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SUMMARY
The effects of ethanol on a number of electrophysiological pa-
rameters were examined in 1 0 different voltage-gated potassium
channels expressed in Xenopus oocytes. None of the channels
examined was highly sensitive to ethanol, but there was signifi-
cant variability among the channels tested at concentrations of
ethanol of 200 mM and greater. The response to ethanol was
not determined exclusively by membership in a genetic subfamily.
In addition, the relative sensitivity among different channels could
vary independently for different electrical parameters. For ex-
ample, current amplitude in DRK1 was insensitive to ethanol,

even at concentrations as high as 600 m�, whereas this was
one of the more sensitive channels with respect to the kinetics
of current inactivation. The opposite situation was true for ShA1.
Therefore, ethanol at high concentrations may selectively perturb
discrete regions of channel proteins. This is supported by the
finding that removal of 31 8 amino acids from the cytoplasmic
carboxyl terminus of DRK1 results in a channel whose current
amplitude shows greater sensitivity to ethanol than does DRK1.
Thus, the effects of ethanol on the channel may not be limited
to interactions at the lipid-protein interface.

Ethanol affects nervous system function at a number of

levels, including endogenous activity patterns in individual

nerve cells (1-3), the release of transmitters and hormones

from presynaptic terminals (1, 3-6), and the transduction of
signals at postsynaptic receptors (7-9). Many of these actions

have been traced to alterations in the properties of particular

channel populations (10-14). One of the questions concerning

the mechanisms that underlie these actions is whether ethanol

acts directly on membrane proteins or whether its effects on

these proteins result indirectly from actions on the lipid matrix.

If the action is direct, can we identify specific sites within the
protein where ethanol acts? Such sites have been suggested in

the ‘y-aminobutyric acid receptor, where mutagenesis ofa single
amino acid can alter the ethanol sensitivity of the -y-aminobu-

tyric acid receptor/C1 channel complex (8).

We have been using the Xenopus oocyte expression system

to examine the effects of ethanol on potassium channels formed

from injected cRNAs. This approach offers a number of advan-

tages. Many different potassium channels have now been ex-

pressed in this oocyte system (15-18). Fully functional homo-

oligomeric channels can be formed from the introduction of a

single species of cRNA into the oocyte (15, 18, 19). Because the

cDNAs encoding subunits have been sequenced, we can attempt

to correlate the deduced amino acid sequence with ethanol

This research was supported by Grant AA05542 from the United States Public
Health Service.

sensitivity. Potassium channels have been classified, based

upon extent of sequence homology, into a number of subfamilies
(20-22). Members of the same subfamily share >70% sequence

homology, whereas members of different subfamilies generally

share <40% sequence homology. Thus, we can ask whether

particular aspects of channel function and pharmacological

properties are common to the members of a subfamily. In

addition, the types of potassium channel encoded by the differ-

ent cRNAs injected exhibit a range of functional properties,

such as fast inactivation (IA-type, i.e., ShA1 and ShB1) versus

slow inactivation (delayed rectifier-type, i.e., ShabIl, RkShIIIA,

and DRK1, as well as ‘SK, which continually activates even

during pulses lasting several minutes). Also differing among

clones used are pharmacological characteristics, such as sensi-

tivity to tetraethylammonium ions or 4-aminopyridine. There-

fore, we can ask whether sensitivity to ethanol is correlated

with these properties. Finally, the cRNAs used in this study

have widely divergent phylogenetic origins, making it possible

to discern patterns in ethanol action related to this.

Perhaps most important, for obtaining an understanding of
the actions of ethanol at the molecular level, is the burgeoning

body of data relating particular regions of the primary sequence

of the channel protein to particular functions of the channel.

For example, a stretch of 83 amino acids in the amino terminus
of certain potassium channels appears to comprise a “ball-and-

chain” structure important in the fast inactivation of the chan-
nel (23, 24). Thus, it may be possible to relate the actions of

ABBREVIATION: HEPES, 4-(2-hydroxyethyl)-1 -piperazineethanesulfonic acid.
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a Molecular masses of proteins were deduced from the published cDNA sequences.

S A modified pGEMA (Promega) vector modified to include a poiy(A) tail.

ethanol on particular channel functions to interactions of the

drug with specific regions of the protein. Moreover, the ability

to mutate selectively potassium channels allows the testing of

proposed relationships between primary sequence and sensitiv-

ity to ethanol action.

Because the different channel proteins that we are studying

are expressed in the same oocyte membrane, we avoid the

complications inherent in more complex systems, where differ-

ences in ethanol sensitivity of currents among various cells

may be attributed either to dissimilarities in the protein or to

differences in the lipid environment of the protein. For exam-

ple, in previous work, where it was found that fast-inactivating

potassium channels in distinct cells of the Aplysia nervous

system differed in their ethanol sensitivity (12, 25), it was

impossible to determine whether the dissimilarities resulted

from differences in the channel proteins or from differences in

the surrounding lipids. Finally, by examining oocytes in which

essentially all of the examined current results from expression

of a single species of channel, we avoid the need to isolate

electrically the individual channel types, by use of pharmaco-

logical blockers, and the possibility that apparent effects on the

current under study result from changes in other currents

whose degree of block is affected by ethanol.

