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Tolerance, described as the loss of drug effectiveness over time, is
an important component of addiction. The degree of acute behav-
ioral tolerance to alcohol exhibited by a naive subject can predict
the likelihood of alcohol abuse. Thus, the determinants of acute
tolerance are important to understand. Calcium- and voltage-gated
(BK) potassium channels, consisting of pore forming « and mod-
ulatory B subunits, are targets of ethanol (EtOH) action. Here, we
examine the role, at the molecular, cellular, and behavioral levels,
of the BK B4 subunit in acute tolerance. Single channel recordings
in HEK-293 cells show that, in the absence of B4, EtOH potentiation
of activity exhibits acute tolerance, which is blocked by coexpress-
ing the B4 subunit. BK channels in acutely isolated medium spiny
neurons from WT mice (in which the B4 subunit is well-represented)
exhibit little tolerance. In contrast, neuronal BK channels from g4
knockout (KO) mice do display acute tolerance. Brain slice record-
ings showed tolerance to EtOH’s effects on spike patterning in KO
but notin WT mice. In addition, 84 KO mice develop rapid tolerance
to EtOH’s locomotor effects, whereas WT mice do not. Finally, in a
restricted access ethanol self-administration assay, 4 KO mice
drink more than their WT counterparts. Taken together, these data
indicate that the B4 subunit controls ethanol tolerance at the
molecular, cellular, and behavioral levels, and could determine
individual differences in alcohol abuse and alcoholism, as well as
represent a therapeutic target for alcoholism.
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Icohol abuse is the third largest cause of preventable
mortality in the world. Tolerance, described as the gradual

loss of drug effectiveness over time, is a hallmark of abused
drugs. This phenomenon is particularly important in the re-
sponse to acute alcohol because the degree of tolerance exhib-
ited by a naive subject can predict the likelihood to develop
alcohol abuse (1-4). Thus, identifying the mechanistic and
molecular underpinnings of tolerance is essential for under-
standing the pathophysiology of alcoholism, as well as deter-
mining potential therapeutic targets for alcohol abuse. The
neurobiology of tolerance is thought to involve several types of
adaptation, ranging from alteration in membrane lipid compo-
sition (5) to neuroadaptative changes in target proteins (6, 7).
In recent years, large conductance calcium- and voltage-gated
potassium (BK) channels have emerged as one of the key targets
of ethanol action, yet their role in the physiological and behav-
ioral response to alcohol are unknown. Invertebrate studies
suggest that BK channels may be important for the development
of tolerance to ethanol (8, 9). In mammals, BK channels exist as
a complex formed by the association of the pore-forming «
subunit with the auxiliary 8 subunit. The « subunit is encoded
by only one gene (slo) with several splice variants (STREX, P27,
insertless, etc.), whereas the B subunit is the product of four
distinct genes (31-84). BK « subunits, unlike 8, form functional
BK channels (10-12). BK « subunit expression is robust and
widespread throughout the brain, with particularly high levels in
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the neo-, olfactory, and hippocampal cortices, striatum, habe-
nula, and cerebellum (11, 13-15). Other prominent sites for BK
a are thalamus, amygdala, and, to a lesser degree, the brainstem,
and spinal cord (14). In contrast, the B4 subunit, although highly
expressed, appears to be restricted to specific brain regions like
the lateral hypothalamus, the purkinje layer and the striatum (13,
14). Whereas B1 expression is found at low levels in brain, 82 and
B3 do not appear to be expressed in the central nervous system
(16, 17). In previous work, we showed that low EtOH concen-
trations (10-50 mM) potentiated BK channel open probability in
a number of brain regions (hypothalamo-hypophyseal axis and
nucleus accumbens) (18-20). Recently, we also reported that
EtOH effects depend on BK channel subunit composition in
ventral striatum. We found that «84 BK channels were poten-
tiated by EtOH, whereas a1 channels were not (19). In the
present study, we tested the hypothesis that BK subunit com-
position can control the degree and duration of ethanol sensi-
tivity and, because of robust expression in striatum—a brain
region implicated in addiction—we predicted that differences in
BK subunit expression can translate into altered ethanol-
induced behaviors. We focused on the 4 subunit because of our
previous work that indicates it is widely expressed in ventral
striatum and co-assembles with BK « to form functional, ethanol
sensitive channels in the soma of medium spiny neurons (MSNs).

