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Electrostatic Tuning of Cellular Excitability
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ABSTRACT Voltage-gated ion channels regulate the electric activity of excitable tissues, such as the heart and brain. There-
fore, treatment for conditions of disturbed excitability is often based on drugs that target ion channels. In this study of a voltage-
gated K channel, we propose what we believe to be a novel pharmacological mechanism for how to regulate channel activity.
Charged lipophilic substances can tune channel opening, and consequently excitability, by an electrostatic interaction with
the channel’s voltage sensors. The direction of the effect depends on the charge of the substance. This was shown by three
compounds sharing an arachidonyl backbone but bearing different charge: arachidonic acid, methyl arachidonate, and arachi-
donyl amine. Computer simulations of membrane excitability showed that small changes in the voltage dependence of Na and K
channels have prominent impact on excitability and the tendency for repetitive firing. For instance, a shift in the voltage depen-
dence of a K channel with �5 or þ5 mV corresponds to a threefold increase or decrease in K channel density, respectively. We
suggest that electrostatic tuning of ion channel activity constitutes a novel and powerful pharmacological approach with which to
affect cellular excitability.
INTRODUCTION
Voltage-gated ion channels regulate the flow of different ions

over the cell membrane in response to changes in the

membrane potential. They are crucial for health, and dysfunc-

tional channels can cause severe conditions such as epilepsy

and heart arrhythmias (1–3). It is therefore important to

understand how the activity of these channels is regulated

and how abnormal activity can be pharmacologically tuned.

Most voltage-gated ion channels open in response to de-

polarizing potentials. The depolarization induces a move-

ment within voltage-sensor domains located in the periphery

of the ion channel molecule (4). This movement couples to

the central ion-conducting pore, and leads to channel

opening (5). A key event in this process is the outward move-

ment of the positively charged voltage sensors. Traditional

drugs acting on ion channels reduce channel activity by

blocking the ion-conducting pore (6–8). This is an effective,

but also quite dramatic, way to regulate channel activity and

excitability in the heart and the brain. Furthermore, a pore

block cannot increase the channel activity. Instead of plug-

ging the pore, a potentially milder regulation of ion channels

could be achieved by modifying their voltage dependence.

Certain novel small-molecule openers, tested as anti-

epileptic drugs, change the voltage dependence of channels

important for neuronal excitability, by targeting the gate to

keep the channel open (4). However, an alternative and yet

unexplored pharmacological strategy would be to modulate

the voltage dependence by directly targeting the voltage

sensor itself; i.e., voltage-sensor pharmacology. This can

be achieved either via mechanic or electric interactions.
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In a previous study, we demonstrated that negatively

charged free polyunsaturated fatty acids (PUFAs), such as

docosahexaenoic acid (DHA), shifted the voltage depen-

dence of the Shaker K channel in hyperpolarizing direction

(9). Uncharged PUFAs (i.e., DHA methyl esters) were inef-

fective, consistent with an electrostatic mechanism in which

negatively charged PUFAs attract the voltage sensors,

thereby facilitating their outward movement and the conse-

quent channel opening (10). Yet, there is a possibility that

the negative charge of the PUFA is needed for proper

binding, whereas the acyl tail affects the channel. To test

the electrostatic mechanism therefore requires a PUFA-like

molecule with a positive charge. If the electrostatic mecha-

nism is correct, a positively charged PUFA would shift the

voltage dependence in opposite direction to the negatively

charged one, whereas the uncharged PUFA would have no

effect. This is illustrated in Fig. 1, A and B, with different

compounds having an arachidonyl backbone. Conversely,

if the charge is only necessary for binding, either both the

positively charged and uncharged PUFAs will be ineffective,

or the positively charged PUFA will have the same effect as

the negatively charged one. Charged lipophilic substances

that electrostatically tune the movement of the voltage sensor

would be what we believe to be a novel pharmacological

approach that we call lipoelectric modification.

To test the theory of lipoelectric tuning of the voltage-

sensor movement, we synthesized arachidonyl amine, which

is positively charged (or uncharged depending on pH).

Instead of having a negatively charged carboxyl group, it

has a positively charged amine group. Thus, arachidonyl

amine bears similar structure to the PUFA arachidonic acid,

but is positively charged (compare structures in Fig. 1 A).

