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Abstract. Using the patch clamp technique, we have
characterized a small conductance, calcium-activated
potassium (SK) channel in the C6 glioma cell line. El-
evation of cytosolic Ca?" concentration ([Ca®*]) by
applications of serotonin or ionomycin induced bursts
of channel openings recorded in the cell-attached con-
figuration. These channels underlie the serotonin-in-
duced, [Ca**]-activated whole-cell K* conductance
described previously. [Ca2+]i directly activated SK
channels in inside-out patches with a biphasic concen-
tration dependence. Submicromolar [Ca”]i induced
bursts of channel openings with a unitary conductance
of about 25 pS, similar to that of the serotonin-induced
channels. Supramicromolar [Ca®*] ; caused prolonged
openings with a unitary conductance of about 35 pS, re-
sulting in a pronounced increase of the average current
in patches exposed to [Ca?*] , above 100 um. The two
modes of opening reflect the activity of the same SK
channel. The channel conductance depended on exter-
nal K* concentration with K, of 5 mm. The channel
was slightly permeable to cations other than K*, with
a permeability ratio for K*:Ca?*:Na™ of 1:0.040:0.030,
respectively. ATP was required to maintain channel ac-
tivity in outside-out patches but was not essential in in-
side-out patches. The modulation of SK channels in C6
cells by components in their microenvironment may be
related to the role of glial cells in controlling the ex-
tracellular milieu in the CNS.
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Introduction

Elevation of cytosolic free Ca?* concentration ([Ca2+]l.)
induces activation of KT channels in many cell types [3,
6,9, 10, 29, 36]. These channels, defined by their high
selectivity for potassium ions, are divided roughly in
two classes [5, 19, 22]. The BK (big K™) channels have
large conductance in the 100-200 pS range, the effica-
cy of their activation by cytosolic Ca?™ increases with
membrane depolarization, and they are sensitive to TEA
in the mM concentration range and to charybdotoxin in
the nM range. The SK (small K*) channels have low-
er conductance (mostly under 50 pS); they are activat-
ed by submicromolar [Ca“]i independently of mem-
brane potential (V, ), and are usually blocked by apamin
but not by TEA in the millimolar range [4, 27].
Relative to the wealth of information already ex-
isting on other K* channels [1, 15, 16], the information
concerning the SK channels has been rather limited.
The voltage independence of SK channel activation [4,
7] may be of special significance in nonexcitable cells
that do not readily depolarize under physiological con-
ditions, but do respond to stimuli with a rise in [Ca?*] o
mobilized from intracellular stores. The C6 glioma cell
line serves as a convenient model for nonexcitable cells.
We and others have shown already that the application
of an appropriate transmitter onto these cells releases
Ca?* from inositol trisphosphate (IP,)-sensitive intra-
cellular stores leading to the activation of Kt membrane
conductance [21, 23, 26, 30]. Thus, the aim of the pre-
sent study was to characterize the SK channels under-
lying the whole-cell potassium conductance evoked by
the application of serotonin (5-hydroxytryptamine, 5-
HT) in the C6 glioma cell line. The SK channels we
found possess unique features, including dynamic re-
sponse to a wide [Ca?"], range, a non-negligible per-
meability to Na™ and Ca®*, and an ATP requirement for
sustained activity, depending on patch configuration.
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Materials and Methods

C6 cells were cultured in DMEM supplemented with 10% heat-inac-
tivated horse serum. They were plated on fire-cleaned 12 mm cov-
erslips 2448 hr before use.

Patch clamp experiments [11] were performed after placing a
coverslip in a small volume perfusion chamber (150-200 pl). Thin-
wall borosilicate glass pipettes (1.5 mm outer diameter) were pulled
on a vertical puller, and fire-polished to yield a tip diameter of ap-
proximately 1 um.

Tightly sealed membrane patches in the cell-attached, inside-
out (I-O) or outside-out (0-O) configurations were voltage-clamped
using an Axopatch-1B amplifier and a software-hardware control
(pCLAMP program, TL1 and TM-100 Labmaster A/D and D/A pe-
ripherals; Axon Instruments, Foster City, CA). Current was filtered
through a 0.5-1 kHz (—3 dB) cutoff frequency 4-pole Bessel filter,
and was digitized and stored for further analysis on VCR cassettes
(PCM Neurocorder from Neurodata).