Results

We transfected HEK-293 cells with « alone or in combination
with B4, and recorded BK single channel activity in cell-attached
patch clamp mode for 20 sec every minute for up to 20 min. 50
mM EtOH, a concentration known to strongly influence channel
activity (19), increased o84 BK channel open probability (Fig.
14; middle trace EtOH 3 min) compared to control (Fig. 14; Top
Trace Control). This effect persisted up to 8 min after the start
of EtOH exposure (Fig. 14 Bottom Trace). The lack of tolerance
was not voltage-dependent because we observed a similar phe-
nomenon when large (+150 mV) depolarizing voltage steps
evoked outward BK currents on three additional patches (see
supporting information (SI) Fig. S1A4). In five patches (two from
HEK cells and three from freshly isolated neurons), we found
that BK channel activity remained potentiated (about 3.4 fold)
for up to 14 min (the longest tested) after the beginning of EtOH
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Fig. 1. BK 4 subunitinfluences tolerance: (A) a4 BK Single channel activity
recorded at hyperpolarized potentials from HEK293 cells. (B) EtOH's effects on
aB4 BK channel activity averaged over several cells (n values indicated in
graphs). (C) shows « BK single channel activity before (control) and during
EtOH exposure. (D) Magnitude of EtOH's effects on a BK activity averaged over
several cells (n values are indicated in graphs). Representative traces of BK
activity before (control) and during EtOH exposure (EtOH). ““/C"" and "'O"" refer
to BK closed and open states, respectively. NPo indicates BK channel open
probability under each experimental condition. In graphs (B and D) lightly
shaded areas indicate where BK channel potentiation typically occurs, while
the darker shaded areas show where tolerance is observed. EtOH effects are
expressed as % of baseline.

perfusion compared to control values (data not shown). A ceiling
effect that would distort the magnitude of EtOH’s effects is very
unlikely as we systematically set BK channel NPo to low values
before exposing cells to the drug. Furthermore, even in presence
of EtOH, BK channels typically spent only a small fraction of
their total open time in the second (Fig. 14; O2 Middle Trace)
or third open states (Fig. 1C; O3 Middle Trace), indicating that
EtOH had not maxed out BK channel activity. In control
experiments, we measured BK channel activity for up to 15 min
in the absence of ethanol and found no change in baseline (data
not shown). On average (n = 8), 50 mM EtOH increased BK
channel activity by about 2.5 fold (Fig. 1B).

