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Sevoflurane Directly Excites Locus Coeruleus Neurons

of Rats

Yutaka Yasui, M.D.,* Eiji Masaki, M.D., Ph.D.,T Fusao Kato, Ph.D.%

Background: Sevoflurane, an anesthetic showing high inci-
dence of emergence agitation in human patients, especially in
children, increases noradrenaline release in the preoptic area
in the rat brain. The clinically observed frequency of emergence
agitation with sevoflurane is significantly reduced by drugs
activating «, adrenoceptors. The locus coeruleus (LC) is a
source nucleus of widely spreading noradrenergic projections
in the central nervous system and is also known as one of the
principal targets of some a,-adrenoceptor agonists, such as
dexmedetomidine. The authors analyzed the effects of sevoflu-
rane and other anesthetics on the membrane current of the LC
neurons to study the mechanism of the paradoxical “excita-
tory” effects of the anesthetics.

Methods: Effects of volatile and nonvolatile anesthetics on
the membrane potential and currents of LC neurons in pontine
slices of the rat were evaluated. Action potential-dependent
transmission was suppressed with tetrodotoxin.

Results: Sevoflurane at 5% (measured concentration in the
recording chamber, 0.5 mm) induced an early-phase inward
current in most of LC neurons in a robust manner, which
significantly increased the firing frequency in the absence of
tetrodotoxin under current clamp recording. Preadministration
of dexmedetomidine (1-3 nm) occluded this increase in firing
frequency with sevoflurane. This inward current was inhibited
by a gap junction inhibitor carbenoxolone and was not ob-
served with nonvolatile general anesthetics and in non-LC neu-
rons examined.

Conclusions: The excitatory current activated by sevoflurane
in LC neurons, likely to be mediated by gap junction—related
mechanisms, might be one of the potential cellular mechanisms
underlying paradoxical excitatory effect of sevoflurane.

RECENT advances in electrophysiologic and molecular
biologic techniques have identified various types of mo-
lecular targets underlying the depressant effects of inha-
lation anesthetics. These include potentiation of recep-
tor channels mediating fast inhibitory transmission such
as y-aminobutyric acid type A and glycine receptors,’
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attenuation of excitatory synaptic transmission,” and ac-
tivation of background leak potassium channels.>* All of
these mechanisms identified to date point to a powerful
depressant effect of the inhalation anesthetics on central
nervous system (CNS) excitability.

Besides the well-analyzed depressant effect, the inha-
lation anesthetics have been known to exert transient
paradoxical “excitatory” effects in the animals and hu-
man patients, especially in children. In particular, para-
doxical agitation at the emergence of inhalation anesthe-
sia, which is called bhyperexcitation, emergence
agitation, and emergence delirium (for review, see Vla-
jkovic and Sindjelic®), is of important and serious clinical
concern. The cellular mechanism of such excitatory ef-
fects remains unidentified.’ In particular, it remains un-
known whether anesthetics inducing such excitatory
behavior could exert direct excitatory effect on central
neurons in the absence of synaptic influences.

To address this issue, we recorded the membrane
current and potential of the locus coeruleus (LC) neu-
rons in brainstem slices and analyzed the effects of in-
halation and nonvolatile anesthetics thereon. We tar-
geted LC in the pons for the following reasons. First, the
neurons in the LC send divergent noradrenergic projec-
tions to the widely distributed structures in the CNS,
including the cortex, thalamus, and hippocampus, and
control their excitability in a one-to-many manner, allow-
ing the LC to play a central role in the global control of
CNS excitalbility.é’7 Second, sevoflurane and isoflurane
increase noradrenaline release in the preoptic area in
rats,® suggesting that these inhalation anesthetics stimu-
late noradrenaline-releasing systems in the CNS. Third,
the incidence of agitation in human patients is markedly
reduced by premedication of the a,,-adrenoceptor ago-
nists, such as dexmedetomidine, which exerts depres-
sant effects by suppressing of LC neuron excitability
through activation of LC a,, adrenoceptors.’

Materials and Methods

Slice Preparation

The manipulation of the animals conformed to the
Guiding Principles for the Care and Use of Animals in the
Field of Physiologic Sciences of the Physiologic Society
of Japan (1988) and was approved by the Animal Care
Committee of The Jikei University School of Medicine,
Tokyo, Japan. Transverse brainstem slices from Wistar
rats (2-3 weeks old) were prepared according to a
method described previously.'® Briefly, the lower brain-
stem was dissected out during deep ketamine anesthesia
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(100-150 mg/kg intraperitoneal), and one or two trans-
verse slices of 400 wm thickness containing the LC were
cut in the ice-cold “cutting” artificial cerebrospinal fluid
(ACSF).'° The slices were first incubated in a holding
chamber with “standard” ACSF'° at 37°C for 30 - 45 min.
The slices were then kept at room temperature (approx-
imately 25°C) in the same chamber for 0.5-3 h until the
recording. A slice was transferred to a recording cham-
ber (approximately 0.4 ml volume) and submerged in
and continuously superfused at a rate of 1-2 ml/min
with the HEPES-buffered ACSF (cf. Sirois et al. > com-
posed of 140 mm NaCl, 2 mm KCI, 2 mm CaCl,, 2 mm
MgCl,, 10 mm HEPES, and 10 mm p-glucose (pH 7.4 or pH
6.5 with NaOH or HCI; bubbled with air; osmolarity,
approximately 310 mOsm/kg). Tetrodotoxin citrate
(TTX; Alomone, Jerusalem, Israel) was also added to the
ACSF at a concentration of 1 um to completely block
action potential generation and subsequent synaptic
transmission except for the membrane potential record-
ings. In a part of the experiment, [NaJr]0 is reduced to 40
mum by N-methyl-p-glucamine (NMDG; Sigma Aldrich, To-
kyo, Japan) replacement.

