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Abstract. Properties of large conductance Ca2+-
activated K+ channels were studied in the soma of mo-
toneurones visually identified in thin slices of neonatal
rat spinal cord. The channels had a conductance of 82 ±
5 pS in external Ringer solution (5.6 mM K+

o//155 mM

K+
i ) and 231 ± 4 pS inexternal high-Ko solution (155 mM

K+
o//155 mM K+

i ). The channels were activated by depo-
larization and by an increase in internal Ca2+ concentra-
tion. Potentials of half-maximum channel activation
(E50) were −13, −34, −64 and −85 mV in the presence of
10−6, 10−5, 10−4 and 10−3

M internal Ca2+, respectively.
Using an internal solution containing 10−4

M Ca2+, aver-
aged KCa currents showed fast activation within 2–3
msec after a voltage step to +50 mV. Averaged KCa

currents did not inactivate during 400 msec voltage
pulses. External TEA reduced the apparent single-
channel amplitude with a 50% blocking concentration
(IC50) of 0.17 ± 0.02 mM. KCachannels were completely
suppressed by externally applied 100 mM charybdotoxin.
It is concluded that KCa channels activated by Ca2+ entry
during the action potential play an important role in the
excitability of motoneurones.
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Introduction

Potassium channels activated by Ca2+ ions entering the
cell during an action potential (KCa channels) play an
important role in cell excitability (Kaczorowski et al.,
1996; Rudy, 1988). Different types of KCa channels
were found in many neuronal and non-neuronal tissues
(Barret, Magleby & Pallotta, 1982; Blatz & Magleby,

1986; Jonas et al., 1991). In motoneurones, KCa currents
were shown to contribute to action potential repolariza-
tion and to the slow afterhyperpolarization (Walton &
Fulton, 1986; Takahashi, 1990; Umemiya & Berger,
1994). It was suggested that the slow apamin-sensitive
afterhyperpolarization (Zhang & Krnjevic, 1987; Viana,
Bayliss & Berger, 1993) is caused by low conductance
voltage-independent KCa channels (Blatz & Magleby,
1986). In contrast, large conductance TEA-sensitive KCa

channels appear to contribute to action potential repolar-
ization. Unfortunately, very little is known until now
about the properties of single large conductance KCa

channels in the soma of motoneurones. Single-channel
and functional characteristics of KCa channels studied in
some other preparations are not necessarily applicable to
motoneurones, since many different isoforms of large
conductance KCa channels are expressed in the central
nervous system (Tseng-Crank et al., 1994).

The main purpose of this study was to describe the
single-channel properties of large conductance KCachan-
nels in rat motoneurones. In our preceding paper (Safro-
nov & Vogel, 1995) we used thin slices of newborn rat
spinal cord, in order to describe single voltage-gated Na+

and K+ channels in the soma of visually identified mo-
toneurones. The main advantage of the slice preparation
in comparison with neurones grown in cell culture is the
possibility to study channels whose properties and dis-
tributions were not modified by enzymatic treatment nor
changed during development in culture. The present in-
vestigation is a further step in characterizing ionic chan-
nels underlying the major voltage-gated and background
conductances in the soma of motoneurones.

Materials and Methods

SLICE PREPARATION AND SOLUTIONS

The preparation of spinal cord slices and the methods of motoneurone
identification have been previously described (Edwards et al., 1989;Correspondence to:W. Vogel
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Takahashi, 1990; Safronov & Vogel, 1995). In brief, 2- to 4-day-old
rats were rapidly decapitated and the spinal cord was cut out in ice-cold
Ringer solution. 200mm thin slices were prepared from the lumbar
enlargement (L3–6) of the spinal cord.

