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Objective: The neuroprotective properties of the noble gas xenon have already been 
demonstrated using a variety of injury models. Here, we examine for the first time xenon’s 
possible effect in attenuating early brain injury (EBI) and its influence on posthemorrhagic 
microglial neuroinflammation in an in vivo rat model of subarachnoid hemorrhage (SAH).

Methods: Sprague-Dawley rats (n = 22) were randomly assigned to receive either Sham 
surgery (n = 9; divided into two groups) or SAH induction via endovascular perforation 
(n = 13, divided into two groups). Of those randomized for SAH, 7 animals were post-
operatively ventilated with 50 vol% oxygen/50 vol% xenon for 1 h and 6 received 50 
vol% oxygen/50 vol% nitrogen (control). The animals were sacrificed 24 h after SAH. 
Of each animal, a cerebral coronal section (−3.60 mm from bregma) was selected for 
assessment of histological damage 24 h after SAH. A 5-point neurohistopathological 
severity score was applied to assess neuronal cell damage in H&E and NeuN stained 
sections in a total of four predefined anatomical regions of interest. Microglial activation 
was evaluated by a software-assisted cell count of Iba-1 stained slices in three cortical 
regions of interest.

results: A diffuse cellular damage was apparent in all regions of the ipsilateral hippo-
campus 24 h after SAH. Xenon-treated animals presented with a milder damage after 
SAH. This effect was found to be particularly pronounced in the medial regions of the 
hippocampus, CA3 (p = 0.040), and dentate gyrus (DG p = 0.040). However, for the CA1 
and CA2 regions, there were no statistical differences in neuronal damage according to 
our histological scoring. A cell count of activated microglia was lower in the cortex of 
xenon-treated animals. This difference was especially apparent in the left piriform cortex 
(p = 0.017).

Abbreviations: SAH, subarachnoid hemorrhage; ICP, intracranial pressure; rCBF, regional cerebral blood flow; ROI, region of 
interest; ICA, internal carotid artery; HPF, high power field.
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Figure 1 | Flow chart of included animals. Animals were randomized by lot 
drawing in one of four groups. Sham N2 (Sham surgery after 1 h delay 
followed by ventilation with 50 vol% O2/50 vol% N2 for 1 h), Sham Xe (Sham 
surgery after 1 h delay followed by ventilation with 50 vol% O2/50 vol% Xe for 
1 h), SAH N2 (SAH induction after 1 h delay followed by ventilation with 50 
vol% O2/50 vol% N2 for 1 h), and SAH Xe (SAH induction after 1 h delay 
followed by ventilation with 50 vol% O2/50 vol% Xe for 1 h).
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conclusion: In animals treated with 50 vol% xenon (for 1 h) after SAH, a less pronounced 
neuronal damage was observed for the ipsilateral hippocampal regions CA3 and DG, 
when compared to the control group. In xenon-treated animals, a lower microglial cell 
count was observed suggesting an immunomodulatory effect generated by xenon. As 
for now, these results cannot be generalized as only some hippocampal regions are 
affected. Future studies should assess the time and localization dependency of xenon’s 
beneficial properties after SAH.

Keywords: subarachnoid hemorrhage, early brain injury, animal model, xenon, neuroprotection

inTrODucTiOn

Background
Aneurysmal subarachnoid hemorrhage (SAH) is a subtype of 
stroke occurring at a relative young age causing either death 
or disability in many patients (1). Few people recover without 
impairments (2). The annual incidence is estimated to be about 
9.1 patients per 100,000 (3). In around 85% of spontaneous SAHs, 
the underlying cause is the rupture of a cerebral aneurysm (4). 
The resulting increase in intracranial pressure (ICP), disruption 
of the blood–brain barrier and global ischemia contribute to 
early brain injury (EBI) (5). These injuries within the first 72 h of 
the initial ictus account for the later development of vasospasm 
and delayed cerebral ischemia (6). There is a substantial interest 
in EBI and in ways to reduce initial cerebral damage and thus 
indirectly attenuate secondary injuries.

The neuroprotective effect of the noble gas xenon has been 
well established in animal experiments for focal and global 
cerebral ischemia (7–11). Xenon has a proven additive neuro­
protective effect to hypothermia in models of neonatal asphyxia 
(12–14). So far, xenon treatment has not been examined in the 
context of SAH. Multiple animal models of SAH have been 
established. The two most commonly used are the cisternal 
injection model and the endovascular perforation model (15). 
We opted for the latter as it better mimics the pathophysiology 
of an aneurysm rupture, and it is probably more suitable to 
investigate EBI (16). In this trial, the neuroprotective properties 
of the noble gas xenon were examined in the early phase after 
SAH using an endovascular perforation rat model. Despite its 
cost, xenon has demonstrated minimal side effects in extensive 
anesthesia studies, making it an interesting future treatment in 
human trials aiming for neuroprotection (17–21). Furthermore, 
xenon has already been approved in Europe for use as a general 
anesthetic.