We examined the effects of 50 mM EtOH on BK channels
consisting of only « subunits. We found that EtOH effects on
both inward (Fig. 1C) and outward (Fig. S1B) currents were
similar. Thus, under these conditions, 50 mM EtOH also boosted
channel activity compared to control. In contrast to its effect on
af34 BK channels, EtOH potentiation disappeared minutes after
the beginning of alcohol exposure, demonstrating acute toler-
ance of the response (Fig. 1C Lower Trace EtOH 7 min). When
averaged over 8 patches, EtOH initially increased a BK channel
activity by about 3 fold (Fig. 1D, light shaded box), before
returning to control levels (Fig. 1D; darker shaded box). To
evaluate whether EtOH potentiation was voltage dependent, we
tested EtOH’s effect on both « and a34 BK activity by recording
macroscopic currents in whole cell mode at multiple potentials.
Plotting current amplitude (normalized to I, typically ob-
served around +150 mV) vs. voltage revealed that EtOH
increased both @ and a34 BK current amplitude over a range of
potentials (Fig. S2), indicating it was not voltage-dependent.
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Fig. 2. B4 subunit controls tolerance of BK single channel activity in freshly
isolated striatal MSNs. (A) DNA agarose gel shows that only B4 expression is
lacking in striatum isolated from g4 KO mice; whereas 81 mRNA is present in
both WT and KO animals. “’L" denotes the 100 bp marker on molecular weight
ladder. Base pair number is indicated in the left hand margin. “B1" and "'B4"
refer to BK 31 and B4 subunits, respectively. “NORT" are negative controls
with omitted reverse transcriptase and “X" indicates columns where no
material was loaded. Single channel activity recorded from striatal MSNs
acutelyisolated from WT (Band C) or B4 KO (D and E) mice, respectively. (Band
D) Representative traces of BK activity from WT and KO mice, before (control)
and during EtOH exposure (EtOH). “C"” and ""O" refer to closed and open
states. NPo indicates BK channel open probability. (C and E) graphs show
magnitude of EtOH’s effects averaged over several cells (n values are indicated
in graphs). Lightly shaded areas indicate where BK channel potentiation
typically occurs, while the darker shaded areas show where tolerance is
observed. EtOH effects are expressed as a percentage of baseline.

To determine the time course of a and «af4 BK EtOH
response, we recorded macroscopic currents in response to a
single voltage step (between 110 and 140 mV from a holding
potential of —70 mV) every 10 sec for several minutes. We found
that the response of a BK channels to EtOH (Fig. S3 4 and C)
developed much faster than that of a4 channels (Fig. S3 B and
C). The effect of EtOH on « BK channels peaked approximately
2 min after drug exposure (Fig. S3C). In contrast, it took about
twice as long for a4 BK channel responses to peak under similar
experimental conditions. In addition, as in cell-attached record-
ings, tolerance was observed with «, but not a34 BK channels,
demonstrating that this does not depend on the recording mode.

From previous work, we know that the BK B4 subunit is
coexpressed with the « subunit in rat ventral striatum MSNs (19)
and that these channels are dose-dependently potentiated by
EtOH. RT-PCR amplification of 4 mRNA confirms that this
subunit is robustly expressed in mouse striatum along with much
lower levels of the B1 subunit (Fig. 24). Therefore, we hypoth-
esized that MSNs from WT mice should functionally express o34
BK channels and that they should be potentiated by EtOH,
mirroring «fB4 BK activity in heterologous expression studies.
Indeed, the WT BK channel response to 50 mM EtOH was very
similar to that observed with 84 BK channels in HEK293 cells:
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Fig.3. EtOH-mediated decrease of MSN excitability exhibits tolerance in KO, but not WT mice. (A) Number of APs recorded from WT (filled columns) and KO
(open columns) MSNs following a series of incremental (50 pA) current steps (50-300 pA). (B) Representative action potential trains evoked in a slice preparation
(Slices) by a single 100 pA current step in WT (Left) and KO (Middle) mice before (control) and after 50 mM EtOH exposure (2 or 8 min). Two minutes after EtOH,
the number of APs is smaller in both WT and KO mice. While KO mice MSN excitability partially recovers 8 min after EtOH exposure (Bottom Trace; Right), WT
neuronal excitability remains depressed (Left, Bottom Trace). Results obtained in slices were reproduced on freshly isolated neurons from KO mice (Right; p4
KO/F.I. cells). (C) Averaged change in action potential number recorded in MSNs in slices and freshly isolated after 2 or 8 min EtOH exposure, presented as percent
of control before EtOH exposure in MSNs from WT and B4 KO striatal slices; 5/7 neurons were ethanol sensitive and developed tolerance in 84 KO MSNs, whereas
7/9 MSNs from WT were ethanol sensitive and did not develop tolerance (*P < 0.05). The Inset shows the ratio of AP number at 2 and 8 min reported as fold
recovery from ethanol; value below the broken bar indicates a further decrease of APs number at 8 min compared to 2 min EtOH (solid column; WT), while value
above the line indicate a recovery (KO); F1,19 = 27.6, P < 0.001. (D) 100 nM ChTx blocks EtOH effects on striatal MSNs AP patterns in slices (Left) and freshly isolated
neurons (F.I cells, Right). (E) Number of APs measured every minute before (open circles) and during 50 mM EtOH exposure (solid circles) in presence of 100 nM
ChTx. Data from slices and freshly isolated MSNs were combined.

