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The role of K + as current carrier during the slow membrane hyperpolarizations (SH) elicited by ionto- 
phoretic Ca 2+ injections into macrophage polykaryons is studied. The intraceHular K + activity (aK) and the 
K + equilibrium potential ( £ x )  are measured using ion-sensitive microelectrodes. The mean value of a x is 
84 5= 5 mM in a culture medium containing 5.3 raM K +, but increases to 100 + 8 mM when the extracellular 
K + concentration is raised to 30.3 mM. Under the same conditions the values of EI¢ obtained from the 
Nernst equation are - 8 1  + 2 mV and - 4 0 +  2 mV, respectively. The reversal potentials (En)  of the S H  
are calculated from changes observed in transmembrane potential and input resistance, according to an 
equivalent model based only on passive ionic fluxes. The mean E n values obtained are - 74 + 8 mV in the 
presence of low K + concentration and - 37 + 3 mV for the high K + medium. These values are significantly 
smaller than the estimated E K for the corresponding situations. Evidence for the existence of an electogenic 
(Na + + K +)-ATPase activity is also presented. The evidence indicates that an increase in the membrane 
potassium permeability can account for about 90% of the total permeability change occurring during the SH. 

Introduction 

The study of the electrophysiological properties 
of macrophages has demonstrated potential and 
conductance changes due to both voltage depen- 
dence and to Ca2+-dependent permeabilities [1-5]. 
The recent development of the patch-clamp tech- 
nique [6] has made it possible to describe a high- 
conductance (105-130 pS) Ca 2+ and voltage-de- 
pendent channel and a low-conductance (16-26 
pS) voltage-dependent K + channel [5,7,8]. These 
channels are probably involved in the slow hyper- 

Correspondence: G.M. Oliveira-Castro, Instituto de Biofisica 
Carlos Chagas Filho, Universidade Federal do Rio de Janeiro, 
Centro de Ci~'ncias da Safde-Bloco G, Laborattrio de Comun- 
ica~o Celular, 21.941 Rio de Janeiro/RJ, Brazil. 
* This paper is the sixth of a series. 

polarizing oscillations (SH) and other membrane 
properties that have been described using classical 
intracellular recording techniques [1-3,9-11]. 

Macrophage polykaryons of the foreign body 
granuloma also display SH due to a Ca2+-depen - 
dent K+-conductance increase [11]. The SH can be 
induced by intraeellular Ca 2+ or Sr 2+ injection 
and are reversibly blocked by quinine [12]. Al- 
though the Ca2+-dependent K+-conductance 
change has been well characterized for macro- 
phages and macrophage polykaryons, little is 
known about the selectivity of the channel and the 
intracellular activity of K + (as:). In a previous 
study a model was proposed which made it possi- 
ble to correlate the K + equilibrium potential (EK) 
with conductance and potential changes during a 
SH [11]. At that time it was not possible to 
determine whether deviations from the Nernst 
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equation prediction reflected non ideal K + selec- 
tivity of the channel or high potassium-induced 
increase of the intracellular K + activity. 

In this paper we present direct measurements 
of intracellular K ÷ activities that allow us to 
estimate the true K + equilibrium potential (•K) 
under various experimental conditions. When this 
information is applied to an analysis of the rever- 
sal potential (ER) (see Appendix), it becomes 
necessary to take into account other charge car- 
riers in addition to K + that are involved in the SH 
response. The existence of an electrogenic (Na + + 
K÷)-ATPase system in the membrane of macro- 
phage polykaryons is'also inferred. The data allow 
improvements in the previously proposed electri- 
cal equivalent circuit model for SH responses [11]. 

A preliminary report of this work has been 
published (Braz, J. (1985) Med. Biol. Res. 18, 
756A). 

Materials and Methods 

Cells. Macrophage polykaryons were formed on 
the surface of round glass coverslips (6 mm diame- 
ter) kept from 4 to 60 days in the peritoneal cavity 
of outbred albino or AKR and C3H mice strains 
[11]. The coverslips were removed and washed in 
culture medium (RPMI-1640, Gibco, Grand Is- 
land, NY), containing 5% (v/v) fetal calf serum 
and buffered with 6 mM Hepes (4-2-hydroxy- 
ethyl)-l-piperazine-ethanesulfonic acid). Cells were 
maintained in this medium at 37 °C for at least 30 
rain before electrophysiological measurements. 

