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Shaker-Related Potassium Channels in the Central Medial
Nucleus of the Thalamus Are Important Molecular Targets
for Arousal Suppression by Volatile General Anesthetics
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Microbiology and Molecular Genetics, University of California, Irvine, Irvine, California 92697-4025

The molecular targets and neural circuits that underlie general anesthesia are not fully elucidated. Here, we directly demonstrate that
Kv1-family (Shaker-related) delayed rectifier K * channels in the central medial thalamic nucleus (CMT) are important targets for volatile
anesthetics. The modulation of Kv1 channels by volatiles is network specific as microinfusion of ShK, a potent inhibitor of Kv1.1, Kv1.3,
and Kv1.6 channels, into the CMT awakened sevoflurane-anesthetized rodents. In heterologous expression systems, sevoflurane, isoflu-
rane, and desflurane at subsurgical concentrations potentiated delayed rectifier Kvl channels at low depolarizing potentials. In mouse
thalamic brain slices, sevoflurane inhibited firing frequency and delayed the onset of action potentials in CMT neurons, and ShK-186, a
Kvl.3-selective inhibitor, prevented these effects. Our findings demonstrate the exquisite sensitivity of delayed rectifier Kv1 channels to
modulation by volatile anesthetics and highlight an arousal suppressing role of Kv1 channels in CMT neurons during the process of

anesthesia.

Introduction

The mechanisms of general anesthesia involve multiple molecu-
lar targets and pathways that are not completely understood.
Two-pore-domain K™ channels and Cys-loop receptors are
widely accepted as relevant targets (Franks and Lieb, 1991; McK-
enzie et al., 1995; Jenkins et al., 1996; Patel et al., 1999; Downie et
al., 2002; Liu et al., 2004; Andres-Enguix et al., 2007; Solt and
Forman, 2007; Brannigan et al., 2010; Garcia et al., 2010; Nury et
al., 2011; Moore et al., 2012). However, the complex nature of
anesthesia suggests the existence of additional molecular targets
in anesthesia- and sleep-related brain regions.

The pathways and neural circuits involved in a sleep-wake
cycle regulation provide an important context for understanding
the mechanisms of general anesthetic action (Alkire et al., 2009;
Moore et al., 2012; Solt, 2012). Thalamocortical circuits are crit-
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ical for the regulation of arousal and sleep (Steriade et al., 1993;
Franks and Zecharia, 2011). Furthermore, the intralaminar and
midline thalamic nuclei, including central medial thalamic
(CMT) nucleus, are known to be a nonspecific arousal system
(Van der Werfetal., 2002). The firing of thalamocortical neurons
is regulated by several ion channels, including Kv1-, Kv3-, and
Kv4-family channels (Wang et al., 1994; Kasten et al., 2007; Ka-
nyshkova et al., 2011), although the exact role of Kv1 channels in
these nuclei has not been defined.

Given the importance of Kvl channels for fine-tuning and
regulation of neuronal firing rate and pattern (Wang et al., 1993,
1994; Gazula et al., 2010), and the ability of sevoflurane to acti-
vate Kv1.2 and Kv1.5 channels (Barber et al., 2012), it is compel-
ling to hypothesize that these channels in the CMT might be
essential molecular targets for anesthetics. It had been reported
earlier that microinfusion into the CMT nucleus of specific anti-
bodies against Kv1.2 channels, mammalian homologues of
Shaker and an important component of neuronal excitability in
thalamocortical neurons (Lambe and Aghajanian, 2001), restores
“consciousness” (measured as righting reflex) in anesthetized
rats even in the maintained presence of the anesthetic (Alkire et
al., 2009) supporting the role of Kv1.2 channels in general anes-
thesia. Here, we directly demonstrate a role of Kv1-family chan-
nels in anesthesia using both in vivo and in vitro approaches. In
rodents, we examined whether infusion of ShK, a potent inhibi-
tor of delayed rectifier Kv1 channels (Castafieda et al., 1995), into
the CMT could reverse anesthesia induced by the inhalational
anesthetic sevoflurane. We analyzed the effects of sevoflurane,
isoflurane, and desflurane on the biophysical properties of Kvl
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channels heterologously expressed in mammalian cells. Finally,
we used brain slices to characterize the effects of sevoflurane on
firing frequency in CMT neurons in the presence or absence of
ShK-186, a Kv1.3-selective synthetic analog of ShK (Kalman et
al., 1998; Beeton et al., 2005). Together, these studies reveal the
extraordinary sensitivity of Kvl channels to volatiles and dem-
onstrate a crucial role of Kvl channels in CMT in arousal
suppression during inhalational anesthesia.

Materials and Methods

Induction and maintenance of anesthesia in rats. All experiments were
performed in accordance with the Institutional Animal Care and Use
Committee at the University of California, Irvine, and were consistent
with Federal guidelines. Sprague Dawley male rats were acquired from
Charles River Laboratories. The anesthesia was induced as described
previously (Alkire et al., 2009). Briefly, the rats with preimplanted guide
cannula aimed at the CMT nucleus were placed into an 8 L anesthetic
chamber equipped with three ports: (1) for anesthetic inlet connected to
19.1 gas vaporizer, (2) for gas monitoring, and (3) for a microinfusion
needle passage. The concentration of sevoflurane in the chamber was
monitored continuously using a Datex-Ohmeda Ultima Capnomac.

Potassium channel blockers. ShK peptide, originally isolated from Ca-
ribbean sea anemone Stichodactyla helianthus (Castaneda et al., 1995)
and later synthesized (Pennington et al., 1995), is the most potent Kv1.3
inhibitor (IC5, 11 pm) (Kalman et al., 1998; Beeton et al., 2005). For the
experiments in vivo, ShK solutions of final concentrations were prepared
from frozen aliquots immediately before intrathalamic microinfusion.

Since ShK has also high affinity for Kv1.1 channels (Kalman et al.,
1998; Beeton et al., 2005), ShK-186 that has increased specificity for
Kv1.3 over Kvl1.1 and retains picomolar potency was used in the thalamic
slice recordings. ShK-186 is a synthetic analog of the ShK peptide that is
modified by (1) attaching a negatively charged L-phosphotyrosine via a
hydrophilic linker to ShK-Argl (Beeton et al., 2005) and (2) by replacing
the N-terminal phosphotyrosine with the nonhydrolyzable phosphate
mimetic paraphosphonophenylalanine (Pennington et al., 2009).