Materials

Experimental Procedures

Ril)onucleotide triphosphates, m�G(5)ppp(5)G, and DNase (RNase-

free) were purchased from Pharmacia LKB (Piscataway, NJ). RNasin

was obtained from Promega (Madison, WI). Restriction enzymes were

I)urchaSed from New England Biolabs (Beverly, MA). T3 or T7 RNA

polynierase was purchased from either New England Biolabs or

(;IHCO-HRL (Gaithersburg, MD). HEPES, pyruvic acid (sodium salt),

penicillin/streptomycin solution, and theophylline were obtained from

Sigma Chemical Co. (St. Louis, MO).

Methods

In vitro transcription. Run-off transcriptions were carried out in

a standard transcription buffer (40 mM Tris-HC1, pH 7.5, 6 mM MgCl2,

2 mM spermidine HCI, 5 mM NaC1�, containing 5 pg of linearized DNA

template (see Table 1), 500 pM ribonucleotide triphosphates, 500 pM

m7G(5)ppp(5)G, 64 units of RNasin, 2 mM dithiothreitol, and 20 units

of RNA polymerase, in a 5O-pl volume. After 1 hr at 37�, the templates

were digested with DNase I for 30 mm at 37 . The cRNAs were

extracted in phenol-chloroform, precipitated with ethanol, dried, and

then taken up in diethylpyrocarbonate-treated water for injection into

Xenopus kievis oocytes. The cRNAs thus obtained were checked for

homogeneity and size on 1% formaldehyde gels.

Electrophysiology. Adult female X. loevis were maintained in

artifical pond water at room temperature, on a 12/12-hr light/dark

cycle. Dissected stage V and VI oocytes were defolliculated in Ca2�-free

saline [82.5 mM NaCI, 2 mM KC1, 1 mM MgC12, 5 mM HEPES (Sigma),
pH 7.5], containing 2 mg/ml collagenase (Sigma type IA). Oocytes were

maintained in this medium, with continuous shaking at room temper-

ature, for 2-4 hr. After defolliculation, healthy oocytes were selected,
and the Ca2�-free medium was replaced with normal Ca2�-containing

ND96 medium (96 mM NaCI, 2 mM KC1, 1.8 mM CaCl2, 1 mM MgCl2,
5 mM HEPES, pH 7.5). This medium was supplemented with 2.5 mM

sodium pyruvate, 0.5 mM theophylline, 100 units/ml penicillin, and 100
pg/ml streptomycin.

Oocytes were injected with various cRNAs by using a lO-pl Drum-

mond micropipetter modified for microinjection (Drummond Scientific

Co., Broomhall, PA). The micropipette was backfilled with mineral oil

and loaded with 2 pl of cRNA in diethylpyrocarbonate-treated distilled
water. The cRNA concentrations used are shown in Table 2. After

injection of approximately 50 nl of RNA solution, the oocytes were

placed in ND9G culture medium, in 24-well plates, and incubated at

18� for at least 2 days before recording. Media were changed every 1-2

days. Oocytes remained viable for up to 7 days after injection.

Oocytes were voltage-clamped in recording medium (normal ND96

culture medium minus sodium pyruvate, theophylline, and antibiotics)

at room temperature, using a Dagan 8500 (Dagan Corp., Minneapolis,

MN) two-electrode voltage clamp. Shielded electrodes filled with 3 M

KC1 had resistances of 1-2 M�, when measured in ND9G. Holding

potentials chosen (Table 2) were the same as those cited in the original

description or subsequent work on the electrophysiology of each of the

clones. They occur at a point on the steady state inactivation curves

where minimal inactivation is present (21). Oocytes with resting poten-

tials more depolarized than -50 mV were discarded. Oocytes were

continually perfused (1 ml/min) in the recording chamber, which had

a volume of approximately 300 pl. At least 15 ml of ethanol were

perfused at each concentration before measurements were made. Data

were collected and analyzed using PClamp software (Axon Instru-

ments). Capacitative and leak currents were subtracted off-line, using

a P/2 protocol (26). Decay time constants were computed by linear

regression, using the method of least squares.

Results

The effects of ethanol were tested on members of the Shaker

(ShA1, ShB1, RBK1, and RBK2), Shab (ShabIl and DRK1),

and Shaw (RKShIIIA) potassium channel subfamilies ex-

pressed in Xenopus oocytes. Also examined were ISK (human

TABLE 1

Molecular biology protocols
After receipt (see Acknowledgments), clones were transformed and propagated in Escherichia co/i XL-1 (Stratagene) competent cells. Plasmid DNA was isolated using

a Qiagen plasmid isolation kit. The potassium channel clones have been isolated from either genomic or cDNA libraries or by expression cloning techniques (see
references for details). The species from which these clones were derived are Drosophila me/anogaster (dros), human (hum), and rat.