EtOH potentiated BK channel activity (Fig. 2B, Middle Trace  suppression of excitability within the 8 min EtOH exposure (Fig.
and Fig. 2C, light shaded box) and this was sustained throughout 3B, Middle, Bottom Trace). In freshly isolated MSNs from KO
the recording session (Fig. 2B, Bottom Trace and Fig. 2C, darker ~ mice (n = 3, Fig. 3B; Right), EtOH similarly transiently reduced
shaded box). To determine if this persistent EtOH mediated  the number of APs, mirroring results obtained in slices. This
channel potentiation was dependent on 34 expression, we re-  latter experiment demonstrates that EtOH effects on MSN spike
corded from BK channels in MSNs isolated from mice that do  patterning are intrinsic to these neurons. On average, 2 min after
not express KCNM B4, the gene encoding the 84 subunit (34 KO)  EtOH exposure, the number of evoked APs in 84 KO MSNs
(15). Interestingly, MSNs from KO mice exhibited BK channel  decreased by 60% of control compared to 40% for neurons from
activity that was potentiated by EtOH but rapidly returned to ~ WT mice (Fig. 3C). While the number of APs in KO mice was
control levels (Fig. 2 D and E, 4/5 neurons), indicating that, in ~ almost back to control level after 8 min exposure, it was smaller
the absence of B4, acute tolerance develops. This effect mirrored  in WT mice compared to the 2 min time point (Fig. 3C). The
what we found when BK « subunit alone was expressed in  development of tolerance (or its absence) is also shown in the
HEK?293 cells (Fig. 1 D and E). inset of Fig. 3C as the ratio of APs at 8§ min over the number of
To better understand the physiological role of BK 84 subunit ~ APs 2 min after EtOH exposure. In WT mice, the ratio was
expression on neuronal excitability, we evoked action potentials ~ below 1 (broken line, Fig. 3C; Inser) while it was significantly
(APs) in WT and B4 KO mice using whole cell patch clamp  higher in MSNs from KO mice (approximately 2, P < 0.001).
recordings in striatal slice and freshly isolated MSNs. Similar to To further establish a functional link between B4 expression
previous reports from hippocampal neurons (21), the number of  and the development of tolerance of spike patterning, we
APs evoked by current injection was increased in 84 KO MSNs  exposed B4 KO neurons in slice and dissociated culture to 100
compared to WT (Fig. 34). Since BKs contribute to determining ~ nM charybdotoxin (ChTx), known to block a and «f1 BK, the
MSNs AP patterning in WT mice, we tested the idea that  two BK channel subtypes found in these KO mice. In both slices
EtOH-mediated modulation of BK channels should alter the  (n = 2) and freshly isolated MSNs (n = 4), not only did 50 mM
excitability of these neurons and that this effect should show  EtOH fail to decrease spiking, but it slightly increased it (n = 6;
little tolerance. In contrast, in KO mice where most BK channels  Fig. 3D). Fig. 3E shows the average number of APs before (open
are presumably composed of « subunits only, we expected tosee  circles) and during EtOH exposure in the presence of 100 nM
a transient effect of EtOH on AP patterning. In WT mice, 50  ChTx. We also tested the effect of 1.5 uM tetrandrine, a blocker
mM EtOH markedly decreased the number of APs 2 min after  of «B4 BK channels. Tetrandrine completely prevented EtOH
EtOH perfusion (Fig. 3B; Middle Trace, Left) and this effect  from altering excitability of WT MSNs. The number of APs
persisted 8 min after the start of EtOH application, indicating a  remained unchanged up to 3 min after EtOH exposure (Fig. S4),
lack of tolerance. In g4 KO MSNSs, the number of APs was also  confirming that EtOH effects are mediated by «4 BK.
reduced 2 min after EtOH perfusion. However, unlike WT Because striatum is a brain region known to be involved in
responses, significant tolerance developed to EtOH induced  both the motivational and locomotor properties of drugs of
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Fig.4. Effects of EtOH on locomotor activity in male WT and 84 KO mice. (A)
Ambulatory activity of WT mice 5, 10, and 15 min after a 2 g/kg i.p. EtOH
injectionondays0, 1, and 4. Each data point represents 5 min summed activity.
Asterisks above symbols indicate significant locomotor activity on both days 1
and 4 of EtOH injection at each time point (5, 10, and 15 min) compared to
saline injection baseline (represented by the dashed line). Asterisk next to
bracket indicates difference between days 1 and 4 at 15 min time point only.
(B) Effects of the same EtOH dose at the same time points in KO mice. (C)
Fifteen minute summed activity immediately after a daily ethanol injection.
Note the rapid development of tolerance for KO mice upon repeated injec-
tions of 2 g/kg EtOH, compared to WT mice. (D) Blood alcohol concentration
in WT and KO mice (n = 4) before (time 0) and at 30-min intervals after asingle
i.p. injection of 2 g/kg ethanol. One-way ANOVA, Tukey posthoc, * P < 0.05,
**% P < 0.001.

