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Abstract

Background: Administration of conventional anaesthetic agents is associated with changes in electroencephalogram
(EEG) oscillatory dynamics, including a reduction in the peak alpha frequency. Computational models of neurones can
reproduce such phenomena and are valuable tools for investigating their underlying mechanisms. We hypothesised that
EEG data acquired during xenon anaesthesia in humans would show similar changes in peak alpha frequency and that
computational neuronal models of recognised cellular actions of xenon would be consistent with the observed changes.
Methods: EEG recordings were obtained for 11 participants from a randomised controlled trial of xenon anaesthesia and
for 21 participants from a volunteer study of xenon administration. The frontal peak alpha frequency was calculated for
both cohorts at awake baseline and during xenon administration. In silico simulations with two computational models of
neurones were performed to investigate how xenon antagonism of hyperpolarisation-activated cyclic nucleotide-gated
channel 2 (HCN2) and glutamatergic excitatory neurotransmission would influence peak alpha frequency.

Results: Compared with awake baseline, frontal peak alpha frequency was significantly lower during xenon adminis-
tration in the randomised controlled trial cohort, median (inter-quartile range) frequency 7.73 Hz (7.27—8.08 Hz) us 8.81
Hz (8.35—9.03 Hz), P=0.012, and the volunteer cohort, 8.69 Hz (8.34—8.98 Hz) vs 9.41 Hz (9.11-9.92 Hz), P=0.001. In silico
simulations with both computational models suggest that antagonism of HCN2 and glutamatergic excitatory neuro-
transmission are associated with a reduction in peak alpha frequency.

Conclusions: Xenon administration is associated with a reduction of peak alpha frequency in the frontal EEG. In silico
simulations utilising two computational models of neurones suggest that these changes are consistent with antagonism
of HCN2 and glutamatergic excitatory neurotransmission.

Clinical trial registration: The Australian New Zealand Clinical Trials Registry: ANZCTR number 12618000916246.

Keywords: computational modelling; depth of anaesthesia; electroencephalogram modelling; mechanisms of anaes-
thesia; xenon anaesthesia

One of the most recognisable and widely reported changes in
the EEG during conventional propofol or volatile anaesthesia is

reliable inverse relationship with anaesthetic agent effect-site
concentrations.”® A reduction in the PAF has also been iden-

an increase in frontal alpha oscillation power.! More recent
investigations have identified that the frequency with the
greatest power within the alpha (and upper theta) range,
referred to here as the peak alpha frequency (PAF), has a

tified as a more reliable marker of increasing anaesthetic
depth than alpha oscillation power itself.®> Given the poor
correlation between effect-site concentrations of anaesthetic
agents and commonly utilised processed EEG indices,*> the
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PAF might allow for more reliable titration of anaesthetic
agents. This is of particular importance for xenon anaesthesia,
in which processed EEG indices can significantly overestimate
anaesthetic depth.®’

Xenon interacts with a number of membrane-bound ion
channels including the excitatory glutamatergic receptors, N-
methyl-p-aspartate (NMDA) receptor and a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptor, and the
voltage-gated hyperpolarisation-activated cyclic nucleotide-
gated channel 2 (HCN2).%° In contrast to ketamine and
nitrous oxide, xenon antagonises both NMDA and AMPA
receptor-induced currents in electrophysiology studies® and
blocks long-term potentiation in murine hippocampus.’® In
contrast to other conventional anaesthetic agents, xenon is
also devoid of activity at postsynaptic gamma-aminobutyric
acid (GABA) receptors.®'"1? The novelty of its structure and
interactions, compared with other anaesthetic agents, make
xenon an ideal agent to study the nature of anaesthetic
mechanisms."*

Whilst the interactions between anaesthetic agents and
membrane-bound ion channels are well described,®'*'> general
anaesthesia is not a phenomenon observed at the cellular level.
Understanding the link between ‘micro-level’ cellular effects
and the observed ‘macro-level’ network effects that represent
general anaesthesia remains a significant challenge.’®

One validated method for bridging the divide between
events at the microscopic cellular level and the macroscopic
scale at which biophysical measurements are made is
computational modelling of neurones.” Such models are
based on neurophysiological measurements and their outputs
can be directly compared with clinically derived biophysical
measurements such as the EEG.

