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A B S T R A C T

Xenon is an inhalation anesthetic with a favorable safety profile, and previous studies have demonstrated its
neuroprotective efficacy. However, whether xenon plays a role in the treatment of epilepsy or seizure remains
unclear. This study aimed to investigate the role of xenon inhalation and explore the role of different xenon ratio
gradients and different delayed treatment times in seizure models. Kainic acid (KA)-induced status epilepticus
and neonatal hypoxia-induced seizure models were used in our study. Animals were subject to inhalation of
xenon mixture for 60min after the stimulation used to induce seizures. The control group was treated with 70%
nitrogen/30% oxygen, as in previous reports. Behavioral changes, electroencephalography, neuronal injury, and
learning and memory function were investigated in each group. The results indicate that xenon mixture sig-
nificantly reduced the severity of seizures and neurodegeneration in both KA-induced status epilepticus and in
neonatal mice with hypoxia-induced seizure. Moreover, treatment with different percentages of xenon (35%,
50%, or 70%), as well as at different intervention time points (immediately, delayed for 15min, delayed for
30min) after hypoxia induction significantly attenuated the severity of seizure and neuronal injury.
Additionally, 50% or 70% xenon treatment, as well as immediate xenon treatment or with a delay of 15min
attenuated the learning and memory impairments induced by hypoxia. This study confirmed that xenon mixture
exerts strong inhibitive effects in seizure and seizure-induced neuronal injury and defects of cognitive function.
Moreover, the results suggest that intervention time window and percentage of xenon influence the efficacy of
the xenon treatment. Our study supports that xenon inhalation represents a safe means to inhibit seizures and
neuronal injury.

1. Introduction

Epilepsy is a common high-impact disorder with potentially sig-
nificant long-term consequences. Although several treatment options
are currently available for the treatment of epilepsy, current approaches
do not fully meet the clinical needs for a safe, effective treatment for
epilepsy. Part of the problem arises from the fact that these drugs are
typically associated with significant problems such as recrudescence,
drug resistance, and significant side effects (Chen et al., 2018; Schmidt
and Löscher, 2005). Therefore, developing therapies to attenuate epi-
lepsy or seizure and further reduce neuronal injury and the associated
disability is an important clinical priority.

Xenon is a safe anesthetic agent since it lacks toxic side effects and

has garnered increasing attention for its neuroprotective effects. In cell
culture and animal studies of Alzheimer's disease (AD), xenon has been
found to have neuroprotective and restorative effects via the inhibition
of glutamate uptake and efflux and furthermore, xenon being re-
portedly superior to the classic anti-AD drug memantine is of excep-
tional interest. (Lavaur et al., 2016a,b). In spinal cord ischemia/re-
perfusion (I/R) injury induced by the ligation of the thoracic aorta,
continuous inhalation of xenon for 60min during reperfusion sig-
nificantly improves the I/R prognosis, reverses neuronal injury, and
reduces neuronal apoptosis (Yang et al., 2012a), even if xenon is in-
haled 2 h after reperfusion (Yang et al., 2014). Similar neuroprotective
roles were found in rats in which the unilateral common carotid artery
was ligated and in mouse models of stroke (Cattano et al., 2011; Metaxa
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et al., 2014). In addition, xenon treatment can reverse neuronal injury
and improve cognitive function in a rat model of ischemia and hypoxia
induced by intrauterine asphyxia (Yang et al., 2012b).

Significant neuroprotective effects of xenon have been reported for
several nervous system diseases, including cerebral ischemia, I/R,
spinal cord injury, AD, and so on. In addition, (Uchida et al., 2012)
found that xenon treatment could rapidly terminate the neuronal syn-
chronous discharge observed in cultured cortical neurons in vitro.
Moreover, it is reported that xenon can reduce the apoptosis induced by
overexcitation via inhibition of glutamate uptake and efflux (Lavaur
et al., 2016a,b; Preckel et al., 2006; Sinha and Cheung, 2010). As epi-
lepsy is characterized by the synchronous discharge of neurons and
neuronal injury, which are closely associated with overexcitation, it is
reasonable to speculate that xenon may have anti-epileptic effects.

Although the anti-epileptic efficacy of xenon is theoretically plau-
sible, studies on this topic have been scant. This study aimed to test
whether xenon inhalation has anti-seizure and neuroprotective effects
in rats with kainic acid (KA)-induced status epilepticus (SE) and neo-
natal mice with hypoxia-induced seizure. Furthermore, the effective
time window of intervention and appropriate percentage range of
xenon mixture were explored.

2. Materials and methods

KA-induced SEMale Sprague–Dawley rats (240–260 g, Certificate No.
SCXK2014–0006; Jinan Jinfeng Experimental Animal Co. Ltd., China)
were used. The experiments were conducted in compliance with the
ethical guidelines of the Binzhou Medical University Animal
Experimentation Committee (approval no. 2016003), Helsinki
Declaration of 1975, and the National Institutes of Health Guide for the
Care and Use of Laboratory Animal (NIH Publications No. 8023, 1978).
All efforts were made to minimize the number of animals used and
animal suffering. Experimental animals were maintained in individual
cages, and water and food were provided ad libitum. All experiments
were performed between 9:00 and 17:00 every day.