abuse (for reviews see refs. 22, 23), we wondered if the stark
difference in physiology at the single channel and whole cell
levels could also be observed in the behavioral response to
EtOH. Thus, we challenged B4 KO and WT mice with 2g/kg
EtOH once a day and monitored their ambulatory activity 5, 10,
and 15 min after injection. Following EtOH injection on day 1,
WT mice showed a marked (70%) reduction of their activity
levels 5 min after injection (Fig. 44; black square symbols,
Fi12 = 25.0, P < 0.001) compared to a saline injection. Activity
remained depressed when monitored over the following 10 and
15 min time blocks. On day 4, the response of WT mice to EtOH
5 and 10 min after injection were comparable to that of day 1 and
only showed tolerance at the 15 min time point (Fig. 44; open
squares, F12 = 7.36, P < 0.05 day 1 compared to day 4).
However, in sharp contrast to WT mice, ambulatory activity in
KO mice displayed rapid tolerance to the locomotor suppressing
effects of EtOH. Thus, on day 1, although EtOH significantly
depressed locomotor activity (Fig. 4B; day 1) 5 min after
injection compared to control (F;» = 11.7, P < 0.01), when
tested at 10 and at 15 min after EtOH injection on day 1,
ambulatory activity had returned to control levels (Fig. 4B; filled
squares). In the same KO mice, by the fourth day of ethanol
challenge, nearly complete tolerance to ethanol-induced hypolo-
comotion was observed. In addition, we compared summed
locomotor activity 15 min after EtOH injection on days 1, 4, 7,
and 10 between B4 and WT mice. On day 1 (first injection), the
activity of both WT and KO mice decreased (Fig. 4C). However,
by the fourth injection day (day 4), complete tolerance to
ethanol-induced hypolocomotion developed in 84 KO mice (Fig.
4C; day 4 significance between genotypes, F1 21 = 7.1, P < 0.05),

17546 | www.pnas.org/cgi/doi/10.1073/pnas.0801068105

D4 . D 4
A=) " o iy
o 3 ©
x x 3
© ©
g, ./I"‘H E _
= = 2 n=10
g i) e n=11
g TBKpaKO 8
w o r T T T w1 .
1 2 3 4 wT BK B4 KO
Night
5 40 200, Sucrose
< e -,WT
§, 30 < 150 O@BKp4KO
e E
g2 @ 100 Quinine
- -@-WT
o 10 - WT g 50 -O-BK p4 KO
g TecpKo —e—o90
; 0 — T 0
12 3 4 5 12 3 4
Night Night

