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G protein-activated inwardly rectifying potassium (GIRK or
Kir3) channels are directly gated by the 3y subunits of G pro-
teins and contribute to inhibitory neurotransmitter signaling
pathways. Paradoxically, volatile anesthetics such as halothane
inhibit these channels. We find that neuronal Kir3 currents
are highly sensitive to inhibition by halothane. Given that Kir3
currents result from increased G+ available to the channels,
we asked whether reducing available GBvy to the channel
would adversely affect halothane inhibition. Remarkably, scav-
enging GBvy using the C-terminal domain of $-adrenergic re-
ceptor kinase (cBARK) resulted in channel activation by halo-
thane. Consistent with this effect, channel mutants that impair
Gy activation were also activated by halothane. A single resi-
due, phenylalanine 192, occupies the putative Gy gate of
neuronal Kir3.2 channels. Mutation of Phe-192 at the gate to
other residues rendered the channel non-responsive, either
activated or inhibited by halothane. These data indicated that
halothane predominantly interferes with Gy-mediated Kir3
currents, such as those functioning during inhibitory synaptic
activity. Our report identifies the molecular correlate for anes-
thetic inhibition of Kir3 channels and highlights the signifi-
cance of these effects in modulating neurotransmitter-medi-
ated inhibitory signaling.

Ion channels that control the excitability of neuronal con-
duction pathways are important targets for halogenated vola-
tile anesthetics (HVAs)* (1, 2). HVAs such as halothane en-
hance the activity of inhibitory GABA , and glycine receptors
and inhibit excitatory channels such as glutamate and nico-
tinic receptors (3). Several two-pore domain K (K,P) channels
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are activated by HVAs (4—6). G protein-activated inwardly
rectifying potassium (GIRK or Kir3) channels are also in-
volved in inhibitory neurotransmission (7). Although ethanol
and chloroform activate Kir3 channels (8, 9), paradoxically
HVAs inhibit Kir3 channels (10, 11). Therefore, Kir3 channels
present a rare case where an HVA such as halothane impairs
inhibitory signaling by an ion channel.

The exact mechanism for modulation of ion channels by
volatile anesthetics is not fully clear (2). Two residues in the
TM2 and TM3 of GABA , participate in regulating the effects
of enflurane (12). In nicotinic receptors, sites of action for
halothane on tyrosine residues near the channel pore were
identified (13). The transmembrane domains in AMPA and
NMDA receptors play critical roles in their anesthetics and
ethanol sensitivity (14, 15). Several sites on various K,P chan-
nels have been identified that are involved in anesthetic sensi-
tivity (5, 16).

Inhibitory neurotransmitters, exemplified by GABA, stimu-
late Ga,,,-coupled receptors (17, 18) and liberate Gy that
directly activates Kir3 channels (19). Kir3 channels mediate
slow inhibitory post-synaptic currents in central neurons,
limiting neuronal excitability (7). Kir3-null mice show in-
creased seizure susceptibility (20), hyperalgesia (21), and re-
duced neurotransmitter-, morphine-, and ethanol-mediated
anti-nociception (22, 23). GBvy gating is a unique feature of
the Kir3 family (24). Although like all other inward rectifiers,
Kir3 channels require the membrane phospholipid phospha-
tidylinositol 4,5-bisphosphate for their activity (25, 26), they
have weak phosphatidylinositol 4,5-bisphosphate interactions
(27). Previous studies have identified regions in the C termi-
nus (28) and the transmembrane domain (11) that contribute
to halothane sensitivity but did not identify specific molecular
correlates for the effect of halothane. Given the critical role of
Kir3 channels in neurotransmission, we set out to determine
the mechanistic basis for their paradoxical inhibition by
halothane.

We find that halothane inhibits native hippocampal Kir3
channels and Kir3 expressed in HEK cells or Xenopus oocytes.
Halothane inhibited both receptor-activated and basal cur-
rents. Halothane inhibition of Kir3 channels required GB7y
activation of the channel because removing GBvy changed the
direction of the effect of halothane from inhibition to activa-
tion. Furthermore, point mutants that reduced channel inter-
action with GBvy reversed halothane inhibition. Finally, a sin-
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gle residue at the putative Gy gate controlled the effects of
halothane on the channel.