Intrathalamic microinfusions. Once the anesthetized rats past the point
of the loss of the righting reflex, the infusion needle (25 gauge; 17 mm;
attached to a 10 ul Hamilton syringe via polyethylene tubing that passed
through a port in the chamber wall) was placed quickly into the cannula
and the rat was placed on its back. The sevoflurane was kept at a steady
concentration of 1.3 = 0.05% atm for at least 15 min before the micro-
infusion was administered. The ShK toxin (in 0.5 ul of rat serum) was
delivered through a minipump-pushed (Harvard Apparatus) syringe
over the duration of 1 min. A dose of 1 pm was selected after a few pilot
animals demonstrated seizures following the infusions of either 10 or 100
pM solutions.

The righting reflex was considered restored when a rat was able to
transition from its back onto its stomach and move around. The invol-
untary high-frequency shaking movements of the head or limbs without
signs of awareness were considered “seizures.” All experiments were
monitored and recorded for 1015 min after the microinfusion.

For confirmation of the microinfusion site, histological analysis of the
brain sections was performed as described previously (Alkire et al., 2009).
The sections were stained with thionin and the infusion tracts were pro-
jected onto a representative coronal brain section from the rat atlas
(Paxinos and Watson, 2005) with localization points varying by up to a
+1.0 mm in the anterior—posterior dimension.

Preparation of the aqueous anesthetic solutions. Aqueous anesthetics
solutions were prepared as described previously (Mandal and Pettegrew,
2008). Briefly, 200 ul of neat anesthetics, sevoflurane (Abbott Laborato-
ries), desflurane (Baxter), and isoflurane (Phoenix) were added to 2 ml of
extracellular solution, shaken and allowed to equilibrate for ~10 min.
The required volume of saturated anesthetic solution was directly added
to the gravity-driven perfusion system of the patch-clamp setup. To con-
firm the accuracy of the procedure, some sevoflurane samples were
prepared by bubbling the aqueous buffer solution with a known concen-
tration of sevoflurane, delivered through an agent-specific 19.1 gas va-
porizer. '°F NMR was then used to compare the content of the anesthetic
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in bubbled samples with that in aqueous sevoflurane samples collected at
the end point of the gravity-driven perfusion system used for electro-
physiological experiments. All of the concentrations used for generation
of the dose-response curves (see Figs. 3, 6) were adjusted accordingly.

"F NMR spectroscopy. '°F NMR spectra were recorded at 298 K using
a Bruker DRX400 spectrometer at 376 MHz and a 5 mm QNP (Quattro
Nucleus Probe) ('H/'*C/*'P/'F) NMR probe. XwinNMR (Bruker)
was used for data acquisition and processing. A separate CFCl; sample
was used as a reference standard for reporting the '°F chemical shifts.
All samples contained 3-(trimethylsilyl)-1-propanesulfonic acid sodium
salt, used to manually shim the spectrometer by observation of the pro-
ton signal.

Patch-clamp recordings in cell lines. Patch-clamp experiments in cell
lines heterologously expressing Kv1 channels were performed in whole-
cell mode using an EPC-9 (HEKA Elektronik) amplifier. All currents
were recorded at room temperature (22—24°C). Pipettes pulled from
borosilicate glass capillaries (Garner Glass) using a Fleming/Brown mi-
cropipette puller (Sutter Instrument) had resistances of 1.8-2.5 M)
when filled with the internal recording solution that contained the fol-
lowing (in mm): 145 KF, 10 EGTA, 10 HEPES, and 2 MgCl,, pH 7.3. The
extracellular solution contained the following (in mm): 2 CaCl,, 1 MgCl,,
4.5 KCl, 155 NaCl, 10 p-glucose, and 5 HEPES. Outward K™ currents
were evoked in voltage-clamp mode by depolarizing voltage pulses from
—80 mV holding potential. The sampling frequency was 10 kHz. Data
files were recorded using PULSE/PULSEFIT (HEKA Elektronik) and an-
alyzed using OriginPro7.5.

For testing the effects of anesthetics on Kvl currents, the required
volumes of freshly prepared aqueous anesthetic stock solutions were
directly added to the external solution to achieve the needed concentra-
tion (Mandal and Pettegrew, 2008), and the concentrations were gradu-
ally increased. The cells were exposed to each concentration of
anesthetics for ~10 min. To ensure that the effects are not due to changes
in the electrophysiological parameters, the application of the anesthetics
was done 15-20 min after seal formation and only when cell parameters
as well as the currents stabilized so that at least three consequent control
recordings completely overlapped. For dose-dependence analysis, the
peak I, * values in the presence of the anesthetics were normalized to the
control peak Iy *. For characterization of the channel activation kinetics,
asingle exponential function, y = A * (1 — e[~ & = k1) \where Ais the
I, xc is the delay, and k is the rate constant 7, was used to fit the final
part of the rising phase of each current starting at the time when current
reached 50% of its maximal value (delay time). The inactivation time
constants were determined by fitting the rising phase of the current to
single-exponential decay function y = A1 * exp(—x/t1) + y0, where t1 is
current inactivation time constant, 7. The deactivation time constants
were determined from the single-exponential decay function fitted to
each tail current. For generation conductance—voltage relationships and
steady-state inactivation curves, the data were normalized to maximal
control conductance and fitted with Boltzmann function G/G,,,, = 1/
(1 + exp[(V — V,)/k]), with G, ,, being the maximal conductance, V,,
the half maximal in(activation), and k the slope factor.

Cell lines. Mouse 1929, B82, and MEL (Murine erythroleukemia) cell
lines stably expressing mKvl.1, rKv1.2, mKv1.3, and hKv1.5 and the cell
culture maintenance have been described previously (Grissmer et al.,
1994). CHO cells expressing hKv1.4 were obtained from M. Tamkun
(University of Colorado, Boulder, CO).