After anesthesia induction using an intraperitoneal injection of so-
dium pentobarbital (50mg/kg, intraperitoneally (i.p.), CAS, 57–33-0,
Xiya Reagent, China), rats were fixed in a stereotactic apparatus (Anhui
Zheng Hua Biological Instrument Equipment Co., Ltd., China). The tip
of twisted-pair stainless steel electrodes (A.M. Systems, USA) was un-
coated (0.5 mm), and the electrodes were implanted into the right
cortex (anteroposterior, AP: −3.2mm; mediolateral, ML: −3.0mm;
dorsoventral, DV: −1.8 mm) for electroencephalographic (EEG) re-
cording with a PowerLab device (1–50 Hz, AD Instruments, Australia).
EEGs were recorded for 60min from KA administration to termination
by diazepam. The representative EEGs and corresponding frequency-
spectrum and power-spectrum density analysis are presented. The
stainless-steel cannulas (RSD Life Science, China) were implanted into
the right lateral cerebral ventricle (AP: −1.8 mm, ML: −0.96mm, and
DV: −3.8mm) as previously described (Sun et al., 2018). The animals
were allowed to recover from surgery for 7 days.

All rats were treated with KA (1mg/0.8ml, 0.65 μl/rat, CAS,
58002–62–3, Sigma, USA), which was injected into the right lateral
ventricle through the cannula (Zhang et al., 2019). Immediately after
KA administration, signals evincing acute generalized seizures were
observed in almost all rats. After 60min, the seizures were terminated
by intraperitoneal injection of diazepam (2mg/kg).

Seizure severity was staged on a 1–5 scale according to Racine's
criteria (Racine, 1972). Cannula placement was histologically verified
at the end of the experiment. Only rats with correct implantation in the
right lateral cerebral ventricle were counted in the statistical analysis.

2.1. Neonatal hypoxia-induced seizure

C57BL/6 J pregnant mice (Certificate No. SCXK2014-0006; Jinan
Jinfeng Experimental Animal Co. Ltd., China) were placed in separate

cages and were free to consume sufficient water and food. After birth,
7 days old (P7) young mice were used as experimental subjects. The
experiment was conducted between 9:00–17:00. All experiments were
in accordance with the National Institutes of Health Laboratory Animal
Care and Use Guidelines (NIH Publication No. 8023, revised 1996). The
number of animals and the pain experienced by them was minimized.
All protocols were approved by the Ethics Committee of Binzhou
Medical University (approval no. 2018009). The electrodes were
wound on stainless steel screws that were implanted in the skull for EEG
recording. The representative EEGs and corresponding frequency-
spectrum and power-spectrum density analyses are presented.

P7 C57BL/6J mice in the same litter were used randomly as the
hypoxia group and the treatment groups, respectively. We performed
the anoxic experiment according to the hypoxic procedure reported in
the literature (Jensen et al., 1991; Rakhade et al., 2011).

At first, we prepared the transparent resin observation box with a
bottom air inlet and an upper air gate. In the hypoxia group (n=36),
5% oxygen/95% nitrogen (50 L, Rulin gas Ltd., China) was delivered.
The oxygen concentration in the box was checked with the oxygen
detector and the temperature was controlled at 34 °C (Rodriguez-
Alvarez et al., 2015). Once the oxygen concentration in the chamber
reached 5% and remained stable, the 7-day-old mice were placed in the
box and treated with 5% oxygen/95% nitrogen for 15min. EEG re-
cordings in each group were performed for 8 h (9:00–17:00) at different
time points (2 h, 24 h, 3 days, 4 weeks, and 2months after hypoxic
treatment). Electroclinical seizure was defined as polyspike dis-
charges> 5Hz,> 2 times baseline EEG amplitude and longer than 3 s
(Rakhade et al., 2011).

2.2. Xenon treatment

In the KA-induced SE model, rats in the xenon group were randomly
selected and treated with a xenon mixture (70% xenon/30% oxygen,
50 L, DaTe special gas Ltd., China) for 1 h immediately after KA injec-
tion (De Deken et al., 2018) in a transparent resin observation box,
which featured a bottom air inlet and an upper air gate. Prior to placing
the rats into the box, the 70% xenon mixture was administered for
20min. The rats in the control group were administered a 70% ni-
trogen/30% oxygen mixture (50 L, Rulin gas Ltd., China) instead of the
xenon mixture (Dingley et al., 2006).

In the hypoxic-induced seizure model, P7 mice were treated with
xenon mixture (70% xenon/30% oxygen; 50 L, DaTe special gas Ltd.,
China) for 1 h at different treatment time points (immediately, 0 min,
n=20; delay of 15min post-treatment, n=22; delay of 30min post-
treatment, n= 22) in the a transparent resin observation box, and the
mice in the control groups were treated with 30% oxygen/70% nitrogen
instead of xenon mixture (Dingley et al., 2006) (n=20). Furthermore,
P7 mice were treated with different percentages of xenon (70% xenon/
30% oxygen, 70% xenon group, n=20; 50% xenon/30% oxygen/20%
nitrogen, 50% xenon group，n=20; or 35% xenon/30% oxygen/35%
nitrogen, 35% xenon group, n=20; 50 L, DaTe special gas Ltd., China)
immediately and for 1 h after hypoxia treatment based on previous
reports (Arola et al., 2017; De Deken et al., 2018; Liu et al., 2016).