The different external solutions were mixtures of the following
stock solutions, all buffered to pH 7.4 (concentrations in mM): (1). KCI
(or K-gluconate) 140, HEPES/KOH 10, MgCl, 2; (2). NaCl 140,
HEPES/NaOH 10, MgCl, 2, CaCl, 2; (3). Ca-(gluconate), 50,
TRIS/gluconate 10, MgCl, 2, Mannitol 150; (4). CaCl, 100, Tris/HCI
5, MgCL 2; (5). N-methylglucamine (NMG)/methane-sulfonate (MS)
or NMG-chloride 140, HEPES/NMG 10, MgCl, 2. The solution at
the intracellular surface of the patch contained (in mm): KCl 140,
HEPES/KOH 10 (pH 7.4) and MgCl, 1. CaCl, in the internal solu-
tion was buffered with 1 mM of the Ca?* buffer BAPTA (K| » =110
nM) to yield the desired [Ca”]Z in the submicromolar range. CaCl,
without buffer was used to obtain [Ca”]i in the supramicromolar
range. In the outside-out configuration 1 mm ATP was also added to
the pipette solution. Activities, rather than concentrations, were used
in Fig. 2B, 10 and 12, Egs. (1) and (4) and in Table 2 (calculated us-
ing activity coefficients from Robinson and Stokes [28]). In all oth-
er cases, we referred to the nominal concentrations of the constituents
of the solutions. Serotonin (1-100 um) or ionomycin (1 M) were
pressure-gjected from a micropipette, with less than 1 pu tip, situat-
ed near the cell.

Experiments were conducted in room temperature, ranging be-
tween 22-26°C, with variation of less than 2°C during any particular
experiment.

DATA ANALYSIS

Data were analyzed using the pCLAMP software, and commercially
available programs for PC (Matlab, The MathWorks, Natick, MA) or
Macintosh (KaleidaGraph). Pooled data are presented as mean = SEM.
To extract the relative permeability parameters P, and Py , we re-
arranged Eq. (4) into a polynomial, derived the roots from the co-
efficient of the polynomial for each experimental value of [Ca?*],
and minimized the difference between the observed reversal poten-
tial and’that calculated from the positive solution of the polynomial
(uéing Fortran NAG Library, National Algorithm group, UK).
Notation: to avoid confusion, we used V, and V_, to denote pi-
pette potentials in the “cell-attached” configuration, relative to the
ground bath. Otherwise, E,, and E,_, are used to denote the (re-
spective) potentials at the cytoplasiic side of the membrane relative
to the ground.

Chemicals were purchased from Sigma (5-HT, ionomycin, ATP)
and Calbiochem, Lucerne, Switzerland (BAPTA).
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ABBREVIATIONS

5-HT: 5-hydroxytryptamine
ATP: adenosine 5'-triphosphate

BAPTA: 1,2-bis(2-aminophenoxy)ethane-N,N,N’ N'-tetraacetic acid
HEPES:  4-(2-hydroxyethyDpiperazine-N-(2-ethanesulfonic acid)
1-O: inside-out

1P,: inositol 1,3,4-trisphosphate

NMG: N-methyl-pD-glucamine

0-0: outside-out

TEA: tetraethylammonium

Results

SPONTANEOUS, SEROTONIN-INDUCED AND
Ca?"-acTivaTED K+ CHANNELS

In the cell-attached configuration, in most patches, we
observed spontaneous activity of a few fast-gated chan-
nels (i.e., flickering in bursts, with an average open
time, Eopen, of about 5 msec, Table 1). Short (3—12 sec)
applications of 5-HT induced bursts of channel openings
(Fig. 1) were recognizable above the background of
spontaneous activity. Tiny fluctuations observed spo-
radically in the wake of the 5-HT-induced bursts (Fig.
1) have not been studied here. Occasionally, the am-
plitude of the channels during the 5-HT-induced activ-
ity increased transiently (not shown), reflecting mem-
brane hyperpolarization of the whole cell. In other cas-
es, the resting potential of the cell may have been
already at Ey (the potassium reversal potential), perhaps
due to the predominance of K* permeability of the cell
membrane at rest, and therefore did not hyperpolarize

Table 1. Conductance and gating of SK channels in C6 cells in dif-
ferent recording configurations, in symmetrical 140 mm K* solu-
tions (in excised patches and the cell-attached pipette)

Configuration Trigger v(pS)y? topen(ms)b
On-Cell 5-HT 24 + 3 44+ 1.0
n=3 n=23
Ionomycin 236 6.7 = 1.1
7=72 n=4
Spontaneous 231 4.7 x 1.1
n=14 n=
1-O0 [Ca“]i 21 £2 14 02
600-900 nM n=12 n=6
0-0 [Ca@*]1 26 = 4 6.1 = 0.7
600-900 nM n=4 n=06

a: Single channel conductance, mean + SEM from 7 patches.

b ?Open: Average open time derived by division of total open time in
a current trace in the number of closings. The current was filtered at
1 kHz and sampled at 3 kHz.



D. Manor and N. Moran: SK Channels in C6 Cells

Fig. 1. Serotonin-induced single channel currents recorded in the cell-
attached configuration. A typical example of 5-HT application (1 pim,
horizontal bar) inducing openings of 1, 2 or 3 channels simultaneously
(current levels indicated by dashed line). Pipette potential was +30
mV. Upward deflections indicate current flowing from the pipette in-
to the cell. Current was filtered at 0.5 kHz and sampled at 20 Hz. So-
lutions in the bath and the pipette contained (in mm): KCl1 20, NaCl
120, CaCl, 2.

