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D etailed mechanisms of how consciousness arises 
in the brain and how anesthetics induce loss of con-

sciousness are still unknown. During loss of consciousness, 
the majority of anesthetic drugs reduce thalamic metabolism 
and blood flow.1 It is still debated however, whether the thal-
amus serves as a “consciousness switch” or if thalamic depres-
sion occurs as a consequence of decreased cortical activity.2

The primary functions of thalamic nuclei are to mediate 
multimodal integration of information and to relay periph-
eral sensory information to the cortex.3,4 Consequently, the 
thalamus is intensively connected to cortical structures by 
thalamocortical feed-forward and even to a higher degree 
by corticothalamic feedback connections.4,5 The functional 
state of thalamic neurons is regulated by both inhibitory 
and excitatory input; excitatory input is provided by ascend-
ing activating systems from the brain stem and descending 

What We Already Know about This Topic

•	 The precise mechanism by which xenon produces anesthesia 
is not clear. Available data indicate that thalamic metabolism is 
reduced by xenon and that disruption of thalamocortical con-
nectivity might, in part, play a role in xenon anesthesia.

•	 Thalamic hyperpolarization-activated, cyclic nucleotide-gated 
cation channels (HCN) are discussed to be key targets of an-
esthetic effects on consciousness.

What This Article Tells Us That Is New

•	 In thalamocortical slices, xenon evoked HCN channel–depen-
dent impairment of neuronal excitability and reduced thalamo-
cortical signal propagation.

•	 In HCN2 knockout mice, the sedative effect of xenon was not 
observed.

•	 The data suggest that depression of thalamocortical signal 
propagation that is in part mediated by HCN2 channels might 
contribute to the anesthetic action of xenon.
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ABSTRACT

Background: The thalamus is thought to be crucially involved in the anesthetic state. Here, we investigated the effect of the 
inhaled anesthetic xenon on stimulus-evoked thalamocortical network activity and on excitability of thalamocortical neurons. 
Because hyperpolarization-activated, cyclic nucleotide-gated cation (HCN) channels are key regulators of neuronal excitability 
in the thalamus, the effect of xenon on HCN channels was examined.
Methods: The effects of xenon on thalamocortical network activity were investigated in acutely prepared brain slices from 
adult wild-type and HCN2 knockout mice by means of voltage-sensitive dye imaging. The influence of xenon on single-cell 
excitability in brain slices was investigated using the whole-cell patch-clamp technique. Effects of xenon on HCN channels 
were verified in human embryonic kidney cells expressing HCN2 channels.
Results: Xenon concentration-dependently diminished thalamocortical signal propagation. In neurons, xenon reduced HCN 
channel-mediated Ih current amplitude by 33.4 ± 12.2% (at −133 mV; n = 7; P = 0.041) and caused a left-shift in the volt-
age of half-maximum activation (V1/2) from −98.8 ± 1.6 to −108.0 ± 4.2 mV (n = 8; P = 0.035). Similar effects were seen in 
human embryonic kidney cells. The impairment of HCN channel function was negligible when intracellular cyclic adenosine 
monophosphate level was increased. Using HCN2−/− mice, we could demonstrate that xenon did neither attenuate in vitro 
thalamocortical signal propagation nor did it show sedating effects in vivo.
Conclusions: Here, we clearly showed that xenon impairs HCN2 channel function, and this impairment is dependent on 
intracellular cyclic adenosine monophosphate levels. We provide evidence that this effect reduces thalamocortical signal propa-
gation and probably contributes to the hypnotic properties of xenon. (Anesthesiology 2015; 122:1047-59)
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corticothalamic pathways.6 Electrophysiologically, the thala-
mocortical network is characterized by rhythmic burst activ-
ity during natural sleep and tonic single-spike activity during 
wakefulness.6,7 In thalamocortical relay neurons, hyperpo-
larization-activated, cyclic nucleotide-gated (HCN) cation 
channels (primarily HCN28) are highly expressed and are 
well-known for their regulation of neuronal activity.9

The noble gas xenon is an inhaled anesthetic that displays 
many properties of an ideal anesthetic.10 Functional imaging 
studies have demonstrated a depression of thalamic activity 
during xenon anesthesia.11 The disruption of thalamocorti-
cal connectivity, and hence of information transfer from the 
periphery to the cortex, might be an essential neuronal fea-
ture of the xenon-induced anesthetic state. Although both 
intravenous12 and volatile13,14 anesthetics reduce excitabil-
ity of thalamocortical neurons, the neuronal mechanisms 
underlying the xenon-induced anesthetic state are still under 
debate.15–19

We hypothesized that xenon decreases thalamocortical 
flow of information as a consequence of reduced intrinsic 
neuronal excitability resulting from an impairment of HCN 
channel function. Therefore, we investigated the impact of 
xenon on thalamocortical signal propagation and thalamic 
HCN channel function in acutely prepared brain slices from 
wild-type (WT) and HCN2−/− mice, as well as in human 
embryonic kidney cells stably transfected with HCN2 
channels.

Materials and Methods
Experimental protocols were approved by the Ethical 
Committee on Animal Care and Use of the Government 
of Bavaria (Munich, Germany). After anesthetizing male 
C57Bl/6 mice (P21–P49) with isoflurane, brains were 
quickly removed and thalamocortical slices (400-μm thick-
ness)20 including the ventrobasal thalamus were prepared in 
ice-cold, carbogen-gas (95% O2/5% CO2) saturated artifi-
cial cerebrospinal fluid (aCSF; pH 7.4) using a vibratome 
(HM 650 V; Microm International, Germany). Slices used in 
patch clamp recording experiments were allowed to recover 
in a storage chamber for at least 1 h at 34°C, where they were 
continuously perfused with aCSF at a rate of 5 ml/min. The 
aCSF contained (in mM): NaCl 125, KCl 2.5, NaHCO3 25, 
CaCl2 2, MgCl2 1, d-glucose 25, NaH2PO4 1.25. All experi-
ments were performed at room temperature (20°–25°C).