The different gas mixtures were delivered at 200ml/min via flow
regulator valves (DaTe special gas Ltd., China), which were installed in
every gas bottle. The EEGs were recorded in each group. The xenon
treatment was not enough to induce anesthesia. The rats were kept
sober and with free activities during the entire experiment. The tem-
perature of the animals remained stable.

2.3. Morris water maze test

The Morris water maze (ZS-001, Beijing Zhongshi Di Chuang
Technology Development Co., Ltd., china) was used to test spatial
learning and memory (Morris, 1984). The temperature of the water is
optimal at 21–22 °C. The experiment consisted of two parts, the
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positioning navigation experiment and the space exploration experi-
ment. The whole experimental process was recorded using a camera
above the pool (diameter, 150 cm; height, 50 cm). The positioning na-
vigation test was carried over the first 4 days, allowing the animals to
swim freely for 2min in the pool and become familiar with the sur-
rounding environment. At the beginning of the test, the platform in the
4th transition was 1 cm below the horizontal plane, and the animals
were placed in the water from the center of the pool wall from any
quadrant of the four quadrants. If the animal did not find the platform
within 60 s, the tester used an iron rod to guide the animal to find the
platform, without turning the animal's head or body so the animal did
not have the illusion of finding the platform with guidance. The animal
was then allowed to remain on the platform for 10 s, before being dried
and returned to the cage. If the animal did not stay for 10 s and jumped
into the water again, the tester again guided it to the platform and
permitted it to stay there for 10 s. On the 5th day, a space exploration
experiment was carried out. The platform was withdrawn, and the

mouse was placed in the water farthest from the platform and allowed
to travel for 60 s to search for the platform. Animal spatial learning and
memory ability was assessed by the number of times the mouse passed
through the platform area，the latency to reach the platform area, the
time spent in the target and in the opposite quadrant (Netto et al., 1993;
Pereira et al., 2007).

2.4. Western blot analysis

At a designated time point (24 h, or 3 or 7 days after KA adminis-
tration; or 24 h or 4 weeks following exposure to hypoxia), five rats
randomly selected from each group were anesthetized and culled.
Brains were immediately removed and the hippocampus, pyriform
cortex (PC), and the cortex excluding the PC were microdissected (Sun
et al., 2017). After sonication of the tissue, protein content was mea-
sured as previously reported (Feng et al., 2016). Equal amounts of
protein were loaded and separated using 12% sodium dodecyl sulfate-

Fig. 1. The therapeutic effects of xenon on acute seizures induced by kainic acid. (A) Cumulative time in every stage. (B) Cumulative time in stage 0. (C) Cumulative
generalized seizures duration. (D) Seizure stage in each time period. (E) Cumulative seizure duration. (F) Representative EEGs and power spectrum density analysis of
KA group and xenon group. Data are presented as mean ± SEM. Error bars indicate SEM (KA group, n=13; xenon group, n=10; *P < .05, ** P < .01, and
***P < .001, compared with controls; D, non-parametric Mann-Whitney U test; others, one-way ANOVA).
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polyacrylamide gels. The protein was then transferred to poly-
vinylidene difluoride membranes. After blocking with 5% skimmed
milk for 1 h, the membranes were then incubated with a mouse
monoclonal antibody against B cell lymphoma-2 (Bcl-2, ab32124,
1:1000, Abcam, UK), Bcl-2-associated X protein (Bax, ab77566, 1:1000,
Abcam, UK), rabbit monoclonal antibody against activated caspase-3
(ab2302, 1:1000, Abcam, UK), or rabbit polyclonal antibody against
caspase-3 (9662, 1:1000, Cell Signaling Technology, USA), or glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH, AB-P-R 001, 1:2000,
Kangchen, China) overnight at 4 °C. Immunoreactive bands were vi-
sualized using enhanced chemiluminescence via horseradish perox-
idase-conjugated IgG secondary antibodies. The images were acquired
with the Odyssey infrared imaging system (LI-COR Biosciences, USA)
and analyzed with the accompanying software. The normalized in-
tensity relative to GAPDH was obtained to account for potential dif-
ferences in initial protein loading.