Fig. 5. EtOH consumption is higher in g4 KO. (A) EtOH consumption of WT
(black squares) and g4 KO mice (white squares) using a restricted access single
bottle self-administration assay. Measurements were taken every day for four
days for 2 h after lights were turned off. (B) Average daily EtOH intake in male
and female WT and KO mice. (C and D) Water, sucrose, and quinine intake of
WT (black squares and circles) and KO (white squares and circles) mice,
respectively (n = 5-8 per genotype). No significant difference was observed in
either condition. One Way ANOVA, Tukey posthoc, * P<0.05, ** P<0.01, ***
P < 0.001.

whereas suppression remained evident in WT mice through the
10th day of injection (Fig. 4C). The difference in acute locomo-
tor tolerance could not be explained by a difference in the
pharmacokinetics of ethanol between p4 KO and WT mice
because the peak blood ethanol concentration (BEC), as well as
the clearance rate of ethanol after an i.p. injection of 2 g/kg was
identical in the two genotypes (Fig. 4D).

Because rapid tolerance is predictive of increased alcohol
consumption, we compared voluntary ethanol intake in WT and
B4 KO mice, using a restricted access EtOH self-administration
paradigm termed “drinking in the dark™ (24, 25). This assay
produces robust EtOH intake in C57BL/6J mice, the background
strain of the B4 KOs. Remarkably, B4 KO mice consumed
significantly greater levels of EtOH compared to consumption in
WT mice during each of the first three nights of the assay (Fig.
5A). In addition, the ethanol intake averaged over four nights
was significantly higher in g4 KO mice (Fig. 5B, F1 g, = 19.7,P <
0.001). We measured blood alcohol levels (BAL) immediately
following ethanol exposure on night 2 of the DID assay, where
we observed the largest difference in intake between genotypes.
As expected, BALs of KO mice (26.62 = 7.53; n = 4) were much
higher than that of WT mice (5.85 = 0.53 mM, n = 4). Water
intake between WT and KO mice was not different (Fig. 5C),
suggesting that changes in ethanol consumption were not due to
differences in drinking volume. Importantly, there was also no
significant difference between genotypes in sucrose intake,
indicating that changes in ethanol drinking were specific for the
drug (Fig. 5D). WT and KO mice had similar aversion for
quinine, suggesting that the difference of EtOH intake was not
due to aversive taste (Fig. 5D).

Discussion

Our results suggest remarkable parallels in the effects of the BK
B4 subunit on acute alcohol tolerance at the level of single
channel recording, spike patterning, and behavioral studies. The
development of tolerance was apparent within a few minutes at
each level of analysis in 84 KO but not WT mice.

Martin et al.
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The bridge between molecular events and behavioral outcome
is always difficult to establish. We believe that our finding of
B4-dependent tolerance at the single channel and action poten-
tial levels is a compelling candidate for mediating effects we see
on behavior (locomotor tolerance and alcohol consumption).
Because the B4 subunit is expressed in a number of brain regions
(15, 16), we cannot rule out that regions outside the striatum may
participate in the changes in ethanol-related behavior. However,
our focus on striatum is based in part on the known role this
circuitry plays in these behavioral outcomes. Ethanol, via both
direct and indirect activation of DAergic neurons in the ventral
tegmental area (26-29), increases dopamine release in the
striatum, which is associated with both the motivational and
locomotor properties of most abused drugs. In addition, our data
are consistent with recent reports in c-elegans indicating a role
for BK channels in depression of locomotor effects of alcohol
(11). MSNs make up approximately 95% of neurons in striatum
and receive inputs from DAergic neurons in the VTA and
substantia nigra pars compacta. MSNs express BK channels
consisting of a and 4 subunits that are potentiated by ethanol,
an effect that develops little tolerance in response to acute
alcohol. In the absence of the B4 subunit, the rate of tolerance
to ethanol potentiation is dramatically enhanced at both the
single channel and whole cell level. This is associated with an
increase in the rate of tolerance to locomotor suppression
elicited by both acute and chronic ethanol exposure in 84 KO
mice compared to WT mice. The fact that 4 KO mice also
self-administer more alcohol than WT animals corroborates the
important role 84 subunit expression has on alcohol tolerance.
This dramatic difference in tolerance and alcohol consumption
is specific for ethanol because 4 KO mice consume equal
amounts of water, quinine, and sucrose solution compared to
WT mice. In addition, the pharmacokinetics of ethanol does not
differ between genotypes.