EXPERIMENTAL PROCEDURES

Expression of Recombinant Channels in Xenopus Oocytes
and HEK Cells—All constructs including Kir channels, chan-
nel mutants, human muscarinic type 2 receptors (hM2), C-
terminal domain of B-adrenergic receptor kinase (cBARK),
Gp3;, and Gy, were subcloned into the pPGEMHE plasmid vec-
tor (29) for use in oocytes as described previously (30) and
pcDNA3.1 for transfection into HEK cells as needed. Point
mutations were generated using the QuikChange site-directed
mutagenesis kit (Stratagene), and chimeras were made using
splicing by overlap as described (30). The sequences of all
constructs were confirmed by automated DNA sequencing.
For oocyte expression, all constructs were linearized with ap-
propriate restriction enzymes, and cRNAs were transcribed in
vitro using mMessage mMachine (Ambion). cRNA concen-
tration was estimated from two successive dilutions, which
were electrophoresed in parallel on formaldehyde gels and
compared with known concentrations of RNA marker (In-
vitrogen). cRNA concentration was adjusted to 320 ng/ul and
diluted to desired concentrations on the day of injections.
Expression of each protein was accomplished by injection of
the desired amount of cRNA into Xenopus oocytes. In all two-
electrode voltage clamp experiments, oocytes were injected
with 1-2 ng of channel RNA and 2 ng of hM2, Gf3;, Gvy,, or
¢BARK where needed. Oocytes were isolated and microin-
jected as described previously (30). All oocytes were main-
tained at 18 °C, and electrophysiological recordings were per-
formed 1-3 days following injection. HEK293 cells (ATCC)
were plated on polylysine-treated coverslips and transfected 1
day later with appropriate DNA constructs. All cDNA trans-
fections into HEK cells were performed using Lipofectamine
2000 (Invitrogen) according to manufacturer’s instructions,
and pEGFP-N3 vector (Clontech) was co-transfected with all
constructs to identify successfully transfected cells using GFP
fluorescence.

Hippocampal Neuron Preparation—Hippocampal neurons
were prepared from embryonic day 18 rats following closely
previously established methods (31). The cells were plated
onto 12-mm polylysine-treated coverslips; whole-cell patch
clamp was performed on 11-14 days in vitro cells.

Whole-cell Patch Clamp—Coverslips with neurons or HEK
cells were moved to a chamber mounted onto an inverted
Nikon microscope. Neurons were selected based on pyrami-
dal shape body with multiple tapering processes and a thick
apical dendrite. Successfully transfected HEK cells used for
whole-cell patch clamp recordings were identified using fluo-
rescence from co-transfected GFP. Recordings were per-
formed using conventional whole-cell patch clamp. Electrodes
(3—-5 megaohms) were filled with intracellular solution (in
mm): 140 KCl, 5 NaCl, 5 EGTA, 10 HEPES, 3 MgATP, and 0.2
Na,GTP (pH 7.4). The cells were superfused with low potas-
sium (LK1) bath solution (in mm): 140 NaCl, 4 KCl, 2 CaCl,, 2
MgCl,, 20 HEPES, and 10 glucose, pH 7.4. Neurons were con-
stantly voltage-clamped at —80 mV and recorded using a
GapFree protocol. HEK cells were held at 0 mV and recorded
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using a ramp protocol of 1 mV/ms from —100 to +50 mV
applied once every 250 ms. Currents were recorded using a
Multiclamp700B amplifier, digitized with a Digidata 1322B,
sampled at 4 kHz, low pass-filtered at 1 kHz, and collected
using pClamp9.2 (all from Molecular Devices). Series resis-
tance and cell capacitance were automatically compensated
and monitored at the beginning and end of each experiment.
Potassium currents were monitored by switching to a high
potassium solution (HK1) containing (in mm): 5 NaCl, 140
KCl, 2 CaCl,, 1 MgCl,, 20 HEPES, and 10 glucose. All drugs
were dissolved in high potassium and applied using an auto-
mated closed pressurized perfusion system with glass syringe
reservoirs and Teflon tubing and valves. Current amplitudes
were measured at —80 mV. Tertiapin-Q (120 nm), a specific
peptide inhibitor of Kir3 channels, and barium (3 mm) were
used to measure the residual inwardly rectifying current.