For optimized preservation of the neuronal network,21 
thalamocortical slices20 for voltage-sensitive dye imaging 
(VSDI) experiments were cut in carbogenated sucrose-based 
aCSF (2.5 mM KCl, 24 mM NaHCO3, 1.25 mM NaH2PO4, 
234 mM sucrose, 11 mM glucose, 0.5 mM CaCl2, and 
10 mM MgSO4). For dye-loading, slices were kept in car-
bogenated standard aCSF containing the voltage-sensitive 
indicator dye, Di-4-ANEPPS (7.5 mg/ml; <0.1% DMSO)22 
for 15 min. Afterward, slices were stored for at least 30 min 
in standard aCSF. In the recording chamber, slices were 
continuously superfused with carbogenated standard aCSF 

(2–3 ml/min flow rate). Electrical stimulation (50–100 V; 
0.5 ms) was applied to the ventrobasal thalamus using a 
bipolar concentric electrode, and circular regions of inter-
est (ROI) were manually selected in the cortex. Different 
concentrations of xenon were investigated in different brain 
slices for each experiment.

As a measure of neuronal activity, we calculated the frac-
tional change in fluorescence (ΔF/F) for the ROI (3 × 3 
pixels). VSDI was performed on an Olympus BX51WI fluo-
rescence microscope (Olympus, Germany) equipped with 
a MiCAM02-HR camera (BrainVision, Japan), a XLFlu-
or4X/340 objective (NA 0.28; Olympus) with a 480–550 nm 
bandpass excitation filter, 590 dichroic and a 590 nm LP 
emission filter. Acquisition settings were 88 × 60 pixels frame 
size, 36.4 × 40.0 μm pixel size, and 2.2 ms sampling time. 
To improve signal/noise ratio, eight acquisitions subsequently 
recorded at intervals of 15 s were averaged. For all measure-
ments, ΔF/F values were spatially smoothed using a 3 × 3 pix-
els average filter. In addition, a temporal filter was applied 
calculating the fluorescence (F) of a pixel at the frame-num-
ber (t) using the equitation F(t) =  (F(t − 1) + F(t) + F(t + 
1))/3. Pixelation of images was reduced by the interpolation 
function of the MiCAM02 software (BrainVision).

Infrared videomicroscopy23 (Zeiss, Germany) was used to 
visualize thalamocortical neurons in the ventrobasal complex, 
which were identified electrophysiologically according to their 
depolarizing sag and after-depolarization potential in response 
to a hyperpolarizing current step.12 In addition to the electro-
physiological characterization, the morphology of some of the 
recorded neurons was verified using neurobiotin-cy3-strepta-
vidin staining.24 For all single-cell recordings in acute slices, 
whole-cell recordings were performed with pipettes with an 
open tip resistance of 4–6 MΩ when filled with an intracellu-
lar solution containing (in mM): K-d-gluconate 95, K3-citrate 
20, BAPTA 3, HEPES 10, MgCl2 2, NaCl2 10, MgCl2 1, 
CaCl2 0.5, Mg2-ATP 3, and Na2-GTP 0.3.

To characterize the morphology of recorded neurons 
0.5% neurobiotin (Vector Laboratories, USA) was included 
in the patch pipette. Neurobiotin was iontophoretically 
injected into the soma using hyperpolarizing current pulses 
(−90 to 130 pA; 500 ms). For visualization of neurobiotin-
filled cells, the slices were fixed for at least 24 h in 4% para-
formaldehyde at 4°C and incubated for 1–2 days in 1:200 
streptavidin-conjugated indocarbocyanin (cy3; Jackson 
Immunoresearch Laboratories, USA) in 0.1 M phosphate-
buffered saline pH 7.4 with 2% Triton-X-100. Images were 
acquired using a confocal microscope (Zeiss) equipped with 
a krypton-argon laser. Excitation was at 568 nm, and emis-
sion filters were set to 590–610 nm for cy3.

Whole-cell patch clamp recordings were obtained using 
a switched voltage-clamp amplifier (SEC 10L; NPI Elec-
tronic, Germany) with switching frequencies of 60–80 kHz 
(25% duty cycle). Series resistance was continuously moni-
tored. In the voltage-clamp mode, Ih currents were activated 
by hyperpolarizing steps from a holding potential of –43 
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to –133 mV in 10-mV increments. To account for the fast 
activation kinetics of Ih and to increase the stability of the 
whole-cell recordings, the pulse length was shortened by 
500 ms with increasing hyperpolarization (1.5-s pulse length 
at –133 mV). Tail current amplitude (Itail) was normalized to 
the tail current observed at the most hyperpolarized mem-
brane potential (−133 mV) to estimate steady-state activa-
tion p(V). Voltage dependency of steady-state activation 
(V1/2) is well described by a Boltzmann distribution and time 
constants (τ) were determined by fitting currents evoked 
during hyperpolarizing steps to a biexponential function. To 
determine p(V), the equation p(V) = (I − Imin)/(Imax − Imin) 
was used with Imax being the tail current amplitude for the 
voltage step from –133 to −103 mV and Imin for the voltage 
step from – 43 to – 103 mV.

Liquid junction potentials were calculated based on 
intracellular and bath solutions and off-line correction 
was performed. To inhibit inwardly rectifying potassium 
channels and to block two-pore-domain acid-sensitive K+ 
(TASK) channels, some recordings were performed in the 
presence of 150-μM Ba2+. The HCN-channel antagonist 
ZD7288 [4-(N-ethyl-N-phenylamino)-1, 2-dimethyl-6-
(methylamino) pyridinium chloride] was directly applied in 
the external recording solution.