Patch-clamp recordings in brain slices. C57BL/6] mice [postnatal day 23
(P23)-P29] were anesthetized with halothane and decapitated, and the
brains were transferred to an ice-cold, sucrose artificial CSF (ACSF) con-
taining the following (in mm): 85 NaCl, 65 sucrose, 2.5 KCl, 25 glucose,
1.25NaH,PO,, 4 MgSO,, 0.5 CaCl,, and 24 NaHCO;. Coronal thalamic
slices (300 wm) were prepared using a Leica VT1000S vibrating blade
microtome (Leica). Slices were incubated at 33°C in oxygenated (95%
0,, 5% CO,) standard ACSF containing the following (mm): 126 NaCl,
2.5 KCI, 1.25 NaHPO,, 1.2 MgSO,, 10 glucose, 1.2 CaCl,, and 26
NaHCO,; for at least 1 h before the recordings. For electrophysiological
recordings, slices were submerged in a recording chamber and continu-
ously perfused at 2 ml/min with oxygenated ACSF at 33°C during the
experiments. Slices were securely held in place using a harp (Warner
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Figure 1.

ShK toxin restores righting reflex in sevoflurane-anesthetized rats. A, Representative frames from a video showing a typical return to “consciousness” response after thalamic

microinfusion of ShK. The infusion started at a time point (1) where the animal is shown unconscious on its back in a chamber filled with sevoflurane (~1.3% atm). At about 3 min and 315 after the
infusion, the animal started to arouse and then righted itself (2). One minute later (3), the animal is moved across the chamber before the end of arousal response (4). B, Histological localizations
of the ShK microinfusions in brain sections. Infusion sites and resulting behavioral responses to ShK are indicated. CMT is highlighted gray (n = 28 rats). €, Thalamic microinfusions of ShK restore
righting reflex in rats under sevoflurane anesthesia. The effectiveness of ShKis significantly associated with infusion site (indicated by hash mark). p << 0.005 (Fisher’s exact test for nonparametric

data).

Instruments). CMT nuclei were identified using mouse atlas (Paxinos
and Franklin, 2004). Cells were visualized with an upright microscope
(Zeiss Axioskop Plus) with infrared differential interference contrast op-
tics. The CMT neurons with Rs values of <35 M(), C_, values of 25 + 5
pF, and characteristic firing frequencies (>43 Hz firing frequency at 150
pA) were chosen for the experiments. Recording pipettes (2-5 M()) were
pulled from borosilicate glass (Garner Glass) with a P-97 Flaming-Brown
puller (Sutter Instruments) and filled with intracellular solution for
current-clamp recordings containing the following (in mwm): 126
K-gluconate, 4 KCl, 10 HEPES, 2 Mg-ATP, 0.3 Tris-GTP, 10 phospho-
creatine, pH, 7.20-7.25 (270-290 mOsm). The pH was adjusted to 7.2
with KOH. Recordings were performed in whole-cell mode using a Mul-
tiClamp 700B amplifier (Molecular Devices), digitized at 4 kHz and sam-
pled at 20 kHz with a Digidata 1322A digitizer (Molecular Devices). Data
were acquired and analyzed with pClamp 10.2 software (Molecular De-
vices). The depolarizing current pulses (10, 20, 30, 40, 50, 100, and 150
PA; 800 ms) from the membrane potential of —60 or —75 mV were
applied to evoke tonic or burst firing activity, respectively. Sevoflurane
and ShK-186 were perfused for 5 min into the bath to allow for equilib-
rium to be reached before recording. To determine the reversibility of the
compounds, the slices were washed for 10 min with ACSF at the end of
the experiments. Input resistance was calculated as V = IR, where Vis the
change in voltage produced by —20 and —100 pA current injections.
AV/At was calculated as change in voltage (AV') divided by change in
time (At) occurred between the onset of the current step (40 pA) and the
time point at which the membrane potential reached the action potential
threshold.

Statistical analysis. The results are presented as mean * SEM. For
electrophysiological experiments, statistical differences were determined
by two-way repeated-measures ANOVA or Student’s ¢ test for two-group
comparisons using OriginPro version 8 (OriginLab). When independent
groups were compared, we tested whether or not the means were signif-
icantly different from each other using independent ¢ tests. When we
compared parameters measured before versus after treatment with anes-
thetics, we used paired ¢ tests. To confirm that each data set was a nor-
mally distributed population of observations, we used the Shapiro-Wilk
normality test for each data set before performing a paired ¢ test. For

histology and behavior components of the in vivo experiments, sta-
tistical analysis was performed using Fisher’s exact test for nonpara-
metric data.

Results

ShK, a potent blocker of Kv1 channels, reverses
sevoflurane-induced anesthesia in rodents

Since Kv1 channels in the rodent brain are primarily heterote-
tramers containing Kvl1.1, Kv1.3, Kvl.4, and Kv1.6 subunits
(Turrigiano et al., 1996; Koch et al., 1997; Coleman et al., 1999;
Kupper et al., 2002; Trimmer and Rhodes, 2004; Gazula et al.,
2010; Pongs and Schwarz, 2010; Ramirez-Navarro et al., 2011),
we examined the effect of ShK, a peptide inhibitor of Kvl.1,
Kv1.3, and Kv1.6 channels with picomolar potency (Castanieda et
al., 1995), in rats anesthetized with the inhalational anesthetic
sevoflurane. Rats were continually exposed to a dose of sevoflu-
rane (1.3 £ 0.05% atm) well past the point required to lose the
righting reflex as an index of loss of consciousness. This sevoflu-
rane concentration corresponds to ~0.6 of the rat’s minimum
alveolar concentration (MAC), which is defined as the concen-
tration of the inhalational anesthetic in the lungs needed to pre-
vent reaction in 50% of subjects in response to surgical stimuli.
Microinfusion of 1 pm ShK directly into the CMT nucleus tem-
porarily restored righting reflex in 66.5% of animals under anes-
thesia (Fig. 1). ShK-treated rodents righted themselves fully
despite being continually exposed to 1.3% sevoflurane (Fig. 1 A,
3). Righting occurred in 364 * 324 s (range, 25-730 s). The
arousal response lasted 135 = 73 s (range, 66—250 s). Infusions
that missed the CMT nucleus as revealed by histological analysis
(Fig. 1B, C) restored righting reflex only in 4.5% of animals. ShK
concentrations of 10 and 100 pM caused seizures in rats, predom-
inantly with direct CMT infusions (data not shown). Control
microinfusions of saline into the CMT nucleus were without ef-
fect (data not shown), as in previous reports (Alkire et al., 2009).
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Effects of sevoflurane on potassium currents in cells expressing mammalian Kv1 channels. A-E, Left, Representative outward currents evoked by depolarizing pulses from

a holding potential of —80 mV to the range of potentials from —30 to +30 mV, with 10 mV increments and interpulse intervals of 10 s for recording Kv1.1 currents or 30 s for recording
Kv1.2, Kv1.3, Kv1.4,and Kv1.5 currents. Control (black) currents are superimposed with currents recorded in the presence of 0.2 mm sevoflurane (red). The cells were exposed to aqueous
anesthetic solutions prepared as described previously (Mandal and Pettegrew, 2008). Middle, Comparison of the sevoflurane effects on outward potassium currents at low and higher
membrane potentials. The traces shown are the same as in left panels, only scaled as indicated. Right, Voltage dependence of the sevoflurane-mediated conductance changes (n = 3-9

cells).

