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Abstract. Low-voltage-activated (l-v-a) and high-
voltage-activated (h-v-a) Ca®" currents (I.,) were re-
corded in whole-cell voltage clamped NG108-15 neuro-
blastoma x glioma hybrid cells. We studied the effects
of arachidonic acid (AA), oleic acid, myristic acid and of
the positively charged compounds tetradecyltrimethyl-
ammonium (C,,TMA) and sphingosine. At pulse poten-
tials >-20 mV, AA (25-100 um) decreased 1-v-a and
h-v-a I, equally. The decrease developed slowly and
became continually stronger with increasing time of ap-
plication. It was accompanied by a small negative shift
and a slight flattening of the activation and inactivation
curves of the 1-v-a I-,. The shift of the activation curve
manifested itself in a small increase of 1-v-a I, at pulse
potentials <—30 mV. The effects were only partly re-
versible. The AA effect was not prevented by 50 pm 5,
8, 11, 14-eicosatetraynoic acid, an inhibitor of the AA
metabolism, and not mimicked by 0.1-1 um phorbol 12,
13-dibutyrate, an activator of protein kinase C. Proba-
bly, AA directly affects the channel protein or its lipid
environment. Oleic and myristic acid acted similarly to
AA but were much less effective. The positively
charged compounds C,,TMA and sphingosine had a dif-
ferent effect: They shifted the activation curve of 1-v-a
I, in the positive direction and suppressed 1-v-a more
than h-v-a I,; their effect reached a steady-state within
5-10 min and was readily reversible. C,,TMA blocked
l-v-a I, with an ICy, of 4.2 um while sphingosine was
less potent.
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Introduction

Arachidonic acid (AA) modulates ionic channels, either
activating or inhibiting them. In many cases, the fatty
acid directly affects the channel protein or its lipid en-
vironment, in other cases it acts through one of its me-
tabolites, in still others via activation of protein kinase C
(PKC) (for review of the literature, see [21]).

The starting point for our experiments was the recent
work of Ordway et al. and Petrou et al. [23-26]. They
found that AA directly activates K* channels in smooth
muscle cells of the toad stomach [23, 24]. The effect is
shared by other negatively charged lipids (e.g., myristic
acid, oleic acid or lysophosphatidate) whereas positively
charged lipids (e.g., sphingosine) suppress activity and
neutral compounds (e.g., alcohols) have no effect [25].
In the NMDA receptor, whose current is also potentiated
by AA [22], a 131-residue domain can be identified that
resembles known fatty-acid binding proteins, supporting
— for this particular channel — the idea of a direct
interaction between AA and channel protein [26].

We studied the effect of AA on the Ca®* currents of
NG108-15 mouse neuroblastoma x rat glioma hybrid
cells, a cell line that has proved useful for recording both
low-voltage-activated (l-v-a) and high-voltage-activated
(h-v-a) Ca*" currents [3, 33]. As briefly mentioned in a
previous publication [29], 25 um AA partly blocks the
l-v-a I, of NG108-15 cells. The literature reports inhib-
itory effects on h-v-a I, in other cells, e.g., in hippo-
campal neurons [17] and intestinal smooth muscle [32].
We started by asking three questions: (i) Does AA block
l-v-a and h-v-a I, to the same extent? (ii) Is it a direct
AA effect as described by [23-26] and can it be mim-
icked by other fatty acids or lysophosphatidate? (iii) Do
positively charged compounds with long hydrophobic
tails such as tetradecyltrimethylammonium (C;,TMA) or
sphingosine act differently?
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The structural formulae of the substances that we
studied are shown in Fig. 1. Some of our results have
been reported in abstract form [30].

Materials and Methods

Mouse neuroblastoma x rat glioma hybrid ceils, clone NG108-15, of
passage numbers between 14 and 50 were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% fetal calf se-
rum and hypoxanthine, aminopterin and thymidine. For the experi-
ments, the cells were plated at a density of about 5 x 10* cells/35-mm-
diameter culture dish and induced to differentiate by DMEM
containing 1% fetal calf serum, hypoxanthine and thymidine, 10 um
prostaglandin E; and either 1 mm theophylline or 50 pm isobutylme-
thylxanthine for 6-10 days prior to recording.