Solutions. Normal medium had a potassium 
concentration ([K+]) of 5.3 mM. High-K + medium 
(30.3 mM) was obtained by the addition of con- 
centrated KC1 solution. The K+-free saline con- 
tained 145 mM NaC1, 1 mM CaCl 2, 0.4 mM 
MgC12 and 6 mM Hepes, and the high-K + (30 
mM) saline was obtained by isosmotic substitu- 
tion of KC1 for NaC1. All measurements were 
made either in culture medium or in saline solu- 
tions at pH 7.2-7.4 and at temperatures ranging 
from 35 to 37 * C. Ouabain (Sigma) was dissolved 
immediately before use. 

Electrophysiological measurements. A standard 
electrophysiological recording system was used for 
monitoring membrane potential and input resis- 
tance simultaneously [11]. Glass recording micro- 

electrodes (20-60 MI2) containing a glass fiber 
were back-filled with 2.5 M KC1 solution and 
connected to a high-input- impedance preampli- 
fier (M4A Electrometer, WP Instruments, 
Hamden, Co.). For Ca 2+ injections, a second mi- 
croelectrode filled with 0.5 M CaC12 and con- 
nected through a 200 MfJ resistor to a voltage 
source was used [11]. In the single-electrode ex- 
periments, current was recorded through the cur- 
rent monitor of the electrometer. When a Ca2+-in - 
jecting microelectrode was present, a virtual 
ground circuit interposed between the bath and 
ground allowed current measurements. Trans- 
membrane potentials (Eo) ranged from - 1 0  mV 
to -76  mV, but most of the data presented here 
are from cells with E o smaller than -40  mV, 
which corresponds to 90% of the impalements. 

Electrical recordings included in this study met 
the following criteria: (a) a positive pre-potential 
of less than 3 mV (obtained with the microelec- 
trode at the cell surface, corresponding to tip 
potentials below 10 mV (13,14]; (b) the total base- 
line change during the impalement did not exceed 
2 mV; (c) the microelectrode resistance change 
after withdrawl from the cell was less than 5% of 
the smallest cell input resistance recorded during 
the measurement. 

Determination of E n. The reversal potential of 
the SH was calculated from Eqn. 3 (Results). In 
order to minimize cumulative errors, potential and 
resistance values were accepted only when: (a) the 
membrane potential during the current pulses used 
to measure input resistance was in the linear range 
of the I-V relationship ( - 8 0  to 10 mV); (b) 
resting membrane potential measurements per- 
formed immediately before and after the SH did 
not exceed 1 mV; (c) changes in the resting mem- 
brane resistance (ARo) measured as in (b) were 
below 5%; (d) the resolution limit for data from 
the strip-chart recorder corresponded to 5 mV or 
10 MfL 

Determination ofa K. The intracellular K + activ- 
ity was calculated from the difference between the 
potential detected by an ion-sensitive microelec- 
trode (Es) and the transmembrane potential mea- 
sured simultaneously by a conventional microelec- 
trode (EM) [15,16]. The liquid ion exchanger 
Coming No. 477317 (a kind gift of Dr. E. Garcia 
Filho) was used as the ion-sensitive element. 



The variables were estimated f rom Eqns. 1 and 
2 [15-181: 

V K = S log(ag) + S O (1) 

where V~: = E s - E M and S and S o were adjusted 
to fit the calibration curve (see below). Micro- 
pipettes were pulled in the conventional way and 
heated for 2 h at 100°C after exposing their 
interior to dimethyldichlorosilane vapour. Tips 
were then back-filled with the liquid ion exchanger 
and connected to an amplifier of 101S 12 imped- 
ance through a 1 M KC1 solution and by  means of 
an Ag/AgC1 connection. Calibrations were per- 
formed in solutions containing 100 m M  NaC1 and 
KC1 concentrtions ranging f rom 50 to 200 mM. 
The values of S and S O in Eqn. 1 were then 
determined by linear correlation. The activity 
coefficient for potassium (~'K) was obtained from 
the following relation [19-21]: 