Collectively, these data indicate that blockade of Kv1 channels
in CMT neurons reverses sevoflurane-mediated loss of the right-
ing reflex. The most likely Kv1 channel subunits that contribute
to anesthesia-reversal are Kv1.3 [IC5,(ShK), 11 pm] and/or Kv1.1
[IC5,(ShK), 16 pm], whereas Kv1.6 [IC5,(ShK), 165 pm] might be
involved in seizure induction resulting from infusion of higher

concentrations of ShK.

Sevoflurane modulates heterologously expressed Kv1
channels at subsurgical and surgical concentrations

Because inhibitors of Kv1.1-Kv1.3 (ShK and anti-Kv1.2 anti-
body; Alkire et al., 2009) reverse sevoflurane-mediated anesthetic
effects in vivo, we first explored the effects of inhalational anes-
thetics on these Kv1-family channels heterologously expressed in
mammalian cells. Aqueous solutions of anesthetics of known
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concentrations were directly applied to
the cells during the patch-clamp experi-
ments. Peak K* current (Ix ") through
Kvl1.1, Kv1.2, and Kv1.3 channels in-
creased in the presence of 0.2 mm sevoflu-
rane at low depolarizing potentials (Fig.
2A-E, left, middle). At higher depolariz-
ing potentials (+30 mV), K™ currents
through Kvl1.1 and Kv1.2 channels were
potentiated by sevoflurane, whereas the
Kv1.3 current was inhibited concordant
with accelerated C-type inactivation (see
Fig. 5B). In addition, we tested whether
sevoflurane has similar effect on other
Shaker-related channels, rapidly inacti-
vating Kv1.4 channels, and the delayed
rectifier Kv1.5 channels. Sevoflurane po-
tentiated current through Kv1.5 channels
at low voltages and inhibited it at higher
voltages, similar to its effects on Kvl.3
currents, albeit without noticeably alter-
ing the inactivation rate (Fig. 2E). In con-
trast, the Kv1.4 current was inhibited by
sevoflurane at depolarizing potentials
ranging from —60 to +40 mV (Fig. 2D).
To further investigate the effects of
sevoflurane on conductance of Kvl-
family channels, the ratios of the chord
conductance values in the presence of
sevoflurane to control conductance values
were plotted against the voltage. This
analysis revealed the voltage ranges for the
pOtentiating (Gsevoﬂurane/Gcontrol > 1) and
lnhlbltlng (Gsevoﬂurane/Gcontrol < 1) effects
of sevoflurane on each channel type (Fig.
2A-E, right). Based on these results, the
concentration dependence of sevoflurane
effects was evaluated at voltages that yield
most prominent potentiating and inhibit-
ing effects (Fig. 3A—E). In the first set of
the experiments (Fig. 3A—E, left) the con-
centration of sevoflurane was gradually
increased to mimic the conditions when
the anesthetic was administered in vivo.
Sevoflurane potentiated Kvl.1, Kvl.2,
Kvl1.3, and Kv1.5 channels at concentra-
tions that are significantly lower than sur-
gical anesthetic concentrations (i.e.,
<0.32 mM or MAC for sevoflurane in rats
and in humans; Fig. 3A-C,E), indicating
that delayed rectifier Kvl channels are
substantially more sensitive to sevoflu-
rane than other K" conductances (Patel
etal,, 1999; Liu et al., 2004). Importantly,
the concentrations of sevoflurane at
which it inhibited Kv1.4 channels was
within the surgical range of concentra-
tions (Fig. 3D), whereas inhibition of
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effects on potassium currents evoked by depolarizing voltage steps from a —80 mV holding membrane potential to the indicated
low and the higher voltages. The light gray area on the graphs shows the surgical range of anesthetic concentrations; the dash line
indicates the approximate MAC value for sevoflurane in mice and in human patients of middle age. The row data are normalized to
control values (peak /, *) for each cell and are presented as mean = SEM (n = 3—5 measurements for each concentration; 26 cells
total). Statistical analysis was performed on row data before normalization, and the significant differences are indicated by
asterisks (pairwise comparisons, Tukey's test). Right, Averaged peak /, * values in the presence of 0.2 mu sevoflurane compared
to peak /, * valuesin control conditions and after washing out the anesthetic. The data are presented as mean = SEM; n = 3 cells
for each data point. *p << 0.05 (paired ¢ test).

Kv1.3 and Kv1.5 was observed only at larger depolarizing poten- washing out the anesthetic. Together, these results indicate that at
tials and at the concentrations higher than surgical levels (Fig.  physiologically relevant voltages (corresponding to small changes
3G,E). In the next set of the experiments (Fig. 3A-F, right), to  in the membrane potential that are sufficient to activate potas-
demonstrate the reversibility of the effects, the cells were exposed ~ sium conductance), sevoflurane potentiates Kv1.1, Kv1.2, Kv1.3,
to a single subsurgical dose (0.2 mm) of sevoflurane followed by =~ and Kv1.5 currents at concentrations ranging from the subsurgi-
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dependent potentiation is most likely not
use dependent (i.e., does not require
Kv1.3 opening).