Clones Family Vector Lineanzed RNA polymerase Molecular mass’ Ref.

klla

ShA1 (dros) Shaker SP72 HindlIl 17 64 48
ShB1 (dros) Shaker SP72 Hindlll 17 74 48
RBK1 (rat) Shaker pTZ18U Hindlll 17 55 27
RBK2 (rat) Shaker pTZ1 8U Hindlll 17 55 49
Shabll (dros) Shab pBluescript II KS SaclI T3 100 9
DRK1 (rat) Shab pBluescript II 5K Notl 17 95 28
.�C31 8-DRK1 Shab pBluescript II SK Notl 17 60 29
RKShIIIA (rat) Shaw pBluescript II SK Xhol T3 62 50
� (hum) Isk pGEM9Zf(_)b Notl 17 15 51
ISK(rat) Isk pUC13 Pvull T7 15 16
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Fig. 1. Currents recorded from Xenopus

oocytes after injection of cRNA encoding
various potassium channels. The oocytes

were exposed to increasing concentra-
tions of ethanol. Currents were elicited by
steps to +40 mV from holding potentials
stated in Table 2. 0, Control; #{149},200 m�
ethanol; V, 400 mM ethanol; V, 600 mM
ethanol.
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TABLE 2
Electrophysiological protocols
This table indicates the voltage-clamp protocols used for each of the channels. Although not listed, the protocol used for the deletion mutant �1C31 8 was identical to that
used for DRK1 ,except for the pulse duration, which was 0.5 sec; voltage steps were applied in increments of 20 mV, after the initial step, except for ShA1 . for which
one single step to +40 mV was performed. For determination of decay time constants, in the case of DRK1 ,�C318-DRK1 ,and Shabli, a single step to +40 mV, with a
duration of 10 see, was used.

DRK1 Shabll RKShIIIA RBK1, RBK2 ShB1, ShA1 se rat,
Ise human

cRNA injected (ng/50 nI) 10 50 10 10 10 10
Holding potential (mV) -50 -80 -90 -80 -80 -60
Initial step (mV) -20 -40 -60 -40 -40 -40
Final step (mV) +40 +40 +40 +40 +40 +60
Pulse duration (see) 0.25 0.5 0.25 0.1 0.05 5
Interpulse duration (see) 10 10 4 5 5 20

and rat) potassium channels, which are structurally very dif-

ferent from the other channel types. Representative current

traces obtained under voltage-clamp conditions, in the absence

and presence of ethanol, are shown in Fig. 1. The channels

examined produced currents that ranged from fast inactivating

to noninactivating or very slowly inactivating currents. Unin-

jected oocytes produced only very small currents, <1% of the

amplitude observed in injected oocytes. The influence of

ethanol on the following parameters of the potassium current

was monitored: 1) peak amplitude, 2) decay time constant, 3)

voltage dependency of activation, and 4) recovery from macti-

vation (for ShA1).

Effect on peak amplitude. Although none of the channel

clones tested was highly sensitive to ethanol, there were signif-

icant differences in sensitivity among them. The expressed

channels were either inhibited by ethanol or insensitive to

ethanol at the concentrations tested. None of the channels

examined showed an augmentation of current. The effects of
various ethanol concentrations on current amplitude are shown

in Fig. 2. The most striking finding was that the current

amplitudes of DRK1 and RKShIIIA were significantly less

sensitive to ethanol than were those of the other channels

examined. This insensitivity was most pronounced for DRK1,

where there was no significant reduction of current amplitude

even in 600 mM ethanol.

Although DRK1 and ShablI belong to the same subfamily,

they differ in their ethanol sensitivity. DRK1 contains an

especially long carboxyl terminus (>400 residues) (27-29). In

order to test whether this might contribute to the ethanol

insensitivity of DRK1 current amplitude, we tested a carboxyl-

terminal deletion mutant of DRK1, which is missing 318 resi-

dues from the carboxyl terminus (zXC318DRK1). The deletion

mutant was intermediate between DRK1 and Shabil in sensi-

tivity of current amplitude to ethanol. Peak current amplitude

in 600 mM ethanol was decreased by only 12.6 ± 4.9% in

�C318DRK1, compared with 33.5 ± 2.7% for ShabIl. The slope

of the concentration-response relationship for the deletion

mutant differed significantly (p < 0.05) from that for the parent

DRK1.