- 0.509V~ 
log y~: - -  + CI (2) 

1+ BCrl 

where I is the ionic strength in mol per liter, 
B = 1.2638 and C = 0.0078. The value of YK was 
0.75 for the normal medium and 0.74 for the 
high-K + medium. All ion-sensitive microelec- 
trodes selected for use had an S value ranging 
f rom - 5 5  to - 6 5  mV and a selectivity greater 
than 30 for K ÷ over Na  ÷. They were calibrated 
before and after a series of 1 to 15 impalements. 
Measurements that satisfied the following criteria 
were accepted: (a) the VK values recorded from 
cells in culture medium did not vary by more than 
5% throughout a series of measurements; (b) 
calibration curves were linear and correlation 
coefficients were 0.995 or better; (c) the responses 
to K + activity changes occurred with t~/2 smaller 
than 1 s; (d) localization of both microelectrodes 
within the same intracellular compar tment  was 
ascertained by the invariability of V~: values dur- 
ing current-induced membrane  potential changes 
(see Fig. 1). 

R e s u l t s  

Intracellular activity and equilibrium potential of 
potassium 

The value of the intracellular potassium activity 
( aK)  was obtained from the potential difference 
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(VK) between the outputs of the ion-sensitive 
microelectrode and the conventional KCI micro- 
electrode (Eqn. 1). Typical examples are shown in 
Figs. 1A and B, where the values of a g  in normal- 
and high-K + medium were, respectively, 78 m M  
and 97 mM. It  can also be seen from this figure 
that V k is stable (except for the transient) during a 
DC current pulse, indicating that both microelec- 
trodes detect the same membrane  potential and 
are correctly located in the cytosol. An increase in 
a K in response to an increase in extracellular K + 
was observed in all the cells studied. The observa- 
tion that a K values remained constant throughout 
the measurement indicates that although an input 
resistances decrease may  sometimes occur, no 
measurable potassium leakage was found after the 
introduction of a second microelectrode (Fig. 1B). 
In fact, a marked decrease in a K can only be 
observed in the case of intentional and severe 
lesion of cell membrane,  as shown in Fig. 1C. The 
efflux of K + that occurs during SH is also not 
sufficient to induce a measurable decrease in a~:, 
as shown in Fig. lB. The mean values of  a K and 
E K in normal- and high-K + medium are shown in 
Table I. 

A model for the reversal potential of the SH 
The reduction of the input resistance that oc- 

curs during the SH has been ascribed to a K + 
conductance increase [1,2,11] but other charge car- 
tiers contributing to these potential oscillations 
can not be excluded. We therefore propose a 

TABLE I 

EFFECT OF EXTERNAL K + ON THE VALUES OF VARI- 
ABLES 

Data show the mean + S.D. (number of cells). Measurements of 
membrane potential and resistance for the E R calculation 
(Eqn. 3) were taken near the minima of the SH. E K values 
were calculated from Nemst Equation, using the a K values 
estimated for each cell. E R values given are significantly 
smaller than the corresponding ER values (P < 0.05 according 
to 'Student's t-test). 

Normal medium I-I/gh-K + medium 

a K (mM) 84+5 (29) 1004-8 (22) 

E K (mV)  -815:2(29) -404-2(22) 

E R (mV) - 74 + 8 (23) - 37 + 3 (9) 
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Fig. 1. D e t e r m i n a t i o n  o f  i n t rac~ l lu la t  K + act iv i ty .  U p p e r  traces: m e m b r a n e  potent ia l .  L o w e r  traces: in t rae~ l lu la t  ac t iv i ty  o f  K ÷. 