2.5. Fluoro-Jade B (FJB) staining

FJB is a polyanionic fluorescein derivative, which sensitively and
specifically binds to degenerating neurons (Liu et al., 2018). The FJB
staining kit (AG310, Millipore, USA) was used in our study. At a de-
signated time point (KA-induced SE rats: 24 h, or 3 or 7 days after KA
administration; hypoxic-induced seizure mice: 4 weeks or 2months
after exposure to hypoxia), five rats out of each group were deeply
anesthetized and perfused intracardially with normal saline and 4%
paraformaldehyde in phosphate-buffered solution. Coronal slices of 10-
μm in thickness were made using a cryostat (CM3050s, Leica, Ger-
many). First, the tissue slides were immersed in 80% alcohol solution
containing 1% sodium for 5min. Second, these slides were soaked in
70% alcohol for 2min and then distilled water for 2min. Third, in order
to ensure the same background between the slides, the slides were
immersed a solution containing 0.06% potassium permanganate for
10min on a rocker; the slides were then rinsed for 2min with distilled

Fig. 2. Xenon treatment attenuated the apoptosis and neuronal injury induced by KA. (A) Immunoreactivity of caspase-3 and activated caspase-3 after KA treatment.
(B) Immunoreactivity of caspase-3 and activated caspase-3 after xenon inhalation. (C, D) Normalized intensity of activated caspase-3 relative to GAPDH. (E)
Immunoreactivity of Bax and Bcl-2. (FeK) Positive FJB signals in DG and EC in each group (bar= 50 μm). (L, M) Counted positive FJB signals in each group in DG
and EC. Data are presented as mean ± SEM. Error bars indicate SEM (n=5/group; ** P < .01, and ***P < .001, compared with controls; ###P < .001, compared
with each other; one-way ANOVA with Dunnett's T3 post-hoc test).
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water. Dye powder was used to make a 0.01% FJB stock solution
composed of 96ml 0.1% acetic acid vehicle and 4ml FJB stock solution
to make a 100ml staining solution. The staining solution was prepared
within 10min. The slides were soaked in the staining solution for
20min and were rinsed for 1min with distilled water. After rinsing, the
slides were placed in an oven set at 50 °C for 5min. Finally, the dry
slides were immersed in xylene for 1min. The slides were mounted with
neutral balsam and then observed under a non-fluorescent microscope
(Rodriguez-Alvarez et al., 2015). Positive signals were counted manu-
ally.

2.6. Statistical analysis

All data were collected in a blinded manner. Data are presented as
mean ± standard error of the mean (SEM). Statistical analysis was
conducted using SPSS version 13.0 (SPSS Inc., Chicago, IL, USA) for
Windows. After normal distribution tests were performed, one-way
analysis of variance followed by a Dunnett's T3 post-hoc test was con-
ducted for the multiple comparisons of cumulative seizure duration,

generalized seizures duration (GSD), number of seizure frequency,
target zone frequency, protein expression levels, and positive signals in
FJB staining. Latency to platform was analyzed by two-way ANOVA for
repeated measures. The non-parametric Mann-Whitney U test was used
to analyze the seizure stage in each time period. For all analyses, a two-
tailed P-value of< 0.05 was considered to be the threshold for statis-
tical significance.

3. Results

3.1. Xenon treatment attenuated the KA-induced acute seizures

In the KA group (n=13), the rats underwent exposure to the 70%
nitrogen/30% oxygen mixture immediately after KA administration. In
our study, almost all of the rats entered the state of generalized seizures
immediately without intervention after KA administration. Moreover,
the intermittent SE was observed in the 60min prior to termination
using diazepam. Thus, we analyzed the differences among the gen-
eralized seizures in every group. The amount of time the rats spent at

Fig. 3. Hypoxia-induced seizure and decline of learning and memory ability. (A) Percent of total seizures. (B) Latency to the platform (two-way ANOVA). (C)
Frequency of platform crossings. (D) Target quadrant time (%). (E) Opposite quadrant time (%). (F) Representative tracking. (G) Representative EEGs and power
spectrum density. Data are presented as mean ± SEM. Error bars indicate SEM. *P < .05, ***P < .001, compared with controls, #P < .05 and ##P < .01,
compared with controls every day, one-way ANOVA with Dunnett's T3 post-hoc test.
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stages 5 and 4 was approximately 31.4 ± 3.2min and 17.8 ± 2.9min,
respectively (Fig. 1A). The accumulated time in the generalized seizure
state was 49.2 ± 2.1min (Fig. 1A). In the xenon group (n=10), the
70% xenon/30% oxygen mixture was inhaled immediately after KA
administration. Compared with the rats in the KA group, the behavioral
stage of the rats in the xenon group was significantly lower than that in
the KA group (Fig. 1A). The accumulated times spent in stages 4 and 5
were only approximately 3.1 ± 0.9min and 3.5 ± 1.1min, respec-
tively, and the duration was significantly shorter in the xenon than in
the KA group (P < .001 and 0.001, respectively; Fig. 1A). Moreover,
the rats in the xenon group spent approximately 49.2 ± 1.3min in
stage 0 (no seizure stage), while rats in the KA group were continuously
in different seizure stages for 60min, from KA administration to dia-
zepam-induced termination of the seizures (P < .001, Fig. 1B). During
these 60min, the accumulated GSD in the xenon group was sig-
nificantly shorter than that in the KA group (6.6 ± 2.1min and
49.2 ± 2.1min, respectively; P < .001; Fig. 1C). A similar decrease
was found for seizure duration measures (10.2 ± 1.3min and
50.2 ± 1.8min, respectively; P < .001; Fig. 1E) based on the EEG

analysis. Moreover, mortality in the xenon treatment group was 0,
while 3 out of 13 rats died in the KA group. These results indicate that
xenon treatment significantly attenuated the severity of seizure.

