba in  (Fig.  6, inset). 

F r o m  these data,  and the co r respond ing  effects  on 
m e m b r a n e  potential ,  we conclude that the velocity of  
calc ium entry  into the cytosol is s t rongly accelerated by 
(inside negative) m e m b r a n e  polar isat ion (see Figs.  1 and  
2). 
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Fig. 6. Upper and lower panels correspond to fura-2 and oxonol 
signals, respectively. Neutrophils were suspended in potassium-free 
medium, as described in Fig. 5. 0.5 mM CaCI z and 2.5 p.g/ml 
valinomyein were added (curves a). 0.5 mM ouabain was added after 
calcium as shown in curves (b). Subsequent addition of 4.5 mM KCI 

and 2.5 #g/ml valinomycin ate shown. 

Fig.  7 shows that  the depolar i s ing  ac t ion of  po tas -  
s ium is b locked by  Ba 2+. H i g h  concen t ra t ions  of  po tas -  
s ium were  requi red  to release the  block,  as  also found  in 
rat  skeletal muscle  [21]. In  Fig.  8, cells were  suspended  
in 125 m M  N a C I / 3 5  m M  KCI,  in which case  ca lc ium 

CaCI~ 

Fig. 7. Neutrophils were suspended in saline medium and calcium was 
added as in Fig. l. In the upper curve 10 mM medium KCI was added 
by each addition. In the lower curve 0.25 mM BaCI~ was added as 

indicated, followed by additions of 20 mM KCI each. 



induces only partial  polarisafion due to the high con- 
centrat ion of  extracellular potassium. Blocking the 
potassium channel by Ba 2+ causes further polarisation 
in this case, which is abolished by valinomycin.  Evi- 
dently, ba r ium blocks the intrinsic potass ium conduc-  
tance, as also found in murine macrophages  [22]. In 
contrast ,  ba r ium had no effect on the depolarisat ion 
caused by N a  + (Fig. 3). Hence,  the potass ium conduc-  
tance is clearly distinct f rom the sodium conductance  in 
the absence of  calcium described above.  

Fig. 9 shows titrations of  the oxonol V signal with 
extraeellular potassium. The  da ta  are plot ted against  the 
potass ium equil ibrium potential,  assuming 50 m M  in- 
t racenular  K ÷ in the present  condit ions [13]. In saline 
m e d i u m  supplemented  with 0.5 m M  CaCI 2, the oxonol 
signal is very sensitive to added potassium. The  titra- 
tions with or  without  val inomycin  are similar, which 
shows that the neutrophil  m e m b r a n e  has a high intrinsic 
potass ium conductance  in the resting polarised state, as 
also concluded above.  

However ,  Fig. 9 also shows that  at  zero potass ium 
equi l ibr ium potential  the m e m b r a n e  is still polarised to 
approx.  35% of  the m a x i m u m  resting potential  in 
calc ium-containing saline med ium (A = 0  and 0.035 
correspond to the fully polarised and depolarised states, 
respectively). 

In  choline chloride (without  calcium) the potential  is 
also very se,~sitive to potass ium in the absence of  
va l inomycin  (Fig. 9; solid circles). Hence  the high 
potass ium conductance  cannot  be a result of  the ad-  
dit ion of  extracellular calcium. 

In Fig. 9 (open triangles), m e m b r a n e  potential  is 
generated by  adding val inomycin  to depolar ised cells in 

CClCI  2 

BaCio 

C cn,n 

gig. 8. Neutrophils were suspended in 10 mM Hepes-Tris buffer (pH 
7.41/125 mM NaCI/35 mM KCI/5 mM glucose/Z5 ~.M exenol. 0.5 
mM CaCI z, 0.5 mM BaCI 2 and 2.5 .ag/ml valinomycin were added as 

indicated by the arrows. 
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Fig. 9. Changes in the oxonol ahsorbance at 630-590 nm upon 
varying extracdlular potassium is plotted against the potassium :qui- 
librium potential. The equilibrium potential was calculate~ t)y the 
Nernst equation, assuming 50 mM intracellular potassium. A = 0 
corresponds to the maximal polarisalion level (o) KCI additions to 
cells polarised with calcium in saline medium Isee Fig. t). (e) potas- 
sium additions to cells polarised with valinomycin and calcium Isee 
Fig. l). (A) potassium additions to cells suspended in 14.5 mM choline 
chloride and thus polarised independemly of extracellular calcium 
(see Fig. 2). (v) neutrophils in tlepes/Tris buffer where the NaCI 
concentration was decreased iso-osmotieally as the KCI concentration 
was increased. Poiarisation was induced by adding valinomycin. Max- 
imum polarisation I A -  0) was never reached without calcium (see 

Fig. 1 ). 

the absence of  added calcium (see Fig. 1). Here  the 
NaCI  concentrat ion is decreased iso-osmotically as the 
KCI concentrat ion is increased, in this case the de- 
polarised state is reached at approx,  zero potass ium 
equil ibrium potential.  

Valinomycin has little or no effect on the m e m b r a n e  
potential  in polarised cells, which is consistent with a 
high intrinsic potassium conductance.  Yet,  va l inomycin  
causes s t rong polarisation when added to depolarised 
cells at low extracellular potass ium concentrat ions (Fig. 
1 and 9), suggesting a low potassium conductance.  This 
apparen t  paradox  is discussed below. 

Discussion 

Sodium and calcium conductances 
Neutrophi ls  were depolarised when suspended in a 

calcium-free med ium containing sodium. The  reason for 
this was found to be an inward sodium current ,  which 
was blocked by calcium, cadmium,  manganese ,  cobal t  
and l an thanum ions, and by octanol,  but  not by ba r ium 
or magnes ium ions. 
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A non-selective cation channel has been reported to 
account for Ca 2÷ uptake in activated neutrophils. How- 
ever, opening of this channel required an increase in the 
cytosolic free Ca 2+ concentration. No such channel 
activity was observed at cytosolic calcium concentra- 
tions corresponding to the resting level in neutrophils 
[231. 

