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SUMMARY

Docosahexaenoic acid (22:6n3) acts at an extracellular site to
produce a voltage- and time-dependent block of the delayed
rectifier current (IK) similar to that classically described for intra-
cellularly applied quaternary ammonia compounds. In dissociated
cells from the pineal gland, some long-chain polyunsaturated
fatty acids reduced both late sustained (1K) (for 22:6n3, IC50 =
2.5 ± 0.3 toM) and early transient (IA) (IC50 = 2.0 ± 0.1 �M)

components of potassium current when applied extracellularly,
whereas the monounsaturate oleic acid had minimal efficacy.
From comparisons of other related fatty acids, it was determined
that there is a structural requirement for polyunsaturation to
block ‘K In contrast, chain-elongated 22-carbon polyunsaturates
acted similarly to their precursor 20-carbon fatty acids (arachi-
donic acid and eicosapentanoic acid). Block of 1K by 22:6n3 was
accompanied by a dose-dependent acceleration of the current

decay in both whole-cell and outside-out membrane patches,
and 22:6n3 increased the macroscopic inactivation rate of IA.
The combined “eicosanoid” inhibitor eicosatetraenoic acid, when
included in the patch pipette, did not antagonize the action of
22:6n3. Instead, eicosatetraenoic acid produced a direct block
of 1K when applied extracellularly at high concentrations (25 �zM).

Analyses of voltage- and time-dependent block by 22:6n3 sup-
port the hypothesis that certain fatty acids directly interact with
and preferentially block the open state of some potassium chan-
nels. We also describe an interaction between fatty acid block
and zinc; 22:6n3 failed to block either IA or ‘K in the presence of
zinc or cadmium, whereas extracellular calcium did not affect
the response. These studies suggest a possible biological func-
tion for 22:6n3 in the nervous system, which may underlie its
essential role during neural development.

The role ofw-3 (n-3) fatty acids in the function ofthe central

nervous system remains largely unknown. Epidemiological

studies, however, have indicated that populations with high

dietary levels of n-3 fatty acids have a lowered incidence of

heart disease and diabetes (1). Ofthe two major n-3 fatty acids,

22:6n3 and 20:5n3, 22:6n3 is an essential component of biolog-

ical membranes in the nervous system (2, 3). Salem and Nie-

bylski (4) have recently suggested that the biological role of n-

3 fatty acids in the brain and retina is not related to the

production or inhibition of 20:4n6 metabolites but, instead, a

direct role in the regulation of membrane protein function has

been postulated. The essential precursor fatty acids linoleic
acid and linolenic acid are required in the diet, and their

deficiency results in known clinical sequelae with significant

correlation to neurological deficits (5, 6); 22:6n3, which may be

consumed preformed or synthesized by the liver or brain from
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linolenic acid (7), is essential for the proper development and

maintenance of the central nervous system (8). Moreover,

22:6n3 has been demonstrated to be selectively recycled by

photoreceptor outer segments and synapses (9). However, at

present little is known about the mechanisms underlying the

biological functions of 22:6n3. For these reasons, the present

study focuses on the effect of 22:6n3 on membrane excitability

in a specific area of the central nervous system.

The pineal gland, a derivative of the embryonic diencephalon,

was initially selected as the focus of this study because it has

been previously determined to be the only central nervous

system structure that possesses stereospecific lipoxygenase en-
zyme activity (10). Potassium currents have been previously

described (11) for acutely dissociated cells of the adult rat

pineal gland, using the whole-cell configuration of the patch-

clamp technique. In addition, earlier experiments partially

characterized the membrane properties of rat pinealocytes in

primary culture (12). The aforementioned studies reported the

ABBREVIATIONS: 22:6n3, docosahexaenoic acid; 20:5n3, eicosapentaenoic acid; 20:4n6, arachidonic acid; 1 8:1 n9, oleic acid; ETYA, 5,8,1114-
eicosatetraenoic acid; IK, delayed rectifier K� current; IA, transient outward K� current; BAPTA, 1 ,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic
acid; HEPES, 4-(2-hydroxyethyl)-1 -piperazineethanesulfonic acid; EtOH, ethyl alcohol; H-7, 1-(5-isoquinolinesulfonyl)-2-methylpiperazine; 4-AP, 4-
aminopyndine; P450, cytochrome P450; PUFA, polyunsaturated fatty acid; TEA-Cl, tetraethylammonium chloride; TEA, tetraethylammonium; 22:5n3,
docosapentaenoic acid; 22:3n6, docosatrienoic acid; 22:4n3, docosatetraenoic acid; lH� hyperpolanzation-activated inward current.
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presence of sustained and transient components of outward K�

current in pinealocytes.

Ion channel modulation by PUFAs has been reported to act
by a diverse set of mechanisms, i.e., directly or indirectly and

at extracellular or intracellular receptor sites (13-15). The

majority of studies on K� channels have focused on the action
of 20:4n6 and its enzymatic metabolites, the “eicosanoids.”

Conflicting reports have been published regarding voltage-
gated K� currents, indicating either inhibition (16) or enhance-
ment (17) by micromolar concentrations of 20:4n6. In the

present study, we investigate the effects of 22:6n3 on both ‘K

and a fast IA, compared with other structurally related fatty
acids.

Materials and Methods

Cell culture. Pinealocytes were prepared from newborn (day 1)

Sprague-Dawley rats with modifications of a previously described pro-
tocol (18). The pineal gland was mechanically dissociated under a

dissecting stereomicroscope, and small tissue explants were plated on
glass coverslips, which had been coated with poly-L-lysine (10 zg/ml;

Sigma Chemical Co., St. Louis, MO), in four-welled multidishes (Nunc,
Roskilde, Denmark). Cells grew from explants over the course of 1

week in culture. Studies were performed between 7 and 28 days in vitro.

The cultures were maintained in a 6% CO2 incubator at 37’, in basal

Eagle’s medium to which was added 10% fetal bovine serum (GIBCO,
Grand Island, NY), 25 mM KC1, 2 mM glutamine (Sigma), and 100 �sg/

ml gentamicin (GIBCO). The incubation medium was replaced 48 hr

after plating, and cytosine arabinofuranoside (1 �M; Sigma) was added
to inhibit the replication of non-neuronal cells.