MaTerials anD MeThODs

study Design
We performed a randomized four group controlled animal 
trial examining the neuroprotective effects of xenon inhala­
tion (50 vol% for 1 h) with treatment initiation 1 h after SAH  
induction.

ethical statement
The study protocol was approved by the government agency for 
animal use and protection (Protocol number: TVA 10416G1  

approved by “Landesamt für Natur, Umwelt und Verbraucher­
schutz NRW,” Recklinghausen, Germany), all experiments 
were conducted in accordance with the Guide for Care and Use 
of Laboratory Animals (National Research Council, and the 
Committee for the Update of the Guide for the Care and Use of 
laboratory Animals; 8th edition 2011).

animals
Male Sprague­Dawley rats (body weight 300–400  g, Charles 
River, Sulzfeld, Germany) were housed for at least 1  week 
before surgery with free access to food in a specific pathogen­
free environment maintaining a 12­h light/dark cycle. Prior to 
anesthesia induction, animals were randomly assigned to one of 
the following four groups by lot drawing: Sham N2 (Sham surgery 
after 1 h delay followed by ventilation with 50 vol% O2/50 vol% 
N2 for 1 h), Sham Xe (Sham surgery after 1 h delay followed by 
ventilation with 50 vol% O2/50 vol% Xe for 1 h), SAH N2 (SAH 
induction after 1 h delay followed by ventilation with 50 vol% 
O2/50 vol% N2 for 1 h), and SAH Xe (SAH induction after 1 h 
delay followed by ventilation with 50 vol% O2/50 vol% Xe for 
1 h) (see Figure 1).

experimental Procedure
Anesthesia was induced by intraperitoneal injection of a mix­
ture of midazolam (2 mg/kg), medetomidine (0.15 mg/kg), and 
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Figure 2 | Selected regions of interest. (a) In H&E staining, a high power 
field was focused on four regions of interest: CA1, CA2, CA3, and DG. (B) In 
Iba-1 staining (the image displays a NeuN staining), a high power field was 
focused on the three cortical regions of interest: Pta, PLCo1, and Pir1.
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fentanyl (0.0075 mg/kg) (22, 23). A quarter of the initial dosage 
was injected in 30–45  min intervals to maintain anesthesia. 
Postoperative analgesia was started directly after surgery via 
intramuscular injection of metamizole (20  mg/kg) and con­
tinued until euthanasia (24  h after SAH induction). Animals 
were intubated using an 18 gauge i.v. cannula. Blood pressure 
was monitored by cannulation of the tail artery, electrolytes, 
and blood gases were monitored by repeated arterial blood gas 
analysis and body temperature was maintained at 37°C via a heat­
ing pad (Physitemp Instruments, Inc., Clifton, NJ, USA). After 
anesthesia induction, two laser Doppler flowmetry probes were 
fixated in proximity of the bregma to measure regional cerebral 
blood flow (rCBF), as previously described (Moor Instruments, 
Axminster, Devon, UK) (23). A left side parietal ICP probe was 
inserted for continuous ICP monitoring (Microsensor/Codman 
ICP Express Monitor, Codman/De Puy, Raynham, MA, USA). 
Baseline recordings of blood pressure, bilateral rCBF, heart 
rate, and ICP were done prior to surgery, during intervention, 
and 90 min thereafter (PowerLab, ADInstruments, Spechbach, 
Germany). SAH was induced by the polypropylene mono­
filament perforation technique initially described by Bederson 
et al. and modified by Veelken et al. (24, 25). The procedure was 
performed as previously described (26). After exposing the left 
common carotid artery, the left internal carotid artery (ICA) was 
identified and a 3–0 polypropylene suture with a diameter rang­
ing from 200 to 250 µm (Prolene suture, Ethicon Inc., Somerville, 
NJ, USA) was advanced intravascularly. Perforation of the ves­
sel and subsequent SAH was verified by a sudden increase in 
ICP and a bilateral decrease in rCBF. Sham­operated animals 
underwent the same anesthesia and surgical procedure, but the 
monofilament was advanced into the ICA without perforation 
of the vessel.

One hour after SAH induction or Sham surgery, the animals 
were ventilated for 1 h with either a mixture of 50 vol% O2/50 
vol% xenon (Air Liquide, Paris, France) or 50 vol% O2/50 vol% 
N2 (control group). After treatment, anesthesia was stopped 
and animals were allowed to recover spontaneously. Analgesic 
treatment with metamizole (20  mg/kg intramuscular app­
lication every 8 h) was carried on until euthanasia (24 h after 
SAH induction). Euthanasia was performed 24  h after SAH 
induction by exsanguination under deep anesthesia followed 
by decapitation. Brains were harvested and cut into 2  mm 
coronal slices, fixated in paraformaldehyde, and embedded  
in paraffin.