Single-cell recordings of Ih currents in human embryonic 
kidney (HEK) 293 cells stably transfected with murine HCN2 
(mHCN2) channels25 were performed using the same voltage 
protocol as in the slice recording experiments except that the 
extracellular solution contained (in mM) NaCl 125, KCl 2.5, 
HEPES 30, CaCl2 2, MgSO4 2, d-glucose 25, NaH2PO4 1.25.

Current-clamp recordings were performed from thalamo-
cortical neurons. Intracellular current pulse injection (−500 
pA; 500 ms) evoked the depolarizing sag in the membrane 
potential in thalamocortical neurons, and the sag amplitude 
was determined as the difference between the peak hyper-
polarization and the steady-state value. The rebound burst 
delay was measured as the time from the start of repolariza-
tion (the end of a hyperpolarizing current pulse) to the peak 
of the first action potential (AP).

All current responses were amplified, low-pass filtered 
(3 kHz), digitized (ITC-16 Computer Interface, Instrutech 
Corp., USA) with a sampling frequency of 9 kHz, and stored 
on a hard drive (Power Macintosh G3 computer, data acqui-
sition software Pulse version 8.5; HEKA Electronic GmbH, 
Germany).

The effect of xenon on the basal level of cyclic adenosine 
monophosphate (cAMP) was investigated in mHCN2-HEK 
cells with a standard protocol for cell lysate described in a 
commercially available enzyme-linked immunosorbent assay 
kit (complete cAMP ELISA kit; Enzo Life Sciences, Ger-
many). Before the experiment, cell samples were matched 
according to the cell concentration, assessed by cell count-
ing with a Neubauer chamber. Therefore, after pairwise 
matching, cell samples were regarded as dependent samples. 
Cell-culture medium was replaced with aCSF, which was 

continuously saturated with either carbogen (control-group) 
or carbogen and 65% xenon (xenon-group) for 15 min. 
Subsequently, cells were rapidly lysed in hydrochloric acid 
(0.1 M), and the cAMP level was determined with the 
ELISA kit according to the ELISA kit protocol.

For all VSDI and patch-clamp experiments, the aCSF 
was saturated with carbogen-gas. Xenon was applied to the 
aCSF by aeration of the reservoir with a mixture of xenon 
(in different concentrations) and nitrogen additionally to the 
saturation of the aCSF with carbogen. Gases were applied at 
a flow rate of 0.3 to 0.5 l/min to the aCSF reservoir. Concen-
tration of dissolved xenon obtained from saturation of the 
aCSF with 18% (0.6 mM), 30% (1.1 mM), and 65% xenon 
(1.9 mM) was measured by headspace gas chromatography 
(Harlan Laboratories Ltd., Switzerland). Concentration of 
dissolved xenon after saturation with 100% xenon (2.8 mM) 
was extrapolated from the measured values.

The sedative property of xenon was tested by measuring 
spontaneous locomotor activity.26 Mice were acclimated to 
the experimental room overnight. On the experimental day, 
the animal to be tested was placed in a box (40 × 20 × 20 cm), 
which was connected to a gas cylinder (xenon: O2; 70:30%). 
The experimental box was divided into a grid pattern, and 
using a VideoMot2 system (TSE, Germany), the number of 
lines crossed was measured for the initial phase (first 5 min 
after being placed in the box). After this initial phase of 
adaptation, xenon/O2 gas was injected into the chamber at a 
flow rate of 0.5 l/min, and spontaneous activity recorded for 
an additional 5 min following which the mouse was returned 
to its home cage. For every animal, the ratio of lines crossed/
total lines crossed was compared. The xenon-mediated effect 
was calculated as the ratio of lines crossed after xenon treat-
ment to the lines crossed under basal conditions.

All gas mixtures were purchased from Linde AG 
(Unterschleissheim, Germany). All salts and chemicals 
were purchased from Sigma-Aldrich (Germany), except 
for CGP35348 (Novartis Laboratories, Switzerland) and 
ZD7288 (Tocris Cookson Inc., Germany).

Statistical Analysis
For all statistical evaluations, IBM SPSS Statistics version 22 
(IBM Deutschland GmbH, Germany) was used. The ratio-
nale for why each sample size was used was based on previ-
ous experience.

For evaluation of VSDI recordings, the average of eight 
recordings was analyzed. The curve fit for the fast depolar-
ization-mediated signals (FDS) concentration–response rela-
tionship was calculated using the Hill equation. All slices 
that showed specific cortical depolarization upon electrical 
thalamic stimulation were included in the analysis. For anal-
ysis of the patch-clamp and ELISA experiments, data were 
tested for normal distribution using Kolmogorov–Smirnov 
test. Statistical significance was then determined using 
paired t tests for normally distributed samples, and the Wil-
coxon signed-rank test for samples that were not normally 
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distributed. For patch-clamp experiments, all cells were 
included in the analysis if they did not meet one of following 
exclusion criteria: (1) no GΩ seal resistance, (2) initial rest-
ing membrane potential below −50 mV; (3) unstable series 
resistance or holding current (>20% change); (4) no stable 
baseline conditions.

All statistical tests were performed on a two-sided level 
of significance of 5%. Numerical data are presented as the 
mean ± SEM with the number of experiments (slices) indi-
cated, if not stated otherwise. If error bars are not visible in 
graphs, the bars are smaller than the symbol size. Given the 
nature of the performed experiments, the experimenter was 
not blinded to the experimental conditions.