Cells were voltage-clamped in the whole-cell mode, using an
EPC-7 amplifier (List Electronics) and pipettes with 24 MQ resistance,
and continuously superfused by the bath solution (flow rate 1-2 ml/
min). The holding potential was ~80 mV in early experiments and ~70
mV in the later experiments including those of Figs. 2-7. The volume
of the recording chamber was reduced to about 1 ml by inserting a
perspex ring (internal and external diameter 15 and 35 mm, respec-
tively) into the culture dish. The cell diameter was 20-60 um and the

Tetradecyltrimethylammonium

Fig. 1. Structural formulae of the substances used.

cell capacitance (read from the C-slow seiting of the EPC-7) 30-100
pF. The experiments were done at room temperature (20-22°C).

The composition of the bath and pipette solutions is given in the
Table. The cesium (Cs) and tetraethylammonium (TEA) in the bath
and pipette solution served to block potassium currents. Sodium cur-
rents were blocked by 0.2 um tetrodotoxin (TTX) in the bath. In the
early experiments, external Ba** was used as a charge carrier to en-
hance current throngh Ca* channels. Run down of the Ca*" currents
was found minimal in the bath solution with 10 mm CaCl, and the
pipette solution with 100 mm Cs methylsulfonate (osmolarity 305 and
284 mOsm, respectively). These became the preferred solutions and
were used for the experiments shown in Figs. 2-7. In experiments with
palmitoyl lysophosphatidate (PLP), MgCl, was omitted from the bath
solution to avoid complex formation (see [25]).

Arachidonic acid {AA) and the other test substances (except PLP)
were dissolved in dimethylformamide (DMF) in concentrations be-
tween 10 and 100 mm. PLP (116 mm) came dissolved in chloroform.
Appropriate amounts of these stock solutions were added to 50 ml bath
solution immediately before use. Bath solutions with AA or PLP were
bubbled with N, sonicated for 7 min and kept in the dark. Bath so-
lutions with oleic or myristic acid were also sonicated. The final DMF
or chloroform concentration never exceeded 0.1%.

Cs methylsulfonate was bought from Aldrich, TEA from Fluka,
TTX from Sankyo, PLP from Avanti Polar Lipids, AA from Larodan
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Table. Composition of solutions
Bath solutions
CaCl, or BaCl, NaCl KCl TEAC] CsCl MgCl, glucose TTX Hepes pH
(mm) (mm) (mm) (mm) (mm) (mmM) (mm) (M) (M)
10 CaCl, 100 0 35 5 1 5 0.3 5 7.4
10 BaCl, 100 0 25 5 0 10 0.1 10 7.4
50 BaCl, 30 0 25 5 0 25 0.1 10 7.4
Pipette solutions
Main internal salt NaCl KCl1 CsCl MgClL, EGTA CaCl, glucose Na,ATP Hepes pH
(mm) (mm) (mm) (1) (1mm) (mm) (mm) (mm) (mm) (mm)
130 Cs glutamate 16 0 0 25 10 0.1 5 0 20 7.15
100 Cs methylsulfonate 0 0 30 0 5 0.5 0 0 10 7.20

AB (Sweden) or Sigma and all other substances from Sigma. We used
the bromide salt of C,,TMA.

Membrane currents were corrected for capacitative and leakage
currents; for this purpose the current produced by a 30 mV hyperpo-
larizing pulse was added after appropriate scaling.

To obtain the inactivation curve of the l-v-a Ca®" current, 800
msec prepulses of varying size were used, followed after a 10 msec
pause by a 200 msec test pulse to —10 mV (Fig. 5) or 20 mV. The
difference between peak test pulse current and current at the end of the
test pulse was plotted against prepulse potential. The points were fitted
by the equation
I'= I, {1 +exp [(V-V, /A1) o))
where I, is the maximum current, V, the potential at which I equals
half 7., and k a reciprocal measure of the slope in terms of millivolts
per e-fold change.