As predicted from the electrostatic hypothesis, we find that

the amine shifted the voltage dependence of channel opening
doi: 10.1016/j.bpj.2009.10.026
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FIGURE 1 Theory behind electrostatic tuning of voltage-

sensor movement. Exemplified by three compounds with an

arachidonyl backbone. (A) A negatively charged compound

attracts the voltage sensor and facilitates channel opening,

an uncharged substance does not affect the channel, and

a positively charged substance repels the voltage sensor

and hinders channel opening. The structure of arachidonic

acid and its two analogs are shown to the right. (B) Sche-

matic prediction of the effect on the voltage dependence

for each compound. (C) Synthesis scheme for arachidonyl

amine. Arachidonyl amine (1) was synthesized from

arachidonyl alcohol (2) via arachidonyl azide (3). For the

conversion from arachidonyl alcohol to arachidonyl azide

(a) pyridine and methanesulphonyl chloride, followed by

DMF and NaN3 are used. For conversion from arachidonyl

azide to arachidonyl amine (b) LiAlH4, tetrahydrofuran and

diethyl ether are used.
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in positive direction along the voltage axis. The negatively

charged arachidonic acid shifted the voltage dependence in

negative direction, whereas the uncharged arachidonic acid

methyl ester was without effect. Thus, we have shown that

lipophilic substances can modify channel opening, probably

by interfering with the voltage sensor movement, with the

direction depending on the charge of the substance. Computer

simulations showed pronounced effects on excitability and

repetitive firing, with small changes in the voltage depen-

dence of K and Na channels. Voltage-sensor tuning could

be a future pharmacological strategy in the design of drugs

against diseases of both hypo- and hyperexcitability.
MATERIALS AND METHODS

Arachidonyl amine synthesis

Arachidonyl alcohol was purchased from Nu-Chek Prep (Elysian, MN).

Reactions were monitored by thin layer chromatography plates coated

with silica gel 60 F254 (Merck, Darmstadt, Germany), and bands were visu-

alized by ultraviolet and anisaldehyde. Products were purified by flash chro-

matography using 30–60 mM silica gel (Mallincrodt Baker, Phillipsburg,

NJ). Petroleum ether used was 60/95 grade. 1H and 13C NMR were recorded

on a Bruker Avance 500 spectrometer operating at 500.1 MHz and 125.8

MHz, respectively. Tetramethylsilane was used as an internal standard.

The spectra were processed from the recorded FID files with Topspin 2.1

software (Bruker BioSpin, Zurich, Switzerland). Chemical shifts (d) are re-

ported in ppm downfield from tetramethylsilane. The following abbrevia-

tions are used: s, single; br s, broad singlet; t, triplet; m, multiplet.

The synthesis of arachidonyl amine (1 in Fig. 1 C) is schematized in

Fig. 1 C. Arachidonyl alcohol (2 in Fig. 1 C) (430 mg, 1.5 mmol) was dis-

solved in dry pyridine (9 mL) and the solution was cooled on an ice bath.

Methanesulphonyl chloride (340 mg, 3.0 mmol) was added dropwise and stir-

ring was continued at 0�C for 3 h. The reaction mixture was poured into ice

cold water and extracted with ethyl acetate. The organic phase was washed

with 1 M HCl, saturated NaHCO3 and water, and finally, dried over

Na2SO4. Evaporation of solvent gave 530 mg of brownish, oily product. Me-

sylate was dissolved in dry N,N- dimethylformamide (DMF) (20 mL) and

NaN3 (480 mg, 7.4 mmol) was added in one portion. The mixture was stirred

at 60�C for 30 h. DMF was evaporated and ethyl acetate was added. The solu-
tion was washed with brine and water, dried over Na2SO4 and evaporated. The

crude product was purified by flash chromatography eluting with 0–5% ethyl

acetate in petroleum ether. Evaporation of solvents gave 379 mg (81%) of

a colorless, oily product. 1HNMR (CDCl3): d 0.89 (t, 3J ¼ 6.4 Hz, 3 H),

1.25–1.39 (m, 6 H), 1.42–1.49 (m, 2 H), 1.59–1.65 (m, 2 H), 2.04–2.13 (m, 4

H), 2.80–2.85 (m, 6 H), 3.27 (t, 3J¼ 6.9 Hz, 2 H), 5.31–5.43 (m, 8 H). The solu-

tion of arachidonyl azide (3 in Fig. 1 C) (370 mg, 1.2 mmol) in dry diethyl ether