Results
In the first set of experiments, we determined the effect of 
xenon on thalamocortical signal propagation using VSDI 
recordings). Stimulation was applied to the ventrobasal thal-
amus and cortical ROIs randomly selected (fig. 1A). Xenon 
reduced cortical depolarization upon thalamic stimulation 

(fig.  1B). The effect of 1.9 mM xenon on thalamocortical 
signal propagation showed only poor recovery upon washout 
of xenon (fig. 1C). Application of xenon at different concen-
trations revealed that the effect of xenon on thalamocortical 
network activity is concentration dependent (extrapolated 
half-maximum IC50: 2.89 mM; fig. 1D). In accordance with 
previous results,27 the neuronal activity observed in VSDI 
recordings is mainly fed by glutamatergic projections and 
could be completely blocked by tetrodotoxin application 
(data not shown).

A decreased thalamocortical flow of information in 
the presence of xenon could be a consequence of reduced 
intrinsic neuronal excitability. Therefore, we first deter-
mined the effect of xenon on neuronal membrane biophys-
ics. Thalmocortical neurons in the ventrobasal complex 
were characterized according to their depolarizing sag and 
after-depolarization in response to hyperpolarizing current 
injection (fig. 2A). In addition, the morphology of some of 
the recorded neurons was verified using neurobiotin-cy3-
streptavidin staining (fig. 2B). The current–voltage relation-
ship determined by current injection into the recorded cells 

Fig. 1. Xenon dose-dependently reduces thalamocortical signal propagation. (A) Topographical overview of thalamocortical 
slices. The cortical stimulation electrode was used to specifically test integrity of the cortical network at the beginning and the 
end of every experiment. (B) Representative filmstrip of an experiment with thalamic stimulation in the absence (control) and 
presence of xenon (2.8 mM). (C) Representative fast depolarization-mediated signal (FDS) traces in the absence and presence 
of xenon (1.9 mM) (top). Averaged data (bottom) indicate that xenon decreased FDS amplitude induced by thalamic stimulation 
to 83.1 ± 4.1% of control with partial reversibility (n = 7; P < 0.001). (D) The xenon-mediated effect on thalamocortical signal 
propagation was concentration dependent. Xenon decreased FDS peak amplitude (relative to control): 0.6 mM: 100.2 ± 8.1%;  
n = 3; P = 0.936; 1.1 mM: 86.4 ± 4.4%; n = 4, P = 0.022; 1.9 mM: 83.1 ± 4.1%; n = 7; P < 0.001; and 2.8 mM: 50.2 ± 1.5%, n = 4; 
P < 0.001. FDS peak amplitudes were reduced by xenon with an extrapolated half-maximum IC50 2.89 mM (indicated by dotted 
lines; Hill coefficient, −3.5). Each data point represents the mean ± SEM.
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was modulated by xenon. In the presence of 1.9 mM xenon 
current injections of −90 to −50 pA led to further hyper-
polarization (when applied at membrane potentials more 
negative than −50 mV) because of the inhibition of HCN 
channels and the loss of the inward current required to shift 
the membrane potential toward more depolarized levels 
(fig. 2C). Xenon had no effect on resting membrane poten-
tial (−62.5 ± 2.2 mV vs. −63.2 ± 2.2 mV; n = 12; P = 0.401; 
fig.  2D). AP firing was observed when cells were depolar-
ized to −44.0 ± 3.1 mV under control conditions; xenon did 
not affect this threshold (−40.7 ± 4.7 mV; n = 6; P = 0.137; 
fig.  2E). Under control conditions, a current injection of 
+90 pA produced tonic AP firing with a mean frequency 
of 40.2 ± 4.2 Hz; xenon application did not change AP fre-
quency (40.4 ± 3.6 Hz; n = 14; P  = 0,153; fig. 2F). Input 
resistance (Rin) was 243.9 ± 23.6 MΩ under control condi-
tions and 392.3 ± 46.6 MΩ in the presence of 1.9 mM xenon 
(n = 18; P < 0.001; fig. 2G).

The HCN channel-mediated current, Ih, helps to set 
membrane potential and contributes to the generation of 
oscillatory activity.12 Therefore, the observed reduction of 

thalamocortical signal propagation and Rm-increase might 
result from xenon-mediated inhibition of HCN channel 
function. The application of xenon (1.9 mM; ≈0.8 mini-
mum alveolar concentration [MAC]) led to a significant 
shift in the voltage dependence of Ih activation to more 
hyperpolarized membrane potentials (fig. 3). Under control 
conditions, half-maximum voltage activation (V1/2) for Ih 
was –98.8 ± 1.6 mV, whereas in the presence of xenon V1/2 
was −108.0 ± 4.2 mV (n = 8; P = 0.035; fig. 3E). In addition, 
in the presence of xenon, maximum current amplitude (at 
−133 mV) was decreased by 33.4 ± 12.2% relative to control 
(n = 7; P = 0.041; fig. 3F). The application of the selective 
HCN channel antagonist 4-(N-ethyl-N-phenylamino)-1,2-
dimethyl-6-(methylamino) pyridinium chloride (ZD7288; 
100 μM), which induces sedation when it is parenterally 
administered in high doses to rodents,28 decreased maxi-
mum Ih current amplitude by 87.1 ± 2.1% (at −133 mV; 
n = 8; P < 0.001; data not shown).

The HCN2 isoform is the predominant HCN chan-
nel expressed in thalamocortical neurons,8 and HCN2 
gating is cAMP-sensitive such that binding of cAMP 