Electrophysiology. Pinealocytes in primary culture were voltage-
clamped, using the patch-clamp technique (19), on the stage of an
inverted microscope (Olympus CK2, Lake Success, New York) at room

temperature (22-25’). Currents were monitored with either EPC-7

(List Electronics, Darmstadt, Germany) or Axopatch-1D (Axon Instru-

ments, Foster City, CA) patch amplifiers. Recording electrodes of 3-6-

Mfl open-tip resistance in bath solution were pulled (with a Narashige

PP-83 pipette puller) from thin-walled glass micropipettes (Drummond
Scientific, Broomall, PA). The recording electrode solution contained

140 mM KC1, 1 mM MgCl2, 5 mM BAPTA, 2 mM NaATP, 0.2 mM

NaGTP, and 10 mM HEPES, pH 7.2. The cells were bathed in 145 mM

NaCl, 5 mM KC1, 1 mM CaC12, 1 mrsi MgC12, 5 mM glucose, 5 mM

HEPES, pH 7.4; osmolarity was adjusted to 325 mOsM with sucrose.

Nominally calcium-free extracellular solution used in some experi-

ments contained 2 mM MgC12 and was otherwise the same. Phosphate-
depleted intracellular solution was the same as described above, with
the exception that no GTP or ATP was added.

Drugs and perfusion. The recording chamber (0.75-ml total vol-

ume) was continuously perfused at a rate of 3 ml/min. Fatty acids

(NuCheck Prep, Elysian, MN) and ETYA (Calbiochem, San Diego,

CA) were stored under N2 at -70’ in the dark, at a stock concentration

of 0.1 M in EtOH, and were serially diluted in bath solution plus vehicle

(0.1% EtOH) each day so that final concentrations ranged from 0.1 to

50 �tM. Studies with 22:6n3 were also performed using solutions without
0.1% EtOH as a vehicle; no observable effect on the concentration-

effect relationship was observed. In some experiments, the inhibitors

ETYA, H-7, and staurosporine (Calbiochem) were added to the record-
ing solutions. The P450 inhibitors metyrapone and 5KF525-A (proad-
ifen-HC1) were purchased from Biomol Research Laboratories (Plym-

outh Meeting, PA) and were added to recording solutions as indicated.
In some experiments, 4-AP (5 mM; Sigma) and TEA-Cl (10 mM; Sigma)
were added to the external bathing medium and the pH was corrected
to 7.4. Fatty acids and/or vehicle were continuously applied using the
Y-shaped tubing method (20). The Y-tubing applicator had a tip
diameter of 150 sm and was positioned within 500 �m of the cell being

investigated. With this method, a number of different test solutions

could be applied and exchanged rapidly, with an onset of typically 1-2

msec. Onset time was measured from the open tip current induced by

10-fold diluted extracellular solution.

Data acquisition and analysis. Currents were filtered at 3 kHz

with an eight-pole low-pass Bessel filter (Frequency Devices, Haverhill,

MA) and digitized with a 486/33-MHz PC-compatible computer

equipped with a Labmaster-TL1 data acquisition board (Axon Instru-

ments) and pClamp 5.5 software (Axon Instruments). Cell capacitance

and series resistance were maximally compensated by the circuitry of

the EPC-7 amplifier. Off-line data analysis, curve fitting, and figure
preparation were performed with Origin (MicroCal Software, Nor-

thampton, MA). For voltage protocols used to study ‘K, leak current

and capacitive artifacts were subtracted on-line by the addition of four
hyperpolarizing subpulses that were one fourth of the test pulse ampli-

tude. For peak analysis of ‘A, base-line values were taken as the current

at the terminal portion of each test potential (h�) in the presence of

TEA-Cl (10 mM). For steady state activation/inactivation protocols,

peak current (I) values were converted to conductance (G) using the

equation G = I/(E - EK), where E is the test potential (in millivolts)

and the reversal potential for potassium (EK) was determined to be

-80 mV. Normalized conductance values were plotted versus the test
or prepulse potentials (in millivolts) for activation and inactivation

protocols, respectively. The plotted values were then fit to a Boltzman

function, G/Gmaz [1 + exp[( V - V0.5)/kJJ’. Least-squares determi-

nation of the functional parameters gave values for half-activation/

inactivation ( V05) and the slope factor (k). The ‘A relative activation

curve was produced similarly, with the exception that conductance
values of treated cells were normalized to their paired control maxi-

mum.
A two-pulse protocol was used to determine the recovery time of ‘K

at -40 mV from block by 22:6n3. When equilibrium blockade with 6

�sM 22:6n3 was reached, a protocol with two similar pulses was initiated,

where the second test pulse was separated from the first by decreasing
time intervals. Base-line was taken as the terminal part of each trace,

to quantify recovery of only the blocked portion of the current. The

peak current amplitude generated by each second pulse was normalized
to the first and was then plotted versus the time interval between

pulses. To determine T recovery, the scatter plot of these data was fit

to a monoexponential association function; values are reported in

Results.

Dose-response curves were produced by plotting normalized current

values and were then fit by the least-squares method using a logistic
equation, percentage ‘max 100/Imaz[1 + (IC��/[PUFAJnH)], where ‘max

is the maximal K� current, IC� is the concentration of 22:6n3 eliciting
half-maximal inhibition, and nH is the Hill coefficient.

The results are expressed as mean ± standard error, and p values

represent the results of independent t tests (except as noted). Multiple

comparisons made in Fig. 2D have taken into account the Bonferroni

correction method for modified t statistics.

Results

Characteristics of cells and passive membrane prop-
erties. Electrophysiological recordings were performed on pri-
mary cultures prepared from the pineal glands of newborn rats,

using whole-cell and outside-out configurations of the patch-
clamp technique. Cell bodies of pinealocytes studied were
roughly spherical in shape (diameter, <6 sm), with few, narrow,

and short processes. The resting membrane potential was meas-
ured in 31 cells and was found to have a mean value of -51 mV

± 1.8 (range, -36 to -62 mV). Cell input resistance and

capacitance ( n = 20 cells) were determined, and mean values

were 2.90 ± 0.28 G�l and 0.56 ± 0.06 pF, respectively.

