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1. The presence and properties of K+ channels activated by arachidonic acid were studied in
neuronal cells cultured from the mesencephalic and hypothalamic areas of rat brain.

2. Arachidonic acid produced a concentration-dependent (5-50 #UM) and reversible activation
of whole-cell currents.

3. In excised membrane patches, arachidonic acid applied to the cytoplasmic or extracellular
side of the membrane caused opening of three types of channels whose current-voltage
relationships were slightly outwardly rectifying, inwardly rectifying and linear, and whose
single channel slope conductances at +60 mV were 143, 45 and 52 pS, respectively.

4. All three currents were K+ selective and blocked by 2 mm Ba2+ but not by other K+
channel blockers such as tetraethylammonium chloride, 4-aminopyridine and quinidine.
The outwardly and inwardly rectifying currents were slightly voltage dependent with
higher channel activity at more depolarized potentials.

5. Arachidonic acid activated the K+ channels in cells treated with cyclo-oxygenase and
lipoxygenase inhibitors (indomethacin and nordihydroguaiaretic acid), indicating that
arachidonic acid itself can directly activate the channels. Alcohol and methyl ester
derivatives of arachidonic acid failed to activate the K+ channels, indicating that the
charged carboxyl group is important for activation.

6. Certain unsaturated fatty acids (linoleic, linolenic and docosahexaenoic acids), but not
saturated fatty acids (myristic, palmitic, stearic acids), also reversibly activated all three
types ofK+ channel.

7. All three K+ channels were activated by pressure applied to the membrane (i.e. channels
were stretch sensitive) with a half-maximal pressure of -18 mmHg. The K+ channels were
not blocked by 100 ,UM GdCl3.

8. A decrease in intracellular pH (over the range 5 6-7 2) caused a reversible, pH-dependent
increase in channel activity whether the channel was initially activated by arachidonic
acid or stretch.

9. Glutamate, a neurotransmitter reported to generate arachidonic acid in striatal neurons,
did not cause activation of the K+ channels when applied extracellularly in cell-attached
patches.

10. It is suggested that the K+ channels described here belong to a distinct family of ion
channels that are activated by either fatty acids or membrane stretch. Although the
physiological roles of these K+ channels are not yet known, they may be involved in
cellular processes such as cell volume regulation and ischaemia-induced elevation ofK+ loss.

Ionic currents have been reported to be enhanced or its metabolites derived via the lipoxygenase pathway
depressed by arachidonic acid or its metabolites in various (Piomelli et al. 1987). In mouse neuroblastoma cells,
cell types (Meves, 1994). For example, the FMRFamide- cis-fatty acids were reported to depress both Na+ and
activated K+ channel (S-channel) activity in Aplysia Ca2+ currents via protein kinase C (Linden & Routtenberg,
sensory neurons is increased by arachidonic acid or one of 1989). In hippocampal CAl pyramidal cells, arachidonic
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acid was showTn to depress Ca2+ current via both proteini
kinase C and generation of free radicals (Keyser & Alger,
1990). Araclhidonic acid or its metabolites were reportecl to
mediate somatostatin-induced enhancement of AI-current
in pyramidal neurons (>SchwAeitzer, Aladamba & Siggins,
1990), to mediate y-amninobutyric acid-induced opening of
K+ channels in hippocampal cells (Preinkumar, Gage &
Chung, 1990), to inhibit Na+ current and thereby depress
synaptic transmission in cultured striatal neurons

(Fraser, Hoehn, NATeiss & AlacVicar, 1993) and to enhance
N-methy)l-D-aspartate-activated currents (Miller, Sarantis,
Traynelis & Attwell, 1992). Arachidonic acid that is
generated by stimnulation of clopamine receptors in the
striatumi hlas been suogested to be involved in synaptic
depression as well as D1-D2 synergism (Piomelli, Pilon,
Giros, Sokoloff, AMartres & Schwartz, 1991; Calabresi, Maj,
Pisani, AMercuri & Bernardi, 1992). Arachidonic acid has
also been suggested to act as a possible retrograde
messenger that is responsible for augmented presynaptic
transmitter release (Kandel & O'Dell, 1992).

Recent studies in cardiac and smooth muscle cells have
shown the existence of ion channels which are normally
closed but are activated by free fatty acids. So far, the
channels activated by a free fatty acid have been showN-n
to be K+ selective. In rat cardiac mivocytes and in toad
gastric smooth muscle cells, application of a free fatty acid
such as arachidonic acid to the membrane activated
K+-selective ion channels with properties distinct from
other previously identified K+ channels (Kim & Claphamn,
1989; Ordway, W7alsh & Singer, 1989). Since the K+
channels can be activated in excised inside-out patches in
the absence of cytosolic constituents, the fatty acids
presumably act directly on the channel or a regulatory
associated protein. At present, how a fatty acid activates
an ion channel remains unknown. Interestingly, the K+
channel activity w-as enhanced by a decrease in intra-
cellular pH as well as by stretch (W1 allert, Ackerman, Kim
& Clapham, 1991; Kim, 1992). Membrane stretch not only
increased the frequency of channel opening of an already
active K+ channel but also opened inactive K+ channels.
Membrane stretch and fatty acids were also found to
activate Ca2+-activated K+ channels in vascular smooth
muscle cells (Kirber, Ordway, Clapp, Walsh & Singer,
1992) and the S-channel in Aplysia sensory neuron

(Vandorpe, Small, Dabrowski & Morris, 1994). Thus, there
may exist a common class of ion channels that are

sensitive to both fatty acids and stretch.

The goal of the present study was to investigate wNhether
neuronal cells from rat brain also possess K+ channels that
are activated by free fatty acids and sensitive to
membrane stretchl and changes in pH. If such K+ channels
are present, they may play an important role in neuronal
function. For these studies, wre used cultured cells prepared
from the meesencephalic and hypothalanic areas of rat

brain. The results of our study showv that the neuronal cell

membrane possesses tlhree types of K+ channel that
belong to a new class of fatty acid-activated K+ channels.

METHODS
Cell preparation
Hypothalamic and mesencephalic tissues were microdissected
firom 14-day-old fetal Sprague-Dawley rats using methods
similar to that described earlier (Collier, Sladek, Gallagher,
Gereau & Springer, 1990; Sladek & Gallagher, 1993). Adult
female rats were anaesthetized with 2% halothane, and fetuses
w!ere rapidly decapitated. The tissue was collected in Ca2+- and
Mg2+-free buffer solution and incubated in 0 1 % trypsin solution
at 37 °C for 10 min. Dispersed cells after gentle agitation were
collected and plated at 105 cells per 16 mm well in Eagle's
minimum essential medlium (M11EM) supplemented with 10% fetal
bovine serum, 06% glucose, 0-1% L-glutamine, 100umlF'
penicillin, 100 mg ml-' streptomycin and 2-5 mg ml-' fungizone.
The cells were placed in an incubator gassed with 5% C02-95%
air at 37 'C. Culture medium was changed every 2 days.
Electrophxsiological experiments were done on cells grown for
2-5 days.