Next, we investigated the effect of
sevoflurane on the kinetics of Kv1.3 cur-
rent. Sevoflurane accelerated Kv1.3 acti-
vation compared to control conditions

After pre-exposure for

- — Control a0, 105 30s  5min (Fig. 5A), with the most significant accel-
§|_¢E,__ evos T0pmsh P s b eration at small depolarizing potentials
100 ms — Sevo + 100 pM ShK < q:om;" g z: consistent with the increase of peak cur-

< E —Contrd §20%"s % i rent amplitude at these voltages. C-type
‘gL — — Sevo + 350 pM ShK-186 oy & inactivation of Kv1.3 (Hoshi et al., 1991)

100 ms ol L was also accelerated in the presence of
e o7 sevoflurane and coincided with reduction

D oo - S— e of the peak current amplitude at voltages
above 0 mV (Fig. 5B). Sevoflurane slowed

§|£...--_ gL gu - :.W__ < 50 om0 my degctivation kingtics of Kvl1.3 cha}nnels
©200ms 200ms “200ms ©200ms = i = (Fig. 5C), suggesting that at the physiolog-
e | VA B e i 200 ically relevant voltages Kv1.3 channels

£ 200 close slower in the presence of sevoflurane

control Uss_ sevoflurane 1 washout %;100 than under control conditions. Both acti-

g, vation and inactivation curves were

Sl : ML 2 (v ™ PRt s shifted in the direction of more hyperpo-
200ms 200 ms 200 ms 200ms larizing potentials in the presence of sevo-
o R = wem flurane compared to control conditions at

Figure 4. Modulation of intrinsic Kv1.3 channel properties by sevoflurane. A, Kv1.3 currents in one representative L929 cell the voltages ranging from about —40 to

activated with 10 mV increments and interpulse intervals of 30 s in control conditions and in the presence of sevoflurane. B, Kv1.3
current evoked by depolarizing voltage pulse to —30 mV is potentiated by sevoflurane and blocked by ShK and ShK-186, specific
Kv1.3 channel blockers. €, The potentiation of Kv1.3 current at —30 mV after preexposure to sevoflurane for 10, 30's, and 5 min.
D, Sevoflurane modulates Kv1.3 channels in closed configuration (n = 3 experiments). The control current (black) was recorded
before exposure to sevoflurane (red). The second current trace (depolarization to either +-30 or —30mV) was evoked 45 s after the
addition of sevoflurane without pulsing (channels are closed), and the third current trace was evoked 45 s later. The second trace
at —30mV s superimposed over the third trace (gray over red). The data are presented as mean == SEM; n = 3 cells for each data

point; paired t test. n/s, Not significant.

cal through the surgical level. In contrast, sevoflurane had no
effect on lipid bilayer conductance at concentrations that sig-
nificantly affected Kv1 currents in cells (data not shown), con-
sistent with anesthetics affecting channels, directly or
indirectly, but not the membrane conductance.

Sevoflurane interacts with the closed state of Kv1.3 channel
and alters Kv1.3 activation, inactivation, and deactivation
kinetics

Because our in vivo data suggested an important role for Kv1.3
channel subunits in sevoflurane-mediated loss of the righting
reflex, and because sevoflurane potentiated Kv1.3 channels in
vitro (Fig. 3C), we characterized sevoflurane effects on Kvl1.3
channels in more detail. Gradual increase in the sevoflurane con-
centration resulted in increased peak K * current at low depolar-
izing potentials followed by decreased peak current at higher
voltages (Fig. 4A). The current potentiated at low voltages (—30
mV) by sevoflurane in Kvl.3-expressing cells was blocked by
ShK and ShK-186 (Fig. 4B), supporting that the channel poten-
tiated by sevoflurane is Kv1.3.

Application of sevoflurane at the holding potential (—80 mV)
significantly enhanced the current evoked by the first depolariz-
ing pulse (to —30 mV) compared to control current recorded
before anesthetic addition. The degree of potentiation of Kv1.3
current at —30 mV by sevoflurane was independent of the dura-
tion of preexposure (Fig. 4C) and was not affected by the pulse
duration, the voltage during the first pulse, or the number of
subsequent pulses (Fig. 4D), suggesting that sevoflurane-

—20 mV (Fig. 5D).

Overall, these data demonstrate that
sevoflurane interacts with Kv1.3 channels
presumably in the closed state, and upon
channel activation at the low depolarizing
potentials it forces Kv1.3 channels to both
open faster and close slower. The conse-
quences of such effects in the brain would
be neuronal inhibition during anesthesia
by means of increasing the contribution of inhibitory K™
conductance.

Kv1.3 channels are modulated by isoflurane and desflurane
Sevoflurane is a commonly used inhalational anesthetic. If poten-
tiation of Kv1 channels by sevoflurane contributes to the mech-
anism of inhalational anesthetic action, chemically related
inhalational anesthetics should have similar effects on these
channels. Indeed, two other commonly used halogenated anes-
thetics, desflurane and isoflurane, had qualitatively similar effects
on Kv1.3 channels (Fig. 6 A, D). As in the experiments with sevo-
flurane, the concentrations of either desflurane or isoflurane
were gradually increased to mimic the in vivo anesthesia condi-
tions (Fig. 6 B, E). In addition, the subset of cells was exposed to a
single dose of either anesthetic to test the reversibility of the ef-
fects (Fig. 6C,F). Peak I * of Kv1.3 was significantly increased at
small depolarizing potentials by subsurgical concentrations of
desflurane (Fig. 6 B,C) and isoflurane (Fig. 6 E,F). At the higher
voltages (+30 mV), both anesthetics at concentrations above the
surgical concentration-range inhibited Kv1.3 (Fig. 6B,C,E,F).
Desflurane and isoflurane also accelerated activation and inacti-
vation of Kv1.3. Potentiation of Kv1.3 saturates and the effect
reverses (becoming inhibitory) with increasing concentrations of
sevoflurane (>2 MAC; data not shown), desflurane (>1 MAC),
and isoflurane (>0.5 MAC; Fig. 6 B, E). Thus, all three commonly
used inhalational anesthetics (sevoflurane, desflurane, and iso-
flurane) modulate Kv1.3 channels in a similar fashion.
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Figure6. Modulation of Kv1.3 channel properties by desflurane and isoflurane. 4, D, Representative current traces evoked by depolarizing pulses from a holding potential of —80 mV to the range

of potentials from —40to +30 mV, with 10 mV increments and interpulse intervals of 30 s. Control currents are superimposed with currents recorded in the presence of desflurane (4) orisoflurane
(D). B, C, E, F, Dose-dependence relationships for the effects of desflurane (B, €) and isoflurane (E, F) on potassium currents evoked by depolarizing voltage steps from —80to —30and +30mV.
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prepared as described previously (Mandal and Pettegrew, 2008).