Computational models can be divided into two broad
groups, microscopic and mesoscopic.’® The microscopic
approach models neurones and their interactions individually
and networks of neurones can be built up from these indi-
vidual units. However, modelling the interactions of these
individual units at a scale relevant to biophysical measure-
ments (thousands of neurones) can become computationally
challenging.'’:*°

The second approach emphasises the properties of pop-
ulations of neurones. Mean field models (MFM) average the
responses of populations of neurones across a physiologically
relevant scale, from a few millimetres to a few centimetres,
and are often described as mesoscopic in scale. By averaging
neuronal responses, some of the underlying complexity of
interactions within and between neurones can be overlooked
whilst the model retains physiological relevance.’"*°

The highly synchronised alpha oscillations observed dur-
ing propofol and volatile anaesthesia have been proposed as
the mechanism by which these agents disrupt thalamocortical
communication.’”? Reductions in functional connectivity be-
tween the thalamus and cortex have also been described for a
wide range of anaesthetic agents.?’ Investigating alpha oscil-
latory dynamics during xenon anaesthesia (through PAF)
might reveal if such changes are limited to anaesthetics with
activity at GABA receptors, or if they represent a broader
pathway to general anaesthesia.

This study has two aims. The first is to identify if xenon
administration is associated with a change in frontal PAF
in vivo. The second aim is to identify if two reported cellular
actions of xenon, antagonism of HCN2 and excitatory gluta-
matergic receptors, are associated with a reduction in PAF in

computational models of neurones. We utilised two models
which have previously been used to investigate alpha oscilla-
tions during propofol anaesthesia.?!**?

Methods
Data collection

This study includes a post hoc analysis of EEG recordings ob-
tained during administration of xenon gas in two studies. The
first was a randomised controlled trial of xenon and sevo-
flurane anaesthesia in patients scheduled for a minor pro-
cedure, performed at St. Vincents Hospital, Melbourne, and
approved by the ethics committee at the same institution
(approval number HREC/18/SVHM/221) (RCT study). This clin-
ical study was registered with the Australia New Zealand
Clinical Trials Registry (ANZCTR number 12618000916246). The
second study compared xenon and nitrous oxide gas admin-
istration in healthy volunteers, performed at Swinburne Uni-
versity, Melbourne, and approved by the Alfred Hospital and
Swinburne University of Technology ethics committee
(approval number 260/12) (volunteer study). Results from both
studies have previously been published elsewhere alongside
detailed descriptions of the methods used.?*>

In the RCT study, 24 participants aged >50 yr, were randomly
allocated to receive maintenance general anaesthesia with
either xenon (end-tidal concentration target 60%) or sevoflurane
(0.9 age-adjusted MACgnaesth) for extracorporeal shock wave
lithotripsy, a procedure with no skin incision. Anaesthesia in-
duction was with propofol 2 mg kg™! and intraoperative anal-
gesia was provided with an infusion of remifentanil 0.1 ugkg™!
min~!. The EEG was obtained from the Brain Anaesthesia
Response Monitor (BAR, Cortical Dynamics, Perth, Western
Australia, Australia), a processed EEG depth of anaesthesia
monitor with a proprietary index.”® The unprocessed EEG from a
Fpz/M1 (or M2) montage, with Fp1/2 as ground, was obtained
from the BAR at a sampling frequency of 480 Hz.

In the volunteer study, 21 right-handed males aged between
20 and 40 yr received xenon and nitrous oxide via facemask, ina
two-way cross-over experimental design with at least 7 days
between each gas administration. The xenon gas concentra-
tions administered were 8%, 16%, 24%, and 42% (0.25, 0.5, 0.75,
and 1.3 MACawake).”” An auditory continual performance task
was performed by the participants throughout gas adminis-
tration to monitor for loss and recovery of responsiveness. In
the case of xenon administration at 42%, xenon was delivered
until loss of responsiveness and then for a maximum of 10 min
after loss of responsiveness. A 64-channel sensor cap (Wave-
Guard™, Advanced Neuro Technology, Enschede, Netherlands)
was utilised to record the EEG which was sampled at 512 Hz.
Only the EEG recorded during the administration of xenon 42%
(1.3 MACawake) Was included in this analysis.

EEG analysis

EEG data analysis from the RCT and volunteer studies was
performed in MATLAB utilising custom scripts. Unprocessed
EEG recordings from both studies were band-pass filtered be-
tween 0.5 and 45 Hz using the bandpass.m function.

Eleven participants received xenon anaesthesia in the RCT
study. Significant artifact was present in one EEG recording at
the commencement of xenon inhalation and this recording
was excluded from further analysis.
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Twenty-one EEG recordings were available from the
volunteer study. Five participants did not achieve loss of
responsiveness during xenon administration because of
excessive nausea or gas leakage.?® Sixteen participants
completed the full xenon administration protocol at 42% until
loss of responsiveness. From these recordings a frontal
montage was created by taking an average of the four frontal
channels, Fp1/Fp2 and F7/F8. For this frontal montage, five of
the 16 waveforms had significant movement artifact and were
excluded from further analysis.

Thus, 10 complete recordings were available for analysis
from the RCT cohort and 11 from the volunteer cohort. The
characteristics of those participants included in the EEG anal-
ysis are presented in Table 1. The spectrograms of all partici-
pants, both those included and those excluded from further
analysis, are presented in Supplementary Figures S1—S3.