(4 mL) was added slowly into the solution of LiAlH4 (89 mg, 2.4 mmol) in dry

tetrahydrofuran (4 mL). The mixture was stirred at 50�C overnight. Ethyl

acetate was added, and saturated NaHCO3 was added slowly. The white precip-

itate was filtered and the organic phase was separated. The water phase was ex-

tracted with ethyl acetate, and combined organic layers were dried over Na2SO4

and evaporated. The crude product was purified twice by flash chromatography

eluting with 0–100% methanol in dichloromethane. Evaporation of solvents

gave 85 mg (30%) of brownish oil. 1H NMR (CDCl3): d 0.89 (t, 3J ¼ 6.6

Hz, 3 H), 1.22 (br s, 2 H), 1.26–1.49 (m, 10 H), 2.04–2.11 (m, 4 H), 2.69 (t,
3J ¼ 6.6 Hz, 2 H), 2.81–2.85 (m, 6 H), 5.31–5.43 (m, 8 H). 13C NMR

(CDCl3): d 14.1, 22.6, 25.6 (2 C), 26.9 (2 C), 27.1, 27.2, 29.3, 31.5, 33.5,

42.2, 127.6, 127.9 (2 C), 128.1, 128.4, 128.5, 130.1, 130.5. The final product

arachidonyl amine is uncharged or positively charged depending on pH. Pure

aliquots, stock solutions, and the test solutions were stored in light proof

containers. Pure aliquots and stock solutions were also stored under a protective

atmosphere of argon.

Molecular biology and expression of ion channels

Experiments were carried out on the Shaker H4 channel (accession number

NM_167595.3) (11) made incapable of fast inactivation by the D(6–46)

deletion (12). The Bluescript II KS(þ) plasmid was linearized with HindIII,

and cRNA synthesized using the T7 mMessage mMachine kit (Ambion,

Austin, TX). To get oocytes, female Xenopus laevis was anesthetized with

1.4 g/L ethyl 3-aminobenzoate methanesulfonate salt (tricaine). A batch of

oocytes was removed and the surgery wound stitched together. Animal

experiments were approved by the local Animal Care and Use Committee

at Linköping University. Oocytes were separated by incubation for ~2 h

in a Ca-free O-R2 solution (13) (in mM: 82.5 NaCl, 2 KCl, 5 HEPES,

and 1 MgCl2; pH adjusted to 7.4 by NaOH) containing Liberase Blendzyme

3 (0.7 U/mL; Roche Diagnostics, Bromma, Sweden). Healthy matured

oocytes were singled out and incubated at 11�C in a modified Barth’s solu-

tion (MBS; in mM: 88 NaCl, 1 KCl, 2.4 NaHCO3, 15 HEPES, 0.33

Ca(NO3)2, 0.41 CaCl2, and 0.82 MgSO4; pH adjusted to 7.6 by NaOH) sup-

plemented with penicillin (25 U/mL), streptomycin (25 mg/mL), and sodium

pyruvate (2.5 mM) overnight before injection. Fifty nL of cRNA (50 pg) was
Biophysical Journal 98(3) 396–403
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injected into each oocyte using a Nanoject injector (Drummond Scientific,

Broomall, PA). Injected oocytes and uninjected oocytes for control experi-

ments were maintained at 11�C in MBS containing pyruvate and antibiotics

until subject to electrophysiological experiments. All chemicals are from

Sigma-Aldrich (Stockholm, Sweden) if not stated otherwise.
Electrophysiology

Currents were measured with the two-electrode voltage-clamp technique

(CA-1B amplifier; Dagan, Minneapolis, MN) 3–6 days after injection. The

amplifier’s leak and capacitance compensation were used and the currents

were low-pass filtered at 5 kHz. All experiments were done at room temper-

ature (20–23�C). The holding potential was set to �80 mV and steady-state

currents achieved by stepping to potentials between �80 and þ50 mV in

5 mV increments. The control solution contained (in mM): 88 NaCl,

1 KCl, 15 HEPES, 0.4 CaCl2, and 0.8 MgCl2. pH was adjusted to 7.4

with NaOH yielding a final sodium concentration of ~100 mM. Pure arach-

idonyl amine or arachidonic acid methyl ester (methyl arachidonate; Sigma-

Aldrich) were dissolved to 100 mM in 99.5% ethanol and stored at �20�C
until use. Right before experiments stock solutions were diluted in control

solution to the desired concentration. The effective test-compound concen-

tration was assumed to be 70% of the nominal concentration due to fatty

acid binding to the chamber (previously quantified in Börjesson et al.

