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Abstract
Background and aims. The purpose of this study is to assess the frontal and parietal ECoG spectrum

(gamma range) changes during isoflurane and combined xenon-isoflurane anaesthesia in rats.
Methods. Experiments were carried out on four adult male Sprague-Dawley rats (250-300 g). The

anaesthesia was induced with isoflurane and maintained with isoflurane and a xenon-isoflurane mixture.
The rats were maintained at two different anaesthetic depths: light (isoflurane anaesthesia) and deep
(isoflurane and xenon-isoflurane anaesthesia). The frontal and the parietal cortical activity was assessed
by computing the median frequency, spectral edge frequency and functional connectivity between these
two areas during light and deep anaesthesia.

Results. We noticed a decrease in cortical connectivity under deep isoflurane anaesthesia and an
increase in connectivity under deep xenon-isoflurane anaesthesia. Moreover, during xenon-isoflurane
anaesthesia, a trend of regularity of electro-cortical activity was present compared with isoflurane
anaesthesia.

Conclusions. Xenon-isoflurane deep anaesthesia demonstrated a series of specific ECoG features
regarding frontoparietal functional connectivity (gamma range connectivity increase) and regularity of the
electrocortical activity compared with isoflurane anaesthesia.
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Introduction
During anaesthesia, EEG spectrum modifications

appear, consistent with the anaesthetic depth [1, 2].
These changes vary from low frequencies high ampli-
tude EEG waves to burst suppression patterns and
depend, among other things, on the type of anaesthetic
used and the age of the patient [3-5]. On the other
hand, loss of consciousness (LOC) is associated with

a decrease of activity and connectivity in the gamma
domain [6, 7]. Xenon is a gas whose anaesthetic
properties have been known since the 1940s, but its
use in anaesthetic practice only began in the last 20
years [8, 9]. Few studies have investigated the xenon-
induced EEG modifications, and most depth of
anaesthesia monitors are not validated for xenon [10,
11].

In rats, the anaesthetic xenon concentration is
hyperbaric at 1.61 atmospheres, so, to study the xenon
effects, a xenon-isoflurane combined anaesthesia is
required [12]. We consider that the ECoG modifications
during xenon-isoflurane combined anaesthesia are due
to the adding of xenon to the isoflurane because xenon-
isoflurane combined anaesthesia induces a particular
pattern, not noticed in pure isoflurane anaesthesia, but
it cannot be considered a pure substitute for xenon
anaesthesia.
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In this study, we have investigated the ECoG
activity modifications in rats, under isoflurane and
xenon-isoflurane combined anaesthesia, in the gamma
range. As far as we know, this is the first study
performed in Romania that investigates the anaesthetic
effects of xenon.

Materials and methods
Experiments were carried out on adult male

Sprague-Dawley rats (n = 4), weighing between 250
and 300 g, with water and food ad libitum. We
conducted this study with the approval of the local
committee for animal research of “Carol Davila”
University of Medicine and Pharmacy (Bucharest,
Romania) and in agreement with the European
Communities Council Directive 86/609/EEC for the
protection of animals used for scientific purposes.

Chronic electrode implantation technique
Firstly, the head of the rat was shaved. A three

centimeters long incision was performed centrally. Skin
and subcutaneous tissue were removed from the skull.
Afterwards, a few drops of iron chloride were applied
for one minute; the bone surface was cleaned using
physiological saline solution and disinfected using
povidone-iodine.

Secondly, the rat was mounted in the stereotaxic
ear bars. The Bregma and Lambda points were marked,
and holes were drilled into the bone: 4 mm anterior
and 3 mm lateral above the frontal cortex; 3 mm lateral
and 3 mm posterior above the parietal cortex corres-
ponding to the somatosensory region. For the
reference electrode, a hole was drilled 10 mm an-
terior and 1 mm lateral left to the Bregma. Paxinos
and Watson’s “The Rat Brain in Stereotaxic Coor-
dinates” was used as reference for the coordinates
[13].