further. The peak activity of the channels in four cells
appeared 23 * 4 sec after the onset of serotonin appli-
cation. The duration of the averaged current, triggered
by several serotonin applications (decay to 1/2 maximum
in 8.8 = 1.4 sec, n = 4, not shown) was similar to the
durations of both the whole-cell serotonin-induced
potassium current and the increase in [Ca”]i, which we
had recorded previously in C6 cells [21]. The average
patch current during the response to 5-HT is about 1 pA
(Fig. 1). If the area of the whole-cell membrane was
about 500-fold larger than that of the cell-attached patch,
then the expected whole-cell response would be about
500 pA, indeed comparable to our previous results [21].
In contrast, the large variability from patch to patch of
the spontaneous channel activity precludes such com-
parison with the resting membrane of the whole cell.
Moreover, the spontaneous channel activity was so un-
stable during prolonged cell-attached recordings-—either
gradually decreasing, or gradually increasing—that some
of the repetitive 5-HT application could not induce dis-
cernible responses.

In the cell-attached configuration, the selectivity of
the channels could be examined by varying [K*] in the
bath and/or in the pipette ([K*] , [K*] , respectively)
and applying ramp voltage pulses to the patch mem-
brane (Fig. 2A). In this configuration, the reversal po-
tential (V) of the single channel currents depended on
the ratio between [K*]_ and [K+]p, only slightly devi-
ating from the combined Nernst equations for K* for the
patch and the cell membranes in series (see Fig. 2B,
dashed line and Eq. (1) in the legend). This indicates
that potassium was the main permeating ion in the chan-
nel, as well as in the whole cell membrane, accompa-
nied by minor permeabilities to other ions. The unitary
conductance of both the spontaneous and 5-HT-evoked
single channels in symmetrical [K*] (in the pipette and
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Fig. 2. The selectivity for K™ of single channels in cell-attached con-
figuration. (A) Spontaneous current fluctuations during a ramp volt-
age command from —80 to 40 mV (Vp) lasting 1.8 sec (time scale
translated to a voltage scale on the abscissa). Upward deflections in-
dicate current flowing from the pipette into the cell through two
flickery channels. The reversal potential (V,o,» arrow, of zero current
at pipette potential relative to ground) was —55 mV and the single
channel conductance was 25 pS. Solutions (in mm) bath: KC1 5,
NaCl 133, CaCl, 2; pipette: KC1 140, Na 0, Ca 0. (B) Symbols: Veew
(mean * SEM of 3-5 cells) with various combinations of Na* and K*
activities (C1~ salt, see Materials and Methods) in the recording
pipette ([K*] p) and in the extracellular solution ([K*]o). Dashed line:
calculated V. based on the assumption that both the true reversal
potential of the channel, £, and the cell resting potential, E,, (both
defined as the potential difference between the cytoplasm and the ex-

ternal ground), equal the appropriate Nernst potentials for K*:

Vrev = EM - Erev
= —~(RT/MIn([K*]/K*])) + (RT/F)In((K*1/[K*1)
(RT/F)In([K*],/K*] ), M

where [K™] ;1s the intracellular potassium activity and R, T and F are,
respectively, the universal gas constant, temperature (°K) and Fara-
day constant.
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Fig. 3. Ionomycin-induced single channel currents in cell-attached
configuration. Positive current flows from the pipette into the cell.
Both the bath and the pipette solutions were Ca®™ free. (4) Applica-
tions (bars) of ionomycin (10 pum) and calcium (2 mMm) induced chan-
nel openings. The current was filtered at 0.5 kHz and sampled at 200
Hz. (B): Superimposed averages (1, 2 and 3) of 13-25 successive re-
sponses to repeated applications of ionomycin (horizontal bars, num-
bered respectively). Longer ionomycin applications induced larger and
more prolonged responses. Current responses were filtered at 0.5 kHz
and sampled at 40 Hz. The averaged current was smoothed by a 50-
point running average. Solutions (in mm) bath: KCI 2.8, NaCl 140,
Ca?* 0; pipette: KC1 140, NaCl 0, Ca?* 0. Pipette potential was 0 mV.

in the cell), measured by ramp voltage commands, was
roughly 23 pS (Table 1) and their mean open time was
roughly 4.5 msec. From the similarity of the open time
and the conductance, we concluded that the sponta-
neous and the serotonin-activated channels were iden-
tical.

Potassium conductance induced by 5-HT in C6
cells is mediated by a rise in [Ca“]i. We therefore
investigated the direct activation of the channels by
[Ca2+]i. No channel openings were observed in cell-at-
tached configuration when both the bath and the pipette
solutions were calcium free. This suggests that the
spontaneous occurrence of channels depended, albeit in-
directly, on external Ca?*. In these conditions, repeat-
ed applications of both calcium (2 mM) and the calci-
um ionophore ionomycin (5 pMm) resulted in repeated
activation of channels (Fig. 3A) comparable to those in-
duced by 5-HT (Table 1). The averaged single channel
response was proportional to the duration of pressure
ejections of ionomycin (Fig. 3B). Based on these find-
ings, we conclude that in the cell-attached recordings the
ionomycin-induced channels were identical to the spon-
taneously active and the 5-HT-induced channels.

The selectivity for K*, the conductance and the
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Ca’* dependence place all these three manifestations of
the channel in the category of the SK channels.

