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Background: Decrease in intracellular K+ is an 
early event during apoptosis. 
Results: Prevention of intracellular K+ decrease 
did not prevent activation of caspase-3. 
Conclusion: A decrease of K+ is not obligatory 
for cell death in Xenopus oocytes.  
Significance: The role of monovalent ions is 
important for understanding the mechanisms 
behind cell death. 
 
SUMMARY 
 K+ efflux is observed as an early event 
in the apoptotic process in various cell types. 
Loss of intracellular K+ and subsequent 
reduction in ionic strength is suggested to 
release the inhibition of proapoptotic 
caspases. In this work, a new K+-specific 
microelectrode was used to study possible 
alterations in intracellular K+ in Xenopus 
laevis oocytes during chemically induced 
apoptosis. The accuracy of the microelectrode 
to detect changes in intracellular K+ was 
verified with parallel electrophysiological 
measurements. In concordance with previous 
studies on other cell types, apoptotic stimuli 
reduced the intracellular K+ concentration in 
Xenopus oocytes and increased caspase-3 
activity. The reduction in intracellular K+ was 
prevented by dense expression of voltage-
gated K (Kv) channels. Despite this, the 
caspase-3 activity was increased similarly in 
Kv-channel expressing oocytes as in oocytes 
not expressing Kv channels. Thus, in Xenopus 
oocytes caspase-3 activity is not dependent on 
the intracellular concentration of K+. 

For many biological systems including 
the nervous system and muscle tissue, K+ plays 
an important role in setting the resting 
membrane potential (1). The intracellular K+ 
concentration is also important in programmed 
cell death (apoptosis), where altered intracellular 
ionic concentrations and subsequent cell 
shrinkage are early events (2). In Jurkat cells (3, 
4) and lymphocytes (5), K+ efflux and a reduced 
intracellular K+ concentration release caspase 
inhibition, resulting in DNA degradation and 
eventually cell death (5). The activation of 
caspases is prevented by high extracellular K+ 
concentrations preventing K+ efflux (3). 
However, although K+ efflux is an early 
apoptotic event in several cell types, an 
alteration in intracellular ionic strength rather 
than the specific loss of K+ ions is suggested to 
be important (6). 

We have previously designed a K+-
selective ZnO-nanorod-covered microelectrode 
and reported on its stability when measuring 
intracellular K+ concentrations (7). The 
significant physiological role of altered 
intracellular K+, however, makes it important 
also to be able to detect changes in intracellular 
K+. The physical dimensions, biocompatibility, 
short response times, sensitivity, and ease of use 
of the microelectrode configuration make it 
potentially useful to study intracellular K+ 
alterations. The first aim of this work was 
therefore to study the possibility of using the K+-
selective microelectrode to detect alterations in 
intracellular K+ concentrations in Xenopus 
oocytes following injection of various test 
solutions. Measurements were done in parallel 
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with electrophysiological measurements to 
verify the accuracy of detected concentrations. 
To explore if the K+ efflux reported during 
apoptosis in other cell systems is a general early 
apoptotic event also present in Xenopus oocytes, 
the second aim was to monitor changes in 
intracellular K+ during chemically induced 
apoptosis. A major finding was that a reduced 
intracellular K+ concentration was not obligatory 
for apoptosis. 

 
EXPERIMENTAL PROCEDURES 

 
Fabrication of K+-selective 

microelectrodes- The K+-selective 
microelectrodes were fabricated as previously 
described (7). Briefly, ZnO nanorods were 
chemically grown on the tip of a borosilicate 
glass capillary in an aqueous solution of 
Zn(NO3)2 

. 6H2O. Successful growth of ZnO 
nanorods was verified by field emission 
scanning-electron microscope as shown in 
Figure 2A. Subsequently, the glass tip was 
coated by a thin ionophore-containing polyvinyl-
chloride membrane. The ionophore used was 
Valinomycin. 