Calculation of frontal peak alpha frequency

A continuous measure of PAF was calculated for both the RCT
and the volunteer study frontal EEG recordings by the same
method. As noted by previous authors, during both propofol
and volatile anaesthetic administration the PAF can transition
to values <8 Hz.>?® This phenomenon could also be observed in
a number of our own EEG recordings and therefore an extended
alpha range was utilised (6—12 Hz). The unprocessed EEG signal
was band-pass filtered between 6 and 12 Hz. The zero-crossing
rate of this band-pass filtered signal (zerocrossing.m) was calcu-
lated for a 30 s moving window with no overlap. The PAF was
then obtained by multiplying the crossing rate by the sampling
frequency and dividing that value by two (since there are two
zero crossings for each complete oscillation). Example spec-
trograms and PAF trajectories for one RCT and one volunteer
participant are shown in Fig. 1. The PAF trajectories of all
included RCT and volunteer participants are presented in the
Supplementary Figures S4 and S5.

For the RCT cohort, the PAF for two 30 s periods was
compared, 30 s at awake baseline (immediately before pro-
pofol induction), and 30 s before cessation of xenon
administration.

For the volunteer cohort, the PAF was also calculated for
two time periods. The initial 30 s of the recording, at which
point there is expected to be little or no xenon effect, was
taken as the baseline. This was compared with the PAF during
loss of responsiveness (from loss of response until return of
response to auditory task). Given the relative brevity of the loss
of response period in the volunteer group, the PAF was

Table 1 Participant characteristics. Characteristics of partici-
pants for which peak alpha frequency analysis was per-
formed. Data for age are presented as mean (range). Data for
height, weight and body mass index (BMI), are presented as
mean (standard deviation). Sex and ASA classification are
shown as number (percentage).

Randomised controlled Volunteer

trial cohort N=10 cohort N=11
Age (yr) 59 (51-72) 28 (22—40)
Height; (cm) 169.8 (7.4) 181.0 (9.7)
Weight; (kg) 76.6 (16.8) 79.5 (14.6)
BMI 26.4 (4.6) 243 (3.8)
Sex; (male) 6 (60%) 11 (100%)
ASA; 1 2 (20%) 11 (100%)

calculated for the entire loss of response period, as opposed to
a 30 s window, to provide a more reliable measure of PAF.

Microscopic Hodgkin Huxley model of the thalamus

This model, of 50 thalamocortical (TC) cells and 50 reticular
thalamus (RE) cells, was implemented using the open-source
MATLAB code provided by Soplata and colleagues®’ (Fig. 2a).

Each individual neurone is a conductance-based single
compartment model, originally described by Hodgkin and
Huxley,”® with several ‘mechanisms’ which represent the time
and voltage-sensitive ion channels, and a voltage-insensitive
leak channel?’ The evolution over time of the current
through each of these channels is described by a series of sec-
ond order partial differential equations (see original publica-
tion?! for details). The connections between TC and RE cells are
modelled as an AMPA current for excitatory synapses and a
GABA current for inhibitory synapses. The AMPA connections
have a single parameter for maximal conductance (gAMPA)
whilst the GABA connections have two parameters, one for
maximal conductance and a second for the time constant of
decay.

In this study, we varied three model parameters. The first
two parameters are those utilised by Soplata and colleagues?’
to describe a two-dimensional matrix of thalamic activity,
based on the maximal conductance of the HCN2 channel of TC
cells (gH, units mS cm~?) and the background excitation (Lapp,
units pA cm~?). The background excitation is the initial current
applied to both populations of neurones at the outset of each
simulation. It is intended as a combined measure of the
changes in input into the thalamus from neuromodulators
and brainstem excitation that might be reasonably expected
during loss of consciousness.

The third parameter we varied, the effects of which have
not previously been described, was the AMPA receptor
maximal conductance. The ionic currents through both HCN2
and AMPA receptors are reportedly reduced by xenon.®° For
the model simulations, we utilised a similar range of physio-
logically relevant HCN2 conductance values (gH) and back-
ground excitation values (Lapp) as that described by Soplata and
colleagues.?! For each gH and Lapp combination, we performed
a model simulation with two different values of AMPA recep-
tor maximal conductance, the baseline value utilised by
Soplata and colleagues?’ (gAMPA 0.08) and 50% of baseline
(gAMPA 0.04), intended to model the effect of xenon on AMPA
receptor conductance.

The Hodgkin Huxley model (HHM) has several outputs that
can be described over time when the equations are computa-
tionally solved by Euler’s method (with time resolution 0.01
ms). In this study, the outcomes of interest were the mem-
brane potentials of TC and RE cells over a 4000 ms simulation.
From these simulations, the firing rate of each population
(number of threshold potentials in the final 1000 ms of the
simulation) was obtained.