Patch Clamp Recordings

The whole cell transmembrane current was recorded
from neurons in the LC, the mesencephalic trigeminal
nucleus (MeV), and the facial nucleus (VII). The neurons
were visually identified with an upright microscope
equipped with oblique illumination condenser lens (BX-
50; Olympus, Tokyo, Japan). Recordings were made in
healthy-looking 172 LC neurons in 172 slices from 152
rats, 4 MeV neurons in 4 slices, and 9 VII neurons in 9
slices. The patch clamp electrodes were made from
borosilicate glass pipettes (1B120F-4; World Precision
Instruments, Sarasota, FL). The composition of the intra-
cellular solution was 120 mm gluconic acid potassium, 6
mum NaCl, 1 mm CaCl,, 2 mm MgCL,, 2 mm ATP Mg, 0.5 mm
GTP Na, 5 mm EGTA, 10 mm HEPES hemisodium, and 12
mwm Na, phosphocreatine (pH 7.2 as adjusted with KOH;
osmolarity, approximately 310 mOsm/kg). The tip resis-
tance of the electrode was 3-8 M(). The membrane
potential was held at —70 mV during the recordings,
except where otherwise stated. The membrane poten-
tials were shown with appropriate correction of the
estimated liquid-junction potentials with each solution.
The membrane current was recorded with an Axopatch
200B amplifier (Axon Instruments, Sunnyvale, CA) or
CEZ-2400 (Nihon-Kohden, Tokyo, Japan), low-pass fil-
tered at 2 kHz, and sampled at 4 kHz with a PowerLab
interface (AD Instruments Japan, Nagoya, Japan) to-
gether with the holding potential and the timing signal
from the electromagnetic valve controller used for the
drug application (VC-6; Warner Instruments, Holliston,
MA). The microscope images were captured with a
charge-coupled device camera (IR-1000; Dage-MTI,
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Michigan City, IN) and saved on a personal computer. All
recordings were made at room temperature (20°-25°C).

Drugs and Their Application

Propofol (Diprivan; AstraZeneca, Osaka, Japan), pen-
tobarbital sodium (Nembutal; Abbott Laboratories, Chi-
cago, IL), and dexmedetomidine hydrochloride (Ma-
ruishi, Osaka, Japan) were dissolved in HEPES-buffered
ACSF. The following blockers were also dissolved in
HEPES-buffered ACSF: a voltage-dependent Na channel
blocker, TTX, a nonselective blocker of transient recep-
tor potential (TRP) and related channels, gadolinium
chloride (Gd**; Sigma Aldrich), a P2 purinoceptor
blocker, suramin (Sigma Aldrich) and pyridoxal-phos-
phate-6-azophenyl-2' ,4'-disulfonic  acid  tetrasodium
(PPADS; Sigma Aldrich), gap junction blockers, carben-
oxolone (Sigma Aldrich), 1-octanol (Sigma Aldrich), 18a-
glycyrrhetiic acid (Sigma Aldrich), and lanthanum chlo-
ride (La®>"; Sigma Aldrich). All perfusate were applied
locally with a glass pipette (ID, 0.7 mm), the tip of which
was placed approximately 2-5 mm upstream of the re-
cording electrode, ensuring a faster rise of the anesthetic
concentration and faster exchange of the solution
around the recorded cells than that achieved with bath
application. The plateau concentration was attained
within 10-20 s after the opening of the electromagnetic
valve, the on-off timing of which is indicated in the
figures. Volatile anesthetics (sevoflurane and isoflurane,
Maruishi; halothane, AstraZeneca) were vaporized with
air using appropriate calibrated vaporizers (Sevotec 3,
Ohmeda, Steeton, United Kingdom; Forawick, Muraco
Medical, Tokyo, Japan; and Fluotec 3, Ohmeda, for
sevoflurane, isoflurane, and halothane, respectively) and
continuously bubbled into the HEPES-buffered ACSF.
Throughout the text, the concentration of volatile anes-
thetics is expressed as the partial pressure in percentage
read from the vaporizer. The actual aqueous concentra-
tions of sevoflurane in the ACSF sampled from the re-
cording chamber used for electrophysiologic recordings,
as analyzed with gas chromatography (GC-14B; Shi-
madzu, Kyoto, Japan), were 0.49, 0.33, and 0.12 mm
with the vaporizer partial pressure of 5, 3, and 1%,
respectively.'!

Data Analysis and Statistical Analysis

The recorded membrane current was analyzed off-
line with an Igor Pro 5 (WaveMetrics, Lake Oswego,
OR). Data are presented as mean * SEM. Statistical
comparisons were made with the Wilcoxon test, anal-
ysis of variance (ANOVA) with appropriate post hoc
comparisons, Mann-Whitney U test, Student paired
t test, and Fisher exact probability test with SPSS 11.5
for Windows (SPSS, Tokyo, Japan). P < 0.05 was
considered significant.
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Fig. 1. Sevoflurane induced excitatory responses in the locus
coeruleus (LC) neurons. (4) Microscopic images of the rat brain
stem slice containing LC region (left) and LC neurons (right).
IV = fourth ventricle; V = the ventral direction. Scale bars: 200
pm (left) and 20 pm (right). (B) The membrane current of the
LC neuron held at —70 mV in the presence of tetrodotoxin
showing the biphasic responses to sevoflurane. Sevoflurane
(5%) was applied at the horizontal bar. (C) Summary of the time
at which the downward phase turned to upward during 10-min
application of 5% sevoflurane (n = 34).