Two-electrode Voltage Clamp Recordings—Whole-oocyte
currents were measured by conventional two-microelectrode
voltage clamp with a GeneClamp 500 amplifier (Molecular
Devices). Currents were recorded using a sampling rate of 1
kHz, low pass-filtered at 500 Hz, and collected using Clampex
9.0 (Molecular Devices). Data were analyzed using Clampfit
9.0 (Molecular Devices) and Origin 7.5 (OriginLab). Agarose-
cushioned microelectrodes were used with resistances be-
tween 0.1 and 1.0 megaohms (32). Oocytes were constantly
superfused with either a low potassium solution (LK2) having
(in mm): 96 NaCl, 1 KCI, 1MgCl,, 5 HEPES (pH 7.4) or a high
potassium solution (HK2) having (in mm): 96 KCl, 1 NaCl,
1MgCl,, 5 HEPES (pH 7.4). To block or activate currents, the
oocyte chamber was perfused with solutions of the same com-
position with various drugs or 3 mm BaCl, illustrated by bars
above the tracings in the figures. Acetylcholine was used at 5
M, and baclofen was used at 100 um, both of which are satu-
rating for stimulating their respective receptors. Typically,
oocytes were held at 0 mV (E,), and a ramp protocol of 1
mV/ms from —100 to +100 mV was applied once every
second.

Data and Statistical Analysis—Currents at —80 mV were
measured for analysis and are presented in bar graphs and
traces. All data are expressed as mean = S.E. The effects of
halothane are calculated as a percentage of the current in the
absence of halothane in the same cell and expressed as the
“percentage of halothane effect.” Dose responses were mea-
sured using single oocytes expressing each construct as noted
in each figure. Dose-response curves were constructed using
GraphPad Prism 5.0 (GraphPad) by constraining the mini-
mum value at 0. Difference among groups was determined
using ¢ tests or one-way analysis of variance with Tukey’s post
hoc tests as appropriate and denoted in the figures. Differ-
ences of p < 0.05 were considered significant.

Anesthetic Preparation and Perfusion—Halothane was pre-
pared as described elsewhere (33). Briefly, saturating concen-
trations were prepared by the addition of 0.2 g of halothane to
19 ml of recording solution in a scintillation vial filling most
of the volume of the flask, minimizing the air gap inside the
flask to prevent loss of anesthetic. This solution was vigor-
ously shaken for 5 min and subsequently centrifuged at 800 X
gatroom temperature for 5 min. A fraction of the resulting
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saturated anesthetic solution was added to a volumetric flask to
achieve the desired concentration of 0.5 mmM, which is ~2MAC
(34). MAC is defined as the minimum alveolar concentration of
inhaled anesthetic needed to suppress movement in 50% of sub-
jects in response to a noxious stimulus (35). The flask was closed,
and the solution was mixed by inverting 3—4 times. A closed
pressurized perfusion system with glass syringe reservoirs and
Teflon tubing and valves were used to apply all the solutions to
the mammalian cells or oocytes. Fresh working solutions were
used at the start of each recording.

RESULTS

Halothane Inhibits Native and Expressed Kir3 Channels—

In hippocampal neurons, application of the GABA} agonist
baclofen activates tertiapin-Q-sensitive Kir3 currents that are
robustly inhibited by 0.5 mm (2MAC) halothane (Fig. 14).
Because hippocampal neurons most likely express a combina-
tion of Kir3.1 and Kir3.2, we used HEK293 cells and Xenopus
oocytes to express these channels with a different G protein-
coupled receptor, human muscarinic 2 (hM2), to assess the
effects of halothane. In HEK cells and oocytes, 2MAC halo-
thane inhibited acetylcholine-(ACh-) activated and tertia-
pin-Q- and Ba**-sensitive Kir3.1/3.2 currents (Fig. 1, B and
C). Summary data for halothane inhibition of Kir3.1/3.2 cur-
rents in native and heterologous expression systems are
shown in Fig. 1D. Halothane strongly and to a similar extent
inhibited currents mediated by two different G protein-cou-
pled receptors in three cell systems.