D o w n w a r d  a r rows (~.) ind ica te  pene t ra t ion  by  the i o n - s ~ s i f i v e  m i c r o e l ~ t r o d e  and  u p w a r d  a r rows (1") ind ica te  w i t h d r a w a l  o f  the 

potential and of the ion-sensitive microelectrodes. Current pulses (0.5 nA) ate not shown. (A) Normal medium; a K = 78 raM. (B) 
High-K + medium; a K = 97 raM. Note the stability of the a K recording during a spontaneous SH. ((2) Membrane lesion induced by 
mechanical vibration in normal medium (horizontal bar indicates the vibration). The V K = 0 interval in (B) marks the electrical 
ground. 

simple model for the calculation of the reversal 
potential of the SH (ER), which will enable us to 
compare E~ and E R, obtaining information about 
the K + selectivity of the conductance change. This 
model is an extension of the one we have previ- 
ously proposed [11] and its derivation is in the 
Appendix. In brief, we suppose that typical SH (as 
shown in Fig. 2A) are due mainly to an incrase in 
an ohmic K + conductance but that the conduc- 
tance to an ion X may also change. The model 
cannot distinguish whether the ion X flows through 
the K + channel or through a different Ca 2+- 
activated channel. Uner these conditions, the re- 
versal potential of SH can be obtained from ex- 
perimental values by the following relations: 

Ro 
ER ~ E o -  a E ~  (3) 

a E = E - ~o (4) 

~ R = R - R o  (S) 

where E o and R o are membrane potential and 
input resistance measured either before or after 
the SH, E and R are the potential and resistance 
values measured during the SH. The value of Ex 
is related to the equilibrium potential of K + (EK) 
and to that of the ion X (Ex)  by the following 
equation: 

Ex + aEx (6) 
En a+l  

where a = AGx/AG K represents the ratio between 
the changes in K + conductance (AGK) and in the 
conductance to the ion X (AGx). This parameter 
will be called 'selectivity coefficient'. Eqn. 3 is also 
valid if we include conductance changes for other 
ions, but in this case Eqn. 6 should be modified to 
include contributions for their equilibrium poten- 



rials (see E.qn. A-10, Appendix). On the other 
hand, if we consider K + as the only charge carrier 
during SH, Eqn. 6 leads to the conclusion that 
E R = E K. As we will show in the next section, this 
seems not to be the case. 

Determination o f  E R 

Before applying Eqn. 3 to calculate ER, its 
ability to predict some specific situations should 
be tested. Eqn. 3 may be rewritten as follows: 

( E o -  ER)ZXR 
AE (7) 

Ro 

This expression indicates that a proportionality 
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Fig. 2. Linear relationship between A E  and AR supports the 
model. (A) and (B) represent two Ca2+-induced SH in normal- 
and high-K + medium, respectively. Arrows under current traces 
indicate the Ca2+-injecting currents. (C) Relation between AE 
and AR for the records of SH shown in (A) • and (B) C). In 
both cases the correlation coefficient is better than 0.995. 
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exists between AE and AR during the SH re- 
sponse. This result is not dependent on the E a 
value and its validity can be experimentally ob- 
served as shown in Fig. 2. We can now determine 
E R by applying Eqn. 3 to a Ca2+-induced SH of 
any amplitude. The results,shown in Table I, indi- 
cate values of - 74 mV in the normal medium and 
- 3 7  mV in the high K + medium. 

Under conditions of maximal stimulation, the 
conductance increase and the change in the mem- 
brane potential are also maximal and we can 
expect from Eqn. 7 that the value of E at the 
point of maximal amplitude approaches the Ep, 
value. In fact this value was ,never greater than 
- 8 0  mV in the normal medium and - 4 0  mV in 
the high-K + medium, in agreement with the 
calculated values of E R. Fig. 3 provides further 
evidence that Eqn. 3 yields correct ER values. In 
this case the amplitude of the negative current 
pulses used for input resistance measurements was 
adjusted so that the membrane potential during a 
pulse was driven to -78  inV. This should be 
equal to the E R value for this cell (see Appendix). 
This value is within the limites of the mean ER 
obtained from Eqn. 3 (Table I), indicating again 
the consistency of the model. 

Electrogenic potassium pumping 
In most cells the intracellular K + activity is 

maintained at a high level by a (Na++ K+)- 

ER ° I i ........ 
-20  ~ 

- 4 0  ~ . 

t. ,l 
~ 8 0  . . . . .  