Results

Sevoflurane Excites LC Neurons

We recorded membrane potential and transmembrane
currents from 172 LC neurons identified visually (fig. 1A)
and electrophysiologically.'?"'* Under current clamp re-
cording, all 172 neurons examined showed strong A-
current-like delayed excitation upon injection of depo-
larizing step current pulse (change in V,,, from
approximately —80 mV to approximately —50 mV) and
were devoid of h-current-like sag rebound, which is the
typical membrane potential response of neurons ex-
pressing h-current conductance,'® upon injection of hy-
perpolarizing current pulse (from resting potential to
approximately —90 mV). In all 172 LC neurons re-
corded, stable and strong oscillation in the membrane
potential or membrane current was observed. These
characteristics are in accord with the previously re-
ported characteristics of the LC neurons.'?"'# After these
visual and electrophysiologic identifications of LC neu-
rons, we analyzed the effects of anesthetics on the mem-
brane current under voltage clamp in 156 neurons and
those on the membrane potential in 16 neurons. To
analyze the mechanism underlying this early and tran-
sient depolarization by sevoflurane, we measured the
membrane current (/) of the LC neurons at a holding
potential of —70 mV in the presence of TTX. Application
of TTX (1 um) abolished the spontaneous oscillations in
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the membrane current in a similar manner to those
already reported.'® Sevoflurane (5%) rapidly induced a
downward shift of I, trace (peak plateau amplitude of
the downward shift; —33.1 = 4.8 pA; arrows in fig. 1B,
1) in 32 of 34 LC neurons examined. In 69% of these
neurons (n = 22), this downward shift was followed by
a subsequent late upward shift toward preapplication
level (arrowheads in fig. 1B, 1,). In 22 of these neurons,
this upward shift appeared (i.e., the shift became from
downwardly to upwardly in the course of sevoflurane
application) within 10-min application time. The average
time at which the downward shift turned to an upward
shift was 275 *= 26 s from the onset of sevoflurane
application (fig. 1C) in these neurons. In another 31% (n
= 10) of the neurons, this downward shift lasted for the
whole span of 10-min application of sevoflurane (filled
circles at 600 s in fig. 1C). In the remaining 2 neurons,
only the upward shift was observed during 10 min of
sevoflurane application (two filled circles at O s in fig.
1C). This downward shift in response to sevoflurane is
not a specific consequence of the use of HEPES-buffered
external solution, which was used in this study for stable
manipulation of its pH, because a similar downward shift
of 40-80 pA could be observed in the LC neurons
recorded with bicarbonate-buffered ACSFE.'* These
changes in the membrane currents by sevoflurane were
reproducible in an essentially similar manner upon re-
peated application of sevoflurane.

We then asked whether such direct excitatory current
in the LC neurons by sevoflurane excites these neurons
to a level sufficient to generate action potentials. This
series of experiments was performed in the absence of
TTX to measure the action potential frequency. In all 16
neurons in which the membrane potential was mea-
sured, 5% sevoflurane depolarized the membrane poten-
tial, which occasionally increased the spontaneous firing
frequency. Figure 2A shows an example of a neuron in
which sevoflurane depolarized the neuron and increased
firing frequency (figs. 2A-1 and -2). The average depolar-
ization as measured at the trough of the spontaneous
oscillation was 5.2 = 0.9 mV (P < 0.001, paired ¢ test;
n = 16; range, 1.5-13.8 mV; fig. 2B). Accordingly, the
firing frequency was significantly increased by 5%
sevoflurane from 0.07 = 0.03 to 0.35 * 0.14 spikes/s at
the peak effect (n = 10; P < 0.05, Wilcoxon test; fig. 2C;
fig. 2C contains results from all 16 neurons to which 5%
sevoflurane was applied under current clamp mode, but
this statistics was made with 10 neurons that generated
action potential before and/or after 5% sevoflurane ap-
plication; the remaining 6 neurons showed no action
potential before, during, or after application of sevoflu-
rane [indicated with an arrow in fig. 2C] and were
therefore not included in the statistics). Figure 2D sum-
marizes the average time course of the effect of 5%
sevoflurane on the firing frequency in 6 neurons, which
we continuously observed up to 15 min after the onset
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Fig. 2. Sevoflurane increased action potential frequency of locus
coeruleus neurons. (4) The membrane potential recording of
locus coeruleus neurons (above) and changes in action poten-
tial frequency (below). Sevoflurane (5%) was applied at the
borizontal bar. Traces 1-4 show the time-extended traces at
points 1-4 in the above trace in A. Action potentials are trun-
cated at +30 mV for the clarity in 4. The trough resting potential
level before sevoflurane application is indicated with a broken
borizontal line in 1-4. (B) Summary of the effect of sevoflurane
(5%) on the membrane potential. Filled circles show the values
in each neuron (n = 16), and open circles and vertical bars
indicate the mean values and SEs for 16 neurons. * P < 0.05,
paired  test. (C) Summary of the effect of 5% sevoflurane on the
firing frequency of locus coeruleus neuron. Filled circles show
the values in each neuron (n = 16), and open circles and
vertical bars indicate the mean values and SEs for 10 neurons (6
neurons devoid of firing both before and after application were
not included in the mean and SE calculation, indicated with an
arrow). * P < 0.05, paired ¢ test. In B and C, the mean resting
membrane potential was kept spontaneously (i.e., without any
current injection; n = 9) or manually (with continuous current
injection of —28 to +40 pA; mean, 12.3 = 10 pA; n = 7). (D) The
time course of the changes in action potential frequency with
sevoflurane. Each point and vertical bar represent mean and SE
of 6 neurons. Sevoflurane (5%) was applied at the borizontal
bar. * P < 0.05 versus mean action potential frequency during
1 min immediately before sevoflurane application, paired test;
n = 6.

of sevoflurane application without any other manipula-
tion. Sevoflurane at 5% significantly (P < 0.05, paired ¢
test; n = 6) increased the firing frequency during ap-
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proximately the first 4 min (asterisks in fig. 2D). A slight
but significant increase in firing frequency was observed
also after removing sevoflurane. These results indicate
that sevoflurane significantly depolarized the LC neurons
and significantly increased their firing frequency.