Ringer solution used for preparing and maintaining the slices
contained (in mM): NaCl 115, KCl 5.6, CaCl2 2, MgCl2 1, glucose 11,
NaH2PO4 1, NaHCO3 25 (pH 7.4 when bubbled with a 95%–5% mix-
ture of O2–CO2). To reduce synaptic activity in motoneurones, the
slices were perfused in the experimental chamber with a similar Ringer
solution in which Ca2+ and Mg2+ concentrations were set to 0.1 and 5
mM, respectively (low-Ca2+-high-Mg2+-Ringer). These solutions were
used in current-clamp experiments shown in Figs. 6 and 7. For single-
channel recordings in inside-out and some outside-out patches, solu-
tions in which the pH was buffered with HEPES-NaOH or HEPES-
KOH were used. This Ringer solution contained (in mM): NaCl 136.4
KCl 5.6, CaCl2 0.1, MgCl2 5, glucose 11, Hepes 10. The pH was
adjusted to 7.4 with 4.6 mM NaOH. External solution with 155 mM K+

(high-Ko solution) contained (in mM): NaCl 5, KCl 152.5, CaCl2 2,
MgCl2 1, Hepes 5 (pH was adjusted to 7.4 with 2.5 mM KOH).

0.05% bovine serum albumin was added to all solutions contain-
ing charybdotoxin and apamin (Latoxan, Rosans, France) to prevent
nonspecific binding of the blocker molecules. TEA was directly added
to external solutions.

The internal solution used for investigation of KCa channels con-
tained (in mM): NaCl 5, KCl 150.6, MgCl2 1 and Hepes 10 (pH was
adjusted to 7.3 by 4.4 mM KOH). Different Cai

2+ concentrations were
prepared according to Barrett et al. (1982). Internal solutions contain-
ing 10−3, 10−4 and 10−5 M Ca2+ were obtained by adding 1000, 100 and
10 mM CaCl2, respectively, directly to the solution (contamination by
CaCl2 from other salts was around 1.5mM). 10−6 M concentration of
free Ca2+ was obtained by addition of 80mM EGTA and 74.4mM CaCl2
(Barrett et al., 1982). Internal solution used for the pipette filling in
current-clamp experiments (Figs. 6 and 7) contained (in mM): NaCl 5,
KCl 144.4, MgCl2 1, EGTA 3 and Hepes 10 (pH was adjusted to 7.3
by 10.6 mM KOH). EGTA, known as a slow Ca2+ buffer, bound free
intracellular Ca2+ in the resting neurones but had no influence on fast
transient increase in internal Ca2+ concentration during single action
potential.

Motoneurones were identified as the largest cells in the ventro-
lateral part of the ventral horn. The mean lengths of the long and short
diameters of the cells investigated here were 25.5 ± 0.5mm (34 cells)
and the mean resting potential was −68.5 ± 2.0 mV (21 cells). In
current-clamp recording mode the neurones fired spontaneous action
potentials followed by typical prolonged afterhyperpolarizations. After
an injection of sustained depolarizing currents, motoneurones always
responded with trains of action potentials (Granit, Kernell & Shortess,
1963). Here and elsewhere the values are quoted as mean ±SEM unless
otherwise stated.

Inside-out patches were studied in an additional small (0.2 ml)
chamber (Safronov & Vogel, 1995) which could be perfused with
different internal solutions. A complete exchange of the solution in the
small changer required 6–10 sec. In these experiments, we employed
perfusion capillaries made from glass instead of the normally used
stainless steel needles, in order to prevent the interaction between
EGTA and metal ions.

CURRENT RECORDINGS

Experiments were performed by means of the patch-clamp technique
(Hamill et al., 1981). The patch pipettes were pulled from borosilicate
glass tube (GC 150, Clark Electromedical Instruments, Pangbourne,
UK). Some pipettes were coated with Sylgard 184 (Dow Corning,
USA). The pipettes were fire-polished directly before the experiments