The differences in the seizure stages were further compared every
5min in the xenon and control groups to characterize the onset time of
the therapeutic effect of xenon. The results show that from the second
5-min period of measurement, the seizure intensity in the xenon group
was already significantly weaker than that in the control group (stage
1.9 ± 0.2 and stage 4.8 ± 0.1, respectively; P < .001; Fig. 1D).
These results indicate that during acute seizures, the therapeutic effect
of xenon was observed as early as 5–10min. Fig. 1F shows the re-
presentative EEGs and corresponding frequency spectrum and power
spectrum density in each group.

3.2. Xenon treatment reduced the apoptosis and neurodegeneration induced
by KA

Changes in apoptotic markers were investigated in the xenon-
treated group and non-xenon-treated group (n=5 per group). Changes

Fig. 4. Xenon treatment attenuated the seizure and decline of learning and memory induced by hypoxia. (A) Cumulative number of seizures. (B) Cumulative seizure
duration. (C) Latency to the platform (two-way ANOVA). (D) Frequency of platform crossings. (E) Target quadrant time (%). (F) Opposite quadrant time (%). (G)
Representative tracking. (H) Representative EEGs and power spectrum density. Data are presented as mean ± SEM. Error bars indicate SEM. **P < .01 and
***P < .001, compared with controls; #P < .05 and ###P < .001, compared with controls every day, one-way ANOVA with Dunnett's T3 post-hoc test.
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in caspase-3, activated caspase-3 (apoptosis marker), Bax (promoter of
apoptosis), and Bcl-2 (inhibitor of apoptosis) were analyzed. In the KA
group, activated caspase-3 significantly increased in the PC (P < .001,
Fig. 2A, C), cortex other than the PC (P < .001, Fig. 2A, C), and in the
hippocampus (P= .004, Fig. 2A, C) 24 h after KA administration.
Xenon treatment prevented the increase in activated caspase-3
(P < .001, Fig. 2B, D) induced by KA administration. A decrease in Bax
expression and an increase in Bcl-2 expression were observed in the
xenon group, when compared with the control group treated only with
KA (Fig. 2E). Therefore, xenon treatment could prevent the increase in
apoptosis induced by KA administration.

FJB staining was performed in every group (n= 5/group) to assess
neurodegeneration after KA administration. The results showed that KA
administration increased the positive signals of FJB staining in hippo-
campus and cortex relative to those of the controls treated with saline
from 24 h following KA administration. The significant increase in FJB
signals on the 3rd day are shown (dentate gyrus (DG), P < .001,
Fig. 2G, L; entorhinal cortex (EC), P < .001, Fig. 2J, M). The increase
in positive signals induced by KA was reversed by 70% xenon mixture
inhalation (P < .001, Fig. 2H, K, L, and M). The FJB staining results
indicate that neurodegeneration occurred in the KA-induced status
epilepticus (SE) model and 70% xenon mixture inhalation could sig-
nificantly attenuate this change.

3.3. Xenon treatment attenuated the hypoxia-induced seizure and defects in
learning and memory

The effects of xenon mixture were assessed in the neonatal mice
with hypoxia-induced seizure. After the 15min hypoxia treatment, the
P7 neonatal C57 mice were immediately subjected to the 70% xenon
mixture. Seizures were recorded at designated time points. The hypoxia
treatment significantly induced seizure in the P7 C57 mice (Fig. 3A).
The representative EEGs and power spectrum analysis are presented in
Fig. 3G. Moreover, learning and memory ability was assessed in each

group on the 6th week. The longer latency to the platform (P < .001,
Fig. 3B), fewer crossings (P < .001, Fig. 3C) in the platform, the
shorter time in target quadrant (P < .001, Fig. 3D) and the longer time
in opposite quadrant (P= .024, Fig. 3E) which indicate defects in
learning and memory, were observed in the mice exposed to hypoxia.

The xenon treatment significantly reduced the severity of hypoxia-
induced seizure, such as the number of seizure frequency (P < .001,
Fig. 4A) and cumulative seizure duration (P < .001, Fig. 4B) in mice
treated with 30% O2/70% xenon than in those treated with 30% O2/
70% N2 after hypoxia. Moreover, the latency to the platform was
shorter (P= .001, Fig. 4C) and the frequency of platform crossings was
larger (P= .002, Fig. 4D), accompanied with longer time in target
quadrant (P < .001, Fig. 4E) and shorter time in opposite quadrant
(P < .001, Fig. 4F) in the mice treated with the xenon mixture. The
representative tracking of each group in the Morris water maze test is
shown in Fig. 3G.