This simulation duration reliably indicated if the modelled
cell firing was absent, defined as no threshold potential after
the initial activation, transient, no threshold potentials
beyond 2000 ms, or sustained, threshold potentials present
throughout the 4000 ms window.

Thalamocortical mean field model

This model is the modified Hindricks and van Putten thala-
mocortical model?? based on the mean field equations
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Fig 1. Spectrograms of two participants, one from the randomised controlled trial (RCT) cohort (a) and one from the volunteer cohort (b).
Grey dashed line indicates commencement of xenon inhalation in RCT participant, and onset of loss of response in the volunteer cohort.
(c, d) Corresponding peak alpha frequency trajectory (30 s windows with no overlap) for the two example spectrograms.

developed by Rennie et al.* The model describes four pop-
ulations of neurones, an excitatory and inhibitory thalamic
population and an excitatory and inhibitory cortical popula-
tion (Fig. 2b). All four populations are linked by both excitatory
and inhibitory connections. The model was implemented in
MATLAB utilising custom scripts (used with permission)

I YCES

Cortex
Thalamus
Excitatory Inhibitory .
connection connection T NOI’]-Spegﬂc
white noise

Fig 2. Schematic illustration of the two computational models of
neurones utilised. (a) Hodgkin Huxley thalamocortical model.
Only two cells of each type shown for simplicity. (b) Mean field
model. Long range connections (from thalamus to cortex and
vice versa) are subject to a thalamocortical loop delay of 40 ms.
E, excitatory pyramidal cortical cell; I, inhibitory cortical cell; RE,
reticular thalamus cell; TC, thalamocortical cell. Created with
Biorender.com.

originally developed by Alistair and Moira Steyn-Ross (School
of Engineering, University of Waikato, New Zealand).

The time-varying voltage of a neuronal population’s mean
membrane potential within the model is the sum of post-
synaptic potentials generated in response to afferent con-
nections from other populations. The shape and magnitude of
these potentials are scaled and shaped by a synaptic strength
and dendritic response function. Long-range excitatory con-
nections (from excitatory thalamic neurones to both cortical
neurone populations and excitatory cortical neurones to both
thalamic populations) are subject to a thalamocortical loop
delay of 40 ms. The firing activity of each population is
dependent on a sigmoidal function relating membrane po-
tential to firing rate.

The fluctuation of the membrane potential of the excitatory
population around its steady state value, in response to low-
intensity white noise which models subthalamic input, pro-
vides a voltage time-series. At first approximation, the clinical
EEG is a spatially smeared and filtered version of the summed
fluctuations of populations of cortical pyramidal neurones.
Thus, the voltage time-series of the modelled population of
cortical excitatory neurones is termed the ‘pseudo-EEG’.

In this study we investigated the effect of varying the
excitatory synaptic strength (EXC), a parameter that scales the
input from excitatory populations in the model. This param-
eter determines the excitatory postsynaptic potentials (EPSPs)
generated from excitatory inputs. In our simulations, we
applied a multiplier to the synaptic strength of all excitatory
connections (from both thalamic and cortical excitatory neu-
rones) from 0.5 (50% of baseline EXC) to 1.0 (100% of baseline
EXC). The EXC parameter was chosen as there is evidence that
xenon antagonises current flow through all subtypes of
excitatory glutamatergic receptors.® Of note, the EXC is
intended to model the effects of xenon on the EPSPs generated
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Fig 3. Frontal peak alpha frequency (PAF) at baseline and during xenon-induced loss of consciousness. (a) Randomised controlled trial (RCT
study) participants. (b) Volunteer study participants. In both study cohorts, the median PAF was significantly lower during xenon-induced
loss of consciousness than at baseline (RCT study, P=0.012, volunteer study, P=0.001).

by both AMPA and NMDA receptors. This contrasts with the
HMM that only models AMPA receptor maximal conductance.

The model operates on three steady state branches, each
representing a distinct conscious state, and can transition
between these branches (referred to as a state transition). For
the purposes of this study, which is focused on understanding
general anaesthetic mechanisms, the model was operated on
the lower branch only, the steady state branch relevant to the
general anaesthetic state.”

The output of the model utilised herein was the power
spectral density derived from the ‘pseudo-EEG’. The PAF was
obtained from the power spectral density by identifying the
frequency bin, within our extended alpha range of frequencies
(6—12 Hz), with the greatest power.

Statistical analysis

This study describes an exploratory analysis of EEG from
previous studies and no a priori calculation was performed for
sample size. Statistical analysis was performed with Stata
(Stata/IC 14.2, Stata Corporation, College Station, TX, USA).
Non-parametric Wilcoxon signed-rank tests for paired data
(significance level P<0.05) were utilised to compare the frontal
PAF at awake baseline and during xenon administration. Data
are expressed as median (inter-quartile range [IQR]).