After drilling, a plastic head cap with Ni-Chrome
electrodes was set, with the electrodes in direct contact
with the dura mater. The entire electrode assembly
was insulated and bonded to the skull with dental
UnifastTrad Cement. Recordings were performed 7
days after electrode implantation.

Isoflurane and xenon-isoflurane anaesthesia
protocol

Anaesthesia was induced using 4% isoflurane, using
an anaesthesia machine (Ugo Basile, Italy) in an
induction chamber, at a gas flow of 4 liters per minute,
for three minutes. After induction, the rats were
orotracheally intubated and connected to a mechanical
ventilator for rats (SAR-830/AP ventilator, CWE Inc.).
Assessing the cortical electrical activity, we have
noticed a deep burst suppression pattern, following the
4% isoflurane induction. 1.1% isoflurane anaesthesia

was administered, and we waited until the cortical
electrical activity developed a slow wave pattern (this
period varied among rats, with an average of 10
minutes). Afterwards, we waited another 10 minutes
at the concentration of 1.1% and then lowered it to
0.9%, allowing 5 minutes for balancing and then
recording another 5 minutes. At the end, the isoflurane
concentration was decreased to 0.5% and 50% xenon
(Linde Gas, > 99.999%) was administered for 4 minutes
in order to get a deep slow wave anaesthesia (we
noticed that while adding xenon, the ECoG modi-
fications were much quicker to appear than expected,
as Xenon is a gas).

To estimate the anaesthetic depth we chose, by
convention, the frontal lobe electrical activity. Light
anaesthesia was considered at a MEF (in the frontal
lobe) value greater than 5.5 Hz, while deep anaesthesia
was considered at a MEF value lower than 4.5 Hz.

Data acquisition and processing
Signal was acquired using the MP150 Data

Acquisition System – Biopac, at an acquisition
frequency of 1000 Hz and signal amplification of 1000.
To record gamma frequencies, the 35 Hz filter was
removed. The two 1-minute tracings – corresponding
to the light and deep anaesthesia – were selected. 4
epochs of 3 seconds corresponding to these recordings
were analyzed, and the resulted values were sub-
sequently averaged.

Data analysis
The recordings were saved in the .acq and .mat

format to be processed using the AcqKnowledge 4.2
and the MATLAB programs.

Using the MATLAB function mscohere, the
frontoparietal functional connectivity was estimated.
The cortical activity during different anaesthetic depths
was assessed using median frequency (MEF), and
spectral edge frequency (SEF) functions from
AcqKnowledge 4.2. The data obtained was processed
in the SPSS 12.0 software, using t student test. The
Levene test was used to assess the mean variance.
Results are presented as mean ± standard deviation.
A p-value < 0.05 was considered statistically significant.

Results

The following results were obtained from the ECoG
recordings analysis during isoflurane light and deep
anaesthesia and xenon-isoflurane deep anaesthesia.
Frontal ECoG tracings are presented during deep (Fig.
1) and light (Fig. 2) isoflurane anaesthesia. Xenon-
isoflurane ECoG features are shown in Figure 3.

During light isoflurane anaesthesia, frontoparietal
connectivity in the gamma range (35-45 Hz) was 0.47
± 0.23, compared with deep isoflurane anaesthesia,
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Fig. 1. ECoG frontal recording under 1.1% isoflurane anaesthesia

Fig. 2. ECoG frontal recording under 0.9 % isoflurane anaesthesia

Fig. 3. ECoG frontal recording under xenon-isoflurane anaesthesia

for which frontoparietal connectivity was 0.14 ± 0.09
(p < 0.05) (Fig. 4 and Fig. 5). Under xenon-isoflurane
deep anaesthesia, frontoparietal connectivity increased
to 0.3 ± 0.04 (p < 0.05) (Fig. 6 and Fig. 7). Table 1
presents the median frequency and spectral edge
frequency values in frontal and parietal areas during

light and deep isoflurane anaesthesia, as well as during
xenon-isoflurane anaesthesia. These data revealed that,
during xenon-isoflurane anaesthesia, cortical electrical
activity in frontal and parietal areas becomes
comparable (p-value was > 0.05 when MEF and SEF
between frontal and parietal lobes were compared).
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Fig. 4. Frontoparietal connectivity during deep (blue) vs. light isoflurane anaesthesia (red). The vertical markings
define gamma frequency spectrum (35-45 Hz)