and had a final resistance of 4.5–22MV. An EPC-7 patch-clamp am-
plifier (List, Darmstadt, Germany) was used for the channel recordings.
The data were either filtered at 1 kHz and directly stored in a computer
by using commercially available software (pCLAMP, Axon Instru-
ments, Foster City, CA) or they were filtered at 10 kHz and first stored
in a digital tape recorder (DTR-1202, Biologic, Claix, France). For
further analysis, these data were replayed from tape, low-pass filtered
at 1 kHz and stored on a disk. The frequency of digitization was at
least two times higher than that of filtering. For calculation of the open
probability (Po), the channel was considered as open if its amplitude
exceeded 50% of a control level. Capacity and leakage currents were
digitally subtracted by using a divided pulse procedure. Offset poten-
tials were nulled directly before formation of the seal. Liquid junction
potentials were about 3 mV and were not corrected. All experiments
were carried out at a room temperature of 21–24°C. The present study
is based on recordings and measurements from 24 membrane patches
and 29 whole cells.

Results

Single KCa channels in the soma of motoneurones were
investigated in inside-out and outside-out patch configu-
rations. Active KCa channels were observed in one of
approximately three inside-out patches obtained with 5–
22 MV pipettes. In outside-out patches the clamped
membrane area was usually several times larger and al-
most all outside-out patches contained one to seven ac-
tive KCa channels. In contrast to Na+-activated K+ chan-
nels (Safronov & Vogel, 1996) which are mostly located
in the vicinity of the axon or dendritic hillocks, KCa

channels could be found in patches obtained from dif-
ferent regions over the soma membrane of motoneu-
rones.

Figure 1A shows the activity of single KCa channels
recorded from inside-out membrane patches. The pi-
pettes were filled with external Ringer or high-Ko solu-
tions. The bath solution in the small additional chamber
(seeMaterials and Methods) facing the cytoplasmic side
of the membrane contained 10−4

M Ca2+. In these
patches, only a few KCa channel openings were observed
at −80 mV, but the channels could be activated by de-
polarizing voltage pulses. The amplitudes of the single-
channel currents as a function of membrane potential
(i-E curves) for external Ringer and high-Ko solutions
are shown in Fig. 1B. Least squares fitting of the data
points (from −60 to +60 mV) with a linear regression,
under an assumption that the equilibrium potential for K+

ions is −84 mV in Ringer solution and 0 mV in external
high-Ko solution, gave the single-channel chord conduc-
tance of 82 ± 5 (SE) pS (4 patches) in Ringer solution and
231 ± 4 (SE) pS (3 patches) in external high-Ko solution
(Fig. 1B). KCa channels showed pronounced outward
rectification in external Ringer solution. The slope con-
ductance of KCa channels at positive membrane poten-
tials was up to 150 pS (3 patches).

As can be seen from the recordings in Fig. 1A,
the opening of KCa channels took place within several
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milliseconds after a potential step to +50 mV when in-
ternal Ca2+ concentration was 10−4

M. To investigate the
kinetics of the channel activation by voltage at a constant
internal Ca2+ concentration of 10−4

M, we constructed
KCa channel currents (Fig. 2) by averaging the single-
channel records similar to those shown in Fig. 1A. It
could be reasonably assumed that these averaged cur-
rents were mostly KCacurrents, since other voltage-gated
K+ channels, A- or delayed rectifier, present in this patch
had much lower conductances (Safronov & Vogel,
1995). The half time of KCa channel activation (t0.5)
measured as the time needed to reach a half-maximum
current amplitude for the patch shown in Fig. 2 (see
insets) was 7.5 msec at −40 mV and 3.0 msec at +50 mV
in Ringer solution. In high-Ko solutionst0.5 was about
10 msec at −40 mV and 2.2 msec at a potential of +50
mV. Averaged KCa currents reached the steady-state
level within less than 50–100 msec and did not show
inactivation. KCa channel inactivation was also not ob-
served in single-channel recordings lasting tens of sec-
onds. After returning the potential to −80 mV, KCa cur-
rents deactivated during tens of milliseconds. Such a
slow channel closing could be clearly seen in high-Ko

solution (Figs. 1A and 2).
In further experiments, the dependence of KCa chan-

nel activation on internal Ca2+ concentration was inves-
tigated. Activity of KCa channels recorded in an inside-
out patch at −60 mV in high-Ko solution in the presence
of different internal Ca2+ concentrations are shown in
Fig. 3A. Elevation of internal Ca2+ increased the channel
open probability (Po). Two- to six-second recordings
were used for calculation ofPo values. Activation
curves of KCa channels obtained at 10−6, 10−5, 10−4 and
10−3