I I I I I I 

5s  
| 

Fig. 3. Reversal potential of the SH. Slow hyperpolarization in 
normal medium. Arrow indicates the Ca2+-injecting current. 
Pulses injected through the recording microelectrode were pre- 
viously adjusted to maintain a constant level of membrane 
potential during this SH. The dotted line below the pulses 
indicates the calculated E a value ( - 7 8  mV). 
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Fig. 4. Evidence for an el~trogemc (Ha + + K + )-ATPase. Cells 
were incubated in K+-free saline and 0,1 ml of the indicated 
solutions were added during the impalement (horizontal bars). 
Final volume was 10 ml. (A) and (B) show membrane hyper- 
polarizations induced by K + addition. (C) In the K+-free 
saline containing I mM ouabain this response did not occur. 
(D) NaC1 addition is unable to induce membrane potential 
change. 

ATPase. The possible contribution of this pump- 
ing system to electrogenesis of the macrophage 
polykaryon membrane was assessed by experi- 
ments in which K ÷ was added to a K+-free ex- 
tracellular solution during impalement. In this 
situation it is expected that if the ( N a + +  K+)- 
ATPase was inactivated by the absence of external 
K ÷, K ÷ addition should re-activate it [22,23]. Fig. 
4 shows that addition of a KC1 solution or a 
K+-containing saline induces a sustained hyper- 
polarization of the cell membrane without signifi- 
cant change in the input resistance. Ouabain blocks 
this effect and Na + is unable to substitute for K ÷. 
These findings indicate the existence of an electro- 
genic ( N a + + K + ) - A T P a s e  in the macrophage 
polykaryon membrane. 

Discussion 

We have measured the intracellular K + activity 
in macrophage polykaryons and compared the 
values of the K + equilibrium potential with those 
of the reversal potential for the slow hyperpolariz- 
ing oscillations triggered by intracellular Ca 2+ in- 
jection. The intracellular K + activity found (84 
mM in cells exposed to the normal medium) corre- 
sponds to an intracellular ion concentration of 112 
mM. This value is greater than the 50-75 mM 
found in rat and rabbit alveolar macrophages 
[24,25] and is smaller than the 135 mmol per liter 

of cell water found for human mononuclear cells 
[26]. The ion-sensitive microelectrode gives direct 
measurements of the ionic activity in the cytosol, 
which is the more convenient parameter for the 
electrophysiological studies. Another relevant 
finding is that aK increases to 100 mM when the 
extracellular K + concentration is raised to 30 mM. 
Although our studies are not directed towards 
determining the precise mechanisms by which 
these changes occur, the data are of importance 
when a model for the resting membrane potential 
and its oscillations is proposed. 

Potassium equilibrium potentials calculated 
from the above data are, respectively, - 8 1  mV 
and - 4 0  mV for cells in normal- and high-K + 
medium. The comparison of these values with the 
calculated reversal potentials for the SH ( - 74 mV 
and - 3 7  mV, respectively) lead to the conclusion 
that the E R values are less negative than the 
corresponding E K. This indicates that K ÷ is not 
the only charge carrier during the SH response. 
According to the proposed model we can suppose 
that an ion X also contributes to the membrane 
potential oscillation. Eqn. 6 then enables us to 
determine E x and a. Thus, using the data from 
Table I we have: 

EK(N) + aEx(N ) 
Err (N) a + 1 (8) 

E K (H) + aEX(H) 
E R (n) a + 1 (9) 

where (N) and (H) represent, respectively, the 
media containing normal and high concentration 
of KC1. Two distinct situations have to be consid- 
ered: (a) if ion X is not CI-,  Ex (N  ) = E x ( H  ) and 
we conclude that a = 0.11 and Ex (N  ) = - 10 mV; 
(b) if ion X is C1- (a hypothesis we cannot dis- 
card), and we suppose that its intracellular con- 
centration is constant in both situations, Eca(H ) 
= E o (N) + ( R  T / F )  lnICl(N)]/[CI(H)] where R, 
T and F have their usual meanings and [CI(N)] 
and [CL(H)] are the extracellular chloride con- 
centrations in normal and high KCI medium, re- 
spectively. In this situation we can calculate a = 
0.08 and E o ( N )  = 14 inV. This results should be 
considered as approximations, since accumulation 
of errors makes Eqns. 8 and 9 sensitive to the 
standard deviations of E R and E x. In conclusion, 