Eq. (1) with negative k values was used to fit the activation curve
of the 1-v-a Ca®* channels. The latter was obtained by plotting 1-v-a
Ca?* current (I) divided by its maximum (/,,,,) against pulse potential
V (see [1]).

For the concentration-response curve in Fig. 3 we used the equa-
tion

Laa/Leonwar = V{1+([AAVICs0)") @

with 1, and I, denoting the current in AA and control, respec-
tively, [AA] the AA concentration, /C,q the AA concentration producing
50% inhibition and n the Hill coefficient. A corresponding equation for
C,,TMA was used in Fig. 7.

Wherever possible, averages +SeM are given. We used the two-
tailed, unpaired t-test to decide whether the difference between two
average values is significant at the 5% level.

Results

GENERAL OBSERVATIONS

Differentiated NG108-15 cells generally have low-
voltage-activated (l-v-a), fast inactivating as well as
high-voltage-activated (h-v-a), slowly inactivating Ca**
currents whose activation is first seen at —40 and 0 mV,
respectively [3, 33]. We often saw a conspicuous kink in
the current-voltage curve at 0 or 10 mV, especially with
10 mm CaCl, as bath and 100 mM methylsulfonate in the

pipette (Fig. 2A). Prepulse experiments, which are de-
scribed later (Fig. 4), support the view that I, at V < 0
mV is almost exclusively I-v-a I, whereas at V > 420
mV h-v-a I, prevails.

In most experiments the 1-v-a Ca*" current increased
slowly with time whereas the h-v-a Ca®* current de-
creased continually. The increase of the former was
probably caused by a slow shift of the activation curve to
more negative values of membrane potential. Such a
negative shift has been reported before, e.g., [35, 9]. In
the first 10 min after break-through to whole-cell mode
the increase of the 1-v-a Ca®* current measured at —40
mV was 14.5%/min in Fig. 2 (see broken line). In agree-
ment with [9], the increase was much smaller at later
times. The decrease of the h-v-a Ca®* current was most
pronounced with 50 mm BaCl, and 130 mm Cs glutamate
(for similar observations on NIE-115 neuroblastoma
cells, see [12]) and often totally absent with 10 mm CaCl,
as bath and 100 mm Cs methylsulfonate in the pipette.

25 uM AA DECREASES L-V-A AND H-vV-A Ca”* CURRENT

A 15-min application of 25 um AA reduced I, at all
potentials between 30 and +80 mV and increased it at
~50 and —40 mV (Fig. 24). As shown by the inset, the
reduction in current amplitude was not accompanied by
a change in kinetics. The effect of AA developed slowly
and became continually stronger with increasing time of
application. This is illustrated by Fig. 2B which shows
the peak /-, at three different potentials (—40, —20 and
+30 mV) plotted against time. While the currents at —20
and +30 mV decreased slowly, the current at —40 mV
increased slightly. The dotted line fitted to the three con-
trol points at —~40 mV and extrapolated to 25 min shows
that part of this increase occurred spontaneously, i.e.,
was not caused by AA.

For a quantitative analysis, we measured the peak
Ca?* currents at —20 or —10 mV and at +20 mV, i.e., l-v-a
and h-v-a I, respectively. On average, lJumping the ex-
periments with different bath and pipette solutions (see
Materials and Methods), a 10-min application of 25 pm
AA reduced I-v-a I, to 84.1 + 3.8% of control (n = 17)
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Fig. 2. Effect of 25 pm AA on the 1-v-a and h-v-a Ca® current. (4) Current-voltage curve. O and [, first and second control (3 min apart); M,
25 um AA applied for 15 min. Inset: Currents in control and 25 um AA (smaller currents) at ~20 and +30 mV (pulse begin marked by arrow). (B)
Peak currents at —40, —20 and +30 mV vs. time after break-through to whole-cell mode. Broken straight line fitted to first three points (control) at
—-40 mV to indicate slow spontaneous increase of I, at —40 mV. Cell capacitance 60 pF.
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Fig. 3. The block of I, by 50 um AA develops slowly. I,, measured at +20 mV in three different experiments (M, O, *; cell capacitances 48,
69, 65 pF) plotted against time. I, expressed in the percentage of last control measurement taken 3-4 min before application of AA. Wash with
AA-free solution starts at 1. Inset: Concentration-response curve for 1-v-a () and h-v-a (W) Ca®* current measured at ~20 or —10 mV and at +20
mV, respectively. Application time 15 min. Averages + sEM from 4-7 experiments. Points fitted with Eq. (2) with ICs, = 58.6 M, n = 2.24 for O
and ICy, = 64.5 um, n = 1.90 for M. Fit weighted according to the number of experiments.