Results

Changes in frontal PAF associated with xenon
administration

In the RCT cohort, the median frontal PAF was significantly
lower immediately before ceasing xenon 60% administration,
median frequency 7.73 Hz (IQR 7.27—8.08 Hz), than at awake
baseline, median frequency 8.81 Hz (IQR 8.35—9.03 Hz) (Fig. 3a,
P=0.012).

In the volunteer cohort, median frontal PAF was signifi-
cantly lower during loss of responsiveness with xenon 42%,
median frequency 8.69 Hz (IQR 8.34—8.98 Hz) than at awake

baseline, median frequency 9.41 Hz (IQR 9.11-9.92 Hz) (Fig. 3b,
P=0.001).

In silico modelling of the cellular actions of xenon

The results of in silico simulation in both models were
consistent with the observed EEG effects of xenon adminis-
tration, namely, a reduction in the PAF.

Effects of altering AMPA receptor maximal conductance on
the HHM

In the HMM, sustained firing of TC cells (firing rate >0 in final
1000 ms of simulation) occurred within a confined set of pa-
rameters for HCN2 conductance (gH) and background excita-
tion (Fig. 4a). TC firing could occur with or without reciprocal
firing of RE cells, although for TC firing rates >4 Hz, reciprocal
RE firing was required (Fig. 4c). The parameters that allowed
for reciprocal firing were limited to those with a background
excitation (>0 nA cm™2) and lower values of HCN2 conduc-
tance (<75x10* mScm™?).

Reducing AMPA receptor maximal conductance (SAMPA) to
50% of baseline (Fig. 4b and d) had two effects on the TC and RE
populations. The first effect was that at equivalent parame-
ters, the firing rate of the TC and RE populations was reduced
by around 1-2 Hz when compared with normal connection
strength. The second effect was to restrict the region for which
there is both reciprocal TC and RE firing. This necessarily
limited the parameter space at which higher frequency firing
of TC cells was possible.

Effects of reducing excitatory synaptic strength on the
MFM

In the MFM, at baseline excitatory synaptic strength (EXC=1),
there was power >40 au (arbitrary units) within both the delta
and alpha frequency range. As EXC was reduced, the alpha
range oscillation was both reduced in power and transitioned
to lower frequency bins, indicating a reduction in PAF (Fig. 5).
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Fig 4. The effects of varying excitatory connection strength (EXC) on the thalamocortical (TC) and reticular thalamus (RE) firing rates (Hz)
from Hodgkin Huxley-based thalamic model (HHM). The matrix describes the firing rate across a range of values for background excitation
(x-axis) and maximal HCN2 conductance (y-axis). Note that the highest firing rates are associated with lower values of HCN2 maximal
conductance (gH). (a) TC firing rate with 100% baseline EXC; (b) TC firing rate with 50% baseline EXC; (c) RE firing rate with 100% baseline
EXC; (d) RE firing rate with 50% baseline EXC. Reducing EXC by 50% (b and d) results in a lower firing rate in both TC and RE cells when
compared with baseline (a and c). HCN2, hyperpolarisation-activated cyclic nucleotide-gated channel 2.
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rather than time (as is the case with a usual spectrogram). Note that as the EXC reduces from 1.0 to 0.7 (moving left to right on x-axis,
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Discussion cellular-level actions of xenon are congruent with this
observed phenomenon. The former finding has implications
for the generalisability of PAF as an indicator of anaesthetic
depth and the second finding suggests that disruption of

In this study, we identified that the frontal EEG PAF is reduced
during xenon administration, and in silico simulations with
two computational models of neurones indicated that
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thalamocortical circuits might be a broader pathway to gen-
eral anaesthesia than previously understood.

Xenon administration reduces frontal EEG PAF in vivo

We observed a reduction in frontal PAF in two participant
cohorts administered xenon, an older surgical and a younger
volunteer cohort. This consistent reduction in PAF contrasts
with the effects of xenon anaesthesia on frontal absolute
alpha power, which appear more variable,?>*

A previous analysis of the RCT cohort utilised in this study
identified that the group median absolute frontal alpha power
during xenon anaesthesia was similar to that observed at
awake baseline, and significantly less than that observed
during sevoflurane anaesthesia.”” However, within the xenon
group, there was also significant inter-individual variation in
alpha power (see spectrograms, Supplementary Fig. S1). In
contrast to the RCT study, a study of healthy volunteers who
inhaled xenon 63% for 2 h identified that mean frontal alpha
power increased significantly from baseline.*

The varying effects of xenon on alpha power in these two
studies could be related to the characteristics of the two co-
horts and the well-recognised inverse relationship between
age and frontal alpha power.>! The mean age of participants in
the RCT study was 60 yr,”> compared with the 20—27-yr-old
cohort of the volunteer study (no mean provided).>° Regard-
less, the substantial variation in alpha power changes
described during xenon anaesthesia, and also reported during
volatile anaesthesia,’ suggest that an alternative measure of
effect-site concentration, such as PAF, might be more reliable.