we can say that the model presented here leads to 
the prediction that the SH of macrophage poly- 
karyons is due to a increase in the conductance to 
K + with an ion X participating in a proportion of 
about 10:1. It is not possible at this moment to 
distinguish whether the current carried by the ion 
X flows either through the Ca2+-activated K + 
channel or through another channel. Patch-clamp 
studies performed with the Ca2+-activated K + 
channel of macrophage membranes [7,8] indicate 
that it is highly selective for K ÷, but more precise 
measurements have to be done to clarify this 
point. A voltage-dependent anionic channel of 
large unit conductance has also been described in 
macrophages [27] and must be considered as a 
possible current carrier. 

These conclusions are based on a model that 
considers only passive ionic fluxes. The validity of 
this hypothesis was confirmed by the correct pre- 
diction of the E R value and the proportionality 
between AE and AR (Figs. 2 and 3) which makes 
fitting of these data into other models difficult. 
Nevertheless, we cannot disregard the contribu- 
tion of other components such as active ion fluxes 
and voltage-dependent channels contributing to 
the Ca2+-induced membrane potential changes 
observed in these cells. In fact, the existence of a 
K+-induced, ouabain-sensitive membrane hyper- 
polarization indicates that the (Na++ K+)- 
ATPase of macrophage polykaryons is electro- 
genic (Fig. 4) and may contribute to the resting 
membrane potential in a similar way to that pro- 
posed for mononuclear macrophages [26,28]. Volt- 
age-dependent phenomena are also present in the 
multinuclear [12] and mononuclear [3-5] cells and 
its calcium dependence deserves further analysis. 

The limitations of the measurements described 
here deserve discussion, since it has been recently 
demonstrated that mononuclear macrophages 
studied by means of the conventional electrophys- 
iological technique may display reduced mem- 
brane potential and input resistance due to leakage 
induced by the microelectrode itself [8,29]. The 
spike going in the direction of hyperpolarization 
observed at the moment of microelectrode 
penetration and from whole-cell path-clamp data 
is indicative of a fast depolarization upon impale- 
ment. Macrophage polykaryons are significantly 
larger than the mononuclear cells but are also 
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sensitive to microelectrode-induced leakage [14]. 
The first conclusion derived from these observa- 
tions is that membrane potential and conduc- 
tances values have been underestimated and that 
the described electrophysiological properties of 
these cells have to be reconsidered. On the other 
hand, the existence of a Ca2÷-dependent K + per- 
meability is quite well established [1,2,11] and has 
in fact been cofirmed by the use of the path-clamp 
technique [7,8]. What is then the extension of this 
leakage? The finding that macrophage poly- 
karyons sustain an intracellular K + activity that is 
20-times greater than that of the extracellular 
medium, even during the impalement with two 
microelectrodes (Fig. 1), excludes the existence of 
a gross lesion and indicates that the ionic gradi- 
ents are preserved. The small S.D. of the values of 
a K (Table I) also point to the same conclusion, 
since diffierent microelectrodes and distinct cells 
are not expected to exhibit similar leakages. So we 
can now say that conventional electrophysiologi- 
cal technique may continue to yield relevant infor- 
mation about voltage and ion-dependent conduc- 
tances when proper caution is taken. 

The influence of the microelectrode-induced 
leakage on the calculated value of Ea can now be 
taken into consideration. The model we have pro- 
posed is compatible with the existence of a con- 
stant leakage conductance (see Appendix). The 
difference between E R and E K could be at least 
partially ascribed to a leakage conductance only in 
those cases where it exhibits a Ca 2+ dependence 
similar to that of GK. Although this hypothesis 
seems improbable, we cannot disregard it when 
based only on the data presented here. The calcu- 
lation of E a using Eqn. 3 was made possible 
because the Ca2+-dependent K + channel has a 
unit conductance large enough to dominate total 
membrane conductance and to enable A R mea- 
surements even in the presence of leakage. 