Electrophysiology
Cell bodies of neurons in culture were identified by phase-bright
appearance of cells with two or more processes (see Fig. 1) and
gigaseals were formed with Sylgard (Dowv Corning)-coated thin-
walled borosilicate pipettes with -3 ME. resistances. Channel
currents weere recorded using the method described by Hamill,
AMarty, Neher, Sakmann & Sigworth (1981). Channel current
recorded with an Axopatch ID patch-clamp amplifier (Axon
Instruments, Foster City, CA, USA) was filtered at 1O kHz using
an eight-pole Bessel filter (902-LPF; Frequency Devices, Inc.,
Haverhill, MA, USA), digitized by a PCM adapter (VRIO;
Instrutech Corp., Great Neck, NY, USA; frequency response,
37 kHz), and stored on videotape using a videotape recorder
(JVC). The recorded signal was transferred directly in digital
form to an Atari ST computer using the VCATCH program
(Instrutech Corp.), and continuous single channel currents were
analysed with the TAC progiam (Instrutech Corp.). The built-in
Gaussian digital filter was set at 2 kHz (equivalent to a Bessel
filter with -3 dB bandwidth) for analysis of open time duration.
At this setting of 2 kHz, the minimum detectable event duration
is -80 ins (1/6 of a cycle of filter frequency7) when the 50%
threshold detector is used. After obtaining all open time events,
durations less than 100 ins were deleted for plotting the open
time histogram. The A/D board (ITC16-ST computer) used was a
16-bit A/D converter which lhas linearity up to 100 kHz. Data
were analysed to obtain duration and amplitude histograms and
channel activity (averaged NP0) using the analysis protocol
described by Sigworth & Sine (1987). N is the number of
channels, and P0 is the probability of channel opening.
Logarithimic (abscissa) and sqluare root (ordinate) scales were used
to represent dwell time distiributions. Single channel dwell times
were plotted on a logarithmic time scale using binned
maximum likelihood fitting wNrith constant logarithmic bin width
(1O bins decade-'). Burst duration was determined b.Y setting the
gap duration at 5 ms. All experiments were performed at
24-26 OC. All values are represented as means + S.D.

Solutions and materials
For whole-cell experiinents, the bath solution contained (mM):
135 NaCl, 10 KCl, 2 M1gSO4, and 10 Hepes (pH 7 2). In
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experiments using excised patclies, the stanclai(d 1ath ancd
pipette soluitions conitained (mri): 140 KCl, I EGTA, 2 MIgC12,
and 10 Hepes (pH 72'). In somiie experimnents, bath IC+ was
replaced with an edjulimiolar concentration of \a+, Li+, Cs+ or
choline to determine cationi selectivitv. To determine anion
selectivity, Cl- was replaced with glutamuate. To change
solutions, the pipette til) with the attached membrane patch was
l)rought to the moutlh of a polyp op)ylene tubing through which
flowed the clesired solution at a tate of -1 0 mil inin-'.

ATP, glibenclamide, apamin, am ilor ide, tetraethylammonium,
4,4'-diisothiocvanatostillene-2,2'-dlisulphlonic acid (I)IDS),
quinidine and tetrodotoxin were purchlasecl fromn Sigma Chemiiical
Co. (St Louis, MO, USA). Nifedipine was purchased from
Calbiochem (La Jolla, CA, USA). Gadoliniuin chloride (GXdCI3)
was purchased fromii Aldrich (Alilwaukee, WI, USA). All free
fatty acicls purchased from Sigmna were kept at -70°C until
used. Immediatel- before each experiment, the organic solvent
in vials containing the fatty acid was evaporated under pure N2
at 0 C, and bath solution was addecl to the vials to the desired
final concentrations. The solution was sonicated for 15 s and used
immeediately. Pressure in the pipette was changed as follows: one
end of a mercury manomneter Mwas connected to the pipette holder
with a plastic tubing and the other end was open to air. Changes
in pipette pressule could be achieved rapidly and accurately to
the desired levels I)! operating the syringe connected to the
tubing between the pip)ette and manometer.

RESULTS
Activation of whole-cell currents by arachidonic
acid
Alesencephalic and hypothalamic neurons grown in
culture on glass coverslips are shown in Fig. 1. Cell
bodies of neurons wNere easily identified by their phase-
bright round and oval shapes. Wre first studied whether
arachidonic acid could activate an ionic current under the
whole-cell condition. XVhole-cell membrane potential w-as
held at -60 mV relative to the reversal potential (cell
membrane potential, approximately -120 mV) to record
inward current. Arachidonic acid applied extracellularly
to a mesencephalic neuron elicited a slowly developing
inwi-ard current that was blocked by 2 milM Ba2+, a non-
specific K+ channel blocker (Fig. 2). The increase in
inward current produced by 50 utm arachidonic acid was
0 54 + 0 12 nA (71 = 6). Arachidonic acid also increased
the outward current when the cell menmbrane potential
was heldl at -40 mV. The reversal potential was not
shifted and remained at approximately -63 + 3 mYV
(ta = 4). Similar activation of inward and outward
currents was present in hypothalamic neurons; the
increase in inw-ard current at -120 mVY was
043 + 0 09 nA (a = 5).

Activation of single channels by arachidonic acid
To observe arachidonic acid-induced current at the single-
channel level, inside-out patches friom cell bodies were
formed in synmmetrical 140 mM KCl (reversal potential,
0 mV) and the fatty acid (10-20 #Ai) was applied to the
cytoplasmnic side of the memibranei. Arachidonic acid

elicited opening of an ion channel as shown in Fig. 3A (a
hypothalamic cell) and this wNas observed in 23% (29/124;
hypothalamic) and 20% (23/116; mesencephalic) of the
patches tested, indlicating a low densitiy of such channels
in these neurons. Onset of activation was generally rapid
and occurred within 10 s. Steady-state activation was
observed within 30 s after application. Figure 3B shows
activation of a channel in an outside-out patch from a
inesencephalic neuron in which arachidonic acid was
added to the extracellular side of the membrane. In
outside-out patchies, the time to onset of activation was
slower and it took longer to reach a steady-state level,
suggesting that the site of activation is probably at the
cytosolic side of the membrane. These results were
observed in seven mesencephalic and eight hypothalamic
neurons. When araclhidonic acid was applied only to the
bath solution perfusing the membrane outside the pipette
in the cell-attached state (Fig. 3C; mesenceplhalic neuron),
the channels were also activated, albeit at a slow-er rate,
indicating that the fatty acid could diffuse into the cell
and reach the site of activation. Similar results to those
slhown in Fig. 3C were observed in six hypothalamic and
five mnesencephalic neurons.