Most processed EEG monitors depend on relative power
changes in various frequency bands during anaesthesia to
calculate their indices.*? The indices of these monitors corre-
late poorly with the effect-site concentrations of anaesthetic
drugs,” and are less reliable when non-GABA receptor
potentiating agents are utilised.>*>>® PAF is an alternative
measure that might allow for better titration of anaesthetic
depth? and this study with xenon, which is devoid of activity at
GABA receptors,®'? suggests that PAF is also a measure that
might be applicable to a wider range of anaesthetic agents.

Whilst the absolute changes in PAF described in this study
are small (around 1 Hz), such changes provide valuable in-
formation regarding effect-site concentration and anaesthetic
depth. In a previous study of PAF during sevoflurane anaes-
thesia, a reduction in PAF of 1 Hz was associated with an
increased MAC fraction of 0.4.% Such an indicator of effect-site
concentration would be especially valuable for xenon, as no
agent-specific measures of effect-site concentration have been
described for this agent to date.

Although we observed a reduction in PAF in both cohorts in
this study, direct comparisons between the cohorts should be
made with caution. The xenon dose administered to the co-
horts was different, 60% vs 42%, and the RCT participants also
received a low-dose remifentanil infusion (0.1 ug kg™! min~Y).
During propofol general anaesthesia, low-dose remifentanil
was found to decrease delta power and increase alpha power,
although no change in PAF was reported.>* The behavioural
endpoint of the two cohorts, general anaesthesia in the RCT
cohort and loss of response to auditory stimulus in the
volunteer cohort, also differed.

The awake baseline PAF was different between the two
cohorts (Fig. 3) and this likely reflects the age of participants.
Previous studies have identified that PAF is higher in the
resting awake EEG of younger subjects (20—30 yr) when

compared with older subjects (65—75 yr).*® Importantly,
regardless of baseline, the PAF was significantly reduced from
baseline during xenon administration in both cohorts. Further
study is required to identify if the magnitude of reduction is
similar amongst younger and older participants receiving an
equivalent general anaesthetic dose of xenon.

A dose-dependent reduction in frontal PAF is observed dur-
ing administration of both propofol and volatile agents.?* The
reduction in PAF during propofol anaesthesia has been attrib-
uted to potentiation of GABA receptors.”! However, the pres-
ence of the same phenomenon during xenon administration,
an NMDA receptor antagonist devoid of activity at GABA re-
ceptors, suggests that other molecular mechanisms might be
responsible for this phenomenon. We explored these alterna-
tive mechanisms with two computational models of neurones.

Antagonism of HCN2 and excitatory transmission
reduces PAF in computational models of neurones

Computational models of neurones, both microscopic and
macroscopic, have successfully reproduced EEG phenomena
observed during the administration of propofol, including:
anteriorisation of the alpha oscillation,® phase amplitude
coupling of the alpha and slow-delta oscillations,”’ and a
reduction in PAF as the effect-site concentration of propofol
increases.’? The model parameters that are associated with
these outputs, principally prolongation of the decay time of
the inhibitory postsynaptic potential, support our under-
standing of how propofol alters conscious state.

One potential shared molecular target of xenon, propofol,
and volatiles is HCN2.*” Xenon has been shown to reduce
maximal conductance through the HCN2 channel in voltage
clamp recordings of transfected cells and murine tissue sli-
ces.’® This effect is abolished in slices from transgenic mice in
which the HCN2 binding site for xenon is mutated to prevent
binding.” The same HCN2 mutation also reduces the sensi-
tivity of these transgenic mice to the anaesthetic effects of
xenon in vivo.’

Previous work with an HHM of the thalamus suggested that
a reduction in HCN2 conductance is effectively a prerequisite
for rhythmic TC firing in the upper theta and alpha frequency
range.”! The authors presented simulations which identified
that increasing the model parameter for GABA maximal
conductance (gGABA) resulted in an initial increase in the TC-
RE network firing rate. However, with greater values for
gGABA, the network firing rate steadily decreased.’!