Effect on decay time constant. To illustrate the compar-

SHAB

Shab II

j O�2PA�ms
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Fig. 3. Effects of ethanol on potassium current
decay kinetics. Command steps were to +40 mV
from holding potentials stated in Table 2. Traces
obtained in ethanol were scaled to control values,
to facilitate the comparison of decay kinetics. 0,
Control; #{149},200 mM ethanol; V, 400 m� ethanol;
v, 600 m�i ethanol.
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Fig. 2. Plots of mean percentage of change in peak amplitude of
potassium current as a function of ethanol (EtOH) concentration. Data
were averaged from all experiments and show results for a command
step to +40 mV. Number of oocytes tested for each data point ranged
from 5 to 16. Data for RBK2 (not shown) were similar to those obtained
for RBK1 . Absolute control values (pA) were as follows: ShB1 , 10.9 ±
1 .5; ShA1 ,6.7 ± 0.8; RBK1 ,20.9 ± 3.0; DRK1 , 18.8 ± 3.2; �.\C31 8DRK1,
19.7 ± 5.2; Shabll, 2.3 ± 0.4; RKShIIIA, 4.5 ± 1.2; ISK rat, 0.9 ± 0.2;
and ISK human, 1 .0 ± 0.1 . Ethanol concentrations at which the data for
each of the clones became significantly different (p < 0.05) from control
values were ShA1 , ShB1 , RBK1 , Shabll, and RKShlllA, 200 mM; lSK
human and � rat, 400 mM; and �C318DRK1 ,600 mM. DRK1 was not
significantly different.

ative effects of ethanol on the decay kinetics of potassium
currents produced from each of the channel clones, we have

scaled and superimposed current traces, obtained in the pres-

ence of various ethanol concentrations, to the same peak values

(Fig. 3). As in the case of current amplitude, the sensitivity to

ethanol of decay kinetics differed among clones (Fig. 4). Inter-

estingly, these differences often did not parallel those seen for

current amplitude. For example, whereas the amplitude of

current produced from DRK1 was insensitive to ethanol, the
decay kinetics of the current produced from this clone were

among the more sensitive of those sampled. The deletion mu-

tant �C318DRK1 showed slightly faster decay kinetics than
the parent DRK1 channel (3.6 ± 0.4 versus 5.0 ± 0.5 sec) but

did not differ from DRK1 in the sensitivity to ethanol of the

decay kinetics, in contrast to the results obtained for current

amplitude. As was the case for the ethanol sensitivity of current

amplitude, shared membership in a subfamily did not ensure

that ethanol would have similar effects on decay kinetics. For

example, comparison of decay time constants in 600 mM

ethanol showed a statistically significant (p < 0.05) difference

between ShablI and DRK1, even though both are members of

the Shab subfamily. One of the four oocytes expressing Rk-

ShIIIA (traces shown in Fig. 3) showed the induction of a fast

decay phase (time constant = 0.6 sec and 0.4 sec in 200 and

400 mM ethanol, respectively), in addition to the slower phase.
The slow decay phase was relatively insensitive to ethanol in

all cases.

Effect on the voltage dependency of activation. Rep-

resentative current-voltage and conductance-voltage relation-

ships for activation of a number of the potassium channels

examined in the absence and presence of ethanol are shown in
Fig. 5. The voltage dependency of activation was unaffected,

even at 600 mM ethanol concentrations, in all of the channels

examined.

Effect on recovery from inactivation. ShA1 differs from

other potassium channel clones in that an especially long

recovery time is required, after an inactivating voltage pulse,

before the channel population can be fully activated by a

subsequent depolarization (30). We used a double-pulse proto-

col, with varying times between a conditioning pulse and the

test pulse, to examine whether the time required for recovery

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


120

100

80

60 I-

40

-J
0
a:
I-z
0
0
L1�

0

I-
z
I-
U)
z
0
0
w

I-
>-

0
w
0

20

0
Ui
N

0
z
I-
z
Ui

:D
0

Ca

iso

12o�(1,/�

VOLTAGE STEPS (mV)

Effects of Ethanol on Various Potassium Channels 503
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Fig. 4. Plots of the mean percentage of change in the decay time
constants of potassium currents at various ethanol (EtOH) concentra-
tions. Data were averaged from all experiments and show results for a
command step to +40 mV. Number of oocytes tested for each data
point ranged from 5 to 13. Time constants were computed for segments
of traces between 4 and 45 msec after the voltage step for ShB1 and
between 0.8 and 9.0 sec after the beginning of the voltage step for
others shown. Absolute values (msec) at control were as follows: ShB1,
9.4 ± 0.9; DRK1, 4964 ± 447; �C318DRK1, 3638 ± 384; and Shabll,
3883 ± 1 75. Ethanol concentrations at which the data for each of the
clones became significantly different (p < 0.05) from control values were
DRK1 and �C31 8DRK1 , 200 mM; and Shabll, 600 m� (not tested at
lower concentrations). ShB1 was not significantly different.

from inactivation was affected by ethanol. Exposure to concen-

trations of ethanol as high as 600 mM did not affect the time

course of recovery from inactivation of ShA1 (data not shown).