Characterization of voltage-activated potassium cur-
rents in pinealocytes. Pinealocytes were voltage-clamped to

a holding potential of -40 mV. Depolarizing voltage steps of
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increasing amplitude resulted in the activation of a family of

cesium-sensitive outward currents (n = 15 cells) (data not

shown) with distinct kinetics depending upon the presence

(Fig. 1, A1 and B1) or absence (Fig. 1, A2 and B2) of a 400-msec

conditioning prepulse to -80 mV. Depolarizing steps from -40

mV elicited a family of sustained outward currents demonstrat-

ing graded voltage-dependent activation kinetics and slowly

deactivating tail currents. The threshold of activation for the

current was observed at -30 mV, and half-activation was

calculated to be -10 mV (k = 9) (see Fig. 4). In 15 cells, the

rapid replacement of standard 1 mM CaC12 solution with nom-

inally Ca2�-free solution did not result in a decrease in current
amplitude or an alteration in kinetics (data not shown). For 16

of 17 cells tested (data not shown), charybdotoxin (up to 100

nM) did not block the current. However, in one cell the appli-

cation of 10 nM charybdotoxin resulted in a reversible 12%

reduction in mean current amplitude with no change in current

kinetics. From the results described above, the sustained out-

ward current under our conditions is characteristic of a ‘K type

of potassium current.

When a preceding hyperpolarizing prepulse to -80 mV was
applied, depolarizing steps often elicited IA with rapid activation

and inactivation kinetics, distinct from and superimposed upon

the sustained outward current (IK). In about 50% of pinealo-

cytes ‘A was observed; the other half expressed only ‘K or had

a minor component of ‘A#{149}The incidence (10 of 20 cells) was

determined in three separate control groups.

TEA-Cl (10 mM) was added to external solutions to selec-

tively attenuate ‘K. TEA was effective at selectively reducing
the sustained outward current for all voltage protocols; how-

ever, complete isolation by purely pharmacological means was

rarely obtained (Fig. 1B). For analysis requiring fine kinetic

distinctions, the residual ‘K (Fig. 1, A3 and B3) was later digitally
subtracted off-line from results from a similar protocol without

the preceding hyperpolarizing prepulse.

Effects of PUFAs on ‘K in pinealocytes. Pinealocytes
were voltage clamped at -40 mV in the whole-cell configura-

tion. Upon stabilization of ‘K elicited by repetitive voltage steps

to +60 mV (0.2-0.03 Hz), fatty acids (vehicle, 0.1% EtOH) were

rapidly applied extracellularly in their dissociated free carboxyl

form. In addition, PUFA was applied by bath (n = 6) (data not

shown) with similar results but slower onset.

Fig. 2 demonstrates peak and kinetic modifications of ‘K b�
22:6n3. In general, the onset ofcurrent depression was routinely
observed in the pulse immediately after drug application, steady

state responses were obtained within 1 mm, and the time

required to reach a steady state was decreased with increasing
22:6n3 concentrations. At equilibrium, the current decay fol-

lowed a monoexponential time course that approached a pla-
teau level and was concentration dependent (Fig. 2A).

As shown in Fig. 2B, block onset proceeded rapidly and the
current amplitude was recoverable within 5 mm of 22:6n3 wash-

out. In Fig. 2C, the steady state effect of 22:6n3 at different

concentrations is illustrated. The minimal effective concentra-

tion of 22:6n3 affecting ‘K was 1 �tM, and complete blockade

was observed between 25 �zM and 50 �zM. The IC�,o value was 2.5

± 0.3 �M (n = 32 cells, Hill coefficient = 1.5).

To determine the structural requirements of the fatty acid

to produce this effect, we compared the effects of several fatty
acids at a concentration of 6 MM (Fig. 2D). To determine the

effect of chain length and unsaturation, synthetic 22-carbon

fatty acids were compared with their precursor 20-carbon fatty

acids with the same degree of unsaturation. The amounts of

block produced by 22:4n6 and 22:5n3 were both slightly greater

than but not significantly different from (p > 0.05) those

produced by 20:4n6 and 20:5n3, respectively. In contrast, the

number of double bonds significantly altered the effect of 20-
and 22-carbon fatty acids. The most unsaturated fatty acid

studied, 22:6n3, was the most active of all compounds tested.

A1

� �

-�--.-�---.�--�------.-.,

�
�

,-__--------..-.-
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-�==�-

A3
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TEA :

B1

�

B2 � B3

-

lOOpA
5Oms

lOOpA
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Fig. 1. Characterization of potassium currents in dissociated pinealocytes. When added to control solutions (A), TEA-Cl (1 0 mM) selectively
attenuated IK (B). Capacitive currents have been partially blanked, and 400-msec conditioning prepulses are displayed on a split time scale. For the
pinealocytes studied, the mean cell input resistance was 2.90 ± 0.28 G� and cell bodies were <6 �m in diameter (traces are not leak subtracted).
A1 and B1, Depolarizing voltage steps from the holding potential of -40 mV (maximum, +35 mV; 15-mV steps) preceded by a hyperpolanzing
prepulse to -80 mV often elicited IA (with rapid activation and inactivation kinetics), which was distinct from and superimposed upon the sustained
outward current (IK). A2 and B2, A similar voltage step protocol without a hyperpolanzing prepulse elicited only a family of sustained outward currents
demonstrating graded voltage-dependent activation kinetics characteristic of IK. The threshold of activation for IK was observed at -30 mV and half-
activation was calculated to be -1 0 mV (k = 9). Calibration bars apply to all traces in A1, A2, B1, and B2. A.� and B3, Digital subtraction of the initial
segment of traces in A1, A2, B1, and B2 was used to isolate the IA. Calibration bars apply to traces in A.� and B3.

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


B 1.6 p 6pM 22.6n3

#{149}S#{149}S#{149}#{149}.

1.2 .uS.#{149}..
< . #{149}.#{149}
C 0.8 S #{149} #{149}#{149}#{149}

S. #{149}#{149}U

U #{149}S#{149}.#{149}.#{149}S #{149}.