At the macroscopic level, the influence of the BK channel in
shaping APs in MSNs of the dorsal striatum is not surprising.
Studies carried out in CAl pyramidal neurons from the hip-
pocampus (30, 31), dorsal vagal neurons (32), lateral amygdala
(33) and purkinje cells (34, 35), report that toxin-mediated BK
channel blockade widens APs, suggesting that BK channels
facilitate repolarization. In striatal interneurons and MSNs, BK
contributions to shaping APs has also been reported (36).
Interestingly, our data showing that spike frequency is signifi-
cantly higher in 84 KO mice compared to WT mice, is consistent
with a recent study in CA1 neurons by Brenner ef al. (21) with
the same knockout animals. The similarity with the Brenner
study confirms the role of B4 subunit mRNA, since it is highly
expressed in both striatum and hippocampus (37). Although
MSNs express other channels involved in shaping APs and
neuronal excitability, the effects of EtOH on MSN excitability
are likely mediated by BK channels. First, delayed-rectifier and
rapidly inactivating I, K* channels, the two other main potas-
sium channels activated by depolarization in striatal MSNs, have
been shown in other preparations to be insensitive to 50 mM
EtOH (38), the concentration tested here. Additionally, toler-
ance to EtOH-mediated effects of AP patterns in MSNs ob-
served in KO mice occurs over a similar time course to tolerance
to EtOH-mediated potentiation of BK single channel activity in
the same mice. Finally, the effects of ethanol on AP spike
patterns are inhibited by charybdotoxin in B4 KO mice suggest-
ing a BKa dependent mode of drug action.

Our data indicate that the BK 4 subunit controls tolerance
to alcohol at both the molecular and behavioral levels. Since a
dramatic association between tolerance to alcohol and the
propensity to develop alcoholism exists, our data suggest that the
gene encoding the BK channel g4 subunit, KCNMB4 should be
evaluated as a candidate gene for susceptibility to alcohol abuse
and alcoholism.
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Materials and Methods

Cell Culture. Our methods are essentially the same as previously published (39).
Briefly, « BK channels were derived from stable cell lines (40), a gift from Peter
Ahring (NeuroSearch A/S, Ballerup, Denmark) (41). a4 channels were derived
from cell lines stably expressing « and transiently expressing 4.

Slice Preparation and Freshly Isolated Striatal Neurons. This is described in
detail in Martin et al. (42). Briefly, mouse brains were sliced (350 um) using a
Vibratome 3000 (Vibratome) and incubated for up to 6 h at room temp
(20-22 °C) in a gassed (95% O, and 5% CO,) saline solution. Following
enzymatic digestion with protease XIV (1 mg/ml), the tissue was mechanically
triturated using fire-polished Pasteur pipettes, and cells were plated into a 35
mm Petri dish.