Effect of longer chain alcohols. In a limited number of

experiments, hexanol was tested for its effect on peak amplitude

of DRK1. As previously shown, the current amplitude of DRK1

was particularly insensitive to ethanol. We chose bath concen-

trations of hexanol that were likely to produce membrane

concentrations comparable to those produced by the ethanol

concentrations used in this study (31). The peak amplitude of

DRK1 potassium current was decreased to 45.7 ± 4.9% (n = 3)

of control values in the presence of 6 mM hexanol (Fig. 6).

Thus, the insensitivity of DRK1 current amplitude to ethanol

is not generalized to all alkanols.

Discussion

It is becoming apparent that potassium channel proteins are

composed of discrete regions, which can be assigned specific

roles in the functioning of the channel. For example, consid-

erable evidence has accumulated that a ball-and-chain mecha-
nism involving the amino terminus of the polypeptide (24, 32)

controls relatively fast (milliseconds) inactivation of the chan-

nel. Similarly, the S4 transmembrane region is important for
the voltage-dependent gating of the channel (15, 33), and the

55-56 linker region plays an important role in forming the

channel pore and determining the ion specificity (34, 35) of the

channel. Our data suggest that ethanol may act differentially

on these discrete regions of the channel protein, rather than by

perturbing the “global” structure of the protein.

This interpretation is supported by the finding that the

effects of ethanol on current amplitude were independent of

effects on current kinetics. That is, the channels with the most

sensitive peak currents were often among the least sensitive

clones with respect to kinetic parameters. Some aspects of

channel function were remarkably insensitive to ethanol, sug-
gesting that the corresponding parts of the protein were unaf-

fected by even high concentrations of ethanol. None of the

clones showed a shift in the voltage dependency of potassium

current in the presence of ethanol. This is similar to results

previously reported in Aplysia (12) and suggests that the 54

transmembrane region is resistant to ethanol action. The decay

of ShA1 and ShB1 currents was not significantly altered by

ethanol. Because both of these channels contain the amino

terminus ball-and-chain and show fast inactivation, the ball-

and-chain is unlikely to be a target for ethanol at the concen-

trations used here. In Aplysia, the relatively fast decay of IA

was retarded in some cells and unaffected in other cells (12),

suggesting the possibility that multiple mechanisms for fast

inactivation, with differing ethanol sensitivities, may exist. The

sensitivity of DRK1 to alkanols shows some specificity, inas-

much as hexanol, at bath concentrations that are predicted to
produce membrane concentrations similar to those attained

with ethanol, decreased potassium current amplitude in DRK1,

which was insensitive to ethanol. Other clones or other chain

length alcohols were not tested.

Deletion of 318 amino acids from the carboxyl terminus of

DRK1 increased the ethanol sensitivity of current amplitude,

suggesting that these residues offer some protection from

ethanol perturbation of the channel. Previous workers have

Fig. 5. Upper, current-voltage relationships
for different potassium channel clones, in
the absence and presence of ethanol
(EtOH). Peak amplitudes obtained at less
depolarized step potentials were normal-
ized to the values obtained at the +40 mV
command step. Lower, conductance-volt-
age relationships determined for the same
data set as represented in upper. Con-
ductance was determined as g = l/IE. The
data indicate that ethanol does not shift
the voltage dependency of activation.
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TABLE 3

Comparison of amino acid sequences in the pore-forming region of potassium channels
Bold letters indicate amino acid residues that are different in DRK1 , compared with the other potassium channels.

K thann�s

�- �-�-----.---

.
Pore-forming regen

Amino acid
numbe#{241}ng

DRK1 EKDEDD TKFXSIPASFWWATITMTTVGYGDIYPKTLLGKI 349-388

ShablI EKDEKD TKFVSIPEAFWWAGITMTTVGIRDICPTTALGKV 599-638
ShA1 EAGSEN SFFKSIPDAFWWAVVTMTTVGYGDMTPVGFWGKI 418-457
ShBI EAGSEN SFFKS I PDAFWWAVV1’MTTVGYGDMTPVGVWGKI 418-457

RBK1 EAEEAE SHFSS I PDAFWWAVVSMTrVGYGDMYPVTIGGKI 348-387
RBK2 EADERD SQFPS IPDAFWWAWSMTTVGYGDMVPTTIGGKI 348-387
RKShlllA ERVGAQPNDPS ASEHTQFKNIPIGFWWAVV1’MTTLGYGDMYPQTWSGML 404-451

DRK 1
CONTROL

� WASH

I>.-__ 6 mM HEXANOL
/ 0.8PAL

2Oms

Fig. 6. Effect of 6 mM hexanol on DRK1 potassium current. Traces were
elicited by a command step to +40 mV from a holding potential of -50
mV, before, during, and after exposure to hexanol.

suggested that ethanol, especially at high concentrations, exerts

its effects on membrane proteins via a perturbation of mem-

brane lipids (36-40). Because present evidence suggests that

the carboxyl terminus resides in the cytoplasmic domain, and

not in the membrane (28, 29), the effects of ethanol on channel

proteins must not be limited to those portions of the channel

traversing the lipid domain of the membrane. Of course, we

cannot exclude the possibility that different regions of the

protein interact in a manner important for the pharmacology

of the channel.