and h-v-a I, to 86.3 + 3.6% of control (n = 12). The
effect varied from cell to cell. Only in 7 out of 17 cells
did 25 pm AA reduce 1-v-a I, to less than 85% of con-
trol. As mentioned above, the inhibition of I, by 25 um
AA became more pronounced with increasing time. Af-
ter 15 min, peak I-v-a and h-v-a I, were reduced to 76.0
+5.0% (n=7) and 79.0 £ 7.9% (n = 6), respectively.

ErrecT OF 50-100 um AA

The observation that AA reduces I, continually with
increasing time of application was supported by experi-
ments with 50-100 um AA. Figure 3 illustrates the pro-
gressive decrease of h-v-a I, measured at +20 mV, with
increasing application time of 50 um AA in three differ-
ent cells. As in Fig. 2B the rate of current decline be-
came approximately constant after the first 5 min. Be-
tween 10 and 15 min the rate was —0.8, —3.1 and —8.7%
of control per min for the three cells of Fig. 3 and —4.5
and -3.6% per min in Fig. 2B at +30 and -20 mV,
respectively. The rate of current decline varied greatly
between cells and was similar for 1-v-a and h-v-a I,.

The latter point was also tested in an experiment with 75
um AA. We obtained —2.2 and ~3.0% per min for l-v-a
I, (at =20 mV) and h-v-a I, (at +20 mV), respectively,
both measured between 10 and 15 min.

The inset of Fig. 3 shows the concentration-response
curves for l-v-a I, (O) and h-v-a I, (M), based on
currents measured after 15-min application of AA. The
curves for the two types of current are very similar, the
concentration for half inhibition (ICs,) being 59 and 65
UM, respectively.

PARTIAL REVERSIBILITY OF THE AA ErrFeECT

Reversibility of the AA effect was poor (see Fig. 3).
In some experiments partial recovery, at best 50%, could
be achieved. In others no recovery at all occurred during
a 10-20 min wash with AA-free bath solution. We tried
to improve reversibility by washing with bovine serum
albumin (BSA) (1-5 mg/ml), but found that BSA itself
increases l-v-a I, markedly, resulting in an apparent
overrecovery from the fatty acid effect (see [31]).
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AA CAUSES A SMALL NEGATIVE SHIFT OF THE ACTIVATION
AND INACTIVATION CURVE OF THE L-V-A Ca2" CURRENT

As noted by [6], it is possible to inactivate the I-v-a Ca*"
current of NG108-15 cells selectively by using a 200
msec prepulse to about +30 mV followed by a 50 msec
gap (see Fig. 5 of [6]). In Fig. 4 we used this pulse
protocol (see inset) to determine the activation curve of
the 1-v-a I,. A shows the current-voltage curves mea-
sured without () and with (@) prepulse. The differ-
ence between (O and @ is the I-v-a I,. It reaches a flat
maximum at —5 mV. The difference, normalized to the
maximum at ~5 mV, has been plotted against pulse po-
tential in C (*) together with points from a second series
of measurements ({J), yielding the activation curve of the
I-v-a I, (half potential V = —24.7 mV). A very similar
curve (V, =~24.0 mV) is obtained by taking simply the
current without prepulse, measured at negative pulse po-
tentials (O in A), and plotting it, after normalization to
I ..« at =5 mV, against pulse potential (B).