Fig. 2. Characterization of thalamocortical neurons and the effect of xenon on electrical membrane properties. (A) Membrane 
voltage responses resulting from hyperpolarizing direct current injection (protocol shown below) of thalamocortical neurons are 
characterized by a prominent rectification in the membrane potential (“sag”), low-threshold Ca2+ spike rebound burst firing, and 
after-depolarization potential (ADP). (B) Neurobiotin-cy3-streptavidin staining of a thalamocortical neuron. (C) Currents from −90 
pA to +90 pA (10-pA increments) were injected into thalamocortical neurons and the resulting change (∆V) in the membrane 
potential (resting membrane potential was referred to as ∆V = 0 mV) was measured. 1.9 mM xenon significantly increased  
(*P < 0.05) ΔV over the range of current injection from −90 to −50 pA. (D) Recordings from thalamocortical neurons in the current-
clamp mode revealed xenon did not affect the resting membrane potential. ns = not significant. (E) In the presence of xenon, the 
threshold for action potential generation remained unchanged. (F) Xenon did not alter the frequency of action potential (AP) firing 
induced by depolarizing current injections. (G) Xenon (1.9 mM) significantly (*P < 0.001) increased neuronal input resistance as 
measured by injection of hyperpolarizing current (current protocol shown below representative voltage traces).
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facilitates channel activation.29,30 Consequently, we exam-
ined whether the effect of xenon is dependent on the level 
of intracellular cAMP. Experiments were performed under 
the same conditions as above, except for the addition of a 
saturating concentration of cAMP (30 μM31) to the intra-
cellular solution (fig. 3C). The addition of cAMP (30 μM) 
significantly shifted the V1/2 toward more depolarized values 
(−86.2 ± 1.6 mV; n = 6; P < 0.001; fig. 3E). Under these 
conditions, xenon affected neither Ih current amplitude nor 
the V1/2, (n = 5; P > 0.05; fig. 3, E and F). These data suggest 
that xenon may inhibit HCN channels by either decreas-
ing intracellular cAMP or by competing with cAMP for its 
binding site.

To examine whether the xenon-induced impairment of 
HCN channels leads to decreased neuronal excitability, we 
performed current-clamp recordings from thalamocortical 
neurons. The characteristic depolarizing sag in the mem-
brane potential observed in thalamocortical neurons in 
response to membrane hyperpolarization is mediated by an 
HCN2-dependent Ih conductance.8 Consistent with previ-
ous observations in thalamocortical neurons,12 sag amplitude 
was found to correlate with delay time of rebound spike fir-
ing (data not shown). We next examined the effect of xenon 
on sag amplitude and rebound delay. The application of 

xenon (1.9 mM) decreased the sag amplitude (57.1 ± 12.4%; 
n = 5; P = 0.026, fig. 4A) and increased the rebound delay 
(139.5 ± 8.8%; n = 6; P = 0.011; fig. 4B) in a cAMP-depen-
dent manner. The application of ZD7288 (100 μM) in addi-
tion to xenon had little further effect on either sag or delay 
time (data not shown).

In thalamocortical neurons, the HCN channel isoforms 
HCN2 and HCN4 are highly expressed and Ih currents 
are primarily mediated by HCN2 channels.8 The activa-
tion time constant τfast for Ih in thalamocortical neurons 
hyperpolarized to −133 mV was 178.7 ± 10.8 ms (n = 6). A 
previous study describes an activation constant for HCN2 
in TC-neurons of mice of 460 ms at −100 mV ms.12 The 
difference to our time constant may arise from the fact that 
our time constant was determined at a more hyperpolarized 
membrane potential because dependence of time constants 
on the membrane potential has been previously described.30 
To confirm the effect of xenon on the HCN2 isoform, 
we performed experiments using HEK293 cells in which 
murine HCN2 (mHCN2) channels were heterologously 
expressed (fig. 5).

Xenon shifted the V1/2 from −94.1 ± 0.8 mV to −98.5 ± 1.5 
mV (n  =  11; P  =  0.017; fig.  5E) and reduced Ih current 
amplitude by 16.1 ± 3.9% (n = 10; P = 0.006; fig. 5F) for 

Fig. 3. Xenon-mediated impairment of hyperpolarization-activated, cyclic nucleotide-gated cation (HCN) channels in thalamo-
cortical neurons is cAMP dependent. (A, B) Representative current trace families ([i] voltage protocol) from a thalamocortical 
neuron under control conditions (ii), in the presence of 1.9 mM xenon (iii), in the presence of 30 μM cyclic adenosine monophos-
phate (cAMP; Bi) plus 1.9 mM xenon (Bii). (C) In thalamocortical neurons, the application of xenon (1.9 mM) led to a significant 
left-shift in the half-maximum activation voltage (V1/2). In contrast, inclusion of cAMP (30 μM) in the intracellular solution pro-
duced a significant right-shift in the V1/2. Xenon application did not reverse the effect of cAMP on the V1/2 When cAMP (30 μM) 
was present in the intracellular pipette solution, V1/2 was unchanged during xenon application (−83.1 ± 2.4 mV vs. −86.2 ± 1.6 mV; 
n = 6; P = 0.595). (D) Application of 1.9 mM xenon decreased maximum Ih current amplitude by 33.4 ± 12.2% (when the cell was 
hyperpolarized to −133 mV; n = 7; P = 0.041). The HCN channel antagonist ZD7288 (100 μM) markedly reduced Ih currents by 
87.1 ± 2.1% (−133 mV; n = 8; P < 0.001). Xenon did not affect Ih current amplitude in the presence of cAMP.
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currents measured at a membrane potential of –133 mV. 
Similar to the experiments in thalamocortical neurons, 
inclusion of cAMP (30 μM) to the pipette solution shifted 
V1/2 to the right (−78.5 ± 1.8 mV; n = 11). Under these con-
ditions, xenon had no effect on either the V1/2 or Ih current 
amplitude for current responses recorded from mHCN2 
channels (−76.8 ± 1.7 mV; n  =  11; P  =  0.831; 0.8 ± 4.9% 
n = 10; P = 0.864 at −133 mV; fig. 5, C and D).

The above data suggest that xenon impairs HCN2 chan-
nel function in a cAMP-dependent manner; consequently, 
we investigated the effect of xenon on basal cAMP levels 
using an ELISA. Baseline cAMP concentrations ranged 

from 0.5 to 13.6 pmol/ml. After a 15-min application of 
1.9 mM xenon, basal cAMP level in mHCN2-HEK cells was 
3.9 ± 0.9 pmol/ml (n = 9 samples), which was not statisti-
cally significant different from control (5.0 ± 1.4 pmol/ml;  
fig. 5E).