Differential Effects of Acidification on the
Downward and Upward Shifts of Membrane
Current of LC Neurons by Sevoflurane

What are the mechanisms underlying these excitatory
responses of the LC neurons to sevoflurane? To address
this issue, we sought to isolate the components under-
lying the downward and upward shifts of I, by sevoflu-
rane. One of the principal molecular substrates for the
depressant effect of inhalation anesthetics identified to
date is the pH-sensitive background potassium channel
(TASK), a subtype of KCNK channel family. TASK chan-
nels are expressed in LC, and their activation by halo-
thane results in outward K™ current.® Because the TASK
channels are suppressed by acidification, we examined
the effect of low-pH perfusate on the shifts in membrane
current by sevoflurane.

Bath acidification to pH 6.5 caused an inward shift of
the membrane current in good accord with its inhibitory
effect on TASK channels in LC neurons as described by
Sirois et al.® Figure 3A shows a typical example of the
responses of a neuron to sevoflurane at pH 7.4 (left) and
pH 6.5 (right). The upward shift (arrowhead) was
strongly suppressed at pH 6.5, whereas the downward
I,, shift (arrows) was not suppressed at pH 6.5 (figs. 3A
and B). At pH 6.5, the downward [, shift lasted for
whole span of sevoflurane application in 75% of the
neurons out of 15 (figs. 3A and B). At pH 7.4, amplitudes
of both the downward and the upward shifts by sevoflu-
rane were dependent on its concentration (fig. 3C). At
pH 6.5, the amplitude of the upward shift, but not that
of the downward one, caused by 3% and 5% sevoflurane
was significantly smaller than that at pH 7.4 (fig. 3C; P <
0.05, U = 15.0 and U = 173.0, respectively). Based on
these concentration-response curves, we compared the
fraction of “responding” neurons to sevoflurane with
downward and upward 7, shifts at different pHs. A shift
in I, larger than 5 pA (dotted lines in fig. 3C) was
considered to be “responding.” The sevoflurane-induced
downward shift of 7, was observed in 95% of the neu-
rons examined both at pH 7.4 and 6.5 (fig. 3D). In
contrast, the fraction of neurons showing the upward
shift of I, was significantly smaller in acidic condition
(71% to 25% of the neurons at pH 7.4 and pH 6.5,
respectively; fig. 3D). In contrast, there was no signifi-
cant change in the amplitude of the sevoflurane-induced
downward I, shift by acidification at all concentrations
examined (fig. 3C). The marked pH sensitivity of the late
upward 7, shift is in good accord with the reported
properties of the TASK conductance.’ Based on these
observations, we attribute this upward 7., shift to activa-
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recordings at pH 7.4 (n = 34) and 6.5 (n = 20). Each point and
vertical bar represent mean and SE. (C) Concentration depen-
dency of the inward component amplitude (Z;,) and the out-
ward component amplitude (Z,,,) at pH 7.4 and pH 6.5, respec-
tively. Abscissa indicates the sevoflurane concentration (in log
scale), which was tested at 0.4, 1, 3, and 5%. The amplitude of
the inward component was defined as the shift in I, from the
beginning of application to the point at which downward be-
came upward (figs. 1B and C). The amplitude of the outward
component was defined as the shift in I,, from the point at
which downward became upward to the end of the application
(10 min from the beginning in all cases). * P < 0.05, Mann—
Whitney U test. NS = not significantly different between the
values at pH 7.4 and those at pH 6.5. The number of cells are 5,
7, 10, and 34 for 0.4, 1, 3, and 5%, respectively, for the record-
ings at pH 7.4 and 4, 6, 8, and 20, respectively, for the re-
cordings at pH 6.5. (D) Fraction of neurons showing inward (in)
or outward (out) phases in response to 5% sevoflurane at dif-
ferent pH values. * P < 0.05, Fisher exact probability test.

tion of TASK-like conductance and call this component
sevoflurane-induced outward current hereafter. These
results indicate that the membrane current trajectory in
response to sevoflurane (as typically shown in fig. 1B) is
composed of at least two different components: uniden-
tified aberrant excitatory downward component and
TASK-related pH-sensitive outward component.

ITonic Mechanism and Pharmacologic

Characteristics of Sevoflurane-induced Current

To our knowledge, such direct excitatory response to
anesthetics has never been documented in the CNS neu-
rons. What is the nature of this early excitatory down-
ward shift of 7, in the LC neurons? Does it result from
activation of unidentified inward ionic conductance? To
address this issue, we took advantage of this pH sensi-
tivity of the sevoflurane-induced outward current; the
slice was perfused with the extracellular solution of pH
6.5 to maximally reduce the possible influence of the
outward current. The membrane potential was held at

Anesthesiology, V 107, No 6, Dec 2007

Fig. 4. The sevoflurane-induced early inward current was de-
pendent on extracellular Na* concentration. (4) Effect of
sevoflurane at various holding potentials measured at pH 6.5.
Upper and lower traces were the current traces recorded at —10
and —70 mV, respectively. (B) Current—voltage relations of the
sevoflurane-induced current. Abscissa, holding membrane po-
tential at which the membrane potential was clamped during
sevoflurane application. Open circles and vertical bars show
the mean amplitude and SE of the current induced by 5%
sevoflurane (n = 20 for —70 and —90 mV, n = 3 for —10 and
—30 mV). (C) Upper, middle, and lower traces were the mem-
brane current traces recorded at extracellular Na* concentra-
tions of 140, 40, and 140 mM, respectively, at pH 7.4. Arrows =
early inward current; arrowbeads = late outward current. (D)
Summary of I, at different extracellular Na* concentrations
(n = 10). * P < 0.05; Mann-Whitney U test. ACSF = artificial
cerebrospinal fluid. NMDG = N-methyl-p-glucamine.