Preparation of Xenopus laevis oocytes- 
Xenopus laevis oocytes were dissected and 
stored as previously described (7, 8) For 
combined electrophysiological and K+-selective 
microelectrode measurements on the same cell, 
oocytes expressing cloned voltage-gated K (Kv) 
channels were used. cRNAs for the Shaker Kv 
channel with fast inactivation removed and for 
the R365C and W434F mutants were injected as 
described previously (8) and cRNA injected cells 
incubated for 3-6 days at 11ºC in an antibiotics 
supplemented modified Barth’s solution (7, 8) 
before measurements. 

Chemical induction of apoptosis- To 
chemically induce apoptosis, native oocytes and 
oocytes expressing Shaker Kv channels were 
incubated at room temperature in antibiotics-
supplemented modified Barth’s solution 
containing 1 µM staurosporine (STS). For 
electrophysiological measurements, oocytes 
were incubated in 1 µM STS for 1, 2, 3 and 6 
hours. For measurements with K+-selective 
microelectrodes, the oocytes were incubated for 
6 hours, and for caspase-3 measurements for 3 
and 6 hours. For visual inspection of apoptotic 
signs, oocytes were incubated in 20 µM STS.  

Combined electrophysiological and K+-
selective microelectrode measurements- To 
evaluate the accuracy of the K+-selective 

microelectrode data, the intracellular K+ 
concentration, [K+]i, was measured with both 
electrophysiological and K+-selective 
microelectrode techniques in the same oocyte. 
Oocytes expressing Shaker Kv channels were 
injected with 50 nL of either 1 M choline-Cl, 0.5 
M KCl, or 1 M KCl using a Nanoject injector 
(Drummond Scientific Co., Broomall, PA). Each 
oocyte was then transferred to the 
electrophysiological setup and bathed in a high-
K+ extracellular solution referred to as 100K (in 
mM: 89 KCl, 15 HEPES, 0.8 MgCl2, 0.4 CaCl2. 
pH set to 7.4 with KOH yielding a final K 
concentration of ~100 mM). The 100K solution 
was continuously added to the bath using a 
gravity-driven perfusion system. Two-electrode 
voltage clamp measurements of K+ currents were 
performed as previously described (8). The 
holding potential was set to −80 mV and 
currents achieved by stepping to potentials 
between −80 and +50 mV for 100 ms in 5 mV 
increments. The amplifiers capacitance and 
leakage compensation was used. Following the 
electrophysiological recordings the oocytes were 
then transferred to the K+-selective 
microelectrode setup (oocyte bathed in 100K) 
and the intracellular K+ concentration was 
determined by the potentiometric method 
utilising two electrodes: a ZnO nanorod K+-
selective microelectrode as the working 
electrode and an Ag/AgCl microelectrode as the 
reference microelectrode. The electrochemical 
response of the K+ ions was measured with a 
Metrohm pH meter model 827 (Metrohm 
Nordic, Sweden). The electromotive force is 
related to the concentration of K+ ions in the 
intracellular electrolyte determined via a 
calibration procedure (as described previously, 
ref (7)). All oocytes were measured both 
electrophysiologically and with K+-selective 
microelectrodes within 25 minutes after test 
solution injection. The [K+]i was tested 
electrophysiologically to be stable for at least 25 
minutes after 1 M KCl injection. 

Analysis of electrophysiological data- 
The steady-state current at the end of the pulse 
(70-90 ms after onset of the pulse) was plotted 
versus the membrane voltage, generating a 
current versus voltage, I(V), curve. The K+ 
equilibrium potential (EK), assumed to be equal 
to the reversal potential for each oocyte, was 
determined as the voltage at which the direction 
of the current is reversed. This assumption is 
reasonable because the Shaker K channel is 
highly selective for K+ ions and no detectable 
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Na+ currents have been measured through the 
channel (9). The intracellular K+ concentration, 
[K+]i, was subsequently calculated using 
Nernst’s equation: 
 

[K+]i = [K+]o / exp(EK F R-1 T-1),        (1) 
 
where [K+]o is the extracellular K+ concentration 
(100 mM). F, R, and T have their normal 
thermodynamic meanings. The value of interest 
was the concordance between K+ concentrations 
obtained from electrophysiological and K+-
selective microelectrode measurements. 
Theoretical intracellular K+ concentrations after 
injection of test solutions intended to increase or 
decrease intracellular K+ was not calculated due 
to the number of uncertainties in the 
calculations, e.g. the oocyte diameter, possible 
leakage after membrane penetration, or osmotic 
compensation. 