DIrRecT CHANNEL ACTIVATION BY [Caz+]i

To quantify the [Ca?*], dependence of this SK channel,
we used excised membrane patches in the I-O configu-
ration. No channel openings were observed in calcium-
free bath solution or in 50 nm [Ca?*], (Ca’* buffered
with 1 mm BAPTA). Multiple openings of fast-gated
channels were observed at [Ca®*], ranging from 150 nm
up to 2.5 mMm, the highest concentration investigated
(Figs. 4 and 5). At this configuration, the channel ac-
tivity was dependent, reversibly and reproducibly, on
[Ca27], at the exposed intracellular face of the patch
(Fig. 4A). The unitary conductance, measured by ramp
voltage commands (not shown) was 26 £ 12 pS in sym-
metric 140 mM KCl, similar to that of the serotonin
and ionomycin-activated channels in the cell-attached
configuration (Table 1). The unitary current jump of
1.16 = 0.01 pA at a holding potential of —50 mV (cy-
toplasmic side negative) did not vary significantly at the
different [Ca?*],. In addition, at supramicromolar [Ca?*],
we observed larger and prolonged current jumps (Fig.
4, at 250 um). The two types of opening modes will be
denoted sf (small-fast) and LS (large-slow) levels.

We were unable to obtain patches with only one
channel (except for one case). Furthermore, the total
number of channels in a patch was uncertain, and their
gating characteristics varied at different [Ca“]t. levels
(Fig. 4). Therefore, initially, rather than calculating
the opening probability, we used the mean current (I___ )
across the patch as an indicator of channel activity.
I ean increased in a biphasic manner as a function of
[Ca?™] ; (Fig. 5, circles). The first activation phase ex-
tended over a submicromolar [Ca®*), range (half plateau
level of 0.4 pA at 400 nm [Ca?*] » Hill coefficient 3, see
Fig. 5 legend).

To estimate the average number, 1, of open levels
of a particular type at different [Ca“]l., we analyzed 10
patches in the following way: First, by “eyebailling” the
current records, we determined the correspondence be-
tween the open levels in the record and the particular
peaks in their amplitude histogram. This was facilitat-
ed by the differences between amplitudes of the chan-
nel in the two modes of opening (see, for example, Fig.
4, A and B). Secondly, after separating the peaks into
two types, we calculated 7, the average number of open
channels of a given type, using the following equation:

> (2)
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where the subscript x refers to level type—sf or LS; i,
is the opening level number of type x; Wl.x is the weight
of the peak in the histogram, corresponding to this open-
ing level; and n_ is the total number of peaks of a par-
ticular level type in the histogram.

If we assume sf and LS to be two modes of open-
ing of one SK channel, rather than two independent
types of channels, the probability of the opening (P ) of
the channel can be approximated. At the range of sub-
micromolar [Ca”]i, which induced openings mainly of
sf levels, P, of the SK channel was estimated by divid-
ing n_ by the maximum number of channels (sf and LS
combined) observed in a particular patch (Fig. 5,
squares). The resulting estimate of P_ corresponding to
the plateau of the dose response curve [Ca2+]l. =~ 1 um)
was 0.35.

Apparently, LS levels, though sporadically ob-
served, did not contribute significantly to the mean cur-
rent at submicromolar [Ca?*]. At this range, I __, in-
crease was due to the increased average number of open
sf levels (Fig. 6). LS levels became more prominent in
the second activation phase at [Ca“]i = 100 pM, be-
coming the major component at supramillimolar range
(Fig. 6, dashed line). Thus, the transition between sf and
LS dominance seems to occur at [Ca®*]; of roughly 1-
25 um (Fig. 6).
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Fig. 4. [Ca’*]-induced channel opening in the I-
O configuration. Single channel currents from a
single patch, with the indicated {Ca®*]; on the
exposed cytoplasmic side of the patch. The
membrane potential was —50 mV (cytoplasmic
side negative, openings and inward current
indicated by upward deflections), in symmetrical
140 mm KCl. (A) Current traces illustrate
channel activity (between closed, C and several
open, O levels). Note the increase in activity
when [Ca®"], is raised above 300 nM (top to
bottom), and the return to low opening rate upon
wash with [Ca2"]; of 300 nm. Note also that,
while between 900 nM and 25 UM the activity of
at least three channels appears to have reached
stability, [Ca?*], of 250 um induced prolonged
openings to two levels (indicated by 0/, 0”),
superimposed with fast gating activity and
seldom closings to the basal (C) level. (B) The
matching amplitude histograms of the current
traces. Vertical dashed lines indicate the closed
(C), and open fast-gated levels. (0, and O,).
Note the larger (1.2-1.3 fold) amplitudes (O’ and
0”) of the slow-gated current steps at 250 um
[Ca?*], (C) Segments of the current traces in A
(indicated by arrows) on an expanded time scale.
Note the fast-gated openings found at all [Ca?"],
vs. the slow-gated openings at [Ca2"], of 250 um.
Current was filtered at 500 Hz and sampled at 1
kHz. Submicromolar [Ca®*], was buffered with 1
mM BAPTA, supramicromolar [Ca“]l. was not
buffered.