—90 to —10 mV for 5-15 min to stabilize the membrane
current. The amplitude of the downward shift by
sevoflurane became smallest at approximately —30 mV
of the holding potentials examined, beyond which this
shift became upward (figs. 4A and B). Figure 4B demon-
strates membrane-potential dependency of this inward
component. This result indicates that the downward
shift by sevoflurane at a holding potential of —70 mV
resulted from activation of this outwardly rectifying cur-
rent reversing at approximately —30 mV. These lines of
evidence indicates that the “downward shift” of 7, in
response to sevoflurane is likely to result from a sevoflu-
rane-activated inward current. This current-voltage rela-
tion suggests a principal involvement of mixed cationic
conductance. Because the estimated equilibrium poten-
tial for Cl™ in this recording condition is —63 mV, in-
volvement of anion-selective conductance is unlike-
ly.17,18

A simple application of the Goldman-Hodgkin-Katz so-
lution with the used concentrations of the internal and
external solutions and the recorded reversal potential of
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—30 mV gives an estimate of 0.27:1 for the relative ratio
of permeability (Py,:Py) for this sevoflurane-activated
conductance. In the condition where [Na*]0 is reduced
to 40 mm by NMDG replacement, the reversal potential
of this conductance is estimated to be —58.8 mV, assum-
ing that the P\,:Py ratio does not change in this external
solution. This reduction in [Nzﬁ]0 to 40 mu is expected
to reduce the driving force through this conductance at
a holding potential of —70 mV from 40 mV (70 to 30) to
11.2 mV (70 to 58.8), ie., 28% of the amplitude at
recordings with 140 mm [Na*]o. In good accord with
this estimation, the inward current with sevoflurane at
40 mMm [N:fr]o was significantly decreased to a mean
value of 27.5% of that at 140 mm [Na™], (n = 10; figs. 4C
and D; P < 0.05, U = 4.0). The sevoflurane-induced
outward current was not significantly affected by reduc-
tion in [Na™], (17.4 = 4.7 pA at 140 mm [Na']_; 16.8 =
5.2 pA at 40 mm [Na']; n = 10; P = 0.78, U = 46.5).
These results suggest that sevoflurane activates conduc-
tance that is permeable to both Na and K.

What is the nature of this unidentified conductance
that is specifically activated by sevoflurane? The follow-
ing series of manipulations that might affect a series of
conductance reported to be expressed in the LC neurons
did not apparently affect the amplitude of sevoflurane-
induced inward current: (1) Deprivation of extracellular
Ca®" with no added CaCl, and 0.2 mm EGTA (n = 3); (2)
application of 10 umM Gd*>* (n = 3) to block TRP and
related-channels'?; and (3) application of P2 receptor
antagonists suramin (100 um) and PPADS (40 va)14 (n=
3 for each). We then examined the effects of agents that
affect gap junction channels because the LC neurons
express connexin proteins (isoforms 32, 36, and 43),%°
the molecular elements forming gap junction channels
and/or hemichannels, which underlie the neuron-to-neu-
ron and neuron-to-glia communications in LC.?! Carben-
oxolone (100 um), an agent that suppresses gap junction
opening in LC*' and hemichannels,?* markedly reduced
sevoflurane-induced inward current (fig. 5A, arrows; and
figs. 5B and C; to 26.2 = 11.7% of that in the absence of
carbenoxolone; n = 5; P < 0.01, U = 0) without affect-
ing the late outward current (fig. 5A, arrowheads; and
figs. 5B and C; P = 0.075, U = 4.0). We also examined
the effect of octanol at a concentration suppressing gap
junction channel opening.”> Octanol (200 um) signifi-
cantly reduced the amplitude of sevoflurane-induced in-
ward current without affecting the late outward current
(fig. 5C; reduced to 60.6 * 21.6% of the inward current
in the absence of octanol; n = 5; P < 0.05, U = 2.0).
Other two types of agents that are shown to suppress
gap junction opening in some tissues, 18a-glycyrrhetinic
acid (40 pm** and La®>* (100-300 ), also attenuated
the sevoflurane-induced inward current, which, how-
ever, was not significant (18a-glycyrrhetinic acid, re-
duced to 71.7 = 10.9% of the control; n = 4; U = 5.0;
LaCls, reduced to 74.7 = 16.2%; n = 4; U = 4.0). These
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Fig. 5. The sevoflurane-induced early inward current was inhib-
ited by gap junction blockers. (4) The effect of carbenoxolone
(CBX; 100 um) on the response to sevoflurane. Top and bottom
traces show the responses to sevoflurane (5%) in the absence
(CBX(—)) and presence (CBX(+)), respectively, of carbenoxolone.
Arrows = early inward current; arrowhbeads = late outward cur-
rent. (B) Averaged time course of the membrane current trajecto-
ries of five neurons, onto which sevoflurane was applied in the
absence (filled circles; CBX(—)) and presence (open circles;
CBX(+)) of carbenoxolone. Mean * SE of five neurons. (C) The
effects of carbenoxolone (CBX) and 1-octanol (OCT) on the out-
ward component amplitude (I, fop) and the inward component
amplitude (I,,,, bottom). Mean * SE. * P < 0.05 versus values in the
absence of carbenoxolone or octanol (n = 5), Mann—Whitney U
test. NS = not significantly different.

pharmacologic properties, together with the current-
voltage relation of this inward current as shown in figure
4B, point to an involvement of a specific type of gap
junction channels and/or hemichannels with less perme-
ability to large molecules such as NMDG in the genera-
tion of the inward current by sevoflurane.