Sevoflurane inhibits neuronal firing frequency in

CMT nucleus

To further elucidate the mechanisms underlying the effect of
sevoflurane in the CMT and the role of Kv1 channels in the an-
esthetic action, we performed current-clamp recordings from ro-
dent brain slices and analyzed firing properties of individual
CMT neurons before and after application of sevoflurane. Injec-
tions of depolarizing current pulses elicited tonic action potential
firing when cells where initially held at —60 mV, or burst activity

when holding membrane potential was below —75 mV (Fig. 7A).
These results are consistent with previous reported data (Kanysh-
kova et al., 2011) and demonstrate that the firing properties of
CMT neurons are similar to those in the other intralaminar tha-
lamic nuclei. We first tested the effect of sevoflurane on the tonic
neuronal activity, which is typically associated with the awake
state. Sevoflurane was added to the perfusion system at a concen-
tration of 0.2 mm, which corresponds to 1.3% or ~0.5 MAC for
this anesthetic in mice and is in the subsurgical concentration
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Figure7.  Sevoflurane suppresses intrinsic excitability of central medial thalamic neurons. A, Tonic and phasic activity recorded from CMT neurons in brain slices. CMT neurons were injected with
positive current (800 ms) from a membrane potential of —60 or —75 mV. Depolarizing current steps elicited tonic activity in cells with a membrane potential of —60 mV and phasic burst activity
inthe same cell at —75 mV. B, Representative traces of tonic action potential firing during 800 ms injection of depolarizing currents from a membrane potential of —60 mV in control conditions
(left), in the presence of 0.2 mwm sevoflurane (center), and after washing out the anesthetic (right). C, Membrane potential before the injection of 150 pA current in control conditions, in the presence
of 0.2 mu sevoflurane, and after washing out the anesthetic. D, The effect of 0.2 mu sevoflurane on the mean delay between the onset of the 150 pA current step and the peak of the first action
potential. E, The effect of 0.2 mu sevoflurane on firing frequency of the tonic series of action potentials induced by 150 pA current step. Horizontal bars represent the means. n = 9 cells. *p << 0.05
(paired t test).

Table 1. The effect of 0.2 mm sevoflurane on tonic action potential firing properties

Resting potential (mV) AP threshold (mV) Peak amplitude (mV) Half-width (ms) AV/At Input resistance (M(2) n
Control —59.4 + 0.6 —358 0.6 23.6 = 3.1 0.55 * 0.01 0.51 = 0.1 2M+E1N 9
0.2 mm sevoflurane —575+17 —353+09 228+29 0.58 = 0.02 0.43 +0.1% 229 + 10* 9

The series of action potentials was induced by injection of 40 pA current in neurons with membrane potential of —60 mV prior to the application of depolarizing current pulses. The data are presented as mean == SEM.
*p << 0.05 (vs control, paired t test).

range. Sevoflurane prominently affected tonic action potential  increased input resistance (Fig. 7 B, E; Table 1), whereas the am-
firing properties of CMT neurons, resulting in a significantly ~ plitude of the action potential and the half-width were not af-
increased delay between the onset of the current step and the  fected (Table 1). The slight hyperpolarization of the membrane
threshold of the first action potential, as evident from the de-  potential was observed in some cells in the presence of sevoflu-
creased AV/At ratio (Fig. 7B, D; Table 1). Sevoflurane also pro-  rane, but overall this effect was not statistically significant (Fig.
gressively decreased the action potential firing frequency and ~ 7C). In addition, sevoflurane reduced the number of action po-
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Figure 8.

The effect of sevoflurane on burst activity in CMT neurons in brain slices. 4, Representative traces of a phasic firing of action potentials elicited by a depolarizing current pulse (800 ms,

30 pA) from a membrane potential of —75 mV. Sevoflurane reversibly decreased the number of action potentials fired during phasic activity. B, The number of action potentials in bursts during
phasicactivity in control conditions, in the presence of sevoflurane, and 12 min after washing out the anesthetic with ACSF. Horizontal bar represents the mean. n = 4 cells. *p = 0.01 (paired t test).

tentials in a burst when applied to phasically firing neurons (Fig.
8). These results are consistent with sevoflurane modulating the
action potential properties in CMT neurons by increasing the
contribution of the K * conductance.

ShK-186 prevents sevoflurane’s effect on CMT neurons in
brain slice recordings

Next, we investigated the contribution of Kv1.3-containing chan-
nels in mediating the effects of sevoflurane on neuronal firing
properties in the brain slices. We applied ShK-186, a synthetic
analog of ShK with 100-fold higher selectivity for Kv1.3 (IC5, 69
pM) over Kvl.1 (IC5,, 7000 pm; Beeton et al., 2005; Pennington et
al., 2009; Chi et al., 2012), to CMT neurons before application of
sevoflurane (Fig. 9A-C) or after application of sevoflurane
(D-F).

In the first set of experiments, the slices were exposed to ShK-
186 before addition of sevoflurane. Addition of 350 pm ShK-186
to the bath solution caused depolarization of the membrane po-
tential (from —60.1 = 0.9 mV to —54.7 = 2 mV) as well as an
increase of the tonic action potential firing frequency of CMT
neurons (Fig. 9A—C; Table 2). Because 350 pm ShK-186 inhibits
Kv1.3 channels without a significant effect on Kv1.1, these results
are consistent with a fraction of K™ channels containing one or
more Kv1.3 subunits being tonically open at the potentials near
the resting and having a role in regulating neuronal excitability in
the CMT. Higher concentrations of ShK-186 (7 nm) that block
both Kv1.3 and Kvl.1 channels caused strong depolarization,
suggesting that Kv1.1 channel subunits also participate in regu-
lating neuronal excitability in the CMT. Under these conditions,
however, the membrane potential rose to a level that lowered cell
viability, preventing further recordings (data not shown). Addi-
tion of sevoflurane produced no further effect on the action
potential firing frequency in the presence of 350 pm ShK-186
(Fig. 94, C), suggesting that the reduction of neuronal firing fre-
quency in the presence of sevoflurane at subsurgical level is, at
least partially, due to its effect on Kvl.3-containing channels.