RELATIONSHIP BETWEEN sf AND LS STATES

Are sf and LS two different channels or do they repre-
sent two states of the same channel protein? We ad-
dressed this question by (i) examining the correlation
between the average numbers of open sf and LS levels
in the same patch, and (ii) by comparing the selectivi-
ty and conductance of both open states.

It is evident from Fig. 6 that the appearance
of LS levels coincides, on average, with the sum of
the average number of open levels n, + i, ¢ exceeding
unity. In patches selected according to this empirical
criterion (i.e., Zn, > 1), the diminishing number of
sf levels was correlated with increased appearance of
LS levels at a roughly 1:1 ratio (Fig. 7). This is
consistent with the notion that sf and LS states con-
stitute two manifestations of the activity of one chan-
nel.

If the LS and sf states constitute two opening modes
of the same channel, and if these states are intercon-
nected directly, such direct interconnections might be
observed. Indeed, careful examination of records from
two patches revealed brief transitions between openings
of the sf type and openings with the same amplitude as
that of the LS state but much shorter-lasting (illustrat-
ed in Fig. 8). In the same record we did not observe in-
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Fig. 5. Dose response of activation by [Ca”]l.. The average current
via SK channels in an I-O configuration in the patch (O, left ordinate)
as a function of [Ca?*] at the cytoplasmic surface. The mean current
was measured by averaging the current record over 10-30 sec. Note
the two phases of the activation curve. The first phase (between 150
nM and 25 um, continuous line) was fitted with Hill equation:

max
mean

ISR ,
[Ca*],

yielding a plateau level of mean current (752x ) of 1.49 = 0.04 pA,
half plateau level at [Ca®*] ; (K;) of 400 = 20 nM, and Hill coeffi-
cient (k) of 3.2 = 0.4. The dashed line represents the second activa-
tion stage at [Ca2+]i above 100 um. P, (M, right ordinate) at submi-
cromolar [Ca®*] ; was estimated as detailed in the text. Data points rep-
resent mean * SEM, n = 4 to 10. Ey; = —50 mV (cytoplasmic side

negative) in symmetrical 140 mm KCl solutions.

(ICa®*) = 3

Imean

terconnections between sf and the LS state proper (i.e.,
long-lasting).

THE SK CHANNEL SELECTIVITY AND CONDUCTANCE

In the I-O configuration, [Ca®*], = 900 nM induced
openings of both sf and LS states. E_, of steady-state
current fluctuations of both levels shifted from O mV in
symmetric 140 mm KCI (Fig. 9A) to —30 mV when
recorded with [K*] 35 mwm in the pipette (adjusted by
equimolar replacement of KCI with NMG/MS; Fig. 9B).
This confirms that both modes of the channel conduct
potassium and not chloride. The current-voltage rela-
tionship of the sf and LS levels was slightly nonlinear
at potentials away from E . Near E__ , the respective
conductances of the sf and LS states were 18 and 25 pS,
respectively, in symmetric 140 mM KCl, and 6.5 and 9.6
pS, respectively, with [K*]p of 35 mm ([K], depen-
dence of the conductance is discussed below). Note
that, while the average current amplitudes of sf and LS
do not appear to be significantly different (Fig. 9, A and
B), when sf amplitude was plotted vs. LS amplitude,
separately for each patch, the conductance ratio sf:L.S
was about 0.7 (0.76 with [K+]p 140 mm and 0.67 with

D. Manor and N. Moran: SK Channels in C6 Cells

5—.
——sf
41 —e—18
3 --&- si+lS
|
2_
14
o,..

T T T 1 1
10! 10° 10! 102 10° 104
2+
[Ca®*]; (uM)

Fig. 6. [Ca®"]; activation of sf and LS states. The average number
of open levels (n,) of the sf (1), or LS (@) types was estimated as
described in the text. Note the resemblance between the [Caz““]l. de-
pendence of the sum, n, = 7, ¢ (O) and the [Ca?*) ; dependence of
the average current in Fig. 5. The analysis was performed on 10
patches.

[K*] 35 mm), regardless of membrane potential (Fig.
9, C and D). The similarity of the selectivity and the
constancy of the conductance ratio of the two types of
open levels further support the notion that these are
two states of the same channel.