Measurement of caspase-3 activity and 
protein analysis- Oocytes were incubated in 1 
µM STS for 3 and 6 hours in room temperature 
as described above. Oocytes were then washed 
in ELB (in mM; 250 sucrose, 2.5 MgCl2, 50 
KCl, 10 HEPES (pH 7.7)) before lysed in buffer 
(in mM; 10 NaH2PO4 (pH 7.5), 10 Tris-HCl (pH 
7.5), 130 NaCl, 10 sodium pyrophosphate and 
1% Triton) and centrifuged (12,000 rcf, 4 °C, 12 
min). The supernatant was collected and the 
caspase-3 activity measured using 20 µM Ac-
DEVD-AMC in the reaction buffer (in mM; 20 
HEPES (pH 7.5), 2 DTT and 10 % Glycerol) and 
incubated at 37°C for 1 hour. Total protein 
content was analyzed using DC protein assay kit 
(Bio Rad, Sundbyberg, Sweden) and both the 
absorbance (protein analysis) and fluorescence 
(caspase-3 activity) were measured with Perkin 
Elmer multilabel counter VICTOR3 V using the 
Wallac 1420 softvare version 3.00 (Perkin 
Elmer, Sweden). Caspase-3 activity was then 
normalized to total protein content.  
 

RESULTS 
 

Two different methods report on similar 
intracellular K+ concentrations. To test the 
reliability of the previously reported K+-selective 
microelectrodes we here determined the 
intracellular K+ concentration in Xenopus 
oocytes with an electrophysiological method. In 
addition, we also altered the intracellular K+ 
concentration in the oocytes to explore if both 
the electrophysiological and the K+-selective 

microelectrode methods reported on similar 
concentration alterations within the same oocyte. 

First, we expressed voltage-gated K 
channels in the oocytes. The K+ current at 
voltages between –80 mV and +50 mV was 
measured in steps of 5 mV from a holding 
voltage of −80 mV (Fig. 1A upper panel). The 
extracellular solution contained 100 mM K+, 
thus making the current between −40 mV and −5 
mV inwardgoing. A plot of the steady-state 
current (70-90 ms after onset of the pulse) 
clearly shows that the current changes direction 
at −3.6 mV (Fig. 1A lower panel). Based on 
Nernst’s equation (Eq. 1) we can easily calculate 
the intracellular K+ concentration to 122 ± 7 mM 
(n = 5) for control oocytes. This is close to what 
we reported in our previous investigation with 
the K+-selective microelectrodes (110 ± 10 mM, 
ref. (7)).  

However, a critical test of the 
accurateness of the K+-selective microelectrodes 
is to explore if they respond correctly to 
experimentally imposed alterations in the K+ 
concentration. To perturb the intracellular K+ 
concentration we injected 1 M choline-Cl to 
decrease the K+ concentration, and 0.5 M or 1 M 
KCl to increase the K+ concentration. As 
expected, the choline-Cl injection reduced the 
intracellular K+ concentration (Fig. 1B, 93 ± 18 
mM, n = 3) while injection of 0.5 M and 1.0 M 
KCl increased the K+ concentration (137 ± 2 
mM, n = 3 (Fig. 1C) and 168 ± 9 mM, n = 3 
(Fig. 1D) respectively), compared to control 
oocytes. To measure the intracellular K+ 
concentrations with the K+-selective 
microelectrodes we used the very same oocytes 
as for the electrophysiological measurements. 
The concentration determined with the two 
methods gave almost the identical results (Fig. 
2B). All microelectrodes were investigated 
before and after the measurement with scanning-
electron microscopy to make sure that the 
nanorods on the K+-selective microelectrodes 
were not dissolved (Fig. 2A and C). Note that 
the rods are covered with the K+-selective 
membrane. Thus, the experiments confirm that 
the K+-selective microelectrodes can be reliably 
used to measure the intracellular K+ 
concentrations. This makes it possible to reliably 
measure the intracellular K+ concentration in 
oocytes not expressing Kv channels. 