Altogether wve found three types of arachidonic acid-
activated channel. The single channel openings at
various membrane potentials, the open time durations
and current-voltage (I- V) relationships in symmetrical
140 mM KCl medium for each of three types are shown in
Figs 4-6 for mesencephalic neurons. Figure 4 shows a
channel with a slightly outwardly rectifying I- V
relationship. Figure 5 showrs a channel writh an inwardly
rectifying I-V relationship. Figure 6 shows a channel
with a relatively linear I-V relationship between -60
and +60 mV. Outside this range of membrane potentials,
the increase in current amplitude for a given change in
membrane potential was less, thus giving the I- V
relationships a siginoidal shape. Single channel slope
conductances at +60 and -60 mV, mean slope times and
burst durations are given in Table 1. Thus three types of
channel with similar mean open times but different
conductances were activated by- arachidonic acid.
Activation of all three types of ion channel probably gave
rise to the whole-cell current observed in Fig. 2. Ion
channels with kinetic properties indistinguishable from
those in mesencephalic neurons were also found in
lhypothalamic neurons (Table 1).

The channels with linear and inwardly rectifying I-V
relationships wi-ere activated more frequently than the
channel with the outwardly rectifying I- V relationships
in both types of neuron. Out of fifty-two patches in which
arachidonic acid activated one of the channels described
above, twentv-four, nineteen and nine patches showsed
channels wAith inwardly rectifying, linear and outwardly
rectifying I-V relationships, respectively. In a few
)atches, simnultaneous opening of two types of channel

6d45J. PxlysiolI. 484.3



D. Kint and others

,was observed, indicating that different conductances
activated by arachidonic acid are probably due to separate
molecular entities.

Ion selectivity and voltage dependence
All three channel types were K+-selective ion channels as
judged by the following criteria. All solutions used

contained 5 /tM arachidonic acid to activate and inaintain
somne activity of the channel being studied. K+ channels
wAere not open before addition of the fatty acid. In inside-
out patches containing an inwardly rectifying channel,
when [KCl] in the bath was changed from 140 to 70 or
28 mnm, the reversal potential was shifted from 0 to 21 + 2
or 44 + 3 mV, respectively, close to the expected reversal

A

B

on

v 0.
'T&

Figure 1. Photomicrographs of cultured neuronal cells viewed under phase contrast
microscopy
A, Inesencel)lialic neutons after 3 (lays in cultulre. B, hiypothalamic nleUr'onlS after' 2 dlayS in culture.
Arrows inclicate cell l)o(lies w\hich can l)e clearl i(leitifiedl. Scale bar, 100 /uim.
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Arachidonic acid

5 yM 50 FM 104uM

Ba2+

Ba2+ Ba2+

30 s

Figure 2. Activation of a whole-cell current by arachidonic acid in a mesencephalic neuron

Cell membrane potential Awas held at -60 mV relative to reversal potential to measure inward current.
K+ in bath solution was 10 mai. At steady state, solution containing arachidonic acid wNras applied
extracellularly with or without 2 m.i Ba2 . Arachidonic acid was washed off before applying a diferent
concentration of arachidonic acid. Arachidonic acid elicited a concentration-dependent activation of an
inward curient that was blocked by Ba2 .

potentials for a K+-selective channel (n = 3 each). For a
Cl- channel, the reversal potentials would be shifted to
-17 and -40 mV, respectively. No measurable outward
currents were observed between 0 and +80 mV when the
cytosolic K+ was replaced with equimolar amounts of

Na+, Cs+, Li+ or choline (n = 4 each). When K+ in the
pipette was replaced with one of the cations, and the
channel activated by cytosolic solution containing
140 mm K+ and arachidonic acid, only outward currents
were present. Replacement of Cl- with glutamate or

A
20 /SM arachidonic acid

B

C

10 uM arachidonic acid

5 pA

30 s

50 ASM arachidonic acid

-aAAO

Figure 3. Activation of an ion channel by arachidonic acid
A, an inside-out patch was formed on the cell body- of a hypothalamic neuron and arachidonic acid
(20 ,umi) was applied slowly to the c tosolic face of the membrane. Channel openings were seen Mwithin a
few seconds of application. WA'ashout of the fatty acid resulted in closing of the channel. Similar iesults
were observed in an additional 12 patches (6 wzith inwNardly rectifying, 4 with linear and 2 wsNith
outwardly rectifAying I- - relationships). B, an outside-out patch was formed on a mesencephalic
neuron. Application of arachidonic acid (10 U/vu) to the extracellular side of the membrane caused a slowr
increase in channel opening that was also reversible. Similar results were observed in 7 mesencephalic
neurons (4 with inwardly rectifying and 3 with linear I-V relationships) and 8 hypothalamic neurons
(4 with inwardly, rectifAying, 3 with linear and I with outwardly rectifying I-V relationships).
C, arachidonic acid was applied to the outside of the pipette in cell-attached patches. Slowr onset of
activation is apparent. Similar results were obtainecd in 5 mesencephalic neurons (3 writh inwardly
rectifying and 2 with linear 1- V elationships) and 3 hypothalamic neurons (2 with inwardly rectifying
and 1 wsith outwNardly rectifying I-V relationships). Cell membrane potential was held at -30 mV.
Pipette and bath solutions contained (maI): 140 KCl, 2 M9gCI2, 1 ECTA and 10 Hepes (rexersal
potential, 0 mnV).
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Table 1. Single channel properties of arachidonic acid-activated K+ channels

Mesenceplhalic neurons

Parameters

C(onducl tance (1)8)
+60 miV
-60 mIN

Mean open buurst timlle (ins)
Burst duration (ins)

IR L OR

52 + 6
136 + 11
14 + 0-2
27 + 7

45 + 3
47 + 3
1P2 + 0-1
36 + 6

143 + 12
106 + 9
1-3 + 0 2
32 + 5

Hypothalamnic neurons

IR L OR

54 + 4
138 + 9
1-3 + 0-1
32 + 8

43 + 3
47 + 5
14 + 0-1
34 + 4

152 + 10
110 + 8
*2 + 01
29 + 4

IR, inwardlly rectifying; L, linear; OR, outwardly rectifying. All values wvere deter-mined fiom 3 separate patches.

aspartate did not significantly shift the reversal potential
(2 + 3 inV shift) or change the I-V relationship,
indicating that the channels were not permeable to C1.
These ion substitution studies wAere done for all three
types of channel, and the results indicated that they were
all K+ selective. For channels wAith the outwardly
rectifying and linear I- V relationships, the shifts in
reversal potential produced by reducing the intracellular
KCl concentration to 70 mm were 18 + 2 and 19 + 2 mV
( n = 3 each) to the positive direction, respectively.

The following studies to identify potential inhibitors were
done in twelve mnesencephalic (four inside-out patches for
each one of the three types of K+ channel) and nine
hypothalamic cells (three inside-out patches for each
type). Single channel current amplitudes and channel
activities were determined for each patch. All of the
results described below except Ba2+ showed that the
amplitude and channel activity did not change
significantly (< + 3% change; P > 0 05). Thus,
arachidonic acid (50 JtM)-activated K+ channel currents

60 mV "t -04,,j%- 11hP --OPI-

40 >

20 ~

B C

350 k

D 200

0- 100
n
C 50
a)
w

0

140

80

40
20

0
0.1 1 10
Time (ms)

0 4 8
Current (pA)

0

D pA
-20

-40 w

-60

5 pA

200 ms

Figure 4. Single channel currents activated by arachidonic acid in an inside-out patch of a
mesencephalic neuron in symmetrical 140 mm KCl
Arachidonic acid (20 #A%i) was applied to the cytosolic side of the membrane to elicit opening of one type
of K+ clhannel. Single channel amplitudes at v-arious holding potentials w-ere measured (A) ancl the I-V
relationshipiwas obtained (D). Note the slightly outwardly rectifying I-V4 relationship. The open time
duration andl amplitude histogram of clhannels open at -40 m' are showN-n in B and( C, respectively.