THE CATION SELECTIVITY OF THE SK CHANNEL

The selectivity of the channel to cations at submicro-
molar [Ca?*], was estimated by measuring the deviation
of E ., from Ey in several different solutions (Fig. 10,
Table 2). In the O-O configuration, [Ca2*], was buff-
ered to 500-600 nM with 1 mm BAPTA inducing main-
ly sf openings. E, ., was determined by ramp voltage
commands. When most of external KCI was replaced
by NMG/MS, the measured reversal potential closely
followed E, . E_, was not affected when gluconate
was substituted for CI~ (Table 2). On the other hand,
substitution of [K*] by either Na™ or Ca** resulted in
a deviation of the measured reversal potential from E,.
The effect was prominent in low [K*]  range, includ-
ing physiological [K™] . The data were fitted by the
Goldman-Hodgkin-Katz (GHK) equation modified to
account for Ca2™* [32]:

RT
Ee="1

P
M INat] 44—

P o7 T p
K K

4

PNa PCa
[K*]. + —[Na*]. + 4——[Ca2*].exp(FE._ /RT)
11 PK H PK 1 rev

[K*], + [Ca®'],

In

)
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Fig. 7. The appearance of the LS states correlated with the disap-
pearance of the sf states. The average number of open LS levels
(n, &) ploited against the average number of open sf levels (ng). Line:
linear regression fit to the data (slope = —0.9, r = 0.7, P = 0.004).
The analysis was performed on the 10 patches of Fig. 6, on [Ca2+]l.
levels at which the sum n; + 1 g > 1.

< 3
o |30 ms

Fig. 8. Direct transitions between open sub-levels. (A) Current trace
from an inside-out patch and the corresponding amplitude histogram
in which the small peaks represent the smaller sub-levels. Horizon-
tal dashed lines mark all levels according to histogram peaks. Upward
deflections indicate current flowing into the pipette through open
channels. (B) Segments of the trace (indicated by arrows), shown on
an expanded time scale. () Transitions between main levels I IT 1T
and their adjacent sub-levels (0.7 pA apart); (C) channels closed.
Symmetric 140 mm KCl solutions and 250 um [Ca**]; at the cyto-
plasmic side. E,, was —50 mV (cytoplasmic side negative). Current
was filtered at 1 kHz and sampled at 5 kHz.

where P’ = P /(1 + exp(FE, /RT)), Py,, P, and Py
are the permeabilities of Na™, Ca?* and K, respec-
tively and R, F and T have their usual thermodynamic
meaning. The derived permeability ratios Py :P.,:Py,
were 1:0.040 = 0.010:0.030 £ 0.008 (mean = 95%
confidence limits).

We further examined the relative Ca?* permeabil-

ity in the SK channel in another set of experiments us-
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Fig. 9. Current-voltage relationships of sf and LS sub-levels. Current
was recorded at the inside-out configuration. The cytoplasmic side of
the patch was exposed to bath solution containing 140 mm [K¥], and
[Ca”]i ranging from 900 nM to 3 mm. The amplitudes of the current
fluctuations were measured in 10 sec long records, at different hold-
ing potentials using amplitude histograms to differentiate between sf
(@) and LS (O) levels. (A) K™ in the pipette ([K+]p = 140 mM™. (B)
[K*]p = 35 mM (equimolar replacement with NMG/MS, seven patch-
es in each group). Note E_ shift from 0 to —30 mV and reduced con-
ductance in B as compared to A. (C and D) The relationship between
current amplitudes of the sf and LS levels in the same patches and
[Ca”]i. Lines: linear fit of data points (slopes: C: 0.76 * 0.01 and
D: 0.67 = 0,03, r = 0.99). Note that the conductance ratio between
the two levels was voltage independent.

Erev (mV)

T

1 10 100
[K*], (mM)
Fig. 10. The selectivity of the SK channel. E_, (determined by ramp
voltage commands) as a function of the ionic composition. [K*] , (ab-
scissa) was varied between 140 and 1.4 mm (converted to activities,
see Table 2) by substitution with either NMG (+), Na¥ (open sym-
bols) or Ca2* (filled symbols). Dashed line: Calculated Nernst po-
tential of K¥ (£y). Continuous line: GHK equation modified to ac-
count for [Ca?*] (Eq. 4), fitted to the data points (Table 2). The best
fitted values of E,, were obtained with permeability ratios Py:P,:Py,
of 1: 0.040 = 0.010: 0.030 = 0.008 (mean * 95% coafidence lim-
its, r = 0.97).
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Table 2. Dependence of E,, on the cationic composition of the ex-
ternal solutions (Fig. 10)

Activities (mM)® E,_, (mV) E, (mV)
K7, [Na*1, [Ca?t], Measured Calculated
0.12 0 29 ~81 —175
1.32 0 29 -70 —111
2.7 104 1.7 ~71 —-92
2.7 104 1.7 -72 -92
2.7 104 1.7 —75 -92
2.7 104 1.7 -76 -92
4 104 1.7 —-67 —82
5 101 1.7 -57 ~76
62 0 28 ~58 -72
62 0 28 —61 =72
7 100 1.7 -59 —68
8 99 1.7 ~58 —65
10 98 1.7 —48 -39
13 0 26 -52 —54
15 96 1.6 —49 —49
242 0 24 —38 —37
24 92 1.5 -32 —-37
29 85 1.4 -33 —32
45 80 1.3 -20 —-21
562 0 16 -11 -16
562 0 16 —20 —16
56 66 0.9 -23 —16
602 0 16 —21 —14
104 0 0 -2 0
6b 0 0 —69 —68
2.7° 0 0 -91 —-92
2.7 0 0 —90 -92