3.4. Xenon treatment attenuated the apoptosis and neuronal injury induced
by hypoxia in C57 mice

Changes in apoptosis and neuronal injury were assessed in the 70%
xenon-treated group compared with the non-xenon-treated group in
hypoxia-induced seizure C57 mice. The results indicate that the im-
munoreactivity of activated caspase-3 was remarkably elevated 24 h
after hypoxia treatment (cortex, P= .001, Fig. 5A, C; hippocampus,
P= .004, Fig. 5A, C). Inhalation of 70% xenon inhalation significantly
attenuated the level of caspase-3 activation in the xenon-treated group
compared with the increased level in the hypoxia exposed group
(cortex, P= .001; hippocampus, P= .016; Fig. 5A, C). Furthermore,
the neurodegeneration in each group was assessed by FJB staining on
the 4th week. The results showed that the positive FJB signals were
significantly increased after hypoxia treatment in the DG (P < .001,
Fig. 5E, J) and EC (P < .001, Fig. 5H, J). Moreover, the increased
positive signals were significantly reduced in the group treated with

Fig. 5. Xenon treatment attenuated apoptosis and
neuronal injury induced by hypoxia. (A)
Immunoreactivity of caspase-3 and activated cas-
pase-3 after hypoxia treatment. (B, C) Normalized
intensity of caspase-3 and activated caspase-3 re-
lative to GAPDH. (D–I) Positive FJB signals in DG
and EC on 4th week in each group (bar= 50 μm). (J)
Counted positive FJB signals in each group in DG and
EC. Data are presented as mean ± SEM. Error bars
indicate SEM (n=5/group; *P < .05, **P < .01,
and ***P < .001, compared with controls;
#P < .05, ##P < .01 and ###P < .001, compared
with each other; one-way ANOVA with Dunnett's T3
post-hoc test).
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xenon mixture immediately after 15min hypoxia treatment (DG,
P= .008; EC, P < .001; Fig. 5F, I and J). The immunoreactivity for
activated caspase-3 detected by western blot and positive signals by FJB
staining confirmed that hypoxia induced apoptosis and neuronal injury
and that treatment with xenon could significantly attenuate this.

3.5. Effects of different percentages of xenon mixture on hypoxia-induced
seizure in C57 mice

P7 C57 mice were treated with different percentages of xenon
mixture (35%, 50% and 70%) immediately after exposure to hypoxia.
Seizure severity was assessed by counting the number of seizures fre-
quency and cumulative seizure duration in each group. The results
show that all percentages of xenon could significantly reduce the
number of seizures frequency at the time points investigated (3 days,

4 weeks, 2 months; Fig. 6A) and the cumulative seizure duration
(Fig. 6B). The more effective anti-seizure effects were provided by 70%
xenon treatment (Fig. 6A, B). The representative EEGs and power
spectrum density analysis are shown in Fig. 6H.

The Morris water maze experiment explored the difference in
learning and memory ability in each group. The results show that the
latency to the platform was significantly reduced in groups treated with
50% (P= .001) or 70% (P= .001) xenon and no effect was found in the
group treated with 35% xenon (P= .361) (Fig. 6C). Similarly, more
frequent platform crossings (50%, P= .025; 70%, P= .002), longer
time in target quadrant (50%, P= .002; 70%, P < .001) and shorter
time in the opposite quadrant (50%, P= .016; 70%, P < .001) were
found in the groups treated with 50% or 70% xenon, but not in the
group treated with 35% xenon (Fig. 6D–F). A representative track of the
mice searching for the platform in each group is shown in Fig. 6G. The

Fig. 6. Effect of different percentages of xenon mixture on hypoxia-induced seizure in C57 mice. (A) Number of seizure frequency. (B) Cumulative seizure duration.
(C) Latency to the platform (two-way ANOVA). (D) Frequency of platform crossings. (E) Target quadrant time (%). (F) Opposite quadrant time (%). (G)
Representative tracking. (H) Representative EEGs and power spectrum density. Data are presented as mean ± SEM. Error bars indicate SEM. *P < .05, **P < .01
and ***P < .001, compared with controls; #P < .05, ##P < .01 and ###P < .001, compared with each other; one-way ANOVA with Dunnett's T3 post-hoc test.
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results indicate that 35%, 50%, or 70% xenon treatment could at-
tenuate the severity of seizure, and 50% or 70% xenon treatment could
attenuate the reduction in learning and memory ability induced by
hypoxia.

Neuronal injury was assessed by FJB staining in each group in the
4th week. The results show that all xenon mixtures (35%, 50%, or 70%)
could attenuate the positive FJB signals in the EC (Fig. 7F–I) and PC
(data not shown). Additionally, 50% or 70% xenon treatment could
attenuate the FJB signals in the DG (Fig. 7B, C, I). The results confirmed
the anti-seizure effects and neuronal protection provided by 35%, 50%,
and 70% xenon mixtures.