We have extended these findings by describing how a
reduction in AMPA receptor maximal conductance (gAMPA)
interacts with reduced HCN2 conductance to alter the model
output. Xenon has been shown to reduce current transfer
through the AMPA receptor, and other glutamatergic excitatory
receptors, in several preclinical studies.® We were able to
demonstrate that rhythmic firing of TC cells, along with RE cells,
could be maintained when gAMPA was reduced by 50%.
Crucially, this reciprocal firing of TC and RE cells was only
present with low values of maximal HCN2 conductance (gH,
Fig. 4). We also demonstrated that the TC firing rate was
reduced by 1-2 Hz when gAMPA was reduced to 50% of base-
line. The reduction in TC-RE network firing rate after excitatory
antagonism appears congruent with the reduction in network
firing rate observed with greater values of inhibitory potentia-
tion identified in the earlier description of the model.?*

We also explored the effect of antagonising excitatory
neurotransmission in a second computational model of
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neurones, a modified MFM.?? The MFM has a cortical compo-
nent, and a thalamic component, and its output, the ‘pseudo-
EEG,” is more directly comparable to in vivo EEG recordings
than the HHM.?”> We identified that a reduction in excitatory
synaptic strength, from all excitatory neuronal populations
within the model, was associated with a reduction in the PAF
(and a reduction in alpha oscillation power) (Fig. 5).

In the original description of the model, the authors pre-
sented simulations of the MFM with increasing inhibitory
synaptic strength.”” By increasing the inhibitory strength
multiplier from 1.4 to 3.0 (intended to represent a sedative
dose of propofol increasing to a general anaesthetic dose),
there was a progressive reduction in both alpha oscillation
frequency and power.?

In our RCT cohort, participants received an initial induc-
tion dose of propofol followed by the introduction of an
anaesthetic dose of xenon within a few minutes. Based on
MFM simulations, this might be expected to produce fluctu-
ations in the PAF, as the opposing effects of a reducing pro-
pofol effect-site concentration (as the induction dose
redistributes) and increasing xenon effect-site concentration
coincide (see Supplementary Fig. S6). We identified such
fluctuations in several RCT participants (Supplementary Figs
S4 and S7).

Inhibition of excitatory transmission and enhancement of
inhibitory transmission appear to influence the output of the
two models presented here in a similar manner: a reduction in
network firing rate in the HMM (with significant inhibitory
potentiation) and a reduction in PAF in the MFM.

In vitro experiments support a role for glutamatergic
excitatory transmission in the generation of rhythmic oscil-
lations in the thalamus and the ability of glutamate receptor
antagonists to modulate thalamic oscillation frequency. Direct
injection of the NMDA receptor antagonist AP5 into the retic-
ular nucleus of the thalamus has been shown to change the
firing mode of reticular thalamic cells from single spike firing
to a rebound bursting mode, albeit in the delta frequency
range.’*° The effects of ketamine, AP5 (NMDA receptor spe-
cific antagonist), and NBXQ (AMPA receptor specific antago-
nist) on the frequency of alpha spindles (6—11 Hz) recorded in
the thalamus of rats have also been reported.*** In one study,
the application of ketamine and AP5 both reduced alpha
spindles to a delta frequency (around 2 Hz).*! In another study,
application of AP5 and the AMPA receptor-selective antagonist
NBXQ, both reduced the spindle firing rate by ~1—2 Hz, whilst a
combination of both abolished spindle activity entirely.*?

Whilst these reports suggest a role for NMDA receptor-
mediated effects in mediating thalamic circuit behaviour, it
is important to acknowledge that the action of xenon and
ketamine on neural circuits is unlikely to be uniform. Whilst
both agents antagonise NMDA receptors, ketamine is a non-
use-dependent open-channel blocker and xenon is an allo-
steric competitive antagonist.®*>** The interaction of nitrous
oxide is also distinct, being a non-competitive antagonist at
NMDA receptors.*> Whilst ketamine and nitrous oxide are
thought to enhance long-term potentiation in the hippocam-
pus, a proposed mechanism for their rapid antidepressant
effect,*® xenon inhibits long-term potentiation in the hippo-
campus’® and has been identified as directly inhibiting AMPA
receptor-mediated excitatory currents in electrophysiology
studies.® These differences in cellular action are reflected in
the markedly different profiles of the EEG, cerebral blood flow,
and cerebral metabolism observed during the administration
of xenon, ketamine, and nitrous oxide.??>%

Modulation of thalamocortical circuits might
contribute to xenon general anaesthetic action

A reduction in thalamocortical functional connectivity has
been identified during administration of several general an-
aesthetics? and it is hypothesised that highly synchronised
alpha oscillations observed during general anaesthesia
directly disrupt communication between the thalamus and
cortex.'? Therefore, we propose that the reproduction of alpha
oscillations, and changes in PAF observed in the models, are
relevant to the mechanism by which xenon alters conscious-
ness and are not simply incidental changes associated with
xenon administration. This is supported by in vivo studies in
which both reduced anaesthetic sensitivity’ and reduced
thalamocortical transmission were observed in HCN2
knockout mice.*® Our model simulations suggest that xenon
supports the generation of alpha oscillations through its
antagonism at HCN2, and that it slows the rate of these os-
cillations through its antagonism of excitatory glutamatergic
receptors.