(10)). All concentrations given in this work are the effective test-compound

concentrations. It should be noted that the quantification was done for a fatty

acid and not arachidonyl amine. However, considering the resemblance in

structure we believe the amount of chamber binding to be roughly similar.

Pure control solution was added to the bath using a gravity-driven perfusion

system. All test solutions were added manually with a glass Pasteur pipette

to avoid binding to the perfusion system (the added volume was several

times larger than the bath solution volume). Indomethacin (Sigma-Aldrich)

was used to prevent possible conversion by cyclooxygenase as previously

described for arachidonic acid (10).
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Analysis

The steady-state current, I, at each test potential was measured at the end of

the stimulation pulse (60–90 ms after the onset of the pulse). However, at

voltages above 0 mV, arachidonyl amine induced an inactivation of the

current and reduced the steady-state current (Fig. 2 B). To eliminate this

current-reducing effect we fitted an exponential curve to the inactivating

current and extrapolated this curve back to time for onset of the voltage

pulse. This value was assumed to be equal to the maximum current in the

absence of inactivation. Because it takes some time for the channel to

open, this procedure slightly overestimates the inactivation-induced current

reduction. Using the K channel model described below it can be shown that

the compensation should be 30–35% less than what is suggested by the

extrapolation method. However, this overestimation did not affect the

measurement of the voltage dependence. The K conductance, G, was calcu-

lated as G(V) ¼ I(V)/(V � VK), where V is the absolute membrane potential

and VK the reversal potential for the K ion (�80 mV). Shifts of the G(V)

curve were quantified by sliding the control curve along the voltage axis

to overlap the test compound curve. In cases with altered curve slope the

control curve was slid until the curves overlapped at the 10% level of the

control curve. Average values are expressed as mean 5 SE. Statistical

analyses on G(V) shifts were done with two-tailed one sample t-test with

the mean value compared to a hypothetical value of 0. For comparison of

shifts at different pH two-tailed unpaired t-test was used; p < 0.05 is consid-

ered as significant.

Computer simulations of excitability

To explore the effects on neuronal excitability of voltage-sensor modifying

substances we used a simple and well-characterized excitable membrane, the

node of Ranvier of the frog myelinated axon (14) with minor modifications

(9). The system is based on one type of Na channel, one type of delayed

rectifier K channel, and a leakage channel. The following rate constants

were used for the computations:
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FIGURE 2 Effects of arachidonyl

amine on the Shaker K channel. (A–C)

Currents associated with voltage-clamp

steps between �80 and þ50 mV in

5 mV increments. Holding voltage is

�80 mV. Arachidonyl amine (70 mM)

reduced the steady-state current at the

most negative voltages (compare black

traces in B with A) and induced inactiva-

tion at more positive voltages (gray

traces in B). Recovery after wash with

control solution. Thick trace in A–C
marks the current at �25 mV. (D–F)

Currents at �50, �45, and �40 mV

with (gray) and without (black) 70 mM

arachidonyl amine. (G) Arachidonyl

amine (70 mM) shifted the G(V) curve

in positive direction along the voltage

axis. Control (B), 70 mM arachidonyl

amine (,), inactivation-corrected (see

Materials and Methods) effect of arachi-

donyl (small ,), inactivation-corrected

recovery (small B). Dashed curve is

control curve shifted þ2.3 mV. (H)

Arachidonic acid-me (70 mM) did not

shift the G(V) curve. Control (B), 70

mM arachidonic acid-me (,). (I)
Summary of the induced G(V) shifts for

different forms of arachidonyl compounds

(70 mM). n ¼ 5–8. Error bars¼ SE.