J. Physiol. 484.36-48P



Arachidonic acid antd K+ channels

were not blocked by 100 tim Ca2 Or' 100 /tM Gd3+ whether
added to the pipette, bath or both. However, 2 mini Ba2+
inhibited channel openings (outward current at +60 mV)
w-hen added to the bath solution, providing additional
evidence for the K+-selective nature of the fatty acid-
activated channels. The kinetic properties of K+ channels
were not affected by other knowrn K+ channel blockers
such as 4-aminopyridine (5 mim), tetraethylainmonium
chloride (10 mAi) and apamin (100 nm). Other ion channel
miodifiers such as nifedipine (10 AM), quinidine (100 /tM),
tetrodotoxin (10 #A), DIDS (10 /AM), amiloride (1 mm) and
glyburide (100 #AI) produced no significant effect on
channel activity and single channel conductance. Thus,
the three types of K+ channel possess distinct channel
properties that are simnilar to the fatty acid-activated K+
channels present in cardiac cells (Kim & Claphamn, 1989),
but different from any other known classes of K+
channels.

In hypothalamic neurons, arachidonic acid activated the
K+ channels in cells treated with 200 /tm indoinethacin
(an inhibitor of cyclo-oxygenase) and 10 /tM nordihydro-
guaiaretic acid (NDGA; an inhibitor of lipoxygenase) for
15 min. Figure 7 shows the results of such experiments

A B

slhowring activation of three different types of K+ channel
by arachidonic acid in the presence of blockers (n = 4
eaclh). Similar activation of K+ channels with inwardly
rectifying (n = 4) relationships were observed in
mnesencephalic neurons. These results indicate that the
fatty acid itself can activate the K+ channels.

The voltage dependence was studied for all three types of
arachidonic acid-activated K+ channel current in
miesencephalic neurons. Inside-out patches were formed
and K+ channels activated with a low concentration of
arachidonic acid (10 /M). When one of the K+ channels
was activated, meembrane potentials were held at various
levels (-60 to +60 mV) and channel activities calculated
at each potential. Open probability was calculated and
plotted as a function of membrane potential. Five
determinations were made for each channel type. As
shown in Fig. 8, the channels w,ere generally more active
at depolarized than at hyperpolarized potentials for the
inwardly and outwardly rectifying channels. In contrast,
the channel with the linear I- V relationship was
relatively voltage independent, distinguishing it from the
other two channel types.

C
120 .