HCN2 is distributed nearly ubiquitously throughout 
the most brain regions, with the highest expression in the 
thalamus.32 To test the hypothesis that xenon-mediated 
disruption of thalamocortical signal transfer results from 
xenon-impairment of HCN2 channel function, we evalu-
ated the effect of xenon on thalamocortical activity propaga-
tion in HCN2 deficient mice (HCN2−/−) mice8 (fig. 6A). In 
WT mice, xenon (1.9 mM) reduced peak amplitudes of cor-
tical FDS evoked by thalamic stimulation to 79.9 ± 6.5% of 
control (n = 4; P = 0.046; fig. 6B). In HCN2−/−, the relative 
amplitude of FDS by thalamic stimulation was unaffected 
by xenon (93.8 ± 7.5 % of control; n = 5; P = 0.312; fig. 6B).

To evaluate xenon-mediated sedation as a function of 
HCN2 expression in vivo, a modified open-field test was 
performed. Xenon-mediated sedation was rapidly detected 
within 5 min in WT mice (control [basal]: 0.6 ± 0.0; in the 
presence of 70% xenon: 0.4 ± 0.0; n = 9; P = 0.0074). Because 
xenon is an HCN2 channel antagonist, and HCN2 channels 
regulate neuronal physiology in wake-sleep pathways,33–36 
we expected that mice lacking the HCN2 channel would 
be less sensitive to xenon-mediated sedation than their WT 
littermates.37 Indeed, HCN2−/− littermates did not show a 
difference in the lines crossed under basal conditions com-
pared with xenon treatment (control [basal]: 0.5 ± 0.0; in the 
presence of 70%: 0.50 ± 0.0, n  =  9; P  =  0.2202, fig.  7A). 
Evaluating the difference in lines crossed under xenon treat-
ment and comparing it to the lines crossed under basal con-
ditions, the xenon effect is significantly higher in WT mice 
than in their HCN2−/− littermates (WT, 0.8 ± 0.1; HCN2−/−, 
1.2 ± 0.1; n = 9; P = 0.0350; fig. 7B).

Discussion
In the present study, we demonstrate that xenon disrupts 
signal propagation in the thalamocortical circuit, resulting 
from a cAMP-dependent, xenon-mediated impairment in 
HCN2 channel function. This effect on thalamocortical 
signal propagation may contribute to xenon’s anesthetic 
properties.

MAC values of xenon in humans range from 63 to 71 
vol%.33,34 The calculated MAC equivalent of dissolved 
xenon is 2.2 to 2.5 mM using a xenon solubility coefficient 
of 0.0887.35 MAC values of xenon for rodents were hyper-
baric (1.61 atm36). Therefore, the aqueous concentration of 
xenon (1.9 mM) lies close to the human MAC equivalent, 
but is below that for rodents. Thus, the effects observed in 
our murine brain slice preparation may underestimate the 
effects of xenon in humans.

VSDI signals represent voltage changes originating in 
neuronal membranes in the dendritic arbor.37 Because 
VSDI signals in our thalamocortical slice preparation likely 

Fig. 4. Effects of xenon on membrane voltage sag and re-
bound burst delay in thalamocortical neurons. (A) Current 
protocol (i) and exemplar membrane voltage traces (ii) from 
thalamocortical neurons in the absence and presence of xe-
non (as indicated) with (iii) and without (ii) the inclusion of cy-
clic adenosine monophosphate (cAMP) in the pipette solution. 
Application of xenon reduced sag amplitude to 57.1 ± 12.4% 
of control (n = 5; P = 0.026). With cAMP (30 μM) in the pipette 
solution, xenon did not impair sag amplitude. (B) The appli-
cation of xenon increased rebound delay to 139.5 ± 8.8% of 
control (n = 5; P = 0.011). With cAMP (30 μM) in the pipette 
solution, xenon did not change rebound delay (i) exemplar 
voltage traces from different cells as in A with (ii) and without 
(i) inclusion of cAMP (30 μM) in the pipette solution. *P < 0.05; 
ns = not significant (P > 0.05).

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/122/5/1047/485949/20150500_0-00020.pdf by guest on 18 April 2024



Anesthesiology 2015; 122:1047-59	 1054	 Mattusch et al.

Effect of Xenon on the Thalamocortical Network

resulted from cortical depolarization in response to thalamic 
stimulation,27 our data indicated that xenon concentration 
dependently reduces thalamocortical signal transmission. In 
rodents, the ventrobasal complex of the thalamus is consid-
ered a first-order relay because it transmits (lemniscal projec-
tions38,39) directly to the cortex. Because it is of particular 
importance as a target of anesthetics, we performed single-
cell experiments in the ventrobasal complex and placed 
a stimulation electrode onto the ventrobasal complex for 
VSDI experiments. Previous studies describe that thalamo-
cortical slice preparation preserves higher order pathways.40 
We cannot exclude that the pulse applied to the ventrobasal 
complex also stimulated higher-order nuclei of the thalamus, 
resulting in cortical depolarization. This may limit the reli-
ability of our findings regarding their specificity to the ven-
trobasal complex. However, expression of HCN2 channels 
was observed to be weaker in the posterior thalamic nuclear 
group than in the ventrobasal complex.41,42 Therefore, our 
finding of a HCN2 channel-dependent impairment of thala-
mocortical connectivity is more likely to arise from the ven-
trobasal regions of the thalamus.