M internal Ca2+ are shown in Fig. 3B. For each

Ca2+ concentration, the data points were first normalized
to the maximumPo value (Po,max) obtained at positive
potentials. Nonlinear least squares fitting of the data
points with the Boltzmann equation gave E50 values of
−13 ± 2 mV, −34 ± 1 mV, −64 ± 1 mV and −85 mV for
10−6, 10−5, 10−4 and 10−3

M Ca2+, respectively (mean ±
SE, 3 inside-out patches). Thus, a tenfold increase in
Ca2+ concentration produced a negative shift of the ac-
tivation curve by approximately 20 mV.

KCa channels demonstrated a high sensitivity to ex-
ternally applied TEA. The blocker reduced the ampli-
tude of single-channel currents in a dose-dependent man-
ner (Fig. 4A). The concentration of half-maximum block
of KCa channels by TEA (IC50) was 0.17 ± 0.02 (SE) mM

(Fig. 4B, 2 outside-out patches).
Externally applied charybdotoxin at a concentration

of 100 nM completely and reversibly suppressed KCa

channel activity (3 outside-out patches). The kinetics of
charybdotoxin block is illustrated in Fig. 5 with an out-
side-out membrane patch containing at least five KCa

channels. The time constant of on-reaction was limited
by the time of solution exchange under our experimental
conditions (5–10 sec). The kinetics of the channel re-
covery was considerably slower. Full recovery from
charybdotoxin usually required 0.5–2 min. The blocker
reduced KCa channelPo but did not affect the amplitude
of the single-channel current (indicated by an asterisk in
Fig. 5).

In current-clamp experiments, single action poten-
tials became broader and the amplitude of slow afterhy-
perpolarization was considerably reduced after substitu-
tion of external Ringer solution with low-Ca2+-high-
Mg2+-Ringer solution (Fig. 6, 5 cells). The action
potential repolarization became also slower after addi-

Fig. 1. Single KCa channels in the soma membrane of rat motoneurones. (A) Currents through KCa channels activated in Ringer and high-Ko

solutions by voltage steps from −80 to −40 and +50 mV. Internal Ca2+ concentration was 10−4 M. Inside-out patches. (B), i-E relationships for KCa

channels in Ringer (open symbols, 4 patches) and in high-Ko solutions (filled symbols, 3 patches). In all figures error bars denote ±SEM if it exceeds
the size of the symbols.
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tion of 100 nM charybdotoxin to Ringer solution (Fig. 7,
7 cells). In contrast, 1mM apamin selectively suppressed
slow afterhyperpolarization (Fig. 7, 4 cells). Therefore,
it could be concluded that charybdotoxin-sensitive large
conductance KCa channels contribute to the repolarizing
phase of action potential and to fast afterhyperpolariza-
tion in rat motoneurones, whereas Ca2+-dependent slow
afterhyperpolarization was produced by an apamin-
sensitive KCa conductance (Morita & Barrett, 1990).