Electrostatic Tuning of Excitability 399
am ¼ ð0:36ð48þ V� DVmÞ=ð1� expðð�48� Vþ DVmÞ=3ÞÞ
bm ¼ 0:4ð�57� V þ DVmÞ=ð1� expðð57þ V�DVmÞ=20ÞÞ
ah ¼ 0:1ð�80� V þ DVhÞ=ð1� expðð80þ V � DVhÞ=6ÞÞ
bh ¼ 4:5=ð1 þ expðð�25� V þ DVhÞ=10ÞÞ
an ¼ 0:02ð35þ V� DVnÞ=ð1� expðð�35� VþDVnÞ=10ÞÞ
bn ¼ 0:05ð�60� V þ DVnÞ=ð1� expðð60þ V� DVnÞ=10ÞÞ:

V is the absolute membrane voltage, DVx is the modification of the voltage

dependence of each gate (m, h, n). The rate constants are given in ms�1. The

initial state (at V ¼ �70 mV in all simulations) of each gate is given by

m ¼ am=ðam þ bmÞ h ¼ ah=ðah þ bhÞ n ¼ an=ðan þ bnÞ:

The development of each state is calculated as

m ¼ m þ ðamð1� mÞ � bmmÞdt
h ¼ h þ ðahð1� hÞ � bhhÞdt
n ¼ n þ ðanð1� nÞ � bnnÞdt;

where dt is a sufficiently short time step of 1 ms. The conductances G are

calculated as

GNa ¼ m2h GNa;max GK ¼ n2 GK;max:

The maximum conductances are GNa,max ¼ 2.5 mS, GK,max ¼ 0.4 mS, and

Gleak ¼ 0.03 mS.

The four calculated currents are:

INa ¼ GNaðV � VNaÞ IK ¼ GKðV � VKÞ
Ileak ¼ GleakðV � VleakÞ IC ¼ IS � ðINa þ IK þ IleakÞ:

IC is the capacitive current and IS is the continuous stimulus current injected

to elicit repetitive firing in the nodal system. The reversal potential for the

currents are VNa¼ 50 mV, VK¼�90 mV, and Vleak¼�71 mV. The change

in membrane voltage is calculated as

dV=dt ¼ IC=CM;

where CM is the membrane capacitance set to 2 mF/cm2 (i.e., 2 pF/node of

100 mm2). A holding potential of �70 mV is used in the beginning of all

simulations. Repetitive firing is defined as firing after >100 ms of contin-

uous stimulation.
RESULTS

Arachidonyl amine on uninjected X. laevis oocytes

X. laevis oocytes is a common and reliable model system

both for expression of ion channels and for exploration of

ion channels using electrophysiological techniques. To

ensure that the arachidonyl amine does not affect endoge-

nous Xenopus oocyte channels, it was tested on uninjected

oocytes. Neither 21 nor 70 mM arachidonyl amine induced

any endogenous currents, and did not affect the resting

membrane potential and membrane permeability of Xenopus
oocytes. At 210 mM, the arachidonyl amine was toxic, by

inducing massive leakage in the oocytes. Thus, concentra-

tions >70 mM could not be reliably used for oocyte experi-

ments. However, prominent PUFA effects on the Shaker K

channel have been reported at concentrations between 3

and 70 mM (10).
The effect of arachidonyl amine on the Shaker K
channel

Having established that moderate concentrations of arachi-

donyl amine did not affect uninjected Xenopus oocytes, the

arachidonyl amine was used to test the hypothesis of lipo-

electric voltage-sensor tuning. Arachidonyl amine (70 mM)

had a clear effect on the Shaker K current (Fig. 2, A and

B). At voltages more negative than�10 mV, the arachidonyl

amine reduced the steady-state current, with no obvious

effect on the time course (Fig. 2 B, black traces). Fig. 2,

D–F, shows magnified traces at three different voltages.

The reduction is 49% at �50 mV, 41% at �45, and 33%

at �40. At voltages more positive than �10 mV, the arach-

idonyl amine induced an inactivation (Fig. 2 B; gray traces).