E,,, was measured in 100 O-O patches by 2 sec ramp voltage com-
mands. Internal solution was 140 mM KCl or potassium gluconate (%),
600-900 nM Ca2* (buffered with 1 mM BAPTA) and 1 mM ATP.
External solutions were prepared from stock solutions listed in Ma-
terials and Methods, using either C1~ or gluconate (%) salts. "Exter-
nal solution containing mainly NMG/MS. °Activities were calculat-
ed from concentrations using activity coefficients from Table 8.9 in

Robinson and Stokes [28].

ing 0-O patches with KC1 140 mM and Ca?* 600 nM in
the pipette. E__ was measured at a constant [K*], of
1.4 mMm, while varying [Ca?*]  (CaCl, substituted with
NMG-CI). Ca?*  activities of 52, 14 and 1.7 mm were
associated with mean E_, of -51+x6(m=25),~73(n

= 2) and —100 = 3 mV (n = 4), respectively (illus-
trated in Fig. 11).

CONDUCTANCE DEPENDENCE ON [K*]o

Partially replacing [K*] with other cations decreased
the unitary conductance of the channel as measured by
the same ramp voltage commands used to find E ..
The effect was similar with either Na™, Ca?* or NMG*
as the substitutes (not shown). The values of conduc-
tance vs. [K+]0 (obtained from equimolar substitution of

KT with Na*) were fitted with the Michaelis-Menten
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[Ca?*],2, [K*], 1.4
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Fig. 11. The Ca?" permeability of the SK channel. Determination of
E,, of single channel currents in O-O patches with various concen-
trations of [Ca“]o (in mm) and a constant (K*] o, of 1.4 mM (osmo-
larity adjusted to 280 mOsm with NMG). An arrow indicates the cur-

rent reversal potential (E,,) of superimposed 15-20 current responses

to ramp voltage commands of 0.5 sec duration {converted to mV on

the abscissa). E,,, was determined as the midpoint of the region of

minimum variance of the current fluctuations, searched over a run-
ning interval of 60 data samples. Note the shift of E_ with the
change of [Ca®*] . The pipette contained 140 mM KC1 and [Ca?*y,
buffered to 600 nM with 1 mm BAPTA. Current was filtered at 0.5
kHz and sampled at 1 kHz.

equation yielding maximum conductance of 25 pS with
half maximum at [K*1, of 5 mm (Fig. 12).

CHANNEL MODULATION BY ATP

Channel activity (at the sf level induced by [Ca®"]; of
600 nM) tended to diminish spontaneously after patch
excision into the O-O configuration (Fig. 13A4). The es-
timated time constant of the activity decay was about 60
sec (Fig. 13C). This “wash-down” was prevented by the
addition of 1 mMm ATP to the internal solution (Fig.
13B). As mentioned above, we routinely included ATP
in the pipette solution when studying selectivity and
conductance in the O-O configuration. No such phe-
nomenon was observed in the I-O configuration.

Discussion

In this paper we describe SK channels found in the C6
glioma cell line. We and others have already demon-
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Fig. 12. [K*], dependence of the SK channel conductance. Con-
ductance was measured by 2 sec ramp voltage commands in the O-
O configuration. The pipette contained 140 mm KCI, [Ca?*], 500-600
nM and 1 mm ATP. [K*] was partially substituted with equivalent
concentrations of Na™. The conductance, measured near the reversal
potential, increased as the activity of [K*]o was raised. The data
were fitted with the Michaelis-Menten equation yielding maximum
conductance of 25 pS and /2 maximum at [K*]_of 5 mm (r = 0.8).

strated that in C6 cells several transmitters, including 5-
HT, can induce a [Ca2+]i-dependent K* conductance by
releasing calcium from IP;-sensitive stores [21, 23, 24,
26, 30]. The contribution of this work is a detailed char-
acterization of the SK channel underlying this conduc-
tance change. Our major findings are: the maintenance
of SK channel activity in O-O patches, as well as in
whole-cell configuration [21], requires ATP; the SK
channel conductance increases with [K+]o; the SK chan-
nel undergoes [Ca“]i-dependent reversible transitions
between two gating modes; the SK channel permeabil-
ity to Ca2" is not negligible.

The comparison of channels recorded in the dif-
ferent configurations is summarized in Table 1. Two
configuration-dependent differences (not an unusual
finding [13, 31]) in the channel properties are notice-
able: (i) The average open time of the SK channels in
the I-O configuration was considerably shorter than in
other configurations; (ii) ATP maintained single chan-
nel activity in the O-O configuration (Fig. 13) and per-
sistent whole-cell responses to 5-HT [21] but was not
required in the [-O configuration. In fact, the absence
of ATP in recordings from I-O patches may underlie the
relative brevity of the openings in this configuration.
The requirement for ATP suggests that the channel it-
self may be one of the ATP-supported elements in the
signal transduction from 5-HT stimulation to SK-chan-
nel activation [21]. There are relatively abundant re-
ports about phosphorylation-dependent activity of var-
ious channels, demonstrated in excised patches in the
presence of “phosphorylating cocktails” including the
catalytic subunits of various protein-kinases [17, 37,
38]. In contrast, there are only a few reports, where in
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Fig. 13. ATP requirement for persistent channel activity. (A) In an
outside-out configuration with 140 mM KC1 and 600 nm Ca2™ in the
pipette, channel activity diminished gradually. (B) Inclusion of 1 mm
ATP in the internal solution efficiently conserved channel activity.
(C) Current across the patch averaged over 1 sec recording periods
at E,, = 0 mV. Each point represents mean = SEM of six patches
recorded with (O) or without () ATP. The time constant of activi-
ty decay without ATP, from the exponential fit to the data points, is
about 60 sec (dashed line, r = 0.98). Time zero in A and B is the patch
excision about 30 sec prior to the beginning of the recording. Note
that the zero-time extrapolated value of 1.6 pA of the minus-ATP
patch current is the same as would be that of the plus-ATP patch cur-
rent. This value is in the range of the plateau level of I, across in-
side-out patches (Fig. 5).