60 mV

40

20

60 -Ak& illH
~~~JLL~~~L&L.1

.U)

e>
20 -

0L
0.1 1 10
Time (ms)

140-

80-

40-

20-

--.L. 0

100 0 4 8
Current (pA)

0

-20

-40 _ _

I
-60 -- .
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4.

-80 -40
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Figure 5. Single channel currents activated by arachidonic acid in an inside-out patch of a

mesencephalic neuron in symmetrical 140 mm KCl
Arachidonic acid (10 yit) was applied to the cytosolic side of the membIane to elicit opening of a second
tyl)e of K+ channel. Single channel amplitudes at various holding potentials wxere measuied (A) and the
I-V relationship was obtained (D). Note the inxwardly rectifying I-V relationship. The open time
cluration (at -40 mn) ancl amplitucle (at -30 mN) histograms of channels open are shown in B and C,
respectively.
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Concentration and fatty acid dependence of K+
channel activation
We initially used 10 or 20 ,UM arachidonic acid to study
channel activation. To obtain the full concentration-
effect relationship, the cytosolic surfaces of inside-out
patches were exposed to increasing concentrations of
arachidonic acid froin 1 up to 100,M. Generally, a K+
channel started to open at 2 or 5 tUM arachidonic acid, and
the channel activity increased steeply from 5 to 50 ItM.
Near-maximal activation was usually observed at 50/M
arachidonic acid (Fig. 9). Changes in K+ channel activity
in response to increasing concentrations of arachidonic
acid in an inside-out patch from a mesencephalic neuron is
illustrated in Fig. 9B. Three inwardly rectifying channels
were present in this patch. Channel open probability
averaged every second is shown in Fig. 9A and the results
from five such experiments are shown in Fig. 9C. The
open probability was calculated by integrating the
current through all channels divided by the total current
that would pass through all the channels if they were
fully open. The total number of channels in a given patch
was estimated by the number of channels open after
application of 200 /UM arachidonic acid and 40 inmHg

A B

pressure. Data points were fitted by linear regression to
the Hill equation:

PO = Po(m)/[1 + (K1,,/[AA])"],

where Po(m) is the observed maximum PO, K15 (22 + 4 AM)
is the concentration of arachidonic acid at which half-
maximal activation occurs, AA refers to arachidonic acid,
and n (= 1P1) is the Hill coefficient. These results indicate
that arachidonic acid produces a concentration-dependent
activation of the K+ channel, in a manner similar to that
observed for a one-to-one ligand-receptor interaction.
For the other two types of K+ channel, we used 20 /LM
arachidonic acid to determine the degree of activation.
The results showed that this concentration of arachidonic
acid activated 54 + 12 and 43 + 8% (n = 4) of the
maximum observed with 100,M for the channels with
linear and outwardly rectifying I-V relationships,
respectively. Although similar analyses of concentration-
dependent effects of arachidonic acid were not done in
hypothalamic neurons, K+ channels also responded to
20 #M arachidonic acid in a manner similar to that
observed in mesencephalic neurons in five patches.
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80 mV t. c

TD

0C
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0
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Figure 6. Single channel currents activated by arachidonic acid in an inside-out patch of a

mesencephalic neuron in symmetrical 140 mm KCl
Arachidonic acid (10 pm) was applied to the cytosolic side of the membrane to elicit opening of a third
type of K+ channel. Single channel amplitudes at various holding potentials were measured (A) and a

1-V Ielationship w!as oktained (D). Note the linear l-V relationship. The open time duration and
amplitucle histogr ams of clhannels open at -40 mV alre shown in B and C., respectively.
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To test the effectiveness of other fiee fatty acids in K+
channel activation, inside-out patches wTere perfused with
vaarious types of saturated and unsaturated free fatty
acids. Figures 10 and 11 show the effect of free fatty
acids on a mesencephalic and a hypothalamic neuron,
respectively. The patches used for these experiments were
chosen such that arachidonic acid clearlly and rapidly
activated the channels in a reversible way. Therefore, if a
free fatty acid did not activate a K+ channel in the same
patch, it was taken as an inactive compound. Each patch
was tested for channel activation by several fatty acids,
and the results wAere judged to be satisfactory if one of
the know-n activators of the K+ channel (for example,
arachidonic acid) wi-as still able to elicit channel opening at
the end of the experiment. This provided proof that the
channels were not desensitized or run down. All free fatty
acids were tested up to 200 am. Of the fatty acids tested,
only arachidonic, linoleic, linolenic and docosahexaenoic
acids were capable of activating one of the three types of
K+ channel in both types of neuronal cell culture. The
activation by a free fatty acid could be repeated many
times after w-ashout in between applications, and the
extent of activation remained relatively unchanged with
time. In general, wi-e did not expose the patch membrane

to an activating fatty acid for more than 3 min since
longer exposures required longer time to wash out the
effect. Saturated and mono-unsaturated free fatty acids
such as palmitic, stearic, arachidic, palmitoleic, oleic and
elaidic acids did not activate a K+ channel. Like
arachidonic acid, linoleic, linolenic and docosahexaenoic
acids could activate all three types of K+ channel. A
summary of these results is shown in Table 2. Since the
activation profile was identical in both hypothalamic and
mesencephalic neurons, a fatty acid that activated any
one of the three K+ channel types in eitlher type of neuron
was taken as an active compound. Interestingly,
arachidonoyl alcohol and arachidonic acid methyl ester
failed to activate the K+ channel, suggesting that the
charged carboxyl group of the fatty acid is an important
site of interaction. Thus, there appears to be certain
structural specificities to channel activation by free fatty
acids.

Mechanosensitivity of the K+ channel
To test the hypothesis that the arachidonic acid-activated
K+ channel in neurons is also a stretch-activated channel,
cell-attached patches wvere formed and negative pressure
applied to the inside of the pipette. Application of
negative pressure (0-40 mmHg) elicited opening of a

A
50 aM arachidonic acid

_ _wUr~~~~~~~~a-i.. -1

B
20 uM arachidonic acid

C
50 /LM arachidonic acid

_d W 5 pA

30 s

Figure 7. Activation of K+ channels by arachidonic acid in cells treated with indomethacin
and NDGA in hypothalamic cells
Cells were incubated with 200 t,iU indomethacin and 10 #tAi NDGA for 15 min to block enzymes that
metabolize arachidonic acid. Inside-out patches wNere foirmed from these cells in the presence of
inhibitors and then arachidonic acid wvas applied to the cytoplasmic side of the membrane. K+ channels
wsith inwsardly rectifying (A), outwardly rectify ing (B) and linear (C) relationships are showA n. The tYpe
of K+ channel in each patch was cletermined at the end of each experiment by determining the current
amnplitude at different memnbrane potentials (-60 to +60 mV). Pipette and bath solutions contained
140 mni KC1 (reversal potential, 0 mV). The cell memhbiane potentials in patches show,Nn in A, B and C
were -30, -30 and -60 mV, respectively.
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Figure 8. Voltage dependence of channel open
probability of three types of K+ channel
Inside-out patches were formed on the cell body of
mesencephalic neurons and arachidonic acid (10 /M) was
applied to the internal side of the membrane to activate one
of the three types of K+ channel. At steady state (after
-3 min), membrane potentials were changed from -60 to
+80 mV at 20 mV intervals, and channel open probability
calculated at each potential. Each point is the mean of
5 determinations from 5 separate patches and vertical bars
represent S.E.M. The channels with outwardly rectifying (0),
inwardly rectifying (0) and linear (V) I-V relationships are
shown.

-60 -40 -20 0 20 40 60 80 100
Membrane potential (mV)

channel w%ith kinetic properties (i.e. I-V relationships,
mean open times, burst durations and insensitivity to all
drugs tested except Ba2+) identical to those seen on
activation by arachidonic acid. The channels were K+