The measurements were repeated in 25 UM AA, ap-
plied for 10-15 min. As shown by points B in Fig. 4C,
the activation curve in 25 um AA is slightly flatter than
the control curve and its half potential V, shifted by —8.3
mV. The maximum difference at -5 mV, taken as I,
was 135 pA in control and 107 pA in 25 pum AA, a
reduction to 79%. The curves in Fig. 4B, which were
obtained directly from I, without prepulse, indicate a
very similar V, shift of 8.5 mV and a decrease of I, ,,
to 70%. In the experiment shown in Fig. 2, which was
analyzed using the simpler method of Fig. 4B, V_ was
—28.8 mV in control and —33.9 mV after 15 min in 25 pum
AA and the slope factor k changed from -5.2 to ~7.8
mV, respectively.

Likewise a small negative shift of the inactivation
curve occurred. An experiment with 50 um AA is illus-
trated in Fig. 5. The half potential V, was stable at —34.4
mV in two control measurements and became -37.8,
~39.2 and —40.6 mV after 3, 7 and 10 min in 50 um AA
(see inset of Fig. 5). In another experiment, V, was
~37.8 and —38.0 mV in the first and second control mea-

&
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surement and shifted to —45.4 mV after 3 min in 50 um
AA. A small effect on the inactivation curve was also
seen with 25 um AA. After 10 min in 25 um AA, 1,
was on average reduced to 81.2 = 8.6% of control and V,
shifted by —4.4 £ 1.8 mV (n = 5).

Ture AA ErrecT 1s NoT PREVENTED BY ETYA or PKC
19-31 PepTIDE AND NOT MIMICKED BY PuORBOL ESTER

5, 8, 11, 14-eicosatetraynoic acid (ETYA), an inhibitor
of lipoxygenase, cyclooxygenase and epoxygenase (for
ICsq values, see [4, 28]), applied in the bath solution in
a concentration of 25-50 um for 7-21 min, had itself no
effect on I-v-a and h-v-a I, (n = 4). ETYA (50 um) in
the pipette solution did not prevent the reduction of I,
by 50 um AA, suggesting that the latter is not mediated
by an AA metabolite. In these experiments, AA was
applied 16-21 min after break-through to whole-cell
mode, giving the ETYA sufficient time to diffuse from
the pipette into the cell. Without ETYA, 50 um AA re-
duced I, at —20 or —10 mV within 15 min to 70.1 £
8.9% of control (n = 7), with ETYA to 70.7 £ 2.9% of
control (n = 3). For [, at +20 mV, the reduction was to
66.9 £ 7.9% of control (n =7) without ETYA and to 78.3
+ 8.5% of control (n = 3) with ETYA.

In previous M current experiments [29], we ob-
served a reduction of I-v-a I, by 25 um AA even when
the pipette solution contained 1 pm PKC 19-31 peptide,
a potent PKC inhibitor. In these experiments, 1-v-a Ca®*
currents occurred when stepping from a strongly nega-
tive potential to —30 or =20 mV. Application of 25 um
AA for 10 min reduced them to 69.6 £ 8.7% of control
(n = 8). With PKC 19-31 peptide, the reduction was
smaller, namely to 84.5 & 1.8% of control (n =4), but the
difference was not significant.

Phorbol 12, 13-dibutyrate (PDBu), an activator of
PKC, did not affect the Ca®* current of NG108-15 cells,
confirming earlier work [3, 16] and making it further
unlikely that the reduction of AA is mediated by PKC as
found in hippocampal neurons [17]. Even at the high

&

Fig. 4. Separation of 1-v-a and h-v-a Ca®* current by the prepulse method [6]. (A) Current-voltage curve measured without () and with ®
prepulse. Inset shows pulse protocol (200 msec prepulse to 30 mV followed after 50 msec pause by 160 msec test pulses) and current samples (pulse
potential =5 mV) without (a) and with (b) prepulse. (B) and (C) Estimates of the activation curve of the 1-v-a Ca®" current. (B) I, without prepulse
(normalized to its value at =5 mV) plotted against V for negative pulse potentials. (C) Difference (I, without prepulse — I, with prepulse)
normalized and plotted against V. Symbols *, (] and B in B and C refer, respectively, to the measurements in 4, to a second series of measurements
(12 min after the first) and to a series of measurements in 25 UM AA, applied for 10-15 min. Cell capacitance 30 pF. The ratios I/, in B and