Impaired thalamocortical signal transmission may be a 
consequence of reduced neuronal excitability of thalamo-
cortical neurons, cortical neurons, or attenuated excitatory 

neurotransmission. Besides its well-known effects on glu-
tamatergic neurotransmission,18,19,43 xenon has no impact 
on intrinsic neuronal excitability in the mouse cortex.19 
However, xenon may still alter neuronal excitability in the 
thalamus. Thalamocortical neurons generate two patterns of 
AP firing: (1) synchronized rhythmic oscillatory burst mode 
and (2) single spike transmission mode.4,44,45 During wake-
fulness, thalamocortical neurons are depolarized by afferent 
input and switch to transition-mode, whereas information is 
gated through the thalamus to the cortex.4,46 During sleep, 
thalamocortical neurons are hyperpolarized and enter the 
oscillatory burst mode, inhibiting information transfer to 
the cortex.47

Xenon neither affected the resting membrane potential 
nor the threshold or the frequency of AP firing. When cells 
were hyperpolarized, xenon reduced neuronal conductance. 
HCN channels48 largely mediated neuronal conductance at 
hyperpolarized membrane potentials. Both HCN channels 
and two-pore domain K+ currents influence the excitabil-
ity of thalamocortical neurons by stabilizing the membrane 
potential.49–51 Previous studies showed that volatile anes-
thetics activate TASK channels,52,53 resulting in membrane 
hyperpolarization associated with reduced excitability in 
thalamocortical neurons.54,55 Because dual modulation of 

Fig. 5. Xenon-mediated antagonism of murine hyperpolarization-activated, cyclic nucleotide-gated cation channels type 2 (mHCN2) 
is cyclic adenosine monophosphate (cAMP) dependent. (A, B) Representative current trace families (Ai voltage protocol) from a 
human embryonic kidney (HEK) 293 cell in which mHCN2 channels were heterologously expressed under control conditions (Aii), 
in the presence of 1.9 mM xenon (Aiii), in the presence of 30 μM cAMP (Bi) plus 1.9 mM xenon (Bii). (C) The half-maximum voltage 
activation (V1/2) was shifted from −94.1 ± 0.8 mV under control conditions to −98.5 ± 1.5 mV in the presence of 1.9 mM xenon (n = 11;  
P = 0.017). With 30 μM cAMP in the pipette solution, xenon failed to elicit a shift in the V1/2 (cAMP alone: −78.5 ± 1.8 mV vs. cAMP 
+ 1.9 mM xenon: 76.8 ± 1.7 mV; n = 11; P = 0.831). (D) Xenon reduced mHCN2-generated Ih current amplitudes (at membrane 
potential of −133 mV) by 16.1 ± 3.9% (n = 10; P = 0.006). Maximum Ih current amplitudes did not change in the presence of 
added cAMP (0.8 ± 4.9%; n = 10; P = 0.86). (E) Basal cAMP levels were determined using enzyme-linked immunosorbent assay 
in mHCN2-HEK cells. Although there was a small decrease in basal cAMP levels in the presence of xenon, this difference was 
not statistically significant.
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both HCN and TASK channel-mediated currents is the 
most efficient way to modulate the membrane potential,56 
the absence of a xenon-induced effect on TASK channels 
may explain our findings that neither resting membrane 
potential nor threshold or frequency of action potentials was 
changed using relevant concentrations of xenon. However, 

our data show that xenon decreases the inward current that 
would normally be active at hyperpolarized potentials (Ih) 
and consequently may stabilize thalamocortical neurons in 
the “down” state.

The Ih current mediated by HCN-channels is essential 
to control excitability, electrical responsiveness of cells, and 

Fig. 6. Expression of hyperpolarization-activated, cyclic nucleotide-gated cation channels type 2 (HCN2) is required for xenon- 
mediated disruption of thalamocortical signal propagation. (A) Representative filmstrips of thalamocortical signal propagation 
evoked by thalamic stimulation in the presence of xenon (xe) (1.9 mM) in brain slices from wild-type (WT) and HCN2−/− mice. (B) In 
WT mice, xenon (1.9 mM) attenuated fast depolarization-mediated signals induced by thalamic stimulation to 79.9 ± 6.5% of control  
(n = 4; *P < 0.05). In HCN2−/− littermates, xenon did not affect the fast depolarization-mediated signals (93.8 ± 7.5% of control;  
n = 5; ns = not significant).
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oscillatory activity.52,57,58 Ih currents activate partially at rest, 
thereby contributing to the resting membrane potential. In 
addition, they counteract both membrane hyperpolarization 
and depolarization by producing a depolarizing inward cur-
rent or by facilitating hyperpolarization.48 Xenon exerted 
two effects on native HCN channels in thalamocortical neu-
rons: a hyperpolarizing shift in the voltage dependence of 
activation and a pronounced inhibition of the maximal Ih 
current amplitude. As a result, the use of xenon increases 
the chance of HCN channel closing in thalamocortical neu-
rons under resting conditions. A blockade of Ih currents in 
thalamocortical neurons is described for intravenous12 and 
volatile anesthetics.13,52 This action may represent an impor-
tant mechanism of anesthetic-induced unconsciousness as 
HCN channels are closely involved in the generation of syn-
chronized neuronal oscillations in thalamocortical network, 
occurring during sleep.59

Thalamocortical neurons show a depolarizing sag, a 
low-threshold burst of action potentials and an after-burst 
depolarization in response to hyperpolarizing current injec-
tion.60 Xenon decreased the depolarizing sag amplitude and 
increased the delay of rebound excitation. At the same time, 
HCN2-dependent Ih conductance8 mediated the depolar-
izing sag and its amplitude correlated with the delay time 
of rebound spike firing in thalamocortical neurons.12 These 
posthyperpolarization rebound bursts excite cortical pyrami-
dal neurons.59 Hence, impaired rebound bursting may lead 
to reduced cortical excitation and, thus, result in attenuated 
cortical depolarization, after thalamic stimulation.