0.4 U

U
UUUUUUUU.U

0.0 A

A 1101

-�

I �N �

C
100

80

60

�40

20

0

- 0

_1 �

.� 100

D
22�n3

22:5n3

22�3n3

20.5n3

S 6 7 1 9 10
0000000 tinie (mmutcs) ����Ooo0

0 00

000000000000000

(n 7)

(n=11)

(n = 9)

(n15)

20:4n6 (n15)

18:1r�9

20

l22:6n3] jiM I I I rna� (%)

0.1 1 10 100 80 100

384 Poling et a!.

Fig. 2. Effects of PUFAs on 1K in pinealo-
cytes. Free fatty acids (vehicle, 0.1%
EtOH) were rapidly applied extracellularly
while the voltage was stepped from the
holding potential of -40 mV to +60 mV.
A, Peak and kinetic modifications of 1Kby
22:6n3. At equilibrium block, 1Kfollows a

_?I monoexponential decay that is concentra-

tion dependent. Tail currents were simi-
larly reduced (normalized traces from sep-
arate experiments). B, Upper, time course
of the 22:6n3 (6 �tM) effect. The current
amplitudes at the peak (S) and the end
0 of a 100-msec voltage step are plotted
versus time after a 5-mm period of stabi-
lization in whole cells. Lower, time course
and reversibility of the kinetic modifica-
tions of 1K, quantified as [(1, -

1] x 100, for each trace. C, Dose-

( - 10) response curve for the 22:6n3 effect on
1K The IC� value for the plateau current
was 2.5 ± 0.3 �tM, and the Hill coefficient
was 1.5 (n = 32 cells). D, Comparison of
steady state block by various fatty acids

( = 5 (6 �zM), illustrating the structural de�nd
) ence on polyunsaturation.

Comparing fatty acids with four and five double bonds, both

20:4n6 and 22:4n6 had a greater effect on ‘K than did 20:5n3

and 22:5n3, respectively (p < 0.01). Due to the unavailability

of these fatty acids in both n-3 and n-6 configurations, it could

not be readily determined whether the four-double bond fatty
acids were more active than five-double bond compounds be-
cause of the positions of their double bonds or the degree of
unsaturation. The 22-carbon fatty acid with three double bonds,
22:3n3, did not significantly (p > 0.05) alter ‘K from control,

demonstrating the importance of polyunsaturation to produce

this effect. The monounsaturated fatty acid 18:1n9 was ineffec-

tive, at 6 �tM, in three of the five cells tested. At concentrations

up to 50 �zM, 18:1n9 and 22:3n3 were only able to produce slight

amplitude reduction or acceleration of the current decay, dem-

onstrating the low efficacy of these compounds.
The resting membrane potential, input resistance, and cell

capacitance were routinely recorded, and analysis revealed that

they were not significantly affected by PUFAs (<50 �zM) and!

or the vehicle used. Later experiments with 22:6n3 did not
include 0.1% EtOH as a vehicle because there was no change
in the block produced by 22:6n3 with or without vehicle.

Evidence that PUFAs bind to an external site not
mediated via enzymatic metabolites or protein kinase.
To determine the sideness of the 22:6n3 effect, we performed a

series of experiments to investigate whether the actions of

22:6n3 on ‘K were observable in different membrane configu-
rations. To outside-out macropatches (n = 12), 22:6n3 was

rapidly applied while recording currents were elicited by voltage

steps from -40 mV to +40 mV (data not shown). In outside-
out patches, 22:6n3-induced decay of multichannel currents
reached equilibrium within 10 sec after 22:6n3 application.

Macropatch experiments were also performed with nominally

Ca2�-free extracellular solutions and intracellular solutions

with no added ATP or GTP (n = 5). Under these conditons,

which should deplete second messenger systems, no change in
22:6n3 block was observed.

In whole-cell experiments, internally applied 22:6n3 (12.5

tiM) was ineffective at blocking or altering the kinetics of either

‘A or ‘K for dialysis periods of up to 10 mm. These experiments
were performed by either filling (n = 12) or backfilling (n = 2)

patch electrodes with standard KC1 solution to which 22:6n3

(0.1% EtOH) had been added. In backfilled electrodes, the tip

was filled by being dipped in standard intracellular solution

before the shaft of the electrode was filled with intracellular

solution plus 22:6n3. In cells internally dialyzed with 22:6n3

(12.5 �tM) for 10 mm, the external application of 6 �tM 22:6n3

promptly blocked ‘K.

Inhibitor experiments were also performed to determine
whether metabolic pathways, especially the lipoxygenase path-

way, which is unique to the pineal gland (10), mediate the

effects of 22:6n3. Inhibitors of second messenger and fatty acid

metabolic pathways were determined to have no effect on the

action of 22:6n3 on ‘K� Protein kinase inhibitors H-7 (100 nM)

(n = 7) or staurosporine (100 �zM) (n = 5), dialyzed internally

for periods of up to 10 mm, had no effect on the reponse to 6

�tM 22:6n3. In nominally calcium-free medium, 22:6n3 reduced

‘K by 80% (n = 4), which was not different from the value
reported in standard 1 m� calcium solutions. P450 enzymes

metabolize various fatty acids; however, the P450 inhibitors

metyrapone (50 �zM) and SKF-525A (Proadifen-HC1, 50 ffM)

also failed to inhibit the effect of 22:6n3 (n = 7). ETYA (12

�zM), a pseudosubstrate inhibitor of cyclooxygenase/lipoxygen-

ase pathways as well as P450 enzymes, was included in the

patch electrode (n = 4). Intracellular ETYA did not inhibit the

effect of 6 �M 22:6n3. However, extracellularly applied ETYA
produced a direct block of ‘K and accelerated current decay,

similarly to other PUFAs. Although it was less potent than

22:6n3, the application of 25 j.�M ETYA resulted in a 79%
reduction in mean ‘K.