C were fitted by Eq. (1) with the following parameters:

V, [mV] k [mV]
B * and [J control -24.0 -5.8
| AA -32.3 -7.3
C * and ([ control -24.7 -5.2
| AA -33.2 -6.8

Half potentials V indicated by arrows.
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Fig. 5. Effect of 50 uM AA on the inactivation curve of the 1-v-a Ca®* current. (), control; M, 50 pM AA applied for 10 min. Points fitted with
eqn (1) with the parameters I, =0.28 nA, V, =344 mV,k=7.0mV for O and ., =0.21 nA, V,=-40.6 mV, k = 8.5 mV for l. Half potentials
V, indicated by arrows. Inset: V, plotted against time after break-through to whole-cell mode. Cell capacitance 53 pF.

concentration of 1 um, PDBu did not reduce the peak or
the sustained Ca”* inward current. In our previous M
current experiments [29], 0.1 um PDBu partly inhibited
the M current, but in the same cell failed to affect the
l-v-a Ca®" current.

Myristic Acip, OLEIC ACID AND LYSOPHOSPHATIDATE ARE
Less ErreECTIVE THAN AA

We also tested two other fatty acids, namely myristic and
oleic acid, and the negatively charged palmitoyl
Iysophosphatidate (PLLP). Myristic and oleic acid re-
duced I-v-a and h-v-a I,, but were much less effective
than AA. Myristic acid (50 pum) applied for 10 min de-
creased I-v-a [, at —20 mV to 82% (n = 1) and h-v-a I,
at +20 mV to 77.0 £ 4.0% (n = 2). Following [7], who
found octanoic acid more effective at lower pH, we tried
to increase the effectiveness of myristic acid by lowering
the pH of the bath to 6.5. However, the effect remained
weak: decrease of I-v-a I, t0 86.5 + 1.8% (n = 4) and of
h-v-a I, t0 82.0 £ 5.0%. To demonstrate the weak effect
of myristic acid convincingly we increased the concen-
tration to 100 um and applied the same pulse every 30
sec. As shown in Fig. 6, there was a small, reversible
decrease of h-v-a I, by myristic acid; a similar effect

was demonstrated for l-v-a I, with repetitive pulses (30
sec apart) to —30 mV.

The effect of 50 um oleic acid was also weak and
difficult to distinguish from a spontaneously occurring
current change. A genuine small reduction of /-, mea-
sured at =10 mV or at +20 mV was seen in 2 or 3,
respectively, out of 5 experiments. At =10 mV the de-
crease was to 83.5 £ 0.5% of control (n = 2) and at +20
mV to 88.0 + 4.0% (n = 3), both for 10 min-application
time. In NIE-115 neuroblastoma cells, 50 um oleic acid
inhibit peak and sustained /-, more strongly, namely by
27-44% [19]. We found that oleic acid like AA slightly
increased I, at —40 and -30 mV, the increase being
superimposed on the usual slow spontaneous increase,

Palmitoyl lysophosphatidate (PLP) in a concentra-
tion of 25 uM had no reproducible effect on l-v-a and
h-v-a I,. At50 pm it caused a reversible increase of the
leakage current (n = 4), an effect never seen with AA.
It also decreased /-,, but the increase in leakage made a
quantitative estimate difficult.

TETRADECYLTRIMETHYLAMMONIUM (C,,TMA) AND
SPHINGOSINE ACT DIFFERENTLY FROM THE FATTY AcIDS

The effect of the positively charged compounds tetrade-
cyltrimethylammonium (C;,TMA) and sphingosine dif-
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Fig. 6. Effect of 100 pM myristic acid on the h-v-a Ca®* current. Pulse to +20 mV applied every 30 sec. Bath pH 6.5. Cell capacitance 100 pF.