selective, as judged by the same set of criteria used for the
fatty acid-activated channel. The channel shown in
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Fig. 12A was an outwardly rectifying type from a
hypothalamic neuron; however, the inwardly rectifying
and non-rectifying channel currents were also sensitive to
pressure in a similar way. The pressure dependence of
channel activation can be clearly seen in Fig. 12B in
which time-averaged open probability is plotted. The

Figure 9. Concentration dependence of
channel open probability
Inside-out patches were formed on the cell
body of a mesencephalic neuron and
arachidonic acid was applied to the internal
surface at increasing concentrations (B). The
K+ channel shown here was of the inwardly
rectifying type. Membrane potential was held
at -40 mV. Channel open probability was

1w ~~averaged every second and plotted as a
function of time (A). Open probability was
measured at each concentration of the fatty

5 pA acid and plotted as a function of fatty acid
concentration (C). Each point is the mean of
5 determinations from 5 separate patches with
the inwardly rectifAying channel. Points wvere
fitted by the least-squares method to the Hill
equation: P0 = Poi(m/[l + (K,^/[AA])"], where
P0 is open probability, AA is arachidonic acid,
Kt, is concentration at w-hich half-maximal
effect is seen (22 + 4 ,um), observed maximum
Po(.) is 0 68, and it is the Hill coefficient (1l).
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channel activation by pressure w!as reversible and could
be repeated many times in the same patch. No
desensitization of channel opening was observed when the
negative pressure was held constant for more than 3 min.
Such stretch-activated channels were observed in both
mnesencephalic and hypothalamic neurons. For example,
Fig. 12C shows an inwvardly rectifying channel current in
a mesencephalic neuron, showing the activation of a K+
channel by pressure application. Open probability as a
function of applied pressure is shown in Fig. 12D for the
three types of K+ channel in lhypothalamic neurons. Data
points were fitted by linear regression to a modified
Boltzmann distribution given by:

P. = {exp [(p - pl,)/s]}/{l + exp[(p -p
w-here P0 is the opening probability, p is the negative
pressure, P,,2 is the pressure at which P. is 0 5, and s is the
slope of the plot of ln[P0/(l - P.)] vs. pressure. pI was
18 + 3 mmHg (n= 3). An e-fold change in activity (ratio
of probability of being open to probability of being closed)
occurred for every 5 0 mmHg change in pressure. For the
inwardly rectifying and non-rectifying channels, the
pressures to produce half-maximal effects were 18 and
16 mnmHg, respectively (n = 3). None of the three types of
K+ channel were blocked by 100 vm GdCl3, an inhibitor of

certain stretch-activated ion channels (Yang & Sachs,
1989) or by 100 /M glibenclamide, an inhibitor of the
ATP-sensitive K+ channel (Nichols & Lederer, 1991).
Applying albumin (2 mg ml-') to the inside-out patches
to remove free fatty acids that may be released by stretch
failed to block K+ channel activation by pressure
application for all three K+ channels in hypothalamic
neurons (n = 3 each).

Since two separate manoeuvres (application of a fatty
acid and stretch) caused activation of the same channel,
we examined whether arachidonic acid alters the
sensitivity of the channel to membrane stretch. The
cytoplasmic face of inside-out patches from a
mesencephalic neuron was first perfused with 5 /tM
arachidonic acid to maintain a low activity of a K+
channel (Fig. 13). Then, 50 /LM arachidonic acid was
applied to check for the response of the channel.
Arachidonic acid always caused marked activation of the
K+ channels. Reduction of the fatty acid concentration to
5 /tM gradually decreased the channel activity to the
initial level. To the same patch, desired magnitudes of
negative pressure were applied to the patch. In the
example shown in Fig. 13A and B, applying a negative
pressure (26 mmHg) to the pipette resulted in an increase

Docosohexaenoic Elaidic Palmitic
acid acid acid Arachidonic acid Oleic acid

l111 i

Palmitoleic
acid Erudic acid Linoleic acid

LAL . JA-

Stearic acid

Linolenic acid Myristic acid Docosahexaenoic acic

5 pA

30 s

Figure 10. Activation of a K+ channel with an outwardly rectifying I-V relationship in an
inside-out patch of a mesencephalic neuron by free fatty acids
Cell membrane potential was initially held at +40 mV (top tracing) and changed to +30 inV (lower 2
tracings) to help maintain the patch for a longer peiiod of timne. Fatty acids (50 AM) were applied
sequentially to the cytosolic side of the membrane to determine which fatty acids caused activation of
the K+ channel. A continuous current tiacing obtained fiom 1 inside-out patch is shown. In this
examiiple, linolenic, linoleic, docosahexaenoic and arachiidonic acids were potent activators of the K+
channel. In other patches, fatty acids were appliecd in different sequences to determine accurately
wN}hich fatty acid was effective. In all patches, 1 of the 4 fatty acids listed above was applied at the end
of an experiment to check for the ability of the clhanniiel to respond.
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Table 2. Ability of various compounds to activate the neuronal K+ channel current

Compound

M\Iyristic acid
I'alinitic acid
Palmnitoleic acid
Stearic acidl
Oleic acid
Petroselenic acid
Elaidic acid
Linoleic acid
y-Linolenic acid
Arachidic acicd
Alrachidonic acid
Erucic acid
Docosahexaenoic acid
Nervonic acid
Arachidonyl alcohol
Arachidonic acid methYl ester

No. activated/
Abbrev-iations 13ond Positions no. with a K+ channel

(14:0)
(16:0)
(1 6:1 [n-7])
(18:0)
(18:1[n-9])
(18:1[n-1 2])
(trans- 18:1 [n-9])
(18: 2[n-6])
(18:3[n-6])
(20:0)
(20:4[n-6])
(22:1 [n-9])
(22:6[n-3]) A
(24: 1[n-9])

A9

A9
A6
t-A9

A9, 12
A6, 9, 12

A5,8, 11, 14
A13

4,71,10,13,16,19
A15

0/12 (5, 5, 2)
0/12 (4, 6, 2)
0/8 (4, 4, 0)
0/8 (3, 4, 1)
0/12(5,6,1)
0/6 (3, 3, 0)
0/12 (6, 4, 2)
18/18(8,8,2)
22/22 (10, 8, 4)
0/11 (5,5, 1)
52/52 (24, 19, 9)
0/12 (5, 4, 3)
16/16 (7, 6, 3)
0/8 (4, 4, 0)
0/7 (5, 2, 0)
0/6 (3, 3, 0)

Only patches in which one or more of the three types of K+ channel were present as judged by its
activation by arachidonic acid or application of negative pressure were included. In the nomenclature
of fatty acids: n indicates the position of the first double bond from the methyl end (IUPAC-IUB
Commission on Nomenclature); A describes double bond positions relative to the carboxyl carbon of the
acvl chain. The three numbers in parentheses in the last column indicate the number of patches
showing K+ channels with inwNardly rectifying, linear and outwardly rectifying I-V relationships,
respectivel.y.

in channel activity similar to that produced by 50 yI
arachidonic acid. A lower negative pressure (12 mmHg)
caused a smaller increase in channel activity. The
pressure at which half-maximal activation occurred

(relative to basal) was 17 + 3 mmHg (n = 3), and e-fold
change in activity occurred for every 5-3 mmHg change
in pressure. Thus, the sensitivities of the channel to
mInembrane stretch in the presence or absence of

Linolenic acid
5 20 /LM Oleic acid Palmitic acid

1 ql r

Linoleic acid
5 20,M

Linoleic acid
2 5 10 UM

20 ,uM docosahexaenoic acid Palmitoleic acid Stearic acid Arachidonic acid

Figure 11. Activation of a K+ channel with an inwardly rectifying I-V relationship in a

hypothalamic neuron by free fatty acids
Cell membrane potential wTas held at -30 mV. Fatty acids were applied sequentially to the cytosolic
side of the memtbrane. A continuous current tracing obtained fiom 1 inside-out patch is show-n. In this
example, linolenic, linoleic, docosahexaenoic and arachidonic acids weere also the activ-ators of the K+
channel. In other patches, application of fatty acids in different sequences also showed that the 4 fatty
acids wNere the only species tested that were effective. In all patches, 1 of the 4 fatty acids listed above
was applie(I at the end of an expelriment to check for the ability of the channel to respond.

Concentration of fatty acids other than those shown wN-as 100 /#I in this tracing.

5 pA

30 s
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arachidonic acid were similar. To be certain that
arachidonic acid and pressure indeed activated identical
K+ channels, near-maximal activation of the K+ channel
was induced separately in an inside-out patch with either
50 #m arachidonic acid or 25 mmlHg pressure. Figure 13C
shows a patch from a hypothalamic neuron where only
one K+ channel wras present. When both arachidonic acid