‘A in pinealocytes is blocked by PUFAs. To investigate
the effect of PUFA on ‘A and to rule out possible interference
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with our measurements of ‘K, fatty acids were rapidly applied

to cells voltage-clamped at -40 mV in the presence of 10 mM

TEA-Cl. K� currents were activated by depolarizing incremen-
tal voltage steps to +35 mV, each being preceded by a 400-msec

conditioning prepulse to -80 mV. From a logistic curve fit of

the peak ‘A dose-response curve for 22:6n3 (n = 20 cells), we

estimated the half-maximal inhibitory dose to be 2.0 ± 0.1 �M

at +35 mV. Increasing concentrations of 22:6n3 resulted in

combined peak reduction and acceleration of macroscopic in-

activation qualitatively similar to that described for ‘K. We
believe that the steepness of the dose-response relationship

(Hill coefficient of 3.0) may reflect an increasing overlap with

capacitive current; therefore, our assessment of the IC60 may

be a slight underestimate. Similar results were obtained in the

absence of TEA-Cl, demonstrating the simultaneous action of

increasing doses of 22:6n3 on both ‘A and ‘K (Fig. 3B, inset).

The macroscopic inactivation rate of the ‘A was fit with a

biexponential function, and in Table 1 are summarized the time

constants (-r) for the fast component of inactivation (n = 6

cells).

We then investigated the voltage-dependent effects of fatty

acids on the ‘A at 1 �M (6-9 cells/group). Conductance-voltage

curves were constructed as described in Materials and Methods.
Values were plotted and then fit to a Boltzman function,

G/Gmax [1 + exp[( V - V0.5)/kJ]’ (Fig. 3C). In control solu-

tions, best-fit parameters for half-inactivation and half-acti-

vation were -68.9 mV (k = 6.44) and +7.03 mV (k = 19),

respectively. PUFAs did not significantly affect the steady state

activation curve, whereas a hyperpolarizing shift was seen for
steady state inactivation. Specifically, 20:5n3 and to a lesser

extent 20:4n6 (data not shown) were able to shift the midpoint
of inactivation by -7 mV (p < 0.01) and -3 mV, respectively.

This resulted mainly from a change in the slope ofthe Boltzman

function (k) from 6.5 ± 0.5 (control) to 4.5 ± 0.5 (20:5n3).

Voltage dependence of 22:6n3-induced block of ‘K#{149}To

further investigate the possible mechanism of 22:6n3-induced

changes in current kinetics, the current-voltage relationship

was examined (Fig. 4). The percentage block of ‘K, measured

at steady state, by 3 and 6 �zM 22:6n3 increased with voltage

and then remained relatively constant. The small but signifi-
cant increase in block for more negative potentials corresponds

to the voltage region where the channels are most likely to

undergo the gating transition from closed to open (see Fig. 4A,
inset). Beyond the gating region, the percentage of block meas-

ured at steady state was not significantly affected by voltage

(p > 0.05). The steady state activation curve (see Fig. 4A, inset)

was constructed by measuring peak tail currents (-35 mV) at

the end of test steps used for experiments in Fig. 4A. The

leftward shift in the half-activation value from -10 mV to -23

mV (3 �iM 22:6n3) corresponds to the voltage dependence of

22:6n3 block. That is, the peak tail current reaches a maximum

at more negative potentials because fractional ‘K block in-
creases at potentials in the gating region. Moreover, the meas-

ured threshold for activation was unchanged at about -30 mV

and fractional block was at its minimum.

-loX) -80 -60 -40 -20 0 20 40

[22:6n.3l oNI Membrane Potential (mV)

Fig. 3. Block of IA in pinealocytes by PUFA5. Fatty acids were applied to pinealocytes voltage-clamped at -40 mV, in the presence of 10 m� TEA-
Cl to selectively block IK. A, Currents activated by depolarizing incremental voltage steps (maximum, +35 mV; 15 mV steps), each preceded by a
400-msec conditioning prepulse to -80 mV. A1, These steps elicited currents with rapid activation and inactivation kinetics, distinct from the residual
1K. A2, 22:6n3 (6 �M) effectively decreased IA for all test potentials. A�, Upon wash-out of 22:6n3 and exchange with the vehicle (0.1% EtOH),
recovery was obtained (-3 mm). B, Concentration-effect relationship between 22:6n3 and IA. The half-maximal inhibitory dose (lC�,) of peak IA was
2.0 ± 0.1 �tM. Inset, as increasing doses of 22:6n3 (left, control; middle, 3 ��i; right, 12 �M 22:6n3) are applied, peak IA overlaps with the capacitive
current; the traces illustrate the effect of 22:6n3 in the absence of TEA-Cl, demonstrating the simultaneous actions on IA (arrows) and IK. C, Effect
of various fatty acids (1 �M) on the voltage dependence of IA (n = 6-9 cells/group). Peak conductance, expressed as percentage, is plotted versus
the test potential for steady state activation or the prepulse potential for steady state inactivation. From a fit of the data to the Boltzman equation,
it was determined that PUFAs did not affect the steady state activation curve (ho.5 = -7.03 mV, k = 19). The steady state inactivation curve (ho.5 =
-68.9 mV, k = 6.44) was shifted by 20:5n3 to the left by -7 mV and the slope factor (k) was decreased to 4.5; 22:6n3 and 20:4n6 (ho.5 = -72 mV)
(not shown) did not significantly shift the curve at this concentration (#{149},control; 0, 22:6n3; �, 20:5n3; � 20:4n6).
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Fig. 4. Voltage dependence of 22:6n3
block of lK. A, Voltage dependence of
22:6n3 block. The effect of 3 �oM (#{149})and
6 �M () 22:6n3 on the leak-subtracted
current-voltage relationship was corn-
pared with control values (#{149})measured at
the terminal portion of increasing voltage
steps (holding potential, -60 my). Inset,
the leftward shift (-1 3 rnV) in the steady
state activation curve (normalized peak
tail currents) illustrates increasing frac-
tional blockade at potentials in the IK ac-
tivation region (0, 3 �tM 22:6n3; 0, con-
trol). B, Fractional blockade (percentage)
of the 1K calculated from current values in
A. C, Left, example of the current-voltage
relationship in a pinealocyte (control).
Right, block of outward but not inward
rectification by 22:6n3 (3 zM). Currents
were evoked by 500-msec voltage steps
to varying potentials (minimum, -120 mV;
maximum, +80 my).
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____j 100 pA
100 ms

TABLE 1
Macroscopic inactivation rate of IA is increased by I �M 22:6n3
Decay time constants (r,�,) represent the mean ± standard error of values for the
fast component of a biexponential decay function; the slow component comprises
only a small fraction of the total current and is not represented here. Levels of
significance were determined by paired t tests for n = 6 pinealocytes

Test TI..,
potentd Contrc� 1 MM 22:6n3

mV msec

+35 9.33 ± 0.67 5.25 ± 0.27a

+20 10.2 ± 0.3 6.01 ± 0.35k’

+5 14.6 ± 0.7 7.58 ± 0.62�
-10 14.1 ± 1.2 8.99 ± 1.18”

#{149}p< 0.0005.
bp < 0.005.