The intracellular K+ concentration is 
reduced in Xenopus oocytes undergoing 
apoptosis but prevented by Kv channel 
expression. In the next step we explored if the 
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intracellular K+ concentration decreases in 
Xenopus oocytes during apoptosis, something 
that has been reported for other cells. Frog 
oocytes undergoing apoptosis show similar 
biochemical signs as other cells (10). Also in our 
hands, oocytes incubated for 2-3 hours in 20 µM 
of the apoptosis-inducing agent STS display the 
apoptotic sign of blurring of the otherwise sharp 
distinction between the animal and the vegetal 
pole upon visual inspection (data not shown). To 
obtain a better resolution of the early events in 
the apoptotic process, a lower STS concentration 
(1 µM) was used for subsequent experiments. 
This concentration does not induce as clear 
visual signs of apoptosis. Therefore, to 
objectively establish that apoptosis is induced, 
caspase-3 activity in oocytes after different 
exposure times of 1 µM STS was measured. 
Caspase-3 is a proapoptotic protein activated by 
both extrinsic and intrinsic apoptosis stimuli 
(11), and therefore a common reporter on cellular 
apoptosis. After 3 hours there was a doubling in 
caspase-3 activity and after 6 hours almost a 3-
fold increase (Fig. 3). Thus, 3 hours exposure to 
1 µM STS is enough to induce apoptosis in our 
experimental setting. 

To measure the intracellular K+ 
concentration during apoptosis with the two 
different methods, we used oocytes densely 
expressing Shaker Kv channels. To our surprise, 
no alteration in the intracellular K+ concentration 
was detected with neither of the methods. After 
6 hours in 1 µM STS the mean K+ 
concentrations were 118 ± 7 mM (n = 5) and 119 
± 3 mM (n = 5) for the K+-selective 
microelectrodes and for the electrophysiological 
measurements, respectively (Fig. 4A). No 
alteration occurred over time as detected 
electrophysiologically (Fig. 4B). Thus, either the 
oocytes behave differently from other cells 
previously reported to reduce the intracellular K+ 
concentration during apoptosis, or the dense Kv 
channel expression affects apoptosis making 
them less suitable for apoptosis studies. To 
explore this we used the K+-selective 
microelectrode technique to investigate if the 
intracellular K+ concentration is reduced in 
oocytes not expressing Kv channels. This 
revealed a robust 32% decrease in intracellular 
K+ (to 81 ± 8 mM, n = 5) after 6 hours in 1 µM 
STS (Fig. 4A).  

A decrease in intracellular K+ 
concentration is not necessary for caspase-3 
activation. Thus, we have shown that oocytes 
not expressing exogenous Kv channels increase 

their caspase-3 activity 3-fold while decreasing 
the intracellular K+ concentration with 32%. 
Such a K+ concentration reduction has been 
suggested to trigger the caspase-3 activity (5). 
However, oocytes densely expressing Kv 
channels do not alter their intracellular K+ 
concentration during exposure to STS. There are 
two possible explanations for these differences: 
Either apoptosis is prevented by the dense Kv 
channel expression, or the K+ concentration 
reduction is not obligatory for the caspase-3 
activation. To select between these two 
hypotheses we investigated the caspase-3 
activity upon STS exposure in oocytes 
expressing Kv channels. The caspase-3 
activation increased equally much in the two 
populations of oocytes (Fig. 5), suggesting that 
the intracellular K+ concentration reduction is 
not obligatory for the apoptotic process in 
Xenopus oocytes but rather an epiphenomenon. 