and pressure were applied at the same time to the patch,
only one K+ channel was activated, showing that the two
mnanoeuvres do not have additive effects when open
probability is high, and therefore indicating that the same
K+ channel was involved. Under these experimental
conditions, two channel openings would be observed by
application of both stimuli if the K+ channels were from
separate populations. Similar results were observed in
three other hypothalamic neurons (two inwardly
rectifying and two non-rectifying channels) and in five
mesencephalic neurons (three inwardly rectifying and
tw\io outwardly rectifying channels).

Effect of pH on channel activity
It has been shown previously that the arachidonic acid-
activated K+ channels in cardiac cells are activated by a
reduction in intracellular pH (Kim, 1992). To study
whether the neuronal K+ channels possess such a
property, the effect of pH on K+ channel activity was
measured. Inside-out patches were exposed to 5 am

arachidonic acid to cause a smnall activation of one of the
tlhree types of K+ channel (at the arrow in Fig. 14A).
Figure 14 shows a patch with an inwardly rectifying
property in a hypothalamic neuron. The pH of the
medium perfusing the cytosolic surface of inside-out
patches was progressively changed from a control value of
7-2 to 5 6 in several steps. As shown in Fig. 14A,
decreasing the pH of the medium caused a progressive
increase in channel activity and this was readily
reversible. The change in channel activity was due to an
increase in the frequency of channel opening. No effect of
pH (6 0-7 6) on single channel conductance was present.
Increasing the pH from 7f2 to 7f4 or 7f6 reduced the
channel activity only slightly (< 10%), indicating that
the K+ channel was more sensitive to pH levels in the
acidic than alkaline range. Channel activity observed at
pH 5-8 was taken as 1P0 (open probability at pH 5-8 was
0-32 + 018, 1 = 5) and relative channel activities obtained
from five inside-out patches containing inwardly
rectifying channels were averaged and plotted as a
function of pH (Fig. 14C). Half-maximal activation of the
channel was observed at pH 6A4. When the K+ channel
was activated by linoleic or docosahexaenoic acid,
reducing the pH of the medium from 7-2 to 6-4 led to a
3-02 + 0*7-fold (n = 3) increase in channel activity in
hypothalamic neurons. At a given level of negative

A

6 12 20 30 10 mmHg

1|^E~~~~~~~~~~~~~~~~~i llII,_l

Figure 12. Activation of the K+ channel by pressure
A cell-attached patch was formed on the cell body of a
hypothalamic neuron. The K+ channel wN-as of the outwardly
rectifying type. Cell membrane potential was held at
+30 mV. Negative pressure applied to the inside of the
pipette caused reversible pressure-dependent activation of
the K+ channel (A). The changes in channel open probability
averaged every second is illustrated more clearly in B. A cell-
attached patch fiom a mesencephalic neuron held at -30 mV
also shows opening of an inwardly rectifying K+ channel in
response to negati-e pressure in the pipette (C). Relative
open probability is plotted as a function of pressure in the
pipette (D). Each point is the mean of 3 determinations fromn
3 patches (hypothalamic neurons) each containing an
inwNardly rectifying K+ channel (@), an outwardly rectifying
channel (V) and a non-rectifying channel (0), and is fitted to
a modified Boltzmann distribution as described in the text.
The pressure at w-hich half-maximal effect occurred ranged
from 17 to 19 mmHg (ni = 3).
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pressure wh-Iich caused a sustained activation of a K+
channel, reducing the pH of the inedium also increased
channel activity, indicating that the concentration of H+
itself and not the protonated form of free fatty acids is
important in the modulation of channel activity.
Although not shown here, the stimulatory effects of acidic
pH (by changing pH from 7f2 to 6 4) on channel activity
were obser-ed for all K+ channels in both hypothalamic
(11 = 9) and mnesencephalic neurons (a7 = 8).

Lack of K+ channel activation by glutamate
It has been rieported that glutamate causes release of
araclhidonic acid via NMIDA receptor activation and
subsequent elevation of intracellular [Ca2+] (Dumuis, Pin,
Oomagari, Sebben & Bockaert, 1990; AMiller et al. 1992). To
test wlhetlher glutamate can cause activation of K+
channels described in this study via endogenous
formation of arachidonic acid, 100 /tm glutamate was
applied to the pipette and extracellular solutions in cell-
attached patches in which 1 mM CaCl2 and 10 /tM glycine
were also present. In eighteen mesencephalic and sixteen
hy-pothalamic neuronal patches that possessed one of the
K+ channels, glutamate failed to activate the K+ channels

at least for the duration of the experiment (- 10 min).
Direct application of 10 AUM Ca2" to the cytoplasmic side of
the membrane also failed to activate any K+ channels in
twN,elve neuronal patches (six of each cell type) despite the
presence of a K+ channel in the patch as judged by its
activation by application of pressure or 50 /M arachidonic
acid. Under similar experimental conditions, we failed to
observe activation of a K+ channel in nine neurons (five
mesencephalic, four hypothalamic) with dopamine
(100 /tM), anotlher neurotransmitter reported to generate
arachidonic acid (Piomelli et al. 1991). Thus, the K+
channels described in this study w\ere not activated by
glutamate and dopamine receptor-mediated patlhways
under the experimental conditions of this study.
Therefore, the roles of the K+ channels in receptor-
mediated signal transduction pathways remain to be
elucidated.

DISCUSSION
WVe have used primary cultures of neuronal cells prepared
from either the mesencephalic or hypothalamic areas of
fetal rat brain to study wN-hether free fatty acids can

A

P. 0i5

50 yM
arachidonic acid 26 12 mmHg

B

5 pA

30 s
C

50 /M

arachidonic acid
25 mmHg 25 mmHg +

arachidonic acid

Figure 13. Activation of a K+ channel in a mesencephalic neuron by arachidonic acid and
pressure
(ell memblrane potential was held at -35 mV. Ani inside-out patch was formed anl 5'#AI arach}icionic
acid was applied to the bath solution to activate a K+ channel and was present for the entire
experiment (B). The chlannel was of the inwarlly rectifying type. A higher concentration of
aiaclhidconic acidl (50 p-m) was applied for -1 min ancd then washed out. In the same patch, negativ-e
messumes were applied to the pipette, resulting in activ-ation of the samiie K+ channel. Changes in open
lobl)ability averaged eveiy secondl are shown in A. To ol)serv,e possil)le additive effects when open
piolbalilit> is high, 50 pm arachidonic acid and 25 ml-laHg pressure -were applied separately ol together
in the samiie inside-out patches of h1-ypothalanmic neurons (C). No additive effects were observed,
indicatingy that the samiie K+ channiel was acti-atecl by b)oth mianoeuvres.
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activate K+-selective ion channels in neurons. In
mesencephalic cells we identified three types of K+
channel that are normally closed but can be activated by
arachidonic acid applied to the extracellular or cytosolic
side of the membrane. Subsequently, the three types of
K+ channel, with I-V relationhips, single channel
conductances and mean open times indistinguishable from
those in mesencephalic neurons, were also found in
hypothalamic neurons. The kinetic properties of these
channels and their sensitivity to pH and stretch are
similar to those previously reported for fatty acid-
activated K+ channels in cardiac cells. In cardiac
myocytes, the arachidonic acid-activated K+ channel
currents were of two types, an outwardly rectifying and a
non-rectifying current (Kim, 1990; Wallert et al. 1991).
In rat brain neurons used here, an additional inwardly
rectifying current was also activated by fatty acids.

The mechanism by which free fatty acids activate a K+
channel is not known. The results obtained thus far in
cardiac muscle, smooth muscle and neuronal cells are
consistent with the view that fatty acids act directly on
the channel itself or an associated regulatory protein
(Ordway, Singer & Walsh, 1991). Evidence that supports
the direct action of fatty acids is that (1) inhibitors of
cyclo-oxygenase (indomethacin) and lipoxygenase (NDGA)
do not prevent activation of K+ channels by free fatty
acids, and (2) activation occurs in excised inside-out
patches in which cytosolic components such as nucleotides
and soluble second messengers are not present. A specific
fatty acid binding site may be present in these K+