Because the pore region of the channel may play a role in

the reduction of current amplitude in the presence of ethanol,

we compared the amino acids in the extracellular loop between
S5 and 56 to determine which were unique to DRK1, in

comparison with other clones that were more sensitive to

ethanol. This region of the channel protein has been suggested

to contribute to the channel pore by traversing the membrane

in a (3-sheet configuration (34). The amino acid sequences for

the loops connecting 55 and 56 of the potassium channels

examined here are aligned in Table 3. There are four residues

unique to DRK1 in this region, Ala-362, Ser-363, Thr-368, and

Lys-382. If individual residues contribute to the differences in

ethanol sensitivity, they might be identified by the analysis of

point mutants in which the unique residues in DRK1 have been

changed to those present in the more sensitive channels. For

example, the position corresponding to Ala-362 is an acidic

residue in ShabIl, RBK1, RBK2, ShA1, and ShB1. Charybdo-

toxin and tetraethylammonium binding to mutant ShB1 chan-

nel suggest that this residue, Asp-431 in ShB1, lies on the

outside surface of the membrane (34, 41, 42).

Conceivably, the carboxyl group represents a site for hydro-

gen bonding of the ethanol hydroxyl group (43), which inter-

feres directly with the functioning of the channel. Interestingly,

RKShIIIA, which, like DRK1, has a neutral residue at this

position, exhibits an intermediate current amplitude sensitivity

to ethanol.

The concentrations of ethanol used in this study are quite
high. However, blood ethanol concentrations in excess of 200

mM have been reported to occur in alcoholics (44). In addition,

relatively small changes in potassium currents can lead to

relatively large differences in physiological processes, such as

transmitter release and signal transduction (45-47). Thus, in

addition to providing insights into the manner in which high
concentrations of ethanol interact with channel proteins, the
results may be relevant to the actions of ethanol on membrane

proteins in alcoholism.

Acknowledgments

We would like to thank Drs. L. Y. Jan for providing ShA1 and ShA2; J.

Adelman for providing RBK1 and RBK2; A. Butler for providing Shabll; R. H.
Joho for providing DRK1 and �318-DRK1; B. Rudy for providing RKShIIIA;
and K. Folander and R. Swanson for providing human and rat ISK- We appreciate
comments on this manuscript from Dr. Jos#{233}Lemos.

References

1. Franklin, C. L., and D. L. Gruol. Acute ethanol alters the firing pattern and
glutamate response of cerebellar Purkinje neurons in culture. Brain Res.

416:205-218 (1987).

2. Deitrich, R. A., T. V. Dunwiddie, R. A. Harris, and V. G. Erwin. Mechanism
of action of ethanol: initial central nervous system actions. Pharmacol. Rev.
41:489-538 (1989).

3. Silver, L. H., and S. N. Treistman. Effects of alcohols upon pacemaker
activity in neurons of Aplysw californica. Cell. Mo!. NeurobioL 2:215-226

(1982).
4. Daniell, L. C., and S. W. Leslie. Inhibition of fast phase calcium uptake and

endogenous norepinephrine release in rat brain region synaptosomes by
ethanol. Brain Res. 377:18-28 (1986).

5. Gonzales, R. A., and J. J. Woodward. Ethanol inhibits N-methyl-D-aspartate-
stimulated [3Hlnorepinephrine release from rat cortical slices. J. Pharmacol.

Exp. Titer. 253:1138-1144 (1990).

6. Wang, X., G. Dayanithi, J. R. Lemos, J. J. Nordmann, and S. N. Treistman.
Calcium currents and peptide release from neurohypophysial terminals are
inhibited by ethanol. J. PhormacoL Exp. Titer. 259:705-711 (1991).

7. Grant, A. J., and S. N. Treistman. Ethanol sensitivity of postsynaptic
receptors in the abdominal ganglion of Aplysia californica. Brain Res.

548:217-221 (1991).
8. Wafford, K. A., D. M. Burnett, N. J. Leidenheimer, D. R. Burt, J. B. Wang,

P. Kofuji, T. V. Dunwiddie, R. A. Harris, and J. M. Sikela. Ethanol sensitivity

of the GABAA receptor expressed in Xenopus oocytes requires 8 amino acids
contained in the gamma2L subunit. Neuron 7:27-33 (1991).