Fig. 5. Mean values of frontoparietal connectivity during deep (blue) vs. light isoflurane anaesthesia (red).
Error bars represent standard deviation. * indicates p < 0.05

Fig. 6. Frontoparietal connectivity during deep xenon-isoflurane (blue) vs. light isoflurane anaesthesia (red).
The vertical markings define gamma frequency spectrum (35-45 Hz)
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Fig. 7. Mean values of frontoparietal connectivity during deep xenon-isoflurane anaesthesia (blue)
vs. light isoflurane anaesthesia (red). Error bars represent standard deviation. * indicates p < 0.05

Table 1. Median frequency and spectral edge frequency values during light and deep isoflurane anaesthesia and deep
xenon-isoflurane anaesthesia

Values are presented as a mean ± standard deviation

Discussion
Our results show a decrease in frontoparietal

connectivity during deep anaesthesia with isoflurane
(1.1% concentration) in the gamma range (35-45 Hz).
These results are consistent with those of previous
studies, showing that anaesthesia deepens as cortical
connectivity lowers [7]. However, these studies were
performed on different types of anaesthetics, both
volatile (sevoflurane) and intravenous (propofol) [14].
Even in the case of ketamine that increases the gamma
activity during anaesthesia induction, the frontoparietal
cortical connectivity lowers [14].

It is also known that the loss of consciousness is
associated with a sudden decrease in gamma domain
activity [7]. To our knowledge, no studies investigated
the cortical connectivity in the gamma domain during
xenon-isoflurane combined anaesthesia. Surprisingly,
our results show that during deep xenon-isoflurane
anaesthesia, cortical frontoparietal connectivity
increases in the gamma domain.

The mechanism of action of xenon is not entirely
understood. Although it is known as a NMDA receptor

antagonist, like ketamine, it has different effects on
the cerebral electrical activity and the cerebral meta-
bolism [15, 16]. Ketamine, unlike other anaesthetics,
does not reduce the cortical electrical activity during
anaesthesia, but it does reduce the cortical connectivity
in the gamma domain [14, 17], while xenon reduces
the cortical electrical activity, but increases the cortical
connectivity in the gamma domain during deep
anaesthesia. Regarding the action on cerebral meta-
bolism, xenon, unlike ketamine, produces a global
decrease in metabolic activity [18, 19]. Therefore, these
changes observed during xenon anaesthesia do not
appear to be linked to the action on the NMDA
receptor.

During isoflurane anaesthesia, the cortical electrical
activity in the frontal lobe is different from that in the
parietal lobe, as shown by the median frequency and
the spectral edge frequency values, during both
superficial and deep anaesthesia. During deep xenon-
isoflurane anaesthesia, cortical electrical activity seems
to have levelled out, since electrical activity in the
frontal cortex is similar with the one in the parietal
cortex, in terms of anaesthetic depth. This aspect can
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be easily explained in the case of combined xenon-
isoflurane anaesthesia, as it was noticed that during
xenon anaesthesia a global decrease in cerebral
metabolic activity appears in humans. In the case of
isoflurane anaesthesia, a study performed on 5 patients
– which assessed the relationship between anaesthetic
concentration and cerebral metabolism, using PET –
showed a uniform decrease in metabolic cerebral
activity, compared with halothane or propofol anaes-
thesia [20-22].

The limitations of our study are the small number
of rats used and the limited number of electrodes used
to assess cortical electrical activity.

Conclusions
Frontoparietal cortical connectivity (in the gamma

range 35-45 Hz) increased during light anaesthesia,
compared with deep anaesthesia. During xenon-
isoflurane deep anaesthesia, an unexpected increase
in gamma connectivity was observed.

A uniformity of cortical electrical activity in frontal
and parietal areas was observed during xenon-
isoflurane combined anaesthesia, compared with pure
isoflurane anaesthesia.
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