excised patches channel phosphorylation depended on
endogenous kinases [8, 35]. In some of these cases, the
activity of endogenous phosphatases is implied by the
phenomenon of spontaneous “rundown” of channel ac-
tivity [39]. If the SK channel activity depends on phos-
phorylation/dephosphorylation, that no externally added
kinases or phosphatases are required during the ATP-
maintained channel activity indicates that these enzy-
matic activities may be closely associated with this
chanpel. We are presently unaware of any comparison
between inside-out and outside-out patches with respect
to phosphorylation. According to the common view, the
0-0 patch is formed by the resealing of membrane frag-
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ments, while during the excision of an i-o patch only the
membrane outside the pipette rim is severed. The chan-
nel “rundown” and the requirement for ATP in the o0-0
configuration in our experiments suggest the activation
of an endogenous phosphatase in the process of mem-
brane reorganization.

The conductance of the single SK channel in C6
cells, determined in O-O patches from the slope of the
current-voltage relationship in the vicinity of the re-
versal potential, was related to the extracellular con-
centration of the permeant K* ions (Fig. 12, as in oth-
er channels; [7, 18, 20]). The individual conductance
values ranged from 34 pS in symmetric 140 mm KCl to
4 pS when [K*] was reduced to 2.8 mMm. [K*], near
active neurons is expected to fluctuate between 2.5 and
10 mMm [3, 26]. Thus, the [K*] dependence of the con-
ductance of the SK channels was most prominent in the
physiological concentration of [K+]0 (half-maximal
conductance at 5 mm [K¥] , Fig. 12). One of the roles
attributed to glial cells is to buffer changes in [K*]  to
provide a microenvironment appropriate for neuronal
activity [2, 12, 14, 26]. The increase of conductance fol-
lowing a rise in [K*]O might enhance the effectiveness
of K* ions removal (given a favorable electrochemical
gradient to drive the ions into the glial cells).

We observed two channel types: smaller and fast-
gated (sf) and larger and slow-gated (LS). The sf type
was prevalent at submicromolar [Ca“]i and the LS
type at supramicromolar [Ca“]l. (Figs. 4 and 6). The
following findings indicate that these two types of open-
ing represent two states of the same channel: (i) both
types were permeable mainly to K™ ions (Fig. 9, A and
B); (ii) the ratio between the amplitudes of the unitary
current steps of the two types was very similar in dif-
ferent patches, independently of the holding potential
(sf:LS = 0.7, Fig. 9, C and D); (iii) the appearance of
LS levels was correlated with the disappearance of sf
levels (Fig. 7); and (iv) direct transitions between the
two levels were demonstrable (Fig. 8), although, so far,
only between sf levels and seemingly “destabilized”
LS levels. Hence, it seems that a dynamic process of
conversion between the two states occurs in a [Ca?™] ;
range between 1 and 100 um at the plateau of I
(Fig. 5). Interestingly, a calcium-dependent potassium
channel (with larger conductance of 184 pS), with a very
similar biphasic [Ca”]i activation and increasing con-
ductance, was described in the heart sarcoplasmic retic-
ulum [32]. There it was suggested to provide a path for
counter current during the massive calcium influx to the
sarcoplasm during muscle contraction. Whether this in-
terconversion in the SK channels in C6 cells has a phys-
iological function remains to be determined.

When considerable portions of [K*]  were replaced
by either Na* or Ca?*, the measured reversal potential
deviated from E, (Fig. 10). The estimated K*:Ca?*:Na*
permeability ratios were 1:0.040:0.030. The non-neg-
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ligible permeability of Ca* through the SK channels
was further demonstrated in another set of experiments
in which external calcium was the only potentially per-
meant ion that was manipulated (replaced by NMG).

This also resulted in depolarized E_ with increasing

[Ca?*] (Fig. 11). Although we could not demonstrate
an actual calcium current through the channels, an in-
triguing possibility is that extracellular calcium may
flow down its electrochemical gradient into the open SK
channel further activating it. It is also possible that Ca?*
influx via the SK channels participates in the refilling
of intracellular calcium stores (see [10, 34] for discus-
sion of Ca?* entering K™ channels and [25, 33] refer-
ring to Ca?*-activated cation channels).
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