9. Lovinger, D. M., G. White, and F. F. Weight. Ethanol inhibits NMDA-
activated ion current in hippocampal neurons. Science ( Washington D. C.)

243:1721-1724 (1989).

10. Wang, X., J. R. Lemos, G. Dayanithi, J. J. Nordmann, and S. N. Treistman.
Ethanol reduces vasopressin release by inhibiting calcium currents in nerve
terminals. Brain Res. 551:338-341 (1991).

11. Treistman, S. N., H. Bayley, J. R. Lemos, X. Wang, J. J. Nordmann, and A.
J. Grant. Ethanol: effects on calcium channels, potassium channels and
vasopressin release. Proc. N. Y. Acad. Sci. 625:249-263 (1991).

12. Treistman, S. N., and A. Wilson. Effects of ethanol on early potassium

currents in Aplysia: cell specificity and influence ofchannel state. J. Neurosci.

7:3207-3214 (1987).

13. Camacho-Nasi, P., and S. N. Treistman. Ethanol effects on voltage-depend-
ent membrane conductances: comparative sensitivity of channel populations
in Aplysw neurons. CelL Mo!. Neurobiol. 6:263-279 (1986).

14. Anantharam, V., and S. N. Treistman. Effects ofethanol on neuronal voltage-

gated ion channels, in Akohol and Neurobiology: Receptors, Membranes and

Channels. (R. R. Watson, ed). CRC Press, Boca Raton, FL, 269-302 (1992).

15. Jan, L. Y., and Y. N. Jan. Voltage-sensitive ion channels. Cell 56:13-25

(1989).

16. Folander, K., J. S. Smith, J. Antanavage, C. Bennett, R. B. Stein, and R.
Swanson. Cloning and expression ofthe delayed rectifier I-S-K channel from

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Effects of Ethanol on Various Potassium Channels 505

neonatal rat heart and diethylstilbestrol-primed rat uterus. Proc. Nat!. Acad.
Sci. USA 87:2975-2979 (1990).

17. Rehm, H., and B. L. Tempel. Voltage-gated K channels of the mammalian

brain. FASEB J. 5:164-170 (1991).
18. Jan, L. Y., and Y. N. Jan. How might the diversity of potassium channels be

generated? Trends Neurosci. 13:415-419 (1990).

19. Christie, M. J., R. A. North, P. B. Osborne, J. Douglass, and J. P. Adelman.

Heteropolymeric potassium channels expressed in Xenopus oocytes from
cloned subunits. Neuron 2:405-411 (1990).

20. Butler, A., A. Wei, K. Baker, and L. Salkoff. A family of putative potassium
channelgenes in Drosophila. Science (Washington D. C.) 243:943-947(1989).

21. Wei, A., M. Covarrubias, A. Butler, K. Baker, M. Pak, and L. Salkoff. K
current diversity is produced by an extended gene family conserved in
Drosophila and mouse. Science (Washington D. C.) 248:599-603 (1990).

22. Pak, M. D., K. Baker, M. Covarrubias, A. Butler, A. Ratcliffe, and L. Salkoff.
mShal, a subfamily of A-type K� channel cloned from mammalian brain.
Proc. Nat!. Acad. Sci. USA 88:4386-4390 (1991).

23. Demo, S. D., and G. Yellen. The inactivation gate of the Shaker K channel

behaves like an open-channel blocker. Neuron 7:743-753 (1991).

24. Zagotta, W. N., T. Hoshi, and R. W. Aldrich. Restoration of inactivation in

mutants of Shaker potassium channels by a peptide derived from ShB.
Science (Washington D. C.) 250:568-571 (1990).

25. Treistman, S. N., and A. J. Grant. Attributes of an alcohol-sensitive and an
alcohol-insensitive transient potassium current in Aplysta neurons. Akohol

Clin. Exp. Res. 14:595-599 (1990).
26. Bezanilla, F., and C. M. Armstrong. Inactivation of the sodium channel:

sodium current experiments. J. Gen. Physiol. 70:549-566 (1977).
27. Christie, M. J., J. P. Adelman, J. Douglass, and R. A. North. Expression of a

cloned rat brain potassium channel in Xenopus oocytes. Science ( Washington

D. C.) 244:221-224 (1989).

28. Frech, G. C., M. J. VanDongen, G. Schuster, A. M. Brown, and R. H. Joho.
A novel potassium channel with delayed rectifier properties isolated from rat

brain by expression cloning. Nature (Lond.) 340:642-645 (1989).
29. VanDongen, A. M. J., G. C. Frech, J. A. Drewe, R. H. Joho, and A. M. Brown.

Alteration and restoration of K channel function by deletions at the N- and

C-termini. Neuron 5:433-443 (1990).