Halothane Inhibition Requires Intact GBvy Interactions with
the Channel—Because Kir3 channels are the only inward rec-
tifiers that are G protein-sensitive, we asked whether the G
protein-insensitive Kir channels that are highly homologous
to Kir3 channels are halothane-sensitive. A previous report
showed that Kirl.1 and Kir2.1 are fairly insensitive to the ef-
fect of halothane in oocytes (11). We expressed Kir2.1, Kir2.2,
Kir2.3, Kir2.4, Kir4.1, and Kir7.1 in oocytes and determined
their relative sensitivity to 0.5 mm halothane. Kir2.1 and
Kir4.1 were slightly activated by halothane (~8 and 3% activa-
tion for each), Kir2.4 was completely insensitive to halothane,
and Kir2.2, Kir2.3, and Kir7.1 were moderately inhibited by
halothane (~5, 6, and 10% inhibition for each, respectively).
Summary data for halothane sensitivity of these channels is
shown in supplemental Fig. S1. Because GBv activation is a
hallmark difference between Kir3 and other inward rectifiers,
we asked whether Gy interaction with the channel may be a
target for halothane. Using a homomeric channel would bet-
ter facilitate direct analysis of molecular sites involved in hal-
othane modulation. We therefore used Kir3.2 alone in these
experiments. Kir3.2 is abundantly expressed in the brain as a
highly functional homomeric channel (36 —39). We expressed
Kir3.2 channels in Xenopus oocytes with and without the
membrane-targeted cBARK (aka cGRK2), which scavenges
free GB7y (40, 41). Consistent with previous results, cBARK
expression significantly reduced the basal current (compare
tracing in Fig. 2, A and B; summary shown in Fig. 2C) and
essentially eliminated ACh-induced currents as reported (42),
indicating effective scavenging of GB7. As expected, currents
from oocytes expressing Kir3.2 alone were very robustly in-
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FIGURE 1. Halothane inhibits native and expressed Kir3 channels. A, sam-
ple whole-cell trace from 14 days in vitro hippocampal neuron recorded at —80
mV. Stimulation of GABAg receptors using baclofen activated a large inward
current that was inhibited by halothane. The remaining current was blocked by
tertiapin-Q, a selective peptide blocker of Kir3 channels. B, whole-cell current
from a HEK cell expressing Kir3.1/3.2 with human muscarinic 2 (hM2) receptors.
Currents were monitored using a voltage ramp (inset), and values at —80 mV
were plotted. Activation of hM2 receptors by ACh resulted in large inwardly
rectifying currents, which were robustly inhibited by co-application of halo-
thane. All currents were subsequently blocked by tertiapin-Q. HK;, high potas-
sium. G, two-electrode voltage clamp recording of Kir3 currents from Xenopus
oocytes expressing Kir3.1/3.2 and hM2. Cells were perfused with high potas-
sium solution, receptors were stimulated using 5 um ACh, and large inwardly
rectifying currents at —80 mV are plotted that were robustly inhibited by co-
application of halothane. D, summary data for inhibition of Kir3 current by halo-
thane in various cell types (neurons, n = 5; HEK cells, n = 8; oocytes, n = 8).

hibited by halothane (Fig. 24). In the presence of cBARK, eth-
anol (200 mm) activated robust currents, confirming that
ethanol activated the channel independently of Gy (43). Sur-
prisingly, application of halothane to these oocytes also in-
creased channel activity. Summary data for the effects of halo-
thane on Kir3.2 in the presence or absence of cBARK are
shown in Fig. 2D. Co-expression of cBARK also reversed hal-
othane inhibition in oocytes expressing Kir3.1/3.2 (supple-
mental Fig. S2). Therefore, expression of cBARK (i.e. scaveng-
ing GBy) reversed the effect of halothane from inhibition to
activation, strongly suggesting a role for G+ activation as a
target for halothane-induced inhibition.
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Mutants That Impair GBy Interaction with the Channel
Reverse the Effects of Halothane—To further scrutinize the
dependence of halothane-mediated inhibition on GBvy inter-
actions, we mutated two sites on Kir3 channels that we have
shown in the past to be critical in both binding to and activa-
tion by GBy (44). Mutation of Leu-268 to Ile or His-64 to Phe
in isolated C or N terminus of Kir3.4 impairs GB7y binding
and activation (44). Another study showed that corresponding
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FIGURE 2. Scavenging Gy reverses halothane inhibition of Kir chan-
nels. A, two-electrode voltage clamp recordings from an oocyte expressing
Kir3.2 alone, where halothane robustly inhibits channel activity. LK, low po-
tassium; HK, high potassium. B, two-electrode voltage clamp recordings
from an oocyte expressing Kir3.2 and the membrane-targeted pleckstrin
homology domain of cBARK, which strongly binds and scavenges GB+y. Cur-
rents were significantly smaller in the presence of cBARK (note different
scale from A), indicating the effectiveness of cSARK. In these oocytes, both
ethanol and halothane activated the channel. C, summary data showing the
effectiveness of cBARK co-expression in reducing Kir3.2 currents (control,

n =5; cBARK co-expressed, n = 11). D, summary data comparing the effects
of halothane on Kir3.2 alone and Kir3.2 co-expressed with cBARK. Scaveng-
ing GBvy reversed the effects of halothane (control, n = 5; cBARK co-ex-
pressed,n = 11).
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mutants in Kir3.2 (H69F and L273I) also impair GB+y acti-
vation of the channel, whereas these authors did not ob-
serve a change in G protein binding (45). We made these
mutations and tested the effects of halothane. Expression
of Kir3.2 homomers with these mutations had very small
currents that could not be reliably measured, consistent
with findings in Kir3.4 channels (44). We therefore ex-
pressed wild-type Kir3.1 with each mutant and tested