histology/immunohistochemistry
Sections of 2 µm thickness were cut from the paraffin­embedded 
brain slices and placed on silane­coated slides. Of every animal, 
the same section 3.60 mm posterior to the bregma was searched 
based on anatomical landmarks. After deparaffinization,  
a section was routinely hematoxylin/eosin (H&E) stained. Two 
consecutive sections were de­waxed, rehydrated, and heated 
in citrate buffer for antigen retrieval. After blocking of non­
specific binding by incubation in PBS containing 2% normal 
goat serum, one slide per animal was incubated for 1  h with 
anti­NeuN (Millipore, MA, USA) as primary antibody diluted 
in blocking solution and one slide with anti­Iba­1. Appropriate 

biotinylated secondary antibodies were used (1:200, Vector 
Laboratories Ltd., Peterborough, UK) for 15  min, followed  
by DAB visualization (DAKO, Carpinteria, CA, USA). Appro­
priate negative controls without the primary antibodies were  
performed.

neuronal cell Damage
Neuronal cell damage was measured and quantified in four 
regions of the left hippocampus, in H&E and NeuN­stained 
section: CA1, CA2, CA3, and dentate gyrus (DG). A single high 
power field (HPF) was focused on the center of each of these 
four region of interest (ROI) and the image was photographed 
with an Axioplan microscope (ZEISS, Germany). An absolute 
neuronal cell count as well as a cell count of all ischemic 
damaged neurons was done using ImageJ/Fiji v 1.50 (ImageJ 
Software downloaded at https://imagej.nih.gov/ij). See Figure 2. 
Neuronal cell damage was cytomorphologically defined as a 
combination of hypereosinophilia, shrunken cytoplasm, and 
pyknotic nuclei. This counting process was done twice by a 
single investigator blinded to treatment allocation on two 
different time­points and results were compared for incongru­
ence. In case of incongruence or doubt, the consecutive NeuN 
stained slices was consulted and the process was repeated. 
The ratio of damaged neurons too the complete neuronal cell 
count was graded into five categories (1 = 0–20%, 2 = 20–40%, 
3  =  40–60%, 4  =  60–80%, and 5  =  80–100%). See Figure  3. 
The results of this scale for each ROI in the left hemisphere 
were then summed to yield an overall neurohistopathological 
severity score per animal.

Microglial activation
An absolute microglial cell count was performed in a similar 
fashion in the Iba­1 (ionized calcium­binding adapter mol­
ecule 1) stained sections. Three cortical regions of interest per 
animal were photographed. The absolute number of activated 
Iba­1­positive cells was software­assisted counted out in the 
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Figure 4 | Course of ICP and rCBF. Graphs for intracranial pressure (ICP) and left regional cerebral blood flow (rCBF) are presented as mean ± SD of percentages 
of baseline values; time = 0 min is defined as subarachnoid hemorrhage (SAH). The courses did not differ between the xenon and control group (repeated measures 
analysis of variance).

Figure 3 | Histopathological severity score. Neuronal cell damage was evaluated in H&E and NeuN staining. Damaged neurons, characterized by 
hypereosinophilia, shrunken cytoplasm, and pyknotic nuclei, were software assisted counted and expressed as a ration to the total cell count per region. The 
resulting percentage was converted into grade 1 to grade 5.
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lateral primary somatosensory cortex (Pta), postero­lateral 
cortex (PLCo1), and the piriform cortex (Pir1) of both hemi­
spheres. Figure 2 offers an overview of the selected regions of 
interest.

experimental Outcomes
The primary outcome was left side histopathological hip­
pocampal damage as measured by our neurohistopathological 
severity score. The secondary outcome was microglial acti­
vation. In the initial trial design, a 24­h clinical evaluation 
using an 18­ and 28­point scoring system was included. After 
the negative results in a similar study with argon, where we 
observed no difference in neurologic function in the acute 
phase (26), no short­term neurological evaluation was done 
in this trial.

statistical Methods
To estimate sample size data from previous experiments using 
argon as a neuroprotective agent were extrapolated (26). Using 
these data, an effect size of 0.62 was calculated (alpha: 0.1; beta: 
0.8). As xenon is known to be more potent, we estimated an 
effect size of 0.7 (alpha: 0.1; beta: 0.8) resulting in a sample size 
of n = 6 (G*Power 3.9.1.2 downloaded at http://www.gpower.
hhu.de/).

All statistical analyses were performed using SPSS v 23.0 
(SPSS Inc., Chicago, IL, USA). All graphics were plotted 
using GraphPad Prism (GraphPad Software Inc., La Jolla, 
CA, USA). A p­value of <0.05 was considered statistically sig­
nificant. After normality testing (Kolmogorov–Smirnov test), 
an unpaired t­test was used to analyze normally distributed 
numeric variables. Group comparisons were performed using 
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Figure 5 | Hippocampal neuronal cell loss. Cytomorphological quantification of ischemic damage. (A) After summing up the four scores (0–5) per hippocampal 
region, a single score per animal between