In the second set of the experiments, the slices were first ex-
posed to sevoflurane followed by addition of ShK-186 (Fig. 9D)
to mimic the conditions of intrathalamic microinfusion of ShK in
anesthetized rats (Fig. 1). Addition of 350 pm ShK-186 to the
slices that had already been exposed to sevoflurane partially
reversed the sevoflurane-mediated reduction of the action po-
tential firing frequency (Fig. 9D-F), supporting the contribu-

tion of ShK-186-sensitive, Kvl.3-containing channels to the
sevoflurane-mediated effects in CMT.

Discussion

The mechanisms of general anesthesia involve multiple molecu-
lar targets and pathways that are not completely understood.
Most of the inhalational anesthetics enhance synaptic and extra-
synaptic inhibition by increasing GABA, channel opening
through its binding to the proposed cavity between the TM2 and
TM3 segments (Krasowski and Harrison, 1999; Jenkins et al.,
2001; Hemmings et al., 2005). Furthermore, inhalational anes-
thetics at clinical concentrations activate different types of two-
pore-domain potassium channels, resulting in hyperpolarization
and reduced neuronal excitability (Patel et al., 1999; Kindler and
Yost, 2005), but inhibit hyperpolarization-activated cyclic
nucleotide-gated (HCN) channels (Sirois et al., 2002; Chen et al.,
2005), reducing the bursting frequency of certain neurons with
pacemaker activity. Among voltage-gated ion channels, Nav and
Kv channels are differentially modulated by anesthetics depend-
ing on the channel type. Thus, Navl.2, Navl.5, Navl.4, and
Navl.6 channels, but not Nav1.8 channels, are inhibited by inha-
lational anesthetics, reducing synaptic transmission (Rehberg et
al., 1996; Shiraishi and Harris, 2004), whereas certain types of
Shaw- and Shaker-related Kv channels are activated by inhala-
tional anesthetics (Correa, 1998; Bhattacharji et al., 2010; Barber
et al., 2012). Despite numerous discoveries of anesthetics affect-
ing various receptors and channels, not all of the anesthetic-
sensitive molecules are accepted as putative targets. It is essential
to establish the neuronal networks that underlie the effects of
anesthetics and link the anesthetic—target interaction with behav-
ior endpoints—amnesia, unconsciousness, analgesia, and immo-
bility (Brown et al., 2011).

In the present work, we elucidate the role of Shaker-related
K™ channels in anesthesia induced by volatile general anesthet-
ics. Although it has been proposed previously that K* channels
may contribute to regulation of neuronal activity essential for
consciousness (Walcourt et al., 2001; Arhem et al., 2003),
whether clinical effects of anesthetics are mediated by direct in-
teraction with these channels has long been a subject of debate.
Walcourt et al. (2001) demonstrated that Shaker channels are
important determinants of halothane anesthesia in a specific
brain circuit of Drosophila. We discovered that blocking the
mammalian homologues of Shaker channels in the CMT, but not
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Table 2. The effect of 350 pm ShK-186 on action potential firing properties of CMT neurons and the lack of sevoflurane’s effect in the presence of ShK-186

Resting potential (mV) AP threshold (mV) ~ Peakamplitude (mV)  Half-width (ms)  AV/At Input resistance (MQ2) ~ n
Control —60.1 %09 —396 12 269 =42 0.58 = 0.05 03901 223*x24 5
350 pm ShK-186 —54.7 = 2.0% —40 = 1.2 244 *+ 4 0.59 = 0.06 0.49 = 0.1 234+ 41 5
0.2 mm sevoflurane plus 350 pu ShK-186 ~ —53.8 = 2.4 —365*2 238=*39 0.6 = 0.04 057 =01 259 *37 5

The series of tonic action potentials was induced by injection of 40 pA current. The data are presented as mean = SEM.

*p << 0.05 (vs control, paired t test).

in the nearby nuclei, of lightly anesthetized rats by the ShK toxin
restored “consciousness,” as evidenced by an arousal response,
strongly supporting the idea that ShK-sensitive Shaker-related
K™ channels in the CMT are involved in regulating the arousal
state and controlling levels of consciousness. These data are con-
sistent with previously demonstrated altered sensitivity to inha-
lational anesthetics and/or disrupted sleep cycles in Drosophila
melanogaster strains containing mutant Shaker K * channels (Ka-
plan and Trout, 1969; Tinklenberg et al., 1991; Walcourt et al.,
2001; Cirelli et al., 2005; Weber et al., 2009).

Our results obtained using mouse brain slices further confirm
that sevoflurane potentiates potassium currents, and thereby
suppresses the neuronal excitability in CMT. The results ob-
tained in vivo using rats and in brain slices using mice are in a
good agreement, consistent with well-established equivalence
and similar patterns of connectivity of the various intralaminar
and midline nuclei of the thalamus between different species in-
cluding nonprimate mammals, nonhuman primates, and hu-
mans (Van der Werfetal., 2002). Using ShK-186, a synthetic ShK
analog with high selectivity for Kv1.3, to block the anesthetic
effects on neuronal firing properties in CMT in brain slices, we
narrowed down the list of K* channel subunits that could be
potential anesthetic targets. In particular, ShK-186 when applied
at concentrations as low as 350 pMm blocked the effect of sevoflu-
rane on action potential firing frequency, providing pharmaco-
logical evidence for the contribution of Kvl.3-containing
channels to the effects of sevoflurane. Importantly, the expres-
sion of Kv1.1, Kv1.2, and Kv1.4-mRNA had been demonstrated
earlier in the rat CMT (Kanyshkova et al., 2011). Therefore, in
addition to the previous finding that Kv1.2-containing channels
in CMT nucleus are important for maintenance of the uncon-
scious state during inhalational anesthesia (Alkire et al., 2009),
our data demonstrate that potassium channels that contain Kv1.3
subunits can also be the targets for inhalational anesthetics in
CMT. The other Shaker-related ShK-sensitive potassium channel
subunits, such as Kv1.1 and Kv1.6, can play roles in the regulation
of neuronal excitability and cannot be excluded as potential tar-
gets for anesthetics. Although the other types of potassium chan-
nels, distinct from the Shaker-related Kv1 family, that are known
to regulate neuronal firing properties in the intralaminar nuclei
of the thalamus (e.g., Kv4; Kanyshkova et al., 2011) cannot be
excluded as potential anesthetics targets, they are unlikely to con-
tribute to the sevoflurane-mediated reduction of firing fre-
quency, as these channels are shown to be inhibited by
inhalational anesthetics (Ishiwa et al., 2008). Finally, high selec-
tivity of ShK-186 peptide over even structurally related Kv1 chan-
nels makes it unlikely for two-pore-domain K* channels to
mediate the ShK-sensitive effects of sevoflurane observed in this
study.