the sensitivity of channels containing Kir3.2(L273I) or
Kir3.2(H69F) toward halothane. Channels with either mu-
tant were activated by halothane similar to that seen for
channels co-expressed with cBARK (Fig. 3, A-C). Taken
together these results indicate that halothane inhibition of
Kir3.1/3.2 required proper functional Kir3.2 channel-GSy
interaction because disruption of this activation by scaven-
gers such as cBARK or by point mutations on the channel
reversed the effects of halothane.

Halothane Affects GPy-mediated Gating of Kir3 Channels—
A previous study (11) used several chimeras between Kir2.1
and Kir3.2 in an attempt to identify halothane-sensitive ele-
ments in Kir3.2 channels. This study found a large region
(residues 87-223), which encompasses the entire membrane
domain, to be involved in halothane sensitivity. Small replace-
ments in the pore and TM2 region showed that the pore and
the first half of the TM2 are not involved in halothane sensi-
tivity. Another study showed that deletion of a large portion
of the Kir3.2 C terminus removed the effect of halothane (28).
Biochemically, they showed that volatile anesthetics did not
change GB7y binding to the channel C terminus in GST pull-
down assays. However, neither study identified the exact mo-
lecular correlate for the effects of halothane. Kir2.1 is G-
insensitive and moderately activated by halothane, whereas
Kir3.4 is GBvy-sensitive and inhibited by halothane, albeit less
than Kir3.2 (supplemental Fig. S1). We therefore speculated
that a chimeric construct between Kir2.1 and Kir3.4 would
flesh out the regions involved in halothane modulation. We
used Kir3.4(S143T) that harbors a point mutation in the pore
region. This mutant shows robust homomeric channel activ-
ity and has proven a powerful tool to study structure-function
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FIGURE 3. Mutants that impair GBy interaction with the channel reverse the effects of halothane. The Kir3.2 mutants H69F and L273| were made
based on previously identified sites critical for GB7y interaction in Kir3.1 and Kir3.4. Each mutant was co-expressed in oocytes with wild-type Kir3.1 because
expression alone or co-expression with similarly mutated Kir3.1 resulted in very small currents that could not be reliably quantified. A, currents from
Kir3.2(H69F) co-expressed with Kir3.1 were activated by halothane. LK, low potassium; HK, high potassium. B, currents from Kir3.2(L273I) co-expressed with
Kir3.1 were activated by halothane. C, summary results for the effects of mutants that impaired GB+y interaction on halothane sensitivity of Kir3.2. Both H69F

and L273I reversed the halothane inhibition (n = 7-9).
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FIGURE 4. Chimeric approach to identify the determinant for halothane sensitivity in Kir3 channels. Kir2 channels are very modestly activated by
halothane, whereas Kir3 channels are inhibited. We used chimeras between Kir2.1 and Kir3.4 to swap the membrane and intracellular domains to identify
exact molecular determinants for halothane sensitivity. A, schematic depiction of the two parent channels, the monomeric active Kir3.4(S143T) and Kir2.1,
as well the two chimeras in which intracellular domains were swapped between the two channels. The two-transmembrane domains are depicted as
cylinders, and channel pieces are color-coded in open gray (Kir2.1) or solid black (Kir3.4). For the last chimera (3.432.1,(X)3.4(), the region at the end
of the Kir2.1,, in 3.432.1,3.4c was extended to include 6 additional amino acids from Kir2.1. B, sample TEVC recording from two oocytes expressing
3.442.13.4c and 2.13.4,,2.1c and recording the effects of halothane application (+Halo) on each one. Although 2.1,3.4,,2.1. was essentially insen-
sitive to halothane, 3.4,2.1,,3.4¢ currents were robustly inhibited by halothane. HK, high potassium. C, summary data for halothane effect on
Kir3.4(S143T), Kir2.1, Kir3.42.1,3.4¢, Kir2.13.4,,2.1¢, and Kir3.4,2.1,,(X)3.4¢. The extended region of Kir2.1 completely abolished the halothane inhi-
bition. D, mutation of each of the amino acids in the extended region from Kir3.4 residue to that of Kir2.1 in the 3.42.1,,3.4c chimera (panel A). Al-
though two mutants did not produce appreciable currents and S191A and Q192K were inhibited by halothane, F187M not only completely removed

halothane inhibition but was moderately activated. NC, no current.