The arachidonyl amine effect was quickly reversed after

wash with control solution, except for a small inactivation

component remaining at the most positive voltages

(Fig. 2 C). When the steady-state conductance (at the end

of the pulse) versus voltage, G(V), was plotted, two effects

were observed: The arachidonyl amine i), shifted the G(V)

curve in the positive direction along the voltage axis; and ii),

reduced the maximum conductance (Fig. 2 G, large
squares). However, if the effect on the inactivation was

compensated for (see Materials and Methods), the reduction

was completely eliminated (Fig. 2 G, small squares). The

mean shift in voltage dependence, measured at the foot of

the curve, by 70 mM arachidonyl amine wasþ2.7 5 0.6 mV

(n ¼ 8; p ¼ 0.003). This should be compared with arachi-

donic acid, which shifted the G(V) curve with �4.2 5

0.5 mV (from Börjesson et al. (10)), and with the uncharged

methyl ester of the arachidonic acid (arachidonic acid-me),

which did not affect the voltage dependence at all (Fig. 2 H;

mean shift 0.0 5 0.2 mV; n ¼ 6; p ¼ 1.0). A comparison of

the induced G(V) shifts by 70 mM of the negatively charged,

the uncharged, and the positively charged forms of arachi-

donic acid at pH 7.4 is shown in Fig. 2 I. These data clearly

support our lipoelectric hypothesis.

pH dependence of amine effect

If the effect of the amine on the channel’s voltage depen-

dence is caused by an electrostatic mechanism, then the

potency of the amine should depend on pH. Specifically,

the amine should be more effective at low pH, because

a larger fraction of amine is protonated and thus positively

charged. The pH dependence of the arachidonyl amine effect

followed this prediction. Whereas 21 mM arachidonyl amine

at pH 7.4 did not affect the channel’s voltage dependence, it

induced a significant effect at pH 6.5. Fig. 3, A–C, show

large current reductions of the amine at pH 6.5 at voltages

between �20 and �10 mV. (Note that more positive voltage

steps are needed to open the channel at pH 6.5 than at pH 7.4,

as expected from protonable surface charges (15).) Fig. 3 D
shows that the G(V) curve is clearly shifted in the positive

direction along the voltage axis, with no reduction of the
Biophysical Journal 98(3) 396–403
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maximum conductance after compensation for the induced

inactivation (small squares). The mean shift was þ4.5 5

0.4 mV (n ¼ 5; p ¼ 0.0003). Although 70 mM arachidonyl

amine had a clear effect at pH 7.4 (Fig. 2), it was abolished

at pH 9.0 (Fig. 3 E; mean shift �0.1 5 0.1 mV; n ¼ 3;

p ¼ 0.4). We also explored the effect of 70 mM arachidonyl

amine at pH 6.5, but found that this induced massive leakage

of the oocyte, similar to that for 210 mM at pH 7.4 described

above. Thus, it seems that the cellular membrane is disrupted

if the number of positively charged arachidonyl amine

molecules exceeds a certain level. Shift data from the pH

experiments are summarized in Fig. 3 F.

However, despite the lack of effect on the channel’s voltage

dependence at pH 9.0, the arachidonyl amine inactivated the

channel at positive voltages (Fig. 3 E, inset). This suggests

that the effect on the channel’s voltage dependence and the

effect on the inactivation are caused by two different

mechanisms. Thus, we find it likely that the arachidonyl

amine, independent of its charge, binds to the channel and

speeds up slow inactivation, possibly by destabilizing the

turret region of the channel (16,17). From this position,

depending on its charge, it affects the voltage sensor electro-

statically.
Computer modeling of excitability

What impact do these relatively small shifts in the voltage

dependence of a Kv channel have on cellular excitability?

It is known that intravenously injected PUFAs prevent

ventricular fibrillation in dog (18), but because multiple

ion channels are active it is difficult if not impossible to

determine, in an excitable cell, which channel(s) is the

primary target for PUFAs, especially because PUFAs also

affect other types of voltage-gated ion channels (19,20). To

obtain information regarding the role of PUFA effects on

different ion channels, we carried out computer simulations

on an excitable model membrane: the myelinated frog

axon (14). This simple simulation system contains one
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type of Na channel, one type of delayed-rectifier K channel

and one type of leakage channel.

Fig. 4 A shows the effect of two different persistent stim-

ulus currents (IS; 0.6 nA in the upper row and 1.0 nA in the

lower row), in five different conditions. The middle column

shows control cases. For the smaller stimulus current only

a single action potential was elicited and there was no repet-

itive firing. Shifting the voltage dependence of the K current

by �5 mV did not affect the excitability, whereas a shift by

þ5 mV induced repetitive firing. The larger stimulus current

induced repetitive firing in the control case. Here, �5 mV

abolished repetitive firing whereas þ5 mV had no effect,

other than a slight increase in firing frequency. Similar

effects were obtained if the number but not the voltage

dependence of the K channel is changed by multiplying or

dividing by 3 respectively.