Among the different HCN channel isoforms, HCN2 and 
HCN4 are most common in thalamocortical neurons,32,49 
whereas gene deletion studies indicate that HCN2 is the 
predominant isoform.8 The fast activation time constant we 
observed for Ih currents in thalamocortical cells is consistent 
with fast activation time constants for HCN2, but not for 
HCN4-mediated currents in heterologous expression sys-
tems.30,48,61 We found that xenon exerted similar effects on 

mHCN2-generated Ih currents compared with Ih currents 
recorded from thalamocortical neurons, suggesting that the 
effects observed for native currents resulted from modula-
tion of HCN2 channels.

A characteristic of native and recombinant HCN chan-
nels is their modulation by cAMP.48,58 In our study, a saturat-
ing concentration of cAMP produced a right-shift in V1/2 of 
≈12 mV for Ih currents generated by native HCN channels 
and a right-shift of ≈16 mV for currents conducted by heter-
ologously expressed mHCN2 channels. Although the assem-
bly of isoforms affects the sensitivity to cAMP, our results 
are consistent with various studies describing a cAMP-medi-
ated depolarization shift of 762 to 28 mV63 in native HCN 
channels and 2 to 5 mV30 in recombinant HCN channels. 
In addition, cAMP accelerates activation kinetics58 and 
enhances Ih currents. Interestingly, under conditions where 
the cytoplasm was saturated with cAMP, xenon failed to 
impair HCN channel function in both native HCN and 
recombinant HCN2 channels. This finding suggests that 
xenon may exert its actions on HCN channels through the 
modulation of intracellular cAMP. Although not signifi-
cant, we observed a small decrease in the basal cAMP level 
after xenon administration. This trend toward a decrease in 
cAMP levels suggests that xenon inhibits adenylyl cyclase 
or increases phosphodiesterase activity. Volatile anesthetics 
inhibit adenylyl cyclase in adipocytes64 and neuroblastoma 
cells.65 A more recent study shows an isoflurane-dependent 
effect on adenylyl cyclase activity in Caenorhabditis elegans.66 
Furthermore, previous observations describe effects of xenon 
on enzymes such as the calcium ATPase67 and protein kinase 
C.68 Our data, however, do not allow for a definitive conclu-
sion, and further research is required.

VSDI revealed a xenon-induced impairment of thalamo-
cortical signal propagation. To determine whether the observed 
antagonism of HCN2 channels contributed to the reduced 
thalamocortical signal propagation, we performed VSDI 
experiments in HCN2−/− mice. Thalamocortical neurons 

Fig. 7. Modified open-field test to evaluate the xenon-mediated effect on hyperpolarization-activated, cyclic nucleotide-gated 
cation channels type 2 (HCN2) channels in vivo. (A) The ratio of lines crossed (lc)/total lines crossed (lctotal) of each experiment was 
plotted for HCN wild-type (WT; squares) and HCN2−/− littermates (circles) under basal conditions (black; WT, 0.6 ± 0.0; HCN2−/−, 
0.5 ± 0.0) and xenon treatment (green; WT, 0.4 ± 0.0; HCN2−/−, 0.5 ± 0.0) for every animal. The lines indicate mean and SEM.  
A significant reduction of lines crossed could be observed for WT mice under xenon treatment but nor for HCN2−/− littermates.  
**P < 0.01. (B) The xenon effect was plotted as the ratio of lines crossed under xenon treatment (lcxenon) compared with lines crossed 
under basal conditions (lcbasal) for WT (white bar; 0.8 ± 0.1) and HCN2−/− littermates (gray bar; 1.2 ± 0.1) as mean ± SEM. WT animals 
showed a reduced number of lines crossed compared with their HCN2−/− littermates. *P < 0.05. ns = not significantly different.
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from HCN2−/− mice show a profound loss of Ih,
8 indicative 

of HCN2 channels mediating Ih currents in these neurons. 
In slices derived from HCN2−/− mice, xenon did not impair 
stimulation-evoked thalamocortical signal propagation. This 
strongly supports our hypothesis that xenon impairs thala-
mocortical connectivity by attenuating HCN2 channel func-
tionality. Whether HCN channels enhance or inhibit synaptic 
transmission is debatable.69–73 In the hippocampus, however, 
cyclic monophosphate–induced HCN channel activation 
seemed to increase presynaptic glutamate release.71 Thus, the 
observed xenon-induced cAMP-dependent impairment of 
HCN channel function could account for decreased gluta-
mate release from thalamocortical neurons at cortical synapses. 
This mechanism might explain the HCN channel–dependent 
impairment of thalamocortical connectivity by xenon. There 
is general agreement that a molecular target is important to 
the anesthetic state if it is modulated by anesthetics at clini-
cally relevant concentrations, expressed at distinct anatomical 
locations, and resistant to the anesthetic’s hypnotic/sedating 
effects that can be found in the absence of the molecular target. 
Cortical HCN1 channels fulfilled all three prerequisites using 
ketamine as anesthetic.74,75 In line with these observations, our 
results clearly demonstrated in vitro and in vivo that HCN2 
channels in the thalamus are an important molecular target for 
xenon-induced anesthesia. In mice lacking HCN2 channels 
and, therefore, under conditions where xenon failed to inhibit 
thalamocortical signal propagation, we could not find a sedat-
ing effect of xenon. However, at least under experimental con-
ditions, modulation of thalamocortical connectivity seemed to 
be crucial for the xenon-induced anesthetic state.

In summary, we demonstrated that xenon depresses thal-
amocortical signal propagation. We provided evidence that 
this effect is, at least partially, mediated by a cAMP-depen-
dent antagonism of xenon against HCN2 channels. Because 
xenon had no sedating effects on HCN2−/− mice and a 
depression of thalamocortical signal propagation seems to 
underlie the mechanisms of loss of consciousness, we con-
clude that an antagonism against HCN2 in the ventrobasal 
thalamus could contribute to the anesthetic action of xenon.
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