fered in several respects from that of the fatty
acids. C;,TMA, known as a cationic detergent and a
blocker of Na* channels [8, 35] and K* channels [25],
was surprisingly effective. As seen in Fig. 7, 5 um
C,4,TMA strongly reduced the |-v-a I, (and increased its
time to peak, see original records in upper inset of Fig. 7)
and moderately reduced the h-v-a I, the former effect
being partly reversible. Closer inspection reveals two
important details: (i) the points measured after 4-6 min
in C;,TMA (@) coincide with those measured after 14—
16 min (M), indicating that the C,,TMA effect has
reached a steady-state at 4-6 min or earlier; (ii) the half
potential for the activation of 1-v-a I,, V., shifts from
—27 mV in control to —19 mV in 5 um C,,TMA, as
estimated from the Ca®" currents at negative potentials,
normalized to their value at -5 or O mV. This contrasts
with the AA effect which does not reach a steady-state
and shifts V, to more negative potentials.

On average, 5 um C,TMA reduced 1-v-a I, to 23.3
+ 3.2% and h-v-a I, to 79.3 £ 8.8% and shifted V, by
+9.0 + 1.0 mV (n = 3). Raising the concentration to 10
or 50 um caused a stronger reduction of the currents.
It also increased the leakage (as expected for a deter-
gent), but the increase was reversible. Lowering the con-
centration to 1 um still produced a small current de-
crease. The concentration-response curve (see lower in-
set of Fig. 7) yielded an ICsq of 4.2 um for the effect on
l-v-a I~,. Repetitive pulsing (0.5-2 Hz) decreased 1-v-a
I, in 1 um C,,TMA further, but the decrease was hardly
more pronounced than the attenuation during repetitive
pulsing in control solution (see Fig. 7 of [34]).

Sphingosine, a sphingolipid metabolite which inhib-
its PKC and is thought to be a second messenger (for
review, see [10, 20]), acted in all details similar to
C4,TMA, but was less potent. At a concentration of 10
um, sphingosine reduced 1-v-a I, t0 51.0 +4.5% (n = 4)
and h-v-a I, slightly (but significantly) less, namely to

64.8 £ 2.5% (n = 4). 1t shifted V, on average by +2.9 =
1.2 mV (n = 4). At higher concentrations (25-50 um)
and sometimes at 10 pMm, sphingosine increased the leak-
age current. Similar to the C;,TMA effect, that of sphin-
gosine reached a steady-state within 5~10 min and could
be partly reversed by 10-15 min washing. N-
acetylsphingosine, a sphingosine analog without inhibi-
tory action on PKC [11], applied in a concentration of 10
uM for 10 min, reduced l-v-a I, t0 89.3 £ 3.4% (n = 4)
and h-v-a I, to 80.0 £ 6.8% (n = 3), i.e,, was less
effective than sphingosine itself.

Discussion

INTERPRETATION OF THE EXPERIMENTAL FINDINGS

The main experimental findings are: (i) AA decreases
l-v-a and h-v-a I, about equally, an effect increasing
with time without ever reaching a steady level of inhi-
bition, probably reflecting continnous AA accumulation
in the cell (see similar findings with octanoic acid on
squid axons [7] and with the lipophilic drug U88779E on
NIE-115 cells [13}); the decrease in current is difficult to
reverse and is accompanied by a slight negative shift of
the activation and inactivation curve of 1-v-a I,; the AA
effect seems neither due to an AA metabolite nor to
activation of PKC. (ii) Oleic and myristic acid also de-
crease l-v-a and h-v-a I, but are much less potent than
AA. (iil) Positively charged compounds like C,,TMA
and sphingosine also reduce 1-v-a and h-v-a I, but act
differently from AA; their effect reaches a steady-state
within 5-10 min, is readily reversible and accompanied
by a positive shift of the 1-v-a I, activation curve; the
latter explains at least partly why the positively charged
analogs decrease l-v-a I, more than h-v-a I,.
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Fig. 7. Effect of 5 uM tetradecylammonium (C,,TMA) on I-v-a and h-v-a I,. Current-voltage curve in control (), in 5 um C,,TMA for 4-6 min
(@) and for 14-16 min (M) and after 12-14 min wash (*). Upper inset: Currents at ~20 and —10 mV in control and in 5 um C,,TMA for 14 min
(small currents). Lower inset: Concentration-response curve for 1-v-a () and h-v-a (@) I, measured at —20 and +20 to +40 mV, respectively.
Application time 5-8 min. Averages = SEM from 6 and 3 experiments with 1 and 5 pM, respectively. One experiment each with 10 and 50 um. Points
fitted with an equation corresponding to Eq. (2) with IC5, = 4.2 uM and n = 1.52. Note logarithmic abscissa scale.