To explore these effects quantitatively, we calculated

which combinations of K channel densities and stimulus

currents give repetitive firing for a fixed Na channel density

(2.5 mS). Fig. 4 B shows the area where repetitive firing

occurs (encircled with a thick continuous line). Even in the

absence of K channels, repetitive firing was possible. If the

K conductance exceeded ~0.6 mS, repetitive firing was not

possible, independent of the size of the stimulus current

used. A stimulus current below ~0.5 nA depolarized the

cell too little to induce repetitive firing, and stimulus currents

above ~1.5 nA depolarized the cell too much, thus prevent-

ing repetitive firing. If the voltage dependence of the K

channel was shifted �5 mV, the area of repetitive firing

(delineated with a thin continuous line) was contracted to

~1/3 of its original size. The dotted line is control area multi-

plied with 0.35 with respect to the x axis. Thus a�5 mV shift

in the K channel voltage dependence corresponds to an

almost threefold increase in K channel density. Conversely,

if the voltage dependence of the K channel was shifted

þ5 mV, the area of repetitive firing (delineated with a thin
continuous line) was expanded to ~3 times its original size.

The dotted line is control area multiplied with 3.3 with
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respect to the x axis. Thus a þ5 mV shift in the K channel

voltage dependence corresponds to a threefold reduction in

K channel density. The cases from Fig. 4 A are shown as

black dots in Fig. 4 B. The corresponding change in K

channel density is shown in Fig. 4 C. A doubling in density

occurs every 3.2 mV. It should be noted that the effects

described here are independent of the Na channel density

(4). Thus a change in the K channel’s voltage dependence

is a simple, fast, and reversible way to mimic large changes

in K channel density, and consequently to affect excitability.

The effects described in this and previous (9,10) investiga-

tions may not necessarily be isolated to K channels. Effects

of PUFAs on Na channel activation and Na channel inactiva-

tion has been described (19,21). What impact do effects on

other channels than K channels have on excitability? To

make an initial estimation, we calculated the minimum stim-

ulus current needed to induce repetitive firing. We first tested

the role of K channels (n parameter) for repetitive firing

(Fig. 5 A). Shifting the K channel activation in negative

direction along the voltage axis increased the threshold,

and at ~�2 mV shift the repetitive firing was abolished

(seen as a vertical line). Reciprocally, a shift in positive

direction decreased the threshold. We next explored the

role of Na channel activation (m parameter) and Na channel

inactivation (h parameter), in isolation and in combination,

for repetitive firing (Fig. 5 B). Isolated effects on either of

the two Na channel parameters (activation or inactivation)

abolished repetitive firing, if the shift exceeded 1 mV in posi-

tive or negative direction, respectively. Shifting the Na

channel activation and inactivation, together with þ2 mV,

also abolished repetitive firing. This indicates that the excit-

able system of the frog node of Ranvier explored by Frank-
enhauser and Huxley (14) is remarkably close to the border

of repetitive firing with respect to several gating parameters.
DISCUSSION

We have shown that lipid compounds such as PUFAs affect

an ion channel’s voltage dependence via an electrostatic

mechanism. A negatively charged PUFA, such as arachi-

donic acid, shifts the voltage dependence in hyperpolarizing

direction along the voltage axis. The crucial experiment in

this study was that the synthesized positively charged arach-

idonyl amine shifted the voltage dependence in positive
Biophysical Journal 98(3) 396–403
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direction along the voltage axis. The neutral methyl ester of

arachidonic acid had no effect on the channel’s voltage

dependence. Thus, the voltage dependence of Kv channels

can be tuned electrostatically by lipophilic substances, the

direction of the effect depending on the charge of the

compound. We propose that this be referred to as a lipoelec-

tric modulation. Although the electrostatic mechanism

explored in this study applies to free PUFAs, it is probably

also applicable for a variety of other lipophilic substances

with a charged group or moiety.