Prevention of K+ loss is not dependent 
on active Kv channels. Why is the intracellular 
K+ concentration not reduced during apoptosis in 
oocytes expressing Shaker Kv channels? The 
resting voltage for control cells expressing 
Shaker Kv channels was -49 ± 3 mV (n = 6) 
compared to -7 ± 1 mV (n = 10) in cells not 
expressing heterogeneous Kv channels. One 
possibility is that the cellular hyperpolarization 
prevents K+ loss by keeping apoptosis-associated 
K+ channels activated by depolarization closed. 
We repeated the Kv channel experiments using a 
channel mutant opening at more positive 
voltages; Shaker R365C is activated at about 40 
mV more positive voltages than Shaker WT 
(12). Expression of this mutant did not alter the 
resting membrane potential in the oocytes (−5 ± 
1 mV (n = 5)) but still prevented STS-induced 
reduction in intracellular K+ (Fig. 6). The mean 
K+ concentration was 117 ± 4 mM (n = 6) before 
and 115 ± 4 mM (n = 8) after STS treatment.  

To test if overexpression of active, K+ 
conducting, Kv channels, via another mechanism 
than hyperpolarization, is the key behind 
protection from K+ loss, we also expressed a 
non-conducting Shaker channel, Shaker W434F 
(13). Equimolar concentrations of this mutant as 
previously used for the conducting Shaker 
channel effectively prevented loss of 
intracellular K+ during apoptosis (Fig. 6). The 
mean K+ concentration was 122 ± 1 mM (n = 7) 
before and 121 ± 1 mM (n = 7) after STS 
treatment. Thus, the Shaker Kv channel does not 
require a K+-conducting pore to abolish K+ 
escape during apoptosis.  
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DISCUSSION 
 

In the present investigation we have 
demonstrated that a recently developed K+-
selective nanorod-covered microelectrode 
technique correctly report on the intracellular K+ 
concentration. Furthermore, we showed that the 
intracellular K+ concentration is reduced by 32% 
during apoptosis in oocytes not expressing 
exogenous Kv channels, while the concentration 
is not reduced in oocytes densely expressing 
exogenous Kv channels. The activity of caspase-
3 is, however, increased equally much in both 
sets of oocytes. This implies that a K+ 
concentration reduction is not obligatory for the 
apoptotic process, at least not in Xenopus 
oocytes. 

How can a dense expression of 
exogenous Shaker channels prevent STS-
induced K+ loss? It is known, at least in other 
cells than Xenopus oocytes, that many different 
voltage-gated ion channels (Na, K and Cl) are 
upregulated/opened early in the apoptotic 
process (14–18). This leads to fluxes of K+, Cl−, 
and Na+, which in combination with decreased 
ATP levels found in apoptotic cells (19, 20), 
leads to a more positive membrane potential and 
a permanent K+ loss. However, a large 
expression of the Shaker Kv channel (opening at 
voltages around -50 mV) should hyperpolarize 
the cell and shut depolarization-activated ion 
channels, potentially preventing the general ion 
flux during apoptosis. However, our experiments 
using two different Shaker-channel mutants, one 
with altered voltage dependence and one non-
conducting, clearly show that neither cellular 
hyperpolarization nor the Shaker channel K+ 
conductance is the critical event. The activity of 
several membrane proteins like channels and 
pumps are affected by the composition of the 
lipid bilayer (21, 22), the interaction with other 
membrane proteins (23, 24), and by membrane 
protein dilution (possible via interactions with 
the cytoskeleton) (25). It is possible that the 
Shaker channel protein affect K+ efflux through 
direct or indirect interactions with apoptosis-

associated channels or pumps. Independent of 
the underlying mechanism, the caspase-3 
activity is increased despite the abolished K+ 
reduction, suggesting no causal link between the 
K+ reduction and the caspase-dependent 
apoptotic process.  