Voltage-gated calcium channels that are activated at 
relatively high (negative) threshold potentials have been 
described in mouse neuroblastoma cells [24,25], mouse 
oocytes [26], mollusc neurons [27] and in neoplastic 
mouse lymphocytes [28]. In human B-lymphocytes, a 
sizable depolarisation was observed if calcium was 
omitted from a Na÷-containing medium [29]. In neuro- 
blastoma cells, these channels were maximally activated 
at - 7 0  mV and inactivated beyond - 3 0  inV. These 
channels were permeable to monovalent cations when 
the e~ternal concentration of divalent cations was re- 
duced, or when the membrane potential was shifted to 
large positive values [24]. 

According to our data, the rate of calcium influx into 
the eytosol was strongly dependent on membrane 
potential, being slow in the fully depolarised state. In 
this respect~ there is a reaemblance to the voltage-gated 
calcium channels described above. It is possible that the 
high sodium conductance c~bserved here in the absence 
of divalent cations can also be ascribed to this channel, 
bnt we cannot presently exclude that the two are unre- 
lated. 

Our finding of depolarisation of neutrophils in 
calcium-free medium provides a useful tool for studying 
the mechanisms of generation of the resting membrane 
potential. 

In contrast to our finding, Bashford and Pasternak 
[13] have reported that human neutrophils were fully 
polarised in a medium without added Ca 2+. However, 
in their case, 1.35 mM Ca 2+ was present in the stock 
cell suspension, which might have prevented or delayed 
depolarisation of cells subsequently suspended in 
calcium-free medium. 

A gated potassium channel 
In polarised neutrophils, the addition of potassium 

immediately and invariably caused a decrease in mem- 
brane potential without requirement of valinomycin. 
We conclude that the neutrophil membrane contains a 
potassium channel, the conductance of which may be 
blocked by Ba 2+. Clearly, this conductance is different 
from the sodium (calcium) conductance discussed above. 
It is also not dependent on calcium, since potassium 
caused effective depolarisation in choline chloride 
medium without added calcium (Figs. 2 and 9). 

Classically, the efflux of potassium has been thought 
to be responsible for the resting potential in many cell 
types [30]. In neutrophils the potential has been pro- 
posed to have a contribution from the electrogenic 

sodium/potass ium pump as well [11,12]. In contrast, 
Bashford and Pastemak [13] have found none or very 
small and variable depolarisation by increasing ex- 
tracellular potassium. They proposed that the sod ium/  
potassium pump alone is responsible for the resting 
potential. 

Our results contrast to those of the latter workers, 
but are in agreement with Kuroki et al. [12]. We found 
virtually no effect of valinomycin on the dependence of 
potential on potassium (Fig. 9). Hence the 'null-point '  
method of determining the membrane potential (see, for 
example, Ref. 13) is not applicable in our case. 

However, we also found that the intrinsic potassium 
conductance is small relative to the high Ca2+-sensitive 
Na + conductance in depolarised calls, since addition of 
valinomycin to such cells caused a sizable polarisation 
at low extracellular potassium concentrations (Fig. 1). 
Hence, the potassium conductance may be voltage-de- 
pendent, and significant only at high (negative) mem- 
brane potentials. It would thus resembl,~ K + channels 
with properties of ' inward rectifiers' described e.g., in 
murine maerophages [221, which are also blocked re- 
versibly by external Ba 2+. 

The resting potential of neutrophils 
From the present data, we cannot deduce precisely 

the magnitude of the resting membrane potential of 
neutrophils [3-5]. However, a rough estimate can be 
made. The membrane potential (A¢m) appears to con- 
sist of two components, zlffp (potential difference due 
to the electrogenie sodium/potass ium pump) and Z~i  
(potential difference due to ion diffusion potentials), so 
that 

A~m = A~p + At~ ' 

(see Ref. 31). 
Assuming that potassium flux is tee majoJ contribu- 

tor to Aak~, the latter is approx. - 6 3  mV ;~t 4.5 mM 
extracellular potassium (Fig. 9). Ouabain ca:uses a 20% 
decrease in the resting Z~km (Fig. 6). From the equation 
it ti~c~ follows that Afire is --79 mV, which is in the 
range reported b~ ~ashford and Pasternak [13]. It should 
be noticed that the data ia  Fi~. 9 suggest that the 
relative contribution of the sodium/potass ium pump 
increases at lower potentials. 

We conclude that the resting membrane potential of 
neutrophils has a major contribution from an 
outward-directed potassium conductance. However, 
there is a significant contribution from the electrogenic 
sodium pump, as seen from the partial (about 20%) 
depolarisation upon addition of ouabain (Fig. 5; see 
Kuroki et al., Ref. 12). 

When neutrophils generate membrane potential from 
an initially depolarised state, e.g., upon closure of the 
sodium conductance by divalent cations, the sod ium/  



potassium pump is primari ly responsible for the electro- 
genie activity (Fig. 5) even though there is a sizable 
outward potassium gradient available. 

The K + channel opens only at higher (negative) 
t ransmembranous potentials  (see above). It does not  
seem to depend on cytosolic Ca 2÷ concentration. We 
suggest that  the function of the voltage-gated potass ium 
channel may be to cooperate with the primary s o d i u m /  

potassium pump by main ta in ing  a potent ia l  difference 
first buil t  up by the pump. Obviously.  the function of  
the pump  is also pr imary with respect to the K ~ chan- 
nel, in that the former generates the potass ium gradient.  
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