Lipids, both in the form of phospholipids in the membrane

and as free fatty acids, are interesting and potent channel

regulators (4). An interaction between the lipid bilayer and

the voltage sensor in Kv channels was suggested some

time ago (22), and a close contact between negative phos-

pholipid headgroups and positive charges in the voltage

sensors has later been seen, both in the Kv1.2/2.1 chimera

crystal structure (23) and in molecular dynamics studies

(24–26). When experimentally removing the headgroups,

the voltage dependence and channel function is greatly

disturbed (27–30). Therefore, negatively charged head-

groups may function as counter charges for the gating

charges (27). Also for PUFAs the charged headgroup is

central for the effect, as shown here and in other investiga-

tions (10). A certain level of basal physiological lipoelectric

modulation is to be expected, because PUFAs exist at mM

concentrations in serum and, likely, in cerebrospinal fluid

(31). At these concentrations PUFAs have clear effects not

only on Kv channels but also on a variety of other voltage-

gated ion channels (20), some of which may be tuned elec-

trostatically. The effect of increased PUFAs on Kv channels

is also suggested to be an important component of the keto-

genic diet used for epilepsy treatment (9). Positively charged

PUFAs are, to our knowledge, not naturally occurring in the

human body. In this study they are used merely to show

the principle of electrostatic tuning. The clear effect on the

voltage dependence makes the PUFA amine an interesting

model substance for future synthesis of positively charged

but more specific drugs. The amine effect also raises the

question of whether or not other positively charged sub-

stances act through lipoelectric modulation. For instance,

amphiphilic cysteine-knot toxins, such as hanatoxin, parti-

tion into the membrane, from where they interact closely

with the voltage-sensor domain and inhibit channel activa-

tion (32). Because hanatoxin possesses several positive resi-

dues at a reasonable depth on the channel-interacting side it

has been speculated that part of its action is to electrostati-

cally prevent the voltage-sensor movement (4).

Changing the voltage dependence of a channel is a power-

ful way to affect cellular excitability and the tendency for

repetitive firing, as demonstrated by computer simulations

in this study. Shifting the voltage dependence of a K channel

with only a few mV is shown to effectively prevent or induce

repetitive firing, depending on the direction of the shift. We

have also shown that small changes in the voltage depen-
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dence of the activation and/or inactivation of a Na channel

has great impact on repetitive firing. For PUFAs, this is

highly relevant because they affect activation and to a larger

extent the voltage dependence of inactivation of Na channels

(19,20). The dominant hyperpolarizing shift of Na channel

inactivation would act in a similar manner as the K channel

effect reported, here and previously, i.e., to reduce cellular

excitability. The simulations on Na channels also demon-

strate that pharmacological lipoelectric modulation of Na

channel voltage dependence, in either direction, would

have significant effects on excitability. Changes in excit-

ability can also be estimated by determining the minimum

current needed to elicit an action potential (i.e., rheobase) or

the minimum slope of an activating current ramp needed to

elicit an action potential (that gives information about accom-

modation of the nerve). In the frog myelinated axon the rheo-

base depends almost solely on the voltage dependence of the

Na channel activation (m gate), whereas accommodation in

the ramp experiments depends to a large extent on the voltage

dependence of the Na channel inactivation (h gate) (33,34).

Thus, excitability of nerve cells is critically dependent on

the channels’ voltage dependencies, suggesting that pharma-

cological compounds with extremely small effects on the

voltage sensing machineries of the channel could be potent

drugs against diseases of both hypo- and hyperexcitability.

Another notable finding here is that arachidonyl amine

induces massive leakage of the oocyte, at a concentration

of 210 mM at neutral pH or at 70 mM at pH 6.5. Thus, it

appears that the cellular membrane is distorted or damaged

by a certain dose of positively charged arachidonyl amine

molecules. Arachidonyl amine is not the only amine reported

to be toxic. When mapping the cytotoxicity of different poly-

amines, the positive charge(s) on polyamines were identified

to be important for toxicity (35,36). Both the number of

charges and their geometrical arrangement are determining

toxicity factors (35). The polyamines first induce membrane

leakage, followed by decreased metabolic activity, possibly

through interactions with membrane lipids. Perhaps this

mechanism is shared by arachidonyl amine. Thus, this

suggests that lipoelectric pharmacological compounds have

to be channel specific, not only to induce specific effects,

but also to reduce the cellular toxicity.

In this study, a PUFA-like amine was used to test the

hypothesis of electrostatic tuning of an ion channel’s voltage

sensitivity. We suggest that the PUFA-like amines are useful

tools to differentiate between electrostatic and nonelectro-

static effects of PUFAs.
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