3.6. Effects of different intervention time points of xenon mixture on
hypoxia-induced seizure in C57 mice

Different time delays (delay of 15min or 30min) prior to xenon
intervention were used following hypoxia treatment in P7 C57 mice to

mimic the inevitable delay before therapeutic intervention in the clinic.
Both the number of seizures frequency and cumulative seizure duration
were significantly reduced in mice treated with xenon with different
periods of delay (delay of 0min, delay of 15min, or delay of 30min;
Fig. 8A and B). Representative EEGs and power spectrum density ana-
lysis results are shown in Fig. 8H. Analysis of learning and memory
ability showed that xenon was effective with a delay of 0min (Latency
to the platform, P= .001, Fig. 8C; frequency of platform crossings,
P= .002; Fig. 8D; target quadrant time, P < .001, Fig. 8E; opposite
quadrant time, P < .001, Fig. 8F), or a delay of 15min (Latency to the
platform, P= .022, Fig. 8C; frequency of platform crossings, P= .029,
Fig. 8D; target quadrant time, P= .003, Fig. 8E; opposite quadrant
time, P= .016, Fig. 8F), but no effect was found in the group that had a
delay of 30min (Latency to the platform, P= .241, Fig. 8C; frequency
of platform crossings, P= .693, Fig. 8D; target quadrant time,
P= .509, Fig. 8E; opposite quadrant time, P= .902, Fig. 8F). The re-
presentative tracking for the platform in each group is presented in
Fig. 8G.

FJB staining results indicate that the positive signals were sig-
nificantly reduced in mice treated with xenon with a delay of 30min
(Fig. 9A–I). The detected effective time window of xenon intervention
supports the feasibility of using xenon treatment for anti-seizure effects
and neuronal protection.

4. Discussion

Although previous reports strongly suggest a possible anti-epileptic
effect of xenon, the role of xenon in seizures remains unclear. The
current study aimed to assess the role of xenon in preventing seizure
and neuronal injury. We found that inhalation of a specific xenon
mixture (70% xenon/30% oxygen) strongly inhibited the acute gen-
eralized seizure induced by KA administration, leading to reduced
apoptosis and neurodegeneration. The protective effects of xenon
mixture were verified in C57 neonatal mice, including attenuated sei-
zure severity, reduced apoptosis, reduced neuronal injury, and reduced
learning and memory defects. Furthermore, the percentage range from
35% to 70% was confirmed as being effective and the 70% xenon
mixture provided the most significant effects in mice with hypoxia-in-
duced seizure. Additionally, the protective effects of 70% xenon were
verified up to a treatment delay of 30min in neonatal mice with hy-
poxia-induced seizure.

Further studies were performed to investigate the role of xenon
inhalation in preventing apoptosis and neuronal injury. Epileptic sei-
zure is a disorder associated with neuronal overexcitation. The accu-
mulation of glutamate in the brain, resulting in excitotoxicity, is a
critical factor in the occurrence and propagation of epilepsy (During
and Spencer, 1993; Luna-Munguia et al., 2019). Excessive accumulation
of extracellular glutamate over-activates N-methyl-D-aspartate (NMDA)
and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors,
among others. Excessive excitation of the NMDA receptor leads to the
occurrence of acute nerve injury, such as neuronal dysfunction and
apoptosis, by activating calpain and the caspase-3 pathway (Baudry and
Bi, 2016; Izumida et al., 2017; Hoque et al., 2016). Apoptosis and nerve
loss are important pathological changes in both patients and animal
models of epilepsy (Jafarian et al., 2018; Liang et al., 2016). Xenon
treatment has been reported to inhibit the uptake and efflux of gluta-
mate (Lavaur et al., 2016a), further upregulating the anti-apoptotic
protein Bcl-2 and downregulating the apoptosis promoting protein Bax.
Ultimately, these effects may underlie its neuroprotective effect
through the inhibition of excessive excitation and by promoting anti-
apoptotic effects (Preckel et al., 2006; Sinha and Cheung, 2010). We
therefore investigated the influence of xenon in apoptosis and neuronal
injury in KA-induced acute generalized seizures and hypoxia-induced
seizures. Our results indicate that, consistent with its inhibitive effect
on seizure, xenon significantly inhibited apoptosis and neurodegen-
eration in both KA-induced SE rats and mice with hypoxia-induced

Fig. 7. Effect of different percentages of xenon treatment on apoptosis and
neuronal injury induced by hypoxia. (A–H) Positive FJB signals in DG and EC
on 4th week in each group (bar= 50 μm). (I) Counted positive FJB signals in
each group in DG and EC. Data are presented as mean ± SEM. Error bars in-
dicate SEM (n= 5/group; **P < .01, and ***P < .001, compared with con-
trols; #P < .05, ###P < .001, compared with each other; one-way ANOVA
with Dunnett's T3 post-hoc test).
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seizure.
As an inert gas, xenon is characterized as having non-toxic effects

and a high level of safety. Moreover, our study confirmed the anti-
seizure and neuroprotective roles of xenon mixture at a subanesthetic
level. The rats are sober and have free movement during the xenon
treatment. Xenon mixture treatment may be a convenient, feasible, and
safe intervention for terminating seizure and inducing neuroprotection.
It is necessary to confirm the effective percentage gradient and treat-
ment time point of xenon mixture for its proper use as a clinical
therapy.