Some pinealocytes also possessed a slowly developing (-100-

msec) inward current activated by hyperpolarizing voltage

steps, as previously noted by others (12). Voltage- and current-

clamp analyses of this inward rectifier show that it resembles
the current known as ‘H (21, 22). Characteristic of ‘H, the

inward current was noninactivating, had slow activating/deac-

tivating kinetics, and was completely blocked by external ce-

sium (5 mM, n = 4 cells) (data not shown). The inwardly

rectifying portion of the current-voltage curve was unaffected

by 22:6n3 (Fig. 4C). For the purposes of our K� current studies,

pinealocytes with ‘H were excluded from ‘A experimental groups
because the deactivation of ‘H could prevent the accurate meas-
urement of ‘A.

Kinetic analysis of the time dependence of 22:6n3-
induced block. The transition in the shape of current traces

from noninactivating to inactivating with externally applied

22:6n3 can be explained by an accumulation of block during
the time course of each depolarizing voltage step. To quantify
the time course of voltage-dependent drug binding and unbind-

ing rates, the decay rate of ‘K was examined for different

voltages and concentrations of 22:6n3. Percentage block values

were calculated for each data point of the current record ac-

quired during 200-msec (6 �M, n = 3) or 300-msec (3 �M, n =

4) test steps to potentials between +8 and +40 mY. As illus-

trated in Fig. 5A, the percentage of block increases along a

monoexponential time course that can be fitted to the equation

A, = A0 exp(-t/r) + A1[1 - exp(-t/r)] (1)

where A, is the percentage block at time t and A0 and A1 are

the percentage block values at the beginning and end of the

voltage step, respectively. The time constant (r) is the time

required for block to reach 50% of its equilbrium value. The

test step duration was at least 4 times the average r value, to

best approximate the approach to equilibrium block for a given
concentration of 22:6n3. For the example illustrated, block

increased from an initial value of 5.7% to 90% along a time

course of r = 16 msec.

Based on the concentration-effect curve (Fig. 2C) and assum-

ing first-order kinetics for a simple one-to-one binding reaction

between 22:6n3 and the K� channel, the rate constant k8�� =

1/r for approach to equilibrium is related to the binding (h1)

and unbinding (k_1) rates by

kapp k1[22:6n3] + k1 (2)

Substituting Kd for k1 and k1, because Kd = h1/k1, we obtain
eqs. 3 and 4.

k1 = k.,��/([22:6n3] + K,,)

k_1 = k.,PP/([22:6n3]/Kd + 1)

(3)

(4)

The values plotted in Fig. SB were calculated from eqs. 3

and 4 by using IC50 = 2.6 �M as the apparent K,,, with values

of kapp determined by fitting the data to eq. 1. To obtain roughly

similar values for on- and off-rate constants, k1 and k_1, r had
to decrease as the 22:6n3 concentration was increased. Similarly

to the steady state blocking effect reported in Fig. 4B, the on-

and off-rate constants were relatively independent of voltage.
The slight decreases in plotted rate constants at more positive
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potentials were not statistically significant and would not ex-
plain time-dependent changes in ‘K produced by 22:6n3.

For the percentage block to follow the time course illustrated,

a large fraction of channels must become unblocked upon

repolarization. To determine the dissociation time constant of

6 �M 22:n3 at the holding potential, recovery from block was

estimated with a two-pulse protocol (see Materials and Meth-

ods) once steady state block was reached. The time required to

relieve 50% of steady state block was estimated to be 230 ± 28

msec (n = 4 cells).

In the presence of 5 mM 4-AP, the current decay induced by

22:6n3 was not as apparent. In addition, 4-AP significantly (n

= 12 cells, p < 0.001) slowed the activation kinetics (�rj,.,) of

the ‘K for all potentials studied (Fig. 6C). This effect on the

shape of ‘K can be predicted based on voltage-dependent un-

binding of 4-AP from its site during the depolarizing test step

(23, 24). The steady state concentration-effect curves for 22:6n3

in the presence (n = 14 cells) and absence (n = 32 cells) of 4-
AP are shown in Fig. GB. The IC50 values were not significantly

affected by 4-AP (control, 2.5 ± 0.3 tiM; 4-AP, 2.8 ± 0.4 �zM).

For the experiment illustrated (Fig. GA), a point-by-point

A.. control control

� �

1/ � �1OOpA

-I 4-AP

B

analysis of the approach to steady state block revealed that the

kapp values are equal and that reaction kinetics with 22:6n3 are

unchanged. Therefore, although the shape of current traces are

visibly altered, it appears that 22:6n3 and 4-AP act independ-
ently of each other.

Group lib metal antagonism of 22:6n3 block of ‘A and

‘K#{149}22:6n3 was rapidly applied in the presence of zinc (or
cadmium) and found to efficaciously inhibit PUFA blockade of

both IA and ‘K (n = 17 cells). When zinc (100 MM) was applied,
the well reported depolarizing “shifts” of the steady state in-

activation and activation of ‘A (25-27) occurred as rapidly as

the solutions could be exchanged. Increasing the zinc concen-

tration from 100 MM to 1 mM only slightly enhanced the

depolarizing shift. Application of 12 �M 22:6n3 in the presence

of 1 mM zinc resulted in a minimal current reduction (Fig. 7A).