A limitation of this study is that the computational models
utilised were not specifically designed to test hypotheses
regarding xenon’s mechanism of action. The proposed cellular
actions of xenon that we investigated, antagonism of HCN2
and glutamatergic excitatory neurotransmission, are key me-
diators of thalamocortical network behaviour, but we were
limited to cellular interactions that could be parameterised in
the models.

The HHM modelled all excitatory connections with an
AMPA receptor ion channel.?! This reflects the difficulty in
modelling the NMDA receptor at the microscopic scale
because of its more complex kinetics which include: voltage
sensitivity, differential response to single and spike-train in-
puts, and sensitivity to glycine and magnesium concentra-
tions.”” In contrast, the MFM modelled the effect of scaling
EPSPs generated by inputs from excitatory populations rather
than modelling an individual ion channel.?” The MFM there-
fore describes effects on both AMPA and NMDA receptors,
although it cannot delineate differential activity of the two
channels.

Other cellular actions of xenon such as potentiation of two-
pore potassium channels, potassium-adenosine triphospha-
tase channels, antagonism of nicotinic acetylcholine re-
ceptors, and changes to presynaptic release of excitatory
neurotransmitters,® should be quantitatively tested with
original models designed to specifically investigate sites of
action for xenon. Specific modelling of the contrasting action
of xenon, ketamine, and nitrous oxide at the NMDA receptor
might also provide insight into their contrasting effects on
cortical activity.

Further study is required to account for the apparent
contradiction of a constant xenon dose (60%) delivered in the
RCT group, and the progressive reduction in PAF that occurred
throughout the anaesthetic episode (see PAF trajectories in
Supplementary Fig. S4). This suggests that the reduction in
PAF involves a ‘slower’ mechanism than antagonism of ‘fast’
AMPA receptor currents.’! Our MFM simulations suggest that
progressive reduction of EPSP magnitude leads to reduced PAF
(Fig. 5). Following this explanation, it is plausible that the
gradual decrease in PAF could represent slower synaptic and
cellular processes, such as alteration in ion channel presen-
tation at the synapse that occur over time, in the presence
of a constant concentration of xenon. Although xenon
has been identified to block long-term potentiation in murine
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hippocampus,’® the ability of xenon to induce long-term
depression, that could account for a progressive reduction
in EPSP magnitude without increasing dose, would require
confirmation with electrophysiology animal studies.

In terms of the models’ structure, the HHM lacks a cortical
component, a relevant limitation since both thalamus™*® and
cortex® have been hypothesised as the source of alpha oscil-
lations. The lack of a cortical component renders the model
output less directly comparable to the EEG, although the firing
rate and mode of TC cells has been reported to directly influ-
ence alpha oscillation frequency observed in cortex.*14%48

‘Microscopic’ models, such as the HHM, with multiple ionic
channels, gap junctions, and synaptic interactions can
become difficult to parameterise with physiologically relevant
values, particularly at scales relevant to biophysical signals
(many thousands of neurones).'® Although they do not model
cellular interactions in such granular detail, ‘macroscopic’
MFM, like that utilised in this study, have the advantage of
revealing dynamics at the scale of neuronal populations rele-
vant to biophysical signals.’ The behaviour of functional
networks at even greater scale can be studied utilising
network neuroscience approaches. These models of func-
tional units and their connections can be utilised to under-
stand and predict network behaviour, although they can be
less relatable to the underlying cellular events and physical
networks they represent.”°

The maximum firing rate of TC cells observed in the HHM
was 8 Hz, similar to the maximum firing rate in the absence of
GABA receptor potentiation, in previous descriptions of the
model.?! It is not clear if the model’s sub-alpha firing rate
represents a failure to accurately describe the dynamics be-
tween TC and RE cells themselves, or if there is another
modulatory influence on frequency not reflected in the model.
Regardless, we believe that the relative change in firing rate in
response to changes in AMPA receptor conductance is more
significant than the absolute values themselves.

In conclusion, we have illustrated that the frontal EEG PAF
is reduced, compared with awake baseline, during xenon
administration. Monitoring PAF might allow for better titration
of a wider range of general anaesthetic agents than conven-
tional processed EEG indices. Reduction in PAF appears to be a
neurophysiological mechanism shared by xenon, an NMDA
receptor antagonist devoid of activity at GABA receptors, and
conventional GABA receptor-potentiating anaesthetic agents.
We have illustrated that a reduction in PAF can be reproduced
in computational models of neurones by antagonism of HCN2
and excitatory neurotransmission, both of which are reported
actions of xenon at the cellular level.
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