Our findings are consistent with the following ideas:
(i) AA in its unionized form rapidly moves across the
lipid bilayer [15] and, at the inner side of the membrane,
reacts with the channel protein; likewise, AA blocks C1™
channels only from the inner side of the membrane (see
[36] and references therein). (ii) Oleic and myristic acid
also move rapidly across the bilayer [15] but are less
suited for interaction with proteins than AA with its par-
ticular structural and dynamic properties [27], hence
much less effective. (iii) C;,TMA can incorporate its
hydrophobic tail into the lipid bilayer but because of its
permanent positive charge cannot permeate easily [8,
35]. Adsorption of C;,TMA cations to the outer edge of
the membrane accounts for the positive shift of the 1-v-a
I, activation curve; by analogy, the negative shift ob-
served with AA may reflect adsorption of AA anions.
(iv) C;,TMA not only blocks Na" and K™ channels [8,
35, 25] but also Ca®" channels; as suggested for Na*
channels [35], the hydrophobic tail with its 14 methylene
groups binds to a hydrophobic region of the channel pore
and the hydrophilic head blocks the pore at its narrowest
point. (v) The positively charged sphingosine acts in
principle like C,,TMA but is a less potent Ca®* channel

blocker; addition of an acetyl group further reduces its
potency.

CoMPARISON WITH PrEVIOUS WORK

The first who compared the effect of a fatty acid with that
of the corresponding alkyltrimethylammonium were El-
liott, Haydon and Hendry [7], investigating octanoic acid
(8:0) and CgTMA on the squid axon. External or internal
octanoic acid in a concentration as high as 5 mm at pH
7.4 produced only a small suppression of L, whereas
internal (but not external) application of 5 mm CyTMA
completely blocked peak Iy, Similarly, we found a
weak effect of myristic acid (14:0) and a surprisingly
strong effect of C;,TMA on I,. In [7] and in our work,
the fatty acid and the alkyl-TMA acted both inhibitory.
By contrast, [23-26] found K* channel activity increased
by fatty acids and negatively charged lipids, but de-
creased by positively charged compounds (see Introduc-
tion). While in other preparations such as avian ciliary
neurons [18] or guinea-pig hippocampus [17] the inhibi-
tion of Ca®" current by 10-100 uM AA is mediated by
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AA metabolites or PKC, our effect on I, seems to be a
direct effect of AA, resembling the inhibitory effect of
AA (10-30 pm) on I, of intestinal smooth muscle [32].

In some respects, the effect of AA on the Ca** cur-
rent, I,, of NG108-15 cells resembles its effect on the M
current, I, of these cells while in other respects it is
fundamentally different. Similar to the effect on /,, the
decrease of I, is accompanied by a shift of the M con-
ductance curve to more negative potentials [2]. Like the
AA effect on I, the effect on I, is highly variable from
cell to cell [29] and difficult to reverse (see the very slow
reversal of the 5 um AA effect in Fig. 4 of [2]). How-
ever, unlike the AA effect on I, the AA inhibition of Iy,
can be mimicked by PDBu and prevented by the PKC
19-31 peptide, i.e., is mediated by activation of PKC
[29]. Also, inhibition of I; by AA occurs fast, much
faster than inhibition of I,, and is observed with AA
concentrations down to 3 or 5 um {2, 29].

Whereas {25] observed an AA-like effect of palmi-
toyl lysophosphatidate (PLP) on K* channel activity in
cell-attached and excised patches of smooth muscle, we
did not find a reproducible effect of 25 um PLP on Ca®*
currents of NG108-15 cells. According to [14], it is only
in serum-starved NG108-15 cells that nanomolar
lysophosphatidate concentrations evoke a transient rise
in [Ca%*], and cell rounding.
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