The Shaker-related Kv1-family of K * channels comprise eight
highly conserved a subunits designated Kv1.1-Kv1.8 (Gutman et
al,, 2005). Kv1.1, Kv1.2, Kv1.3, Kv1.4, and Kv1.6 are expressed
ubiquitously in the mammalian CNS. Of these, Kv1.4 is a rapidly
inactivating A-type channel, while the others are delayed rectifi-

ers. Neuronal Kv1 channels coassemble with each other and with
auxiliary B8 subunits forming homomultimers or heteromultim-
ers with diverse biophysical properties (Turrigiano et al., 1996;
Koch etal., 1997; Coleman et al., 1999; Kupper et al., 2002; Trim-
mer and Rhodes, 2004; Gazula et al., 2010; Pongs and Schwarz,
2010; Ramirez-Navarro et al., 2011). In this study, we directly
tested the effects of anesthetics on heterologously expressed ho-
momeric Kvl.1,Kv1.2,Kv1.3, Kvl.4, and Kv1.5 channels. In con-
trast to previous studies (Franks and Lieb, 1991; Arhem et al.,
2003), we found that the manner in which inhalational anesthet-
ics modulate Kv1 channels depends markedly on the biophysical
properties of the channel in question. Specifically, at the low
depolarizing potentials (arguably the most physiologically rele-
vant), these inhalational anesthetics significantly enhanced K™*
currents in cells expressing Kvl-family delayed rectifier (Kvl1.1,
Kv1.2, Kv1.3, and Kv1.5) channels. Furthermore, we found that
anesthetics can modulate delayed rectifier Kv1 channels in a bi-
phasic manner, potentiating them at small depolarizing poten-
tials and inhibiting them at higher voltages. Our results are
consistent with the previously described isoflurane-mediated in-
crease of K* conductance of ShakerB mutant channels with de-
layed rectifier properties (Correa, 1998) and the previously
reported activation of Kv1.2 and Kv1.5 channels by sevoflurane
(Barber et al., 2012). The potentiation effect was specific to de-
layed rectifier channels, and fast-inactivating “A-type” Kvl.4
channels were inhibited, in agreement with the results of Franks
and Lieb (1991), who demonstrated inhibition by isoflurane of
fast A currents in the snail neurons. Critically, potentiation of
Kv1 channels by sevoflurane and other volatile anesthetics is
achieved at extremely low anesthetic concentrations, significantly
below surgical anesthetic levels. At these low subsurgical concen-
trations, sevoflurane had no effect on the rapidly inactivating
Kvl1.4 channel, which was inhibited only at surgical concentra-
tions. Anesthetic-mediated inhibition of delayed rectifier Kv1
channels at higher depolarized potentials also occurs at anesthetic
concentrations much higher than those required for potentia-
tion. Thus, at subsurgical anesthetic concentrations, potentiation
of delayed rectifier Kv1l channels is the predominant effect. Our
results obtained using heterologously expressed homomeric
channels demonstrate the effects of anesthetics on particular
types of Kvl « subunits. Therefore, the endogenously expressed
channels that contain one or more anesthetic-sensitive subunits
(e.g., Kv1.1,Kv1.2, or Kv1.3) are likely to be affected by anesthet-
ics as well. The other membrane proteins, including auxiliary 3
subunits, as well as the stoichiometry and relative expression level
of endogenous Kv1 channel subunits cannot be excluded as con-
tributing factors in a complex action of the anesthetics on the
native channels in the brain. Although the role of each of these
factors remains to be elucidated, the results of the brain slice
recordings are consistent with the conclusion that Kv1 channels
that contain ShK-sensitive a subunits mediate the effects of sevo-
flurane on neuronal firing properties in CMT.

Delayed rectifier K * channels play an important role in mem-
brane repolarization and in setting the threshold for action po-
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tentials. The net effect of Kv1 channel modulation by inhalational
anesthetics, particularly the facilitation of K™ current at the low
depolarizing potentials, acceleration of activation kinetics and
slowing of the deactivation, is an increased contribution of the
inhibitory potassium conductance. This is consistent with de-
layed onset and reduced rate of the action potential firing in
thalamic slices in the presence of sevoflurane. At the brain level,
such changes in the nervous system could contribute to the pro-
gressive slowing of the electroencephalogram with increasing
doses of anesthesia during induction of the anesthetic state. The
potentiation of Kv1 currents in the thalamus by subsurgical an-
esthetic concentrations might contribute to early loss of con-
sciousness during the behavioral stage of anesthesia, whereas
higher doses of anesthetics will inhibit Kvl channels and affect
other molecular targets. This inhibition, in turn, might facilitate
the release of inhibitory neurotransmitters during the surgical
stage of anesthesia.

In conclusion, our results support the hypothesis that Kvl
channels, including Kv1.3-containing channels, in the central
medial thalamus are important for suppressing arousal during
anesthesia. The extremely high sensitivity of these channels to
volatile anesthetics places them among primary anesthetic tar-
gets, such as nicotinic 432 ACh receptors (Violet et al., 1997;
Yamakura et al., 2000; Yamashita et al., 2005) and GABA 4 recep-
tors (Wuetal., 1996; Caraiscos et al., 2004; Hall et al., 2004; Weng
etal., 2010). Although the molecular mechanisms of Kv1 channel
modulation by anesthetics in vivo remain to be determined, the
anesthetic sensitivity of Kvl-family channels suggests that this
modulation may occur early on during the induction of anesthe-
sia, at around the time when the behavioral loss of consciousness
occurs. These findings will contribute to a better understanding
of the neural pathways of anesthesia, which in turn should facil-
itate the design of future anesthetic agents and procedures that
will specifically target anesthesia-relevant brain pathways and re-
duce adverse effects of general anesthesia.
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