relationship in several studies (42, 46). We have previously
used chimeras between Kir3.4(S143T) and Kir2.1 channels to
identify G protein and phosphatidylinositol 4,5-bisphosphate-
interacting regions on these channels (25, 42). Two of these
chimeras, 3.4,2.1,,3.4. and 2.1,;3.4,,2.1, swap the trans-
membrane and cytosolic regions of Kir2.1 and Kir3.4(S143T).
3.4,2.1,,3.4¢ harbors the N and C termini of Kir3.4 and the
membrane region of Kir2.1,Y, and 2.1,;3.44,2.1 is the reverse
chimera (Fig. 4A4). Both chimeras showed strong inwardly
rectifying currents, and although 2.1,;3.4,,2.1 was essentially
insensitive to the effect of halothane, 3.44,2.1,,3.4 was ro-
bustly inhibited by halothane (Fig. 4B). Summary data for hal-
othane effects on the two chimeras and their parent con-
structs are shown in Fig. 4C. This strongly suggested that the
halothane inhibition arises from the cytosolic regions. How-
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ever, the chimera 3.4,2.1,,3.4 contained amino acid residues
186 —419 from Kir3.4, and recently available structures sug-
gest that the cytosolic region of the channel starts several
amino acids after this junction (47—49). We therefore made a
new construct, 3.4y2.1,,(X)3.4, which moved the chimera
junction to include an extra 6 amino acids from Kir2.1 (Fig.
4A). We expressed this chimera in oocytes and found that the
halothane inhibition was completely abolished (Fig. 4C). An
alignment of the additional region added in 3.42.1,,(X)3.4¢
shows that 5 amino acids are different between the two chan-
nels in this region (Fig. 44); we mutated each amino acid, one
at a time, in 3.442.1,,3.4 to the corresponding Kir2.1 residue
and tested for halothane sensitivity. Two of the mutants failed
to produce significant current, and although S191A and
Q192K were both inhibited by halothane, the mutant F187M
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completely abolished halothane inhibition and was in fact
activated by halothane (Fig. 4D).

Mutating the Residue at the Putative Gate of Kir3.2 Reverses
Halothane Inhibition—Phenylalanine 187 in this chimera cor-
responds to Phe-187 in Kir3.4, which we previously identified
as the putative GB7y-controlled gate of the channel (50). In
Kir3.2, which is the major neuronal subtype and most ro-
bustly inhibited by halothane, Phe-192 occupies this putative
gate position. We therefore asked whether the Phe-192 resi-
due in Kir3.2 also controls halothane sensitivity. Mutation of
Phe-192 to a methionine (the residue in Kir2.1) resulted in a
reversal of halothane inhibition where Kir3.2(F192M) mutant
was robustly activated by halothane (Fig. 54).

Halothane Activates Kir3.2(F192M) and Kir3.2(L2731) in a
Dose-responsive Manner—A previous report (28) showed that
Kir3.1(F137S), a homomeric active mutant channel (46), is
activated by high concentrations of halothane (1 mm), whereas

DECEMBER 31, 2010+VOLUME 285+-NUMBER 53

it is inhibited by low concentrations of halothane (100 um). In
light of these findings, we performed halothane dose-response
curves for channels harboring the L2731 or F192M mutation.
Halothane activated both channels at all doses tested in a con-
centration-dependent manner. Traces and summary dose-re-
sponse curves for each one are shown in Fig. 5.

Kir3.2 Gate Mutant Is Gy-sensitive—Because changing
Gy interactions altered channel modulation by halothane,
we also asked whether the gate mutant F192M is sensitive to
Gy activation. To that end, we expressed Kir3.1/3.2 or
Kir3.1/3.2(F192M) with or without exogenous Gf3,7, and
found that indeed the F192M mutant was GBvy-sensitive (Fig.
6A). Because this mutant was activated by both GB+y and hal-
othane, we asked whether the presence of GBvy co-expression
or receptor activation would alter halothane sensitivity. Using
Kir3.1/3.2(F192M) expressed with hM2 or Gf3;y,, we mea-
sured halothane sensitivity. Halothane activated basal cur-
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rents, ACh-induced currents, and currents in the presence of
exogenous Gf3;v,. However, both ACh-induced and GBvy-
enhanced currents were significantly less activated by halo-
thane (Fig. 6, Band C).