30. Papazian, D. M., T. L. Schwarz, B. L. Tempel, Y. N. Jan, and L. Y. Jan.

Cloning of genomic and complementary DNA from Shaker, a putative potas-

sium channel gene from Drosophila. Science (Washington D. C.) 237:749-

753 (1987).

31. Treistman, S. N., and A. Wilson. Alkanol effects on early potassium currents
in Aplysia neurons depend on chain length. Proc. Nail Acad. Sci. USA
84:9299-9303 (1987).

32. Hoshi, T., W. N. Zagotta, and R. W. Aldrich. Biophysical and molecular

mechanisms of Shaker potassium channel inactivation. Science (Washington

D. C.) 250:533-538 (1990).

33. Krueger, B. K. Toward an understanding of structure and function of ion

channels. FASEB J. 3:1906-1914 (1989).

34. MacKinnon, R., and C. Miller. Mutant potassium channels with altered

binding of charybdotoxin, a pore-blocking peptide inhibitor. Science ( Wash-

ington D. C.) 245:1382-1385 (1989).
35. Hartmann, H. A., G. E. Kirsch, J. A. Drewe, M. Tagkialatela, R. H. Joho,

and A. M. Brown. Exchange of conduction pathways between two related K

channels. Science (Washington D. C.) 251:942-944 (1991).
36. Wood, W. G., and F. Schroeder. Membrane effects of ethanol: bulk lipid

versus lipid domains. Life Sci. 43:467-475 (1988).

37. Curran, M., and P. Seaman. Alcohol tolerance in a cholinergic nerve terminal:
relation to the membrane expansion-fluidization theory of ethanol action.
Science (Washington D. C.) 197:910-911 (1977).

38. Janoff, A. S., M. J. Pringle, and K. W. Miller. Correlation of general
anesthetic potency with solubility in membranes. Biochim. Biophys. Acta
649:125-128 (1981).

39. Pringle, M. J., K. B. Brown, and K. W. Miller. Can the lipid theories of
anesthesia account for the cut-off in anesthetic potency in homologous series
of alcohols? MoL Pharmacol. 19:49-55 (1981).

40. Wood, S. C., S. A. Forman, and K. W. Miller. Short chain and long chain
alkanols have different sites of action on nicotinic acetylcholine receptor
channels from Torpedo. Mo!. Pharmacol. 39:332-338 (1991).

41. MacKinnon, R., P. H. Reinhart, and M. M. White. Charybdotoxin block of
Shaker K� channels suggests that different types of K� channels share
common structural features. Neuron 1:997-1001 (1988).

42. MacKinnon, R., L. Heginbotham, and T. Abramson. Mapping the receptor
site for charybdotoxin, a pore-blocking potassium channel inhibitor. Neuron

5:767-771 (1990).

43. Chiou, J. S., S. M. Ma, H. Kamaya, and I. Ueda. Anesthesia cutoff phenom-
enon: interfacial hydrogen bonding. Science (Washington D. C.) 248:583-

585 (1990).
44. Berild, D., and H. Hasselbalch. Survival after a blood alcohol of 1 127 mg/dl.

Lancet 2:363 (1981).
45. Cassell, J. F., and E. M. McLachlan. The effect of a transient outward current

(I-A) on synaptic potentials in sympathetic ganglion cells of the guinea pig.

J. Physiol. (Load.) 374:273-288 (1986).

46. Rogawski, M. A. The A-current: how ubiquitous a feature of excitable cells
is it? Trends Neurosci. 214-219 (1985).

47. Klein, M., J. Camardo, and E. R. Kandel. Serotonin modulates a specific

potassium current in the sensory neurons that show presynaptic facilitation

in Aplysia. Proc. NatL Acad. Sci. USA 79:5713-5717 (1982).

48. Timpe, L. C., T. L. Schwarz, B. L. Tempel, D. M. Papazian, Y. N. Jan, and
L. Y. Jan. Expression of functional potassium channels from Shaker cDNA
in Xenopu.s oocytes. Nature (Load.) 331:143-145 (1988).

49. McKinnon, D. Isolation of a cDNA clone coding for a putative second
potassium channel indicates the existence of a gene family. J. Bin!. Chem.

264:8230-8236 (1989).
50. McCormack, T., E. C. Vega-Saenz de Miera, and B. Rudy. Molecular cloning

of a member of a third class of Shaker-family K channel genes in mammals.
Proc. Nat!. Acad. Sci. USA 87:5227-5231 (1990).

51. Murai, T., A. Kazikura, T. Takumi, H. Ohkubo, and S. Nakanishi. Molecular
cloning and sequence analysis of human genomic DNA encoding a novel
membrane protein which exhibits a slowly activating potassium channel

activity. Biochem. Biophys. Res. Commun. 161:176-181 (1989).

Send reprint requests to: Dr. Steven N. Treistman, Department of Pharma-
cology, University of Massachusetts School of Medicine, 55 Lake Avenue N.,
Worcester, MA 01655.

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/