Block by 22:6n3 and/or “unshifting” of IA was promptly ob-

served when zinc was washed out. Conversely, 12 zM 22:6n3

added in the presence of 100 �zM zinc resulted in a significant

amount of block, which was surmountable by increasing the

zinc concentration to 1 mM (Fig. 7B). Fig. 7C illustrates a

similar experiment with ‘K in a cell possessing a relatively small

kapp

36�.ts�

100

75

U

C Time Constant ofActivation

25

0

Fig. 6. Lack of effect of 4-AP on the time
course of 22:6n3 block. A, 4-AP blocked
the IK and changed the shape of the cur-
rent (holding potential, -40 my) (left).
Dotted line, 4-AP trace scaled to control
amplitude. In the presence of 5 m�i 4-AP
(right), the acceleration of current decay
induced by 22:6n3 (6 zM) was not as
apparent, compared with control (mid-
die), whereas the time course of block
(k�) was unaffected. B, The dose-re-
sponse relationship between 22:6n3 and

-A 4-AP IK was not affected by pretreatment with
-U- Control 4-AP (control, IC80 = 2.5 ± 0.3 �; 4-AP,

IC� = 2.8 ± 0.4 �LM). C, The time constant
of activation (r.,�) was significantly in-

� . creased by 5 m� 4-AP at all test poten-
� � _�_�3 tials (n = 12 cells). , p < 0.001.
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Fig. 5. Time dependence of 22:6n3 block
of lK. A, To quantify the time course of
drug association with the K� channel,
percentage block values were calculated

Co for each data point of the current record
� acquired during voltage steps to poten-
� tials between +8 and +40 mV. In the

�2 � example shown, blockade of the current
Is increases along a monoexponential time

. course with initial amplitude ofA0 = 5.7%
I #{176} to a steady state value ofA1 = 90% with

C k a time constant (r) of 16 msec. B, The
� rates of 22:6n3 binding and unbinding

, during voltage steps were determined.
C On-rate (k1) and off-rate (k_1) constants

were calculated as described in the text
(n = 7 cells).
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100 1.tM Zn

12 �M 22:6n3

VH=-4OmV

I mM Zn

control

12 �M 22:6n3

100 pA

25 ms

22:6n3; no Zn
4�_� ��s�*�do.a

100 �M Zn

B

F-

VH 40 mV

C�

VH �#{176}mV

control

VH=.8OmV

Fig. 7. Zinc inhibition of 22:6n3 blockade
of K� currents. Zinc antagonized the
22:6n3-induced blockade of IA and 1K.
Bars, exchange of external solutions con-
taming zinc and/or 22:6n3, as indicated.
A, Rapid application of zinc (1 00 MM) re-

I suIted in a large inactivating current being
elicited, due to the summation of shifted

� IA and unshifted 1K. Coapplication of
1 mM Zn 22:6n3 (12 �tM) with 1 m� zinc resulted in

a minimal reduction of current. Reduction
�\ and/or unshifting was observed upon zinc
� ‘\ _J wash-out (lower right). B, In a similar
�2\\ 25 �#{176}#{176}pA experiment, 22:6n3 (12 �zM) was applied
I� ms in the presence of 1 00 �cM zinc. In contrast

� to A, 100 � zinc only partially antago-
nized 22:6n3 effects, and the antagonism
was partially surmountable by the coap-
plication of 1 mM zinc. C, In a pinealocyte

12 s.” 226n3 expressing mainly 1K, 22:6n3-inducedt�- . I blockade of 1Kwas similarly prevented by

1 � m� zinc. Block was promptly observed

I upon zinc wash-out (lower right).
Control 1 mM Zn

__J 100 pA

25 ms
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22:6n3; no Zn

‘A. Similarly to zinc, cadmium also caused the depolarizing shift

of IA and antagonized 22:6n3 block (n = 9 cells).

Discussion

PUFA modulates potassium currents in pinealocytes.

Membrane currents recorded from dissociated cells of the rat
pineal gland have been characterized by the patch-clamp tech-

nique. Based on pharmacological and kinetic analyses of out-

ward current, the pinealocytes possess at least two distinct

voltage-gated K� currents, 1) a sustained outward current (‘K)

and 2) an IA. The proportions of these two current types were

variable from cell to cell, and only about 50% of pinealocytes

possessed IA.

The w-3 fatty acid 22:6n3 not only depressed peak current

but also produced a striking decay of ‘K#{149}To determine the

structural requirement of the fatty acid to produce this effect

on ‘K, we compared the effects of several fatty acids. The 20-

carbon fatty acids 20:5n3 and 20:4n6 were compared with 22-

carbon elongation products (22:5n3 and 22:4n6). Although

these PUFAs have different chain lengths, block produced by
the 22-carbon compounds was not different from that produced

by their 20-carbon precursors. In contrast, the number of double

bonds significantly altered the effects of 20- and 22-carbon

fatty acids. Interestingly, a simple graded response did not

occur when different fatty acids of increasing unsaturation were

tested. For example, the 22-carbon fatty acid with three double

bonds was almost inactive, whereas 22:4n6 blocked ‘K by 63%

(6 �tM). This result suggests that the minimum requirement to

obtain a high degree of activity is four double bonds. Molecular

dynamic simulations have suggested that PUFAs such as 20:4n6

can preferentially interact with proteins based on their ability

to assume tightly packed conformations (28).

Kinetic changes in outward current are not due to a

PUFA-resistant ‘A. The steady state inactivation curve for
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1 J� � Poling and J. W. Karanian, unpublished observations.
2 J� s� Poling, S. Vicini, and N. Salem Jr., unpublished observations.

‘A indicates that at a holding potential of -40 mV ‘A is nearly

100% inactivated. The unmasking of a resistant ‘A b� a selective

blocker of ‘K would require the simultaneous depolarizing shift

of steady state inactivation. On the contrary, doses of PUFA

that do not completely block ‘A have been demonstrated to

shift the steady state inactivation in the hyperpolarizing direc-

tion (Fig. 3C). Moreover, the ‘A was more potently blocked by

22:6n3 than was the ‘K#{149}Experiments performed on the com-

bined ‘A and IK (Fig. 3B, inset) failed to demonstrate a decrease

in the sensitivity of ‘A to 22:6n3 in the absence of TEA-Cl.
These results confirm that the kinetic modulation of ‘K is not

due to a resistant ‘A.