Neonatal hypoxia is one important type of perinatal hypoxia that is
highly likely to cause epilepsy in newborns (Zhou et al., 2011). The
studies indicate that neonatal epilepsy or seizure can directly lead to
brain injury (Dzhala et al., 2000; Glass et al., 2009; Hall et al., 1998).

Moreover, some hypoxia-induced seizures are resistant to existing anti-
convulsant drugs (Sanchez, 2005). Additionally, anti-convulsant drugs
may be partly responsible for injury during brain development in
newborns (Olney et al., 2014; Sankar and Rho, 2007). The reduction in
seizure and neuronal injury observed following xenon treatment sug-
gests that xenon may yield therapeutic prospects for neonatal hypoxia.

Neonatal mice with hypoxia-induced seizure were treated with
different percentages of xenon mixture immediately after hypoxia.
Significant anti-seizure and neuroprotective effects were found in all
xenon treated groups (35%, 50%, and 70% xenon mixture) and the best
effects were provided by 70% xenon mixture. The results indicate that
once effective percentages of xenon have been established, along with
the time period within which treatment must occur, xenon could sig-
nificantly attenuate hypoxia-induced seizure, neuronal injury, and

Fig. 8. Effect of different delay time points for xenon mixture treatment on hypoxia-induced seizure in C57 mice. (A) Number of seizure frequency. (B) Cumulative
seizure duration. (C) Latency to the platform (two-way ANOVA). (D) Frequency of platform crossings. (E) Target quadrant time (%). (F) Opposite quadrant time (%).
(G) Representative tracking. (H) Representative EEGs and power spectrum density. Data are presented as mean ± SEM. Error bars indicate SEM. *P < .05,
**P < .01 and ***P < .001, compared with controls; #P < .05, ##P < .01 and ###P < .001, compared with each other; one-way ANOVA with Dunnett's T3 post-
hoc test.
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defects in learning and memory.
Considering the possible delay in the time from hypoxia exposure to

clinical therapy, it is necessary to evaluate the time frame within which
xenon is effective in future studies. Significant effects of xenon treat-
ment were found in the group treated with xenon immediately and the
groups treated after a delay (delay of 15min and delay of 30min). The
results indicate the feasibility of using xenon treatment as a therapeutic
option for neonatal hypoxia.

Neonatal hypoxia has serious consequences (Dzhala et al., 2000;
Glass et al., 2009; Hall et al., 1998; Zhou et al., 2011), and drug
treatments are inadequate (Olney et al., 2014; Sanchez, 2005; Sankar
and Rho, 2007). As previously mentioned, xenon has been character-
ized as being non-toxic and safe. Thus, if one or several short-term
treatments with xenon can produce significant anti-seizure and neuro-
protective effects, xenon may have good clinical prospects.

In this study, neurodegeneration was evaluated by FJB staining. The
results confirmed neuronal injury in the hippocampus (especially DG
and CA3 subregions), EC, and PC in seizure models. These subregions
are vital in the epileptic network, as well as in cognitive function (Hsu,
2007; Xu et al., 2010). The hippocampus-EC cycle is known as a vital
regulator for cognitive function and epileptic synchronized activity, and
EC is involved in the initiation of hippocampal information input (Basu
et al., 2016; Buzsáki and Moser, 2013; Hafting et al., 2005). In this
network, the hippocampus was considered the primary promoter and
amplifier region (Heinemann et al., 1992; Hsu, 2007) for epileptic ac-
tivity in both longitudinal (Derchansky et al., 2006) and contralateral
(Blackstad, 1956) propagation. The interictal 0.5–1 Hz discharge in the
CA3 subregion of the hippocampus prevents both the inputted epi-
leptiform activity initiated from the EC and further propagation to the
CA1-subiculum network (Barbarosie and Avoli, 1997). Additionally, the
EC is confirmed as a gate to the hippocampus, and prominent sup-
pression in the EC has been verified during seizure development
(Gnatkovsky et al., 2008). Moreover, mimicking the interictal-like
discharges in hippocampal-EC slices could inhibit epileptogenesis (Xu
et al., 2010). The PC is closely connected with the ipsilateral hippo-
campus, EC, and amygdala (Löscher and Ebert, 1996), and the con-
tralateral amygdala and PC through the anterior commissure (Schwabe
et al., 2004), and was considered to participate in the development and
generalization of epilepsy (Zhu-Ge et al., 2007).

Our FJB staining results indicate that neurodegeneration of the
hippocampus, EC, and PC may play a role in seizure and the cognitive
deficits. Neuronal injury in the hippocampus, EC, and PC may be re-
sponsible for defects in effective control of depressed networks.
Attenuation of neuronal injury in these subregions by treatment with an
appropriate xenon mixture may represent the mechanism underlying its
protective effects.

5. Conclusions

In summary, our study provides evidence to support the strong
therapeutic effect of xenon treatment in KA-induced SE and hypoxia-
induced seizure. Moreover, we optimized the effective percentage
gradient and time window for treatment with xenon mixture. Given the
lack of toxic side effects, the inhalation of xenon may be an effective
and safe new strategy for the treatment of seizure.
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