Appendix 

Reversal potential of the SH 
Assuming that the membrane potential change 

(AE) that occurs during SH is due to the changes 
in the K ÷ conductance (AGK) and in the conduc- 
tance to another ion X (AGx), we can write the 
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following equation: 

G = G O + AG K + AG x (A-l)  

where G O and G are the membrane conductance 
at rest and during the SH, respectively. Now, if we 
propose an equivalent circuit for the cell mem- 
brane consisting of a parallel arrangement of the 
ohmic ionic conductances (Gj) and potential 
sources ( E  j) we conclude that the total ionic cur- 
rent before and after SH is zero, and the resting 
membrane potential (Eo) may satisfy the follow- 
ing equation [30,31]: 

~--~( E o - Ej)Gj = 0 (A-2) 
J 

The total ionic current at the minimal point of the 
SH (where d E / d t  = 0) is also zero and we can 
write: 

) " ~ ( E  o + A E  - Ej)Gj + ( E  o + d E  - E K ) A G  K 

J 

+ (  Eo + A E - -  E x ) A G  x = 0 (A-3) 

where Gj can include any ohmic ion-specific and 
leakage conductances that contributes to E o and 
Co. 

Eqn. A-3 can be rewritten in the following 
form: 

'j-[(E o + AE - _Ei)G j + ( E  o + A E  - E R ) A G  = 0 (A-4) 

J 

where we have defined E R ,  AG and the selectively 
coefficient a as: 

E K + a E  x 
ER a + 1 (A-S) 

AG = AG K + aG x (A-6) 

AGx 
a = A G  K (A-7) 

We can now simplify Eqn. A-4 using Eqn. A-2 
and Eqn. A-1 and considering that G o = F~jGj: 

A E = ( E  R -  E o ) ( 1 - ~ o  ) (A-8) 

The meaning of E R becomes clear from Eqn. 
A-8. If we consider the theoretical situation in 
which the resistance R is equal to zero, we con- 
clude that: 

E R = Eo + ZlE (A-9) 

indicating that E R is the value of the potential 
when the Ca2+-activated conductances short-cir- 
cuits the membrane. So we can say that E R is the 
equilibrium or reversal potential of the slow hy- 
perpolarizations. The value of E R would be equal 
to E z only if a = 0 .  If a * 0, E R should have a 
contribution of E x. 

Eqn. A-9 was deduced considering that d E / d t  
= 0. In fact we can extend its validity to all 
situations where the time constant of the SH is 
much greater than that of the membrane, which 
means for any point during a SH. In other words, 
we can say that as the SH are so slow (3 s or 
more) the capacitive current can be disregarded. 

Eqn. A-9 is also valid when several ions are 
involved in the membrane potential change. To 
substantiate this we have only to include the ionic 
contributions in Eqns. A-1 and A-3 and define E R 

as follows: 

E K + a x e  x + a y E y  + ... 
E~ = 1 + a x + av  + . . . . .  (ADO) 

where a i = A G i / A G  K represents the selectivity for 
each ion. 

We can now study the situation in which DC 
current pulses of intensity I are injected through 
the microelectrode. In this case the new membrane 
potential values during the resting state (E  o) and 
during the SH ( E ' )  are given by: 

E"  = E o + R o l  (A-11) 

E '  = E +  R /  (A-12) 

The sum of ionic currents should now be equal to 
I and Eqns. A-2 and A-3 assume the following 
forms: 

E (  Eo' - Ej)  Gj = I (A-13) 
J 

E(Eo' + aE'  - Ej)aG~ +(eo' + a t ' -  r , , )  a~ , ,  
J 

which is the same as Eqn. 3. +(Eo' + a e ' - E x ) a G x  = I (A-14) 



where A E '  = E '  - E"  is given by: 

AE" z AE + ARI (A-15) 

Eqns. A-13 and A-14 can be handled in a similar 
way to that used for Eqns. A-3 and A-4, giving the 
following relation for ER: 

ER= Eo - A E ' ( - ~  ) (A-16) 

where E R and a are defined by Eqns. A-5 and 
A-6. Eqn. A-16 is analogous to Eqn. A-9 and gives 
another method for the calculation of E R. This is 
achieved by injecting a current I of such an ampli- 
tude that makes E~ -- E ' .  In this case A E '  = 0 a n d  

E R -- Eo p, which call then be measured directly (as 
illustrated in Fig. 3). 
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