Direct ion channel interaction or second messenger-

mediated effect? Fatty acids have been demonstrated to

directly interact with ion channels (14, 29). However, the

possibility that the action of 22:6n3 and related fatty acids may

be mediated through oxygenated metabolites or second messen-

ger systems must be addressed. Unlike 20:4n6, 22:6n3 and

18:1n9 are not substrates for cyclooxygenase, but these fatty

acids can both be metabolized in the pineal gland (10) by

lipoxygenase enzymes to form stable hydroxy metabolites. Pre-

liminary experiments indicate that the 12-lipoxygenase metab-

olite 14-OH-22:6n3 is less potent, with respect to the ability to

block ‘K, than is its precursor 22:6n3.1 The role that lipoxygen-

ase metabolism plays in the pineal gland remains unknown.

The second messenger hypothesis is further weakened by the

finding that the protein kinase inhibitors H-7 and staurospor-

me did not alter the effect of 22:6n3, nor did the removal of

calcium from extracellular solutions. Inhibitors of P450 en-

zymes also had no effect on the action of 22:6n3. The combined

eicosanoid inhibitor ETYA also failed to prevent 22:6n3-in-

duced block when dialyzed internally. Moreover, as a fatty acid
analog, ETYA itself directly blocked ‘K when extracelluarly

applied and accelerated the current decay, similarly to other

PUFAs. Internally applied 22:6n3 had no effect, suggesting
that, despite the fact that PUFAs are hydrophobic compounds,

as charged species they do not freely permeate biological mem-

branes. Results with inhibitors and ETYA indicate that block

is due to a direct effect at a site located on the external domain

of the channel.

Voltage-dependent block is probably due to a prefer-

ence for open channels. Externally applied PUFAs modified

‘K in a manner similar to that described for internally applied
hydrophobic TEA analogs in voltage-clamped squid giant axon

and frog node of Ranvier (30-32). The pharmacological mech-

anism proposed for PUFAs is similar to that described for TEA

analogs, such that PUFAs preferentially block the open-state

channel and a large fraction of channels become unblocked in
the closed state. This statement is supported by the findings

that fractional blockade increased monoexponentially during

the time course of each depolarizing voltage step, was concen-

tration dependent, and was voltage independent at potentials

positive to the gating region. Kinetic analysis of the time course

of block by 22:6n3 was consistent with a first-order reaction.

For the reaction with 22:6n3, the apparent affinity (Kd) was 2.5

�tM and the rate constants k1 and k.1 were approximately
described by values of 6.8 x 106 M� sec1 and 16 sec’, respec-

tively. The time dependence of block was inconsistent with the

possibility that 22:6n3 binds allosterically to K� channels,

because a biexponential time course was not observed.
4-AP decreases the activation rate of ‘K in pinealocytes (Fig.

4B). This result could be predicted, based on studies showing

that 4-AP exhibits greater blocking ability at more negative

voltages and that block is partially removed during a depolar-

izing test step, in a time-dependent manner (23, 24). The

resulting effect would be a decrease in the current amplitude

measured during the rising phase of the ‘K. In the presence of
5 mM 4-AP, the current decay induced by 22:6n3 was not as

apparent, despite a similar concentration-effect relationship.

Therefore, although the shapes of current traces are visibly
altered, 22:6n3 and 4-AP appear to act independently of each
other. This is also supported by the finding that, although a

significant fraction of ‘K is blocked by 4-AP, a similar point-
by-point time course ( � of percentage block was calculated.

These results further support the hypothesis that 22:6n3 block

is dependent on the channel reaching the conducting or open

state.

Group lib metals antagonize PUFA blockade of ‘A and

‘K#{149}Others previously reported that group IIb metals cause a
depolarizing shift in the steady state activation/inactivation

ranges of ‘A but not ‘K (25-27). In addition to this effect, we

report that both group lIb metals tested, zinc and cadmium,

antagonize 22:6n3 block. Inhibition is observed not only for the

shifted ‘A but also for the unshifted ‘K. This action of zinc may
result from an allosteric mechanism that does not allow 22:6n3

access to its binding site.

Cadmium has been effectively used as a pharmacological tool

to block voltage-gated calcium channels. Fortuitously, this is

how we discovered that group lIb metals antagonize the block

of voltage-gated K� channels by fatty acids. This effect was

found to be independent of the presence of external calcium.

We believe that this finding may explain the discrepancy found
in previous reports regarding fatty acid effects on voltage-gated
K� channels. In one study on cultured rat cortical neurons (17),

200 �M cadmium was used in all external solutions to block

voltage-gated calcium channels; the results of this study re-

ported a slight enhancement of the combined sustained and

transient K� currents by 50 �M 20:4n6. Conversely, we have

observed in cultured rat cortical neurons2 kinetic modifications

and dose-dependent blocking of K currents by fatty acids,

including 20:4n6, similar to those we have described in pineal-

ocytes.

The finding that fatty acids alter the kinetics of voltage-

gated K� currents has been reported for neuroblastoma cells

(33), smooth muscle cells (34), and CAl pyramidal neurons of

the hippocampus (35). However, none of those investigators

proposed a pharmacological model for the observed changes. In
one recent study, however, Honor#{233} et al. (16) came to the

similar conclusion that the major cardiac delayed rectifier

(Kvl.5) is blocked externally by PUFAs by an open-channel

blocking mechansim, and certain antiarrhythmic drugs are well
known to act via this mechanism. Animal studies (36, 37) have

demonstrated that diets high in PUFAs but not monounsatu-

rated fatty acids can decrease the incidence of fatal postische-

mic cardiac arrhythmias. These data correlate well with our

finding that blockade of these K� channels requires a certain
degree of polyunsaturation.
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3 J. S. Poling and M. A. Rogowski, unpublished observations.

In brief, long-chain PUFAs blocked inactivating and noni-
nactivating K� currents in pinealocytes. The blockade of ‘K by

PUFAs is not restricted to pinealocytes but also applies to

neocortical neurons and Kvl.2 channels expressed in fibro-
blasts.3 In pinealocytes, only the outwardly rectifying portion
of the current-voltage curve was blocked, whereas the inward
rectifier, characterized as ‘H, remained insensitive to 22:6n3.

Blockade of ‘K by 22:6n3 was relatively voltage independent,

except in the gating region of the channel. Analysis of reaction

kinetics at this external binding site revealed that the rate at
which block approaches equilibrium was concentration depend-
ent and voltage independent. Our results on the time- and
voltage-dependent properties of 22:6n3 block support an open-

channel blocking mechanism.
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