Sevoflurane Produced Largest Inward Current

between Various Classes of Anestbetics

In the clinical practice, it has been reported that the
incidence of inhalation anesthetic-induced agitation de-
pends on the type of agent. In addition, unlike inhalation
anesthetics, intravenous anesthetics do not exert “exci-
tatory” effects in humans and animals. We therefore
examined whether other types of anesthetics could ac-
tivate the early inward current in LC neurons. First, we
compared the effects of three types of volatile anesthet-
ics. Sevoflurane at 3% and 5% evoked the largest average
inward current among three volatile anesthetics (fig. 6A,
bottom). For example, the amplitude of inward current
with 5% sevoflurane was markedly and significantly
larger than that with 5% halothane (P < 0.01, ANOVA
with post boc Tukey honest significant difference [HSD]
test, F ;g5 = 4.951), which is in marked contrast to the
significantly larger outward current with 5% halothane
(P < 0.05, ANOVA with post hoc Tukey HSD test, F g5
= 3.463) than that with 5% sevoflurane. Second, we
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Fig. 6. (4) Summaries of the inward component amplitude (Z;,,,
bottom) and the outward component amplitude (I, top)
evoked by various anesthetics at different concentrations (for
the volatile anesthetics). Markers and vertical bars show mean
amplitude and SE. * P < 0.05, one-way analysis of variance with
post boc multiple comparisons versus the value with 5%
sevoflurane (5%), except for the comparison between 5%
sevoflurane and pentobarbital, in which one-way analysis of
variance was made. The difference was not significant for all
data points without * versus 5% sevoflurane. The numbers in
parentbeses indicate the number of neurons. The data for
sevoflurane are the same as in those in figure 3C and are plotted
for comparison. (B) The amplitude of inward current normal-
ized by that of the outward current produced by each volatile
anesthetic. The neurons showing outward current responses
smaller than 5 pA were excluded from this normalization com-
parison because too-small outward current result in unstable
estimates by division. The numbers in parentbeses indicate the
number of neurons analyzed. * P < 0.05, Mann-Whitney U test,
compared with sevoflurane (5%).

examined whether noninhalation anesthetics could also
activate a similar inward component. No detectable in-
ward component was observed with propofol (30 um; n
= 8; fig. 6A) despite a large outward current, which was
not significantly from that with 5% sevoflurane (P =
0.99, ANOVA with post boc Tukey HSD test, F ;g5 =
3.463). Pentobarbital (100 um; n = 5; fig. 6A) activated
only small outward and inward currents, supporting its
principal potentiating effects on the y-aminobutyric acid
type A receptors.’® In summary, the amplitude of the
inward current with 5% sevoflurane was significantly
larger than that with any concentration of halothane,
propofol, or pentobarbital (fig. 6A, bottom; ANOVA with
post boc Tukey HSD test, Fy, g5 = 4.951).

These anesthetics exert anesthetic effects of different
intensity even at the same concentration. To overcome
this potential problem and make meaningful compari-
sons, we calculated the “excitatory-to-inhibitory ratio”
by normalizing the amplitude of the inward component
to that of the outward component generated in the same
neurons by each volatile anesthetic application. This
normalized value could be regarded as an index of “ex-
citatory” property of each anesthetics compared with
their “inhibitory” properties (fig. 6B). The average of the
normalized inward current was largest with sevoflurane,
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followed by isoflurane. Halothane produced only small
normalized inward current (fig. 6B). This small effect of
halothane is not due to the high concentration used
compared with the minimum alveolar concentration
(MAOQ) in rats, because 1% (n = 5) and 3% (n = 5) of
halothane only produced negligibly small normalized
inward current (< 10%; data not indicated). The normal-
ized inward current by propofol was negligibly small. As
mentioned in the previous paragraph, pentobarbital did
not produce measurable outward current, making it im-
possible to estimate the normalized inward current am-
plitude and not included in figure 6B. In summary, the
normalized inward current with 5% sevoflurane was sig-
nificantly larger than that with 5% halothane, 30 um
propofol, and 100 um pentobarbital (fig. 6B; P < 0.01,
U =17.0; P <0.01,U = 7.0; and P < 0.05, U = 3.0).

Activation of a,, Receptors Prevents LC Neuron

Firing in Response to Sevoflurane

In human children, the incidence of agitation and
delirium with inhalation anesthetics, especially with
sevoflurane, is significantly reduced by drugs, such as
dexmedetomidine and clonidine,>?”™3° that selectively
suppress the excitability of LC neurons through activat-
ing a,, receptors in the LC.”?' To examine whether
dexmedetomidine could counteract the excitatory effect
of sevoflurane in the same neurons recorded in the brain
slices isolated from other structures, we analyzed the
effect of dexmedetomidine on the sevoflurane-induced
depolarization and inward current in the absence and
presence of TTX, respectively. Dexmedetomidine (1-3
nM) significantly hyperpolarized all LC neurons exam-
ined (figs. 7A and B; from —53.3 = 0.9 mV to —69.4 *
4.2mV; by 16.2 = 1.6 mV; n = 5; P < 0.05, paired ¢ test).
This result is in good accord with a previous report
showing that dexmedetomidine opens potassium con-
ductance in LC neurons.*? Sevoflurane (5%) depolarized
these neurons in the presence of dexmedetomidine by
8.8 £ 2.7 mV, which brought the membrane potential to
—63 = 43 mV (n = 5; P < 0.02 vs. the value before
sevoflurane, paired ¢ test) at the maximum effect of
sevoflurane, a value below the threshold. Subsequently,
in the presence of dexmedetomidine, the significant
increase in the firing frequency by sevoflurane was not
observed (fig. 7C; P = 0.32, Wilcoxon test; n = 5). Then,
we recorded the membrane current in the presence of
tetrodotoxin under voltage clamp at —70 mV. The
sevoflurane-induced inward current measured in the
presence of dexmedetomidine was —24.0 = 4.9 pA (n =
5), a value not significantly different from that in the
absence of dexmedetomidine (as stated in the first para-
graph of the Results, —33.1 = 4.8 pA; P = 0.583). These
results indicate that the hyperpolarization by dexme-
detomidine counteracts the pro-firing excitatory effect
of sevoflurane on LC neurons in the brain slice.
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Fig. 7. Dexmedetomidine suppressed the increase in the firing
frequency by sevoflurane. (4) The membrane potential record-
ing of a locus coeruleus neuron exposed to sevoflurane at the
thick borizontal bars in the absence (left) and presence (right)
of 3 nm dexmedetomidine (thin borizontal bar). (B) 1-4 are
time-extended traces taken at the points 1-4 in the trace in 4.
(C) The effect of sevoflurane on the maximum action potential
frequency in the absence and presence of dexmedetomidine
(+DEX; 1-3 nm). Mean and SE of 5 neurons. * P < 0.05 Mann—
Whitney U test. NS = not significantly different.