Halothane and GBy Show Synergy in Activating
Kir3.2(F192M)—W e then asked whether the effects of Gy
and halothane are additive, occlusive, or synergistic in the
F192M mutant. We expressed Kir3.1/3.2(F192M) with hM2
and measured halothane- and ACh-induced currents when
applied separately and when applied together in the same oo-
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cyte. Co-application of halothane and ACh, regardless of or-
der of application, resulted in a modest but significantly more
than additive response, indicating some synergy between the
two activators (Fig. 74). Summary data are shown in Fig. 7B.
A sample tracing where application order was reversed is
shown in supplemental Fig. S3.

We also tested the effects of halothane on Kir3.2(S177T),
which has constitutive activity (51). This mutant behaves sim-
ilarly to those we had identified in Kir3.4 (50) whose basal
currents were GBy-independent. Halothane activated
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Kir3.2(S177T), and summary data are shown in supplemental
Fig. S4.

Identity of the Residue at the Putative Channel Gate Alters
Its Response to Halothane—Because the mutant F192M re-
versed the halothane inhibitory effect, we tested whether
other substitution at this site would have a similar effect. We
mutated Phe-192 to each of the other 18 amino acids and
tested their sensitivity to halothane in the presence of Kir3.1.
Sample traces from the wild-type channel and three of the
mutants are shown in Fig. 84. Summary data for all mutants
are shown in Fig. 8. A number of Kir3.2 mutants did not
produce significant currents when co-expressed with Kir3.1
(NC, no current). The presence of phenylalanine (wild type)
or tyrosine at this position resulted in channel inhibition by
halothane. All other mutants were either activated or not af-
fected by halothane. We tested the effects of enflurane (sup-
plemental Fig. S5) and isoflurane (not shown) on three of the
gate mutants. We found that these two anesthetics inhibited
F192Y and stimulated F192M and F192L mutants, similar to
the halothane results. This indicates that the findings on halo-
thane can be generalized to other volatile anesthetics.

DISCUSSION

We have identified GBy-mediated activation as the under-
lying target for Kir3 channel inhibition by halothane. Scav-
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enging GBy away from the channel or mutating GBvy-inter-
acting residues on Kir3.2 not only completely abolished
inhibition but caused channel activation by halothane. The
specific effect on GBy-mediated gating and identification of
residues on Kir3 channels whose mutation fully reverses the
effects of halothane are one of the most compelling findings
for specific molecular interactions of an anesthetic with a
physiologically relevant target. In addition, we can now ad-
dress the mechanism by which anesthetics exert their effects
on these channels.

Our data support a model where halothane acts through
Phe-192 as a partial agonist (i.e. weak gating molecule),
whereas G is a full agonist (strong gating molecule). There-
fore, in the presence of adequate Gy activation, the addition
of halothane inhibits channel activity, similar to the action of
a partial agonist in the presence of a full agonist. When GBy
activation is reduced, through mutations or by co-expression
of BARK, halothane activates the channels as a partial agonist.
In constitutively active channels such as S177T, the basal ac-
tivity is mainly GBy-insensitive, so the channels can be acti-
vated by halothane. A methionine residue at position 192 in-
creases the efficacy of halothane as an agonist and reveals
channel activation under basal conditions. Under these condi-
tions, excess GBvy reduces the effects of halothane. Finally, the
difference in sensitivity that is observed for halothane among
Kir3 channel subunits could be due to their differential affin-
ity to both halothane and Gfy. Previous studies have shown
that distinct Kir3 subunits contribute differentially to the GBy
activation of the channels, and this may be due to different
Gy affinities of each channel subunit (44, 45, 52, 53). There-
fore, in Kir3.2 channels, GB+y activation may be stronger, and
halothane is a less efficacious partial agonist, leading to the
largest inhibition. A previous study (28) found that halothane
has different effects on Kir3.1 at low and high concentrations.
Our model explains those findings where the activation of
halothane as a partial agonist would only be manifested at
high concentrations because Gy activation of homomeric
Kir3.1 may not be as efficacious as those for other subtypes,
especially under basal conditions tested in that study (28).