Discussion

KCa CHANNEL PROPERTIES

We recorded single large conductance KCa channels in
the somatic membrane of neonatal rat motoneurones.
Large conductance KCa channels were activated by both
depolarization and an increase in internal Ca2+ concen-
tration. The channel conductance of 231.1 pS in sym-
metrical high-K+ solutions is close to the values reported
for KCa channels in cultured rat skeletal muscle (Blatz &
Magleby, 1986; Barrett et al., 1982), cultured spinal neu-
rones ofXenopus(Blair & Dionne, 1985) and in cultured
mouse motoneurones (McLarnon et al., 1995). In our
preceding papers (Safronov, Kampe & Vogel, 1993; Sa-
fronov & Vogel, 1995) we have shown that somatic and
axonal membranes of rat motoneurones are equipped
with distinctly different types of voltage-gated K+ chan-
nels. In contrast, large conductance KCa channels in the
soma of motoneurones studied here appear to have simi-
lar unitary conductance and sensitivity to external TEA
with KCa channels in enzymatically demyelinated am-
phibian axons (Jonas et al., 1991), if the differences in

Fig. 2. Averaged KCacurrents in external Ringer and high-Ko solutions. Each trace is a result of averaging 4 to 20 recordings similar to those shown
in Fig. 1A. Holding potential was −80 mV. Voltage protocol is shown over the traces. Inside-out patches. Internal Ca2+ concentration was 10−4 M.
The first 30 msec parts of both recordings at +50 mV are shown in insets at a higher time resolution. The arrows indicate the half-maximum current
amplitudes.

Fig. 3. Ca2+- and voltage-dependent activation of KCa channels. (A)
KCa channels at −60 mV in the presence of 10−6, 10−5, 10−4 and 10−3

M internal Ca2+ concentration. Inside-out patch. External high-Ko so-
lution. (B) Po/Po,max as a function of voltage at different internal Ca2+

concentrations. The points were fitted with the Boltzmann equation
1/[1 + exp(E50 − E)/k], whereE50 4 −13 ± 2 (SE) mV andk 4 15 mV
for 10−6 M Ca2+ (diamonds),E50 4 −34 ± 1 (SE) mV andk 4 14 mV
for 10−5 M Ca2+ (squares), E50 4 −64 + 1 (SE) mV andk 4 11 mV for
10−4 M Ca2+ (circles) and E50 4 −85 mV andk 4 11 mV for 10−3 M

Ca2+ (triangles). Data from 3 inside-out patches.
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temperature and K+ concentration are taken into account.
The channels described here were more sensitive to in-
ternal Ca2+ than KCa channels in myelinated amphibian
axons (Jonas et al., 1991) and of those in cultured rat
muscle (Barrett et al., 1982).

KCa channels studied here were suppressed by ex-
ternal TEA with IC50 of 0.17 mM. Such a sensitivity of
KCa channels to TEA was fairly high in comparison with
other types of K+ channels described in somatic and
axonal membranes of moto- and sensory neurones (Sa-
fronov & Vogel, 1995; Safronov, Bischoff & Vogel,

1996; Vogel & Schwarz, 1995). TEA did not change the
channelPo but apparently reduced the amplitude of the
single-channel currents as can be expected for a fast
blocker (Hille, 1992). In contrast, charybdotoxin re-
duced KCa channelPo without changing the single-
channel currents. The time constant of recovery of KCa

channels from charybdotoxin was in the range of min-
utes. Therefore, charybdotoxin demonstrated typical
properties of a slow blocker (Hille, 1992).

FUNCTIONS OF KCa CHANNELS

KCa channels have multiple functions in different types
of central neurones and provide a link between the level
of intracellular Ca2+ and cell excitability. TEA-sensitive
apamin-resistant KCa channels contribute to action po-
tential repolarization and to afterhyperpolarization in rat
medial vestibular nucleus neurones (Johnston, MacLeod

Fig. 4. Effect of external TEA on KCa channels. (A) Single KCa chan-
nel currents at 0 mV in external Ringer solution in the presence of 0,
0.3 and 1 mM TEA. Outside-out patch. (B) Concentration dependence
of KCa channel block by TEA. The single-channel current amplitudes
in the presence of TEA were determined as average currents during
channel openings. The data points are fitted with the Hill equation:
IC50/(IC50 + C), where IC50 was 0.17 ± 0.02 (SE) mM (2 patches).