In other cell systems, an alteration in 
intracellular ionic concentrations is shown to be 
an early apoptotic event (6, 26, 27). The 
underlying mechanism for the alteration in ionic 
composition is presently not clear. The 
involvement of monovalent ions during 
apoptosis is very complex and both ion channels, 
Na+/ K+ -ATPase and different transporters such 
as the KCC- and NC-cotransporters seems to be 
involved in apoptosis (28) K+ efflux is, however, 
suggested to release caspase-3 inhibition via an 
upstream event, stimulating the apoptotic 
process (5, 29). The release of caspase-3 
inhibition is not specifically associated with K+ 
ions as the antiapoptotic effect is mimicked by 
other monovalent cations (5). This is in 
concordance with our results showing that an 
alteration in intracellular K+ is not a requirement 
for caspase-3 activation in Xenopus oocytes. 
This is, to our knowledge, the first direct report 
of a cell type showing caspase-3 activity despite 
sustained intracellular K+ concentrations. Rather 
than a special role of K+ ions, a general effect of 
altered intracellular ionic strength has been 
proposed to trigger the apoptotic process (4, 5, 
29). Thus, in Xenopus oocytes caspase-3 
activation could possibly be triggered by an 
altered ionic strength mediated by other ions 
than K+. Other studies show that STS-induced 
caspase-3 activation and apoptosis is not 
prevented by various K+ channel blockers in rat 
cortical neurons (30), rat cerebellar granule cells 
(31), mouse neuroblastoma cells (32), salmonid 
cells and hepatocytes (33). Even though the 
intracellular K+ concentration was not monitored 
in these studies, the reported  caspase-3 activity 
despite the use of K+ channel blockers suggest 
that further cell types have a K+-independent 
mechanism for inducing apoptosis.
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FIGURE LEGENDS 
 

Figure 1. Representative K+ current recordings (upper panels) and corresponding I(V) curves 
(lower panels) measured electrophysiologically in Kv channel-expressing Xenopus oocytes. A) Data 
for control oocytes and B-D) data for oocytes injected with indicated test solutions. The holding 
potential was set to −80 mV and test pulses ranging from −80 to + 50 mV. The current generated by 
stepping to 0 mV is marked in red in each recording.  
 

Figure 2. Electrophysiological recordings and the K+-selective microelectrodes report similar 
intracellular K+ concentrations. A) Scanning-electrode image of the K+-selective microelectrode 
before intracellular measurements. B) Intracellular K+ concentrations in Kv channel-expressing 
Xenopus oocytes measured with electrophysiological (TEVC) and K+-selective microelectrode 
techniques. Data are expressed as mean values for control oocytes and oocytes injected with 50 nL of 
indicated test solutions. Error bars show SE. n = 3-5. C) Scanning-electrode image of the K+-selective 
microelectrode after intracellular measurements.  
 

Figure 3. Caspase-3 activity in oocytes not expressing Kv channels. Measurements in control 
solution (n = 4), and after 3 (n = 4) and 6 hours (n = 3) exposure to 1 µM STS. The fluorescence after 
caspase-3 cleavage of Ac-DEVD-AMC was measured with photospectrometry and corrected with 
total protein level. Data show mean values ± SE. 
 

Figure 4. Intracellular K+ concentrations in apoptotic Xenopus oocytes with and without 
dense expression of Kv channels. A) Intracellular concentration of K+ after 6 hours incubation in STS. 
Mean values for oocytes densely expressing Kv channels (RNA injected) measured with 
electrophysiological method (TEVC; n = 5) or K+-selective microelectrode method (n = 5). 
Intracellular K+ concentration in oocytes not expressing Kv channels (Not RNA injected) measured 
with the K+-selective microelectrode (n = 5). Data expressed as mean values ± SE. B) Intracellular K+ 
concentrations measured with electrophysiological method. Measurements made in control solution (n 
= 5), and after 1 (n = 3), 2 (n = 3), 3 (n = 3) and 6 hours (n = 5) of 1 µM STS exposure.  
 

Figure 5. Caspase-3 activity in apoptotic oocytes expressing (RNA injected) or not 
expressing (Not RNA injected) Kv channels. The fluorescence after caspase-3 cleavage of Ac-DEVD-
AMC was measured with photospectrometry and corrected with total protein level. Data show mean 
values ± SE. 
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Figure 6. Intracellular K+ concentrations in control and apoptotic Xenopus oocytes with dense 
expression of mutant Shaker Kv channels. R365C was measured with the electrophysiological method 
(TEVC) and the non-conducting W434F mutant with the K+-selective microelectrode method. STS 
treated cells were incubated for 6 hours in 1 µM STS. Data expressed as mean values ± SE. 
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