Channels activated by receptor-stimulated Gf3y were most
robustly inhibited by halothane. Neurotransmitter stimula-
tion of G protein-coupled receptors in neurons is critically
important in shaping synaptic activity. Although some basal
Kir3 channel activity in dendrites has been reported (54), the
majority of Kir3 current is activated only after neurotransmit-
ter stimulation (55, 56). That this neurotransmitter-mediated
current was robustly inhibited by halothane suggests that
these channels may be important targets for in vivo anesthetic
action. However, the paradoxical inhibition by halothane,
which would have a net excitatory effect, implicates Kir3 cur-
rents as contributors to side effects of anesthesia (57). Alter-
natively, such effects could be taking place in inhibitory inter-
neurons that may express Kir3 channels. A recent study
showed that isoflurane causes activation of some chemosen-
sory neurons through inhibition of a THIK-1-like K,P chan-
nel that may be essential in maintaining some respiratory mo-
tor control during anesthesia (58). This presents another
example of seemingly paradoxical potassium channel inhibi-
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tion by anesthetics, which may control a specific physiological
response. In Kir3.2-null mice, pain threshold is lowered (23),
and morphine-mediated antinociception is reduced (22). In-
terestingly, opioids, which activate Kir3 channels in neurons
(59), are commonly co-administered with inhalation anesthet-
ics during surgery; therefore, inhalation anesthetics and opi-
oids could exert opposing effects on Kir3 channel activity.

GABA , and GABA |, receptors constitute chloride-selective
channels and G;,,-coupled receptors, respectively. GABA re-
lease activates GABA , receptors, and this effect is directly
stimulated by anesthetics, is fast, and is localized to the syn-
apse, requiring large concentrations of GABA. GABAj recep-
tors, on the other hand, are mostly extrasynaptic, have higher
affinity for GABA, and are believed to be activated due to
GABA “spillover” from the synapse (60). This GABA-medi-
ated signal would proceed through effectors such as Kir3
channels to shape slow inhibitory signaling (39). Inhibition of
this signaling pathway by anesthetics may serve to fine-tune
the effectiveness of anesthetics or to reverse their effective-
ness and manifest as untoward side effects.

Having a phenylalanine or a tyrosine at the channel gate led to
channel inhibition by halothane. Several protein structures
that have been solved in the presence of anesthetics suggest
that they may prefer amphipathic environments (61). Addi-
tionally, aromatic residues have been shown to interact with
halothane in photo-labeling studies (13). We speculate that
the phenyl ring in the phenylalanine or tyrosine residues may
engage in hydrophobic interactions with halothane, whereas
the surrounding water or the hydroxyl group on tyrosine
could hydrogen-bond with halothane. This site at the helix
bundle crossing in the transmembrane domain of the channel
comprises the GBy-operated gate (50); hence, halothane
binding to the aromatic residue here could control gating.
This amino acid residue is contained within the larger regions
identified in previous studies that affected halothane sensitiv-
ity (11, 28). Consistent with those reports, our findings sug-
gest that the agonist-mediated currents are most highly sensi-
tive to the effects of halothane. Physiologically, neuronal Kir3
channels have very robust neurotransmitter-activated cur-
rents (55, 56). The sensitive nature of the agonist-mediated
current implicates these channels as clinically important tar-
gets for anesthetic action.

The most compelling studies on the sites of action for anes-
thetics on ion channels point to regions at or close to the
transmembrane domains (2). What is less clear is whether
anesthetics exert specific effects on channel gating. Milovic et
al. (28) speculated that halothane may interfere with the gat-
ing mechanism of the channel. Our finding that the Kir3.2
channel gate itself is a critical determinant of anesthetic ac-
tion provides a novel mechanistic target for these clinically
important molecules. Although Cys-loop channels, such as
nicotinic, GABA, and glycine receptors, are not structurally
very close to Kir channels, two other important anesthetic-
sensitive channel families, namely ionotropic glutamate re-
ceptors and I, P channels, are. The pore of glutamate recep-
tor resembles an upside-down Kir channel pore (62), and K,P
channels resemble tandem repeats of Kir channels. For both
classes of channels, residues in the transmembrane segments
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and their proximal regions have been identified that alter an-
esthetic sensitivity (5, 14, 16). The most compelling residue
identified is at position 159 in two-pore domain acid-sensitive
potassium (TASK) channels that is located at the start of the
third transmembrane domain, which in these channels faces
the cytoplasm (16). Residues at the end of transmembrane 4
in these channels have also been implicated in the action of
anesthetics (5). It was reported that G proteins can directly
modulate K,P channels (63), and although both K,P and Kir3
channels require phosphatidylinositol 4,5-bisphosphate for
their activity, the effects of halothane may not necessarily de-
pend on these interactions but rather on specific residues at
or close to the channel gate itself. The exact mechanism of
gating for K,P channels is not yet clear; however, it is tempt-
ing to speculate that the gate in these and perhaps other chan-
nels may regulate anesthetic action similar to what we find in
Kir3 channels.
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