Sevoflurane-induced Inward Current Was Specific

to LC Neurons

Is such excitation by sevoflurane always observed in
the central neurons that are sensitive to sevoflurane? We
examined whether such excitatory effect of sevoflurane
could also be observed in other types of neurons ex-
pressing volatile anesthetic-sensitive TASK conduc-
tance,>>? by analyzing its effect in the neurons in the VII
and the MeV, as representatives of the neural structures
underlying motor and sensory functions, respectively,
under the identical condition to that for the LC record-
ing. Sevoflurane at 5% activated an outward current at
pH 7.4 that became significantly smaller at pH 6.5 in all
neurons examined in the MeV and VII (fig. 8; Mann-
Whitney U test, P < 0.05, U = 0.0 and P < 0.01, U =
0.0). In contrast, the inward component was absent or
negligibly small in the both nuclei (figs. 8B and C).

Discussion

These results indicate that, in addition to the already
well-documented potentiation of the background leak
potassium channels,>>%3> inhalation anesthetics directly
activate an inward current that excites the LC neurons
even in the absence of synaptic input. This is the first
demonstration, to our knowledge, of the direct excita-
tory effect of inhalation anesthetics on a type of central
neurons recorded in the brain slices. The characteristics
of this excitation are summarized as follows: (1) It oc-

curs as a result of sevoflurane-induced persistent inward
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Fig. 8. Effects of sevoflurane on neurons in the mesencephalic
trigeminal nucleus (MeV) and the facial nucleus (VII). (4) Mi-
croscopic images of MeV neurons (left) and VII neurons (right)
recorded. (B) Representative data from MeV and VII neurons
showing responses of sevoflurane. Upper and middle traces
were measured at pH 7.4 and pH 6.5, respectively. Bottom,
averaged time course of membrane current trajectories. Each
point and vertical bar represent mean and SE. (C) The changes
in sevoflurane-induced current at different pHs. * P < 0.05,
Mann-Whitney U test between the data at pH 6.5 and pH 7.4.
The numbers in parentbeses indicate the number of neurons
analyzed.

current which is resistant to TTX, indicating a direct
effect on LC neurons. (2) Unlike the sevoflurane-induced
late outward current, this inward current was resistant
to acidification, suggesting that this inward current oc-
curs through a mechanism distinct from that involved in
the anesthetic-evoked activation of TASK channels. (3)
This inward current reversed at approximately —30 mV,
suggesting an involvement of nonselective cationic con-
ductance. (4) This inward current was suppressed by
carbenoxolone and octanol, suggesting a possible in-
volvement of gap junction- or hemichannel-related
mechanisms. (5) Sevoflurane generated much larger in-
ward current than isoflurane and halothane when com-
pared with their potential to generate outward currents.
(6) Finally, such inward current was not observed in the
motor neurons in the VII and sensory neurons in MeV,
arguing for an LC-specific effect. Based on these findings,
here we propose a plausible scenario that volatile anes-
thetics, especially sevoflurane, directly activates
hemichannel- or gap junction-related conductance spe-
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cifically expressed on LC neurons, leading to their exci-
tation. Because the LC plays an important role in con-
trolling the overall activity level of the whole brain
through its divergent noradrenergic projections,7 we
propose that this direct excitation of the LC neurons by
inhalation anesthetics plays at least a part of central roles
in the excitatory effect of inhalation anesthetics in hu-
mans and animals.

Molecular Identity of the Sevoflurane-activated

Conductance

Until now, a number of electrophysiologic studies
have identified mechanisms for the inhibitory effects of
inhalation anesthetics, including activation of back-
ground K channels,® potentiation of anionic conduc-
tance,! and attenuation of cationic conductance.” None
of these provide satisfactory explanation for its direct
excitatory effect (depolarizing and inward current-gen-
erating) identified in this study. In particular, this con-
ductance was activated earlier than the pH-sensitive out-
ward current, which is likely to be due to background
TASK channels,® further supporting that the molecular
mechanisms underlying these currents are separate.