Fig. 5. Block of KCa channels by externally applied 100 nM charyb-
dotoxin. Outside-out patch in Ringer solution at 0 mV. Charybdotoxin
did not reduce the amplitude of the single-channel currents (indicated
by asterisk).

Fig. 6. Effect of external Ca2+ on the shape of action potential. The
action potentials were recorded in external Ringer and low-Ca2+-high-
Mg2+-Ringer solutions under current-clamp conditions. The resting po-
tential of the neurone was kept at −65 mV by injection of steady-state
current through the recording pipette. The action potentials were acti-
vated by depolarizing 10 msec current pulses of 60 pA amplitude. The
third trace shows both action potentials superimposed. Lowermost
trace, superimposed action potentials at higher time resolution.
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& Dutia, 1994). TEA- and charybdotoxin-sensitive KCa

currents generate fast afterhyperpolarization and have an
influence on frequency of the first few action potentials
during cell depolarization in rat hippocampal neurones
(Lancaster & Nicoll, 1987). In motoneurones, KCa cur-
rents were supposed to contribute to the repolarizing
phase of the action potential (Takahashi, 1990). In our
current-clamp experiments we have observed a prolon-
gation of action potentials in low-Ca2+-high-Mg2+-
Ringer solutions or after addition of charybdotoxin to
normal Ringer solution. Additional support of KCachan-
nel involvement in the repolarizing phase of action po-
tentials comes from analysis of open and closed time
distributions studied in cultured mouse motoneurones
(McLarnon et al., 1995). It was shown that KCachannels
could be activated within 1–2 msec at positive potentials
and they could be closed during several milliseconds at
negative potentials. Furthermore, several millisecond
long openings of large conductance KCa channels were
directly seen in cell-attached patches at the moment
when the action potential invaded the motoneurone
(McLarnon, 1995), indicating that KCa channels contrib-
ute to membrane repolarization as well as to the fast
afterhyperpolarization during action potentials in spinal
motoneurones. In hypoglossal motoneurones KCa chan-
nels were shown to be activated by membrane depolar-
ization and by Ca2+ ion influx through low-voltage-
activated Ca2+ channels (Umemiya & Berger, 1994)
which could be considered as the main source of Ca2+

supply for large conductance KCa channels.

Involvement of KCa channels in the repolarizing
phase of action potentials could also be suggested from
our experiments presented in Fig. 2. The half time of
channel activation by voltage was 2–3 msec at +50 mV
in internal solution containing 10−4

M Ca2+ (21–24°C).
Similar fast activation kinetics of large conductance KCa

channels was recently reported for cloned humanhslo
channels (DiChiara & Reinhart, 1995). Internal Ca2+

concentration used in our experiments was 10−4

M. Although it is much higher than the resting level of
cytoplasmic Ca2+ in neuronal cells, such a high level of
intracellular Ca2+ could be locally reached in the regions
of a high density of voltage-activated Ca2+ channels (Au-
gustine & Neher, 1992). It was shown for Helix neu-
rones that only KCa channels clustered together with
Ca2+ channels were activated under physiological con-
ditions, whereas KCa channels in membrane areas free of
Ca2+ channels remained silent (Gola & Crest, 1993).
Thus, it could be suggested that the fast kinetics of KCa

channel activation at positive potentials and clustering of
KCa channels together with voltage-gated Ca2+ channels
are important conditions for KCa channel involvement in
the repolarization phase of the action potentials in the
soma of motoneurones.

In conclusion, large conductance KCa channels to-
gether with voltage-gated Na+ and A- and delayed-
rectifier K+ channels (Safronov & Vogel, 1995) form the
basis of excitability in motoneurones. Further patch-
clamp experiments with neurones in spinal cord slices
could throw light on properties and functions of ionic
channels, especially those underlying potential insensi-
tive ionic currents which normally escape detection in
classical voltage-clamp experiments but may neverthe-
less have tremendous impact on membrane resting po-
tential and integrative behaviour of cells in central ner-
vous system.
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