channels, analogous to fatty acid binding domains in
fatty acid or lipid binding proteins. A putative fatty acid
binding domain in the NMDA receptor has also been
described (Petrou, Ordway, Singer & Walsh, 1993).
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Figure 14. Effect ofpH on the K+ channel activity
Insicle-out patches from hypothalamic neurons were exposed to 5 AIm arachidonic acid to activate a K+
channel (see arrow). The K+ channel shown here as of the inwardly rectifying type (cell membrane
potential, -30 mV). When steady-state activation was present, the pH of the internal solution was

changed sequentially from 7 2 (control) to 5 6 and back to 7 2 (A). Changes in channel opening
frequency can be discerned more easily in the expanded tracing (B). Plot of relative channel activity
against pH is shown in C Channel activity at pH 5 8 was taken as 1 0 (in = 5). Data points were fitted
by linear regression to the equation:

y = 0- I + I /[Il + ([H+] /K,,)],
wrhere y is relative channel activity and K,,2 (pH 6 3) is the [H+] at which half-maximal activation was

present.
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Studies with different classes of free fatty acids (Table 2)
suggest that only cer-tain polyunsaturated fatty acids are
effective in chanInel activation. Since the carboxyl group
seems important for activation, at least two separate
(lomains on the fiee fatty acid mnay- be required to cause
activation: the carboxyl (lomain and the hydrophobic
domain with douible bonds. In addclition to the specific sites
in the structure of fatty acids, different forms of a given
fatty acid in solution may need to be considered. For
examNple, at lows concentriations (5-20 Am), araclhidonic
acid in solution is expected to be in free acid form. Thus,
when suclh low concentrations are usedc,it is expected that
free acid causes the K+ channel activation. The observation
that channel activation increases further with higher
concentrations of acrachidonic acid (50 #m), which are
likely to contain free as well as mnicelle globules, suggests
that perhaps micelles could also be exerting some effects
on thie clhannel. These possibilities are difficult to
distinguish without knowing how\r different forms of
arachidonic acidl interact wA-ith the lipid-protein bilayer.
The finding that the fatty acid-activated K+ channels are
stretch sensitive suggests that tension also gates the
channel opening. This raises the interesting question of
whether fatty acids activate the channel by generating
tension in the mnembrane or whether stretch activates
the clhannel by oenerating free fatty acids from the
inembrane phospholipids. It is possible that free fatty-
acids insert into the leaflets of the phospholipid bilayer
and generate enouglh local tension to activate a K+
channel. However, this seems unlikely since, if such were
the case, onie would predict that other long chain fatty
acids, both saturated and unsaturated, wAIould also
produce tension and activate the channel in a way similar
to arachidonic, linoleic or linolenic acid. It also seems
unlikely that stretch caused release of free fatty acids
since albumin, a fatty acid binding protein, failed to
block activation of the channel by stretchl. The logical
conclusion is that fiee fattY acids andI tension are able to
gate the channel separately, presumably involving
different channel dcomains as the effects of twN-o stimuli are
additive. The stretch-induced activ-ation of the channel
may- occur -ia a miechanisin similar to that in Escherichia
coli cell envelope in which the channels are gated by
tension transduced via the lipid bilayer (Sukharev,
Alartinac, Arshavskv & Kung, 1993).

WVhatever the meclhanism, the effects of fatty acids on the
activation of the K+ channels in neurons wTere always
consistent. As showN-n in Table 2, among the fatty acids
tested, the ones that caused channel activation were
arachidonic, linoleic, linolenic and docosahexaenoic acids.
The activation profile in neurons cliffers from that in
cardiac and smooth nmuscle cells, in which other classes of
unsaturate(l and certain saturated fatty acids were also

effective in channel activation. For example, oleic and
myristic acids wAere able to activate K+ channels in
smnoothi muscle cells whereas they wiere ineffective in
neuronal cells. This suggests that the fatty acid binding
sites on the channel protein, if such sites exist, recognize
different classes of fatty acids depending on the tissue
type. The lack of effect of arachidonoyl alcohol and
araclhidonic acid methyl ester indicates that the carboxyl
group of the arachidonic acid plays an iinportant role in
channel activation and also supports the idea that a
specific binding site for fatty acid may be present in the
channel protein.

The primary dispersed cultures used in these studies
contain a heterogeneous population of neurons. The
mesencephalic cultures are prepared from tissue
containing the developing A8-A10 dopamine cell groups,
but tyrosine hydroxylase-positive neurons represent up
to 30% of the neurons in these cultures (Collier, Gallagher
& Sladek, 1993). The remainincg neurons represent
y-aminobutyric (GABA)-producing neurons (Masuko,
Nakajimia & Nakajima, 1992) and other unidentified
neuronal phenotypes. The hypothalamic cultures also
contain a variety of neuronal phenotypes, including
neurons producing the hypothalamic hormones, GABA
and dopamnine (Aladarasz, Kornyei, Poulain & Theodosis,
1992; Sladek & Gallagher, 1993). Therefore, we are not
sure whether a subpopulation of neurons possess these K+
channels or whether K+ channels are present in all types
of neuron. In support of the latter view, K+ channels with
similar kinetics and sensitivity to membrane stretch were
also found in cell bodies of hippocampal and dorsal root
ganglion neurons in rat (D. Kim, unpublished results). In
both mesencephalic and hypothalamic neurons, we
observed background inwardly rectifying K+ channels
that were open under basal conditions, Ca2±_activated K+
channels whose activity, increased wlhen Ca2+ was applied
to the cytosolic medium and ATP-sensitive K+ channels
which were blocked by applying 2 mAi ATP to the
cy-tosolic medium. These channels were not activated by
free fatty acids or application of negative pressure to the
pipette.

K+ channels play a fundamental role in neuronal cell
excitability. They are involved in bringing the cell
membrane potential to a more hyperpolarized state and
in reducing the duration of the activated state. Our study
in rats, a most widely used species in neurobiology, shows
that a distinct class of K+ channels that can be activated
by both free fatty acids and membrane tension exist in rat
brain neurons. Arachidonic and otlher free fatty acids
have been reported to modify the kinetic properties of ion
channels either directly or indirectly (Rouzaire-Dubois,
GCerard & Dubois, 1991; Behe, Sandmeier & Meves, 1992;
Villarroel, 1993). Arachidonic acid or its mnetabolites has
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been found to mediate the effect of certain neuro-
transmitters or hormones on ion channels (Buttner,
Siegelbaum & Volterra, 1989; Premkumar et al. 1990;
Schweitzer et al. 1990; Miller et al. 1992). Therefore, an
agonist that causes formation of arachidonic acid would be
expected to activate K+ channels identified here. In our
study, however, glutamate and dopamnine, which have
been reported to cause release of arachidonic acid in
certain neurons, failed to activate the K+ channels. Since
we have not measured the release of arachidonic acid in
our cultured cells we cannot easily determine whether the
lack of activation was due to failure to generate sufficient
arachidonic acid or due to unknown reasons. To determine
the physiological role of the K+ channels described here,
future studies are planned to identify other potential
agonists or stimuli that would cause their activation. The
fatty acid-activated K+ channels are likely to be
important in pathological conditions such as brain
ischaemia, epilepsy and stroke in which significant
increases in cellular free arachidonic acid are knowvn to
occur. Molecules such as arachidonic acid (Williams,
Errington, Lynch & Bliss, 1989), platelet-activating factor
(Kato, Clark, Bazan & Zorumski, 1994) and nitric oxide
(O'Dell, Hawkins, Kandel & Arancio, 1991) have been
suggested to be involved in long term potentiation and in
altering synaptic transmission in different parts of the
brain. Such changes may involve the type of K+ channels
described in this study.
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