The pharmacologic properties and its reversal poten-
tial indicative of nonselective conductance of this in-
ward current are in good accord with the properties of
gap junction channels and hemichannels. Indeed, the LC
shows the highest level of connexin expression in the
adult brain that forms gap junctions between neurons
and glial cells.>>*' The opening and closing of these gap
junctions determine the excitability of the whole LC
network.'® The electrotonic coupling between neurons
and glial cells through gap junctions gives rise to spon-
taneous and synchronous membrane current oscillation
of LC neurons,'® which we observed in all LC neurons
examined in the current study (see Results). The con-
nexins can also form hemichannels on the membrane
surface, which are not coupled to the counterpart con-
nexins on other cells to form gap junctions (for review,
see Spray et al.>®) and are able to function as surface
conductance. It is therefore likely that sevoflurane
opened these membrane-expressed hemichannels in the
LC to generate nonselective current. However, our re-
sults are in part against this interpretation. First, La®™,
Gd*", and 18a-glycyrrhetinic acid, possible blockers of
hemichannels in the astrocytes,>® suppressed the
sevoflurane-induced inward current only partially. Sec-
ond, the sevoflurane-induced inward current was atten-
uated by replacement of approximately two thirds of
extracellular Na* with NMDG (molecular weight, 195
Da), which is unlikely for the large conductance NMDG-
permeable hemichannels.?? Third, we did not observe
outflow of lucifer yellow in response to sevoflurane from
the LC cells into which this fluorescent dye had been
injected via patch-electrode (unpublished observations
by Y. Yasui, M.D., E. Masaki, M.D., Ph.D., and F. Kato,
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Ph.D., March 8-14, 2007, in experiments performed at
the Department of Neuroscience, The Jikei University
School of Medicine, Tokyo, Japan; see Thompson et
al®"). Fourth, despite dense expression of connexins 26,
32, 36, and 43 and formation of gap junction,*® the
neurons in the MeV did not show any sign of sevoflu-
rane-activated inward current. Fifth, the spontaneous
oscillation, an activity thought to result from gap junc-
tion-mediated electrical coupling between LC neurons
and glial cells,'® was rather attenuated by sevoflurane.'!
Taken together, the current results show that the sevoflu-
rane-activated conductance might have functional relations
with yet unidentified membrane mechanisms related to
channels formed with connexin or pannexin proteins.>”
However, the current limitations of the pharmacologic
tools do not allow identification of the molecular nature of
this conductance at this moment, which remains to be
identified in the future studies.

Distinct Potency of Inbalation Anestbetics in

Excitatory and Inbibitory Effects

Sevoflurane was strongest and halothane was weakest
in inducing the inward excitatory component of three
volatile anesthetics. This order contrasts with that of the
MAC for the anesthetic effect, 7.e., halothane exerts an-
esthetic effects at the smallest concentration whereas a
larger concentration is required with sevoflurane.* De-
spite a large inward current with 5% sevoflurane (ap-
proximately twice MAC in rats), the inward current with
5% isoflurane (approximately threefold MAC in rats) and
that with 5% halothane (approximately fivefold MAC in
rats) were significantly smaller (fig. 6), indicating that
such excitatory effect is not exclusively but highly spe-
cific to sevoflurane. It is not likely that the too-high
concentration masked the excitatory effect because 1%
and 3% halothane produced almost no detectably small
inward shift (fig. 6A). As stated in the Results, intrave-
nous anesthetics did not exert excitatory effects at the
concentrations exerting inhibitory effects. Such specific-
ity of sevoflurane again supports that the excitatory
effect of sevoflurane results from a specific activation of
a gap junction- or hemichannel-related conductance
though mechanisms entirely independent of the anesthetic
effect. Interestingly, the order in generating inward current
for these three volatile anesthetics, especially the fact that
the inward current with sevoflurane was larger than that
with halothane, is in complete accord with the previous
clinical studies showing that sevoflurane provokes the
emergence agitation at the highest frequency in children
among these anesthetics and that intravenous anesthetics
do not exert excitatory effects.i0~43

Clinical Implications of the Direct Excitation by

Sevoflurane in LC Neurons

The results presented here indicate that a specific
excitation of LC neurons by inhalation anesthetics, espe-
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cially sevoflurane, plays an important role in this para-
doxical excitation because of the following three rea-
sons. First, dexmedetomidine, an «,, agonist exerting its
sedative effect through activating o,, receptors in the
LC”?! prominently prevents the emergence agitation
and emergence delirium by sevoflurane in human pa-
tients.?”*® Such prevention of emergence agitation is
reported also with another a,, agonist clonidine.***° In
support of this, also in our slice preparations, dexme-
detomidine markedly hyperpolarized LC neurons and
prevented their firing in response to sevoflurane-induced
depolarization. Second, the order of the inhalation anes-
thetics in generating LC neuron excitation was in com-
plete accord with the incident of clinically observed
“agitation” in children, strongly supporting that this di-
rect excitation of LC neurons by sevoflurane plays an
important role in clinically observed excitatory effect.
Third, LC neurons are the major source of noradrenaline
in the CNS and are primarily implicated in control of
vigilance and arousal.® Sevoflurane and isoflurane in-
crease noradrenaline release in preoptic area in rats,®
leading these authors to postulate that these inhalation
anesthetics stimulate noradrenergic neurons in the LC,
which is a consistent idea to our hypothesis. Taken
together, our findings point to a central role of excita-
tory conductance densely expressed in LC neurons in
the inhalation anesthetic-induced excitatory behaviors.
The current results indicate that the inward currents are
activated earlier or faster than the pH-sensitive outward
current. It remains an open question, however, how
such excitatory effect becomes more predominant after
cessation of sevoflurane, as seen in the emergence agi-
tation. This might require analysis of recovery kinetics of
distinct components in vivo, by recording unitary dis-
charges from nonanesthetized animals 7 vivo, and will be
an important future subject. Our results do not necessarily
rule out the possibility that such conductance is also ex-
pressed in other ascending systems, such as serotonergic
and cholinergic systems; however, the potent suppression
of emergence delirium and agitation by dexmedetomidine
in human patients supports a potential role of the excita-
tory effect on the LC neurons in the inhalation anesthetic-
induced paradoxical behavior. Development of drugs that
selectively suppress this sevoflurane-activated conductance
would be promising in preventing serious undesired con-
sequences of paradoxical agitation and delirium.
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