Electrophysiological Recording. Single-cell cell-attached patch clamp record-
ing used standard methods (43). We pulled patch electrodes from 1.5 mm OD
borosilicate capillary glass (Warner Instrument) to a resistance of 4—-6 MQ. The
recording pipette solution was (in mM) 130 K;MeSO,, 2 MgCly, 2 CaCly, 15
Hepes. We set sampling rate and low-pass filter at 10 and 2 kHz, respectively,
using an EPC10 double amplifier (HEKA Elektroniks). Voltage and current
were digitized and stored using PatchMaster 2.1 (HEKA Elektroniks). We
recorded BK activity for 20 sec, every minute, three times to ensure a stable
baseline. We averaged the open probability of these three controls, and all
subsequent NPo values were expressed relative to this average. Drugs were
applied and BK channel activity was recorded in successive blocks of 20 sec,
every minute, for up to 10 min. Data were expressed as mean =SEM (with the
number of cells or patches in parentheses).

For whole cell recording in slices, MSNs were visually identified and char-
acterized electrophysiologically. Series resistance (Rs) was monitored
throughout experiments. Recordings showing Rs changes of more than 15—
20% were discarded. We used MultiClamp 700 B and EPC10 double amplifiers,
at a rate of 20 kHz, to record APs. VVoltage and current traces were acquired
and analyzed with pClamp 10 (Molecular Devices) and FitMaster 2.15 (HEKA
Elektronik) software packages.

Charybdotoxin Treatment. To ensure we recorded exclusively aB4 channels in
HEK-293 cells and in WT striatal neurons, we added low concentrations of
charybdotoxin (ChTx), a toxin that rapidly and selectively inhibits activity of «
and af1 BK channels at 100 nM (37).

Calculation of the Steady-State Channel Activity, NPo. We used all-points
amplitude histograms to calculate BK activity, determined from the product of
the total number of functional channels present in the membrane patch (N)
and the probability that a particular channel was open under steady-state
conditions (P,). Calculations of NPowere performed with TAC analysis soft-
ware (Bruxton Inc). NPo ratios generated from the first ethanol exposure were
used for normalization of the data. BK activity was measured as NPo ratio
percent ((NPoethanol/NPocontrol) X 100).

Behavioral Experiments. Male and female C57BL/6J mice (Jackson Laboratory)
between 8-14 weeks of age were housed 3-4 animals per cage until the start
of each experiment. For drinking in the dark, mice purchased from Jackson
Labs were habituated to BNRI colony rooms for at least two weeks and the DID
procedure room for at least one week before the start of experiments. Mice
used for locomotor studies were bred and raised at the BNRI. 34 KO mice were
back-crossed at least ten generations to the C57BL/6J strain. We kept mice on
astandard 12 h light/dark cycle with lights on at 7:00 a.m. and off at 7:00 p.m.,
and given food and water ad libitum. We conducted all experiments in
accordance with the guidelines for care and use of animals provided by the
National Institute of Health, as well as with an approved animal protocol from
the Institutional Animal Care and Use Committee of the UMass Medical
School.

Drugs and Drinking Solutions. Ethanol solution was prepared from 190 proof
absolute anhydrous ethanol (Pharmco-Aaper brand) diluted to 10% ethanol
(vol/vol) using tap water. Sucrose (EMD) and quinine hydrochloride (Sigma-
Aldrich) was dissolved in tap water to make a 10% (wt/vol) and 1 mM
concentration solution, respectively.

Drinking in the Dark (DID). Two hours after lights out, water bottles were
removed and replaced with 10% ethanol bottles and left in place for 2 h.
Control animals had water replaced with another water bottle or 10% sucrose
or 1 mM quinine solution. An empty cage was set up and a water bottle was
replaced with ethanol to control for evaporation.
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Activity Monitoring. Locomotor activity was measured by a photobeam system
(San Diego Instruments). Mice were placed in activity cages and allowed to
habituate for 90 min before first i.p. injection of either saline or ethanol (2
g/kg, 20% vol/vol with saline, 10 ul/g body weight).

Ethanol Metabolism. Before an ethanol injection, blood was obtained from the
tail vein (approximately 30 ul each time point) to provide a zero point. After
a2g/kgi.p.injection of EtOH, blood samples were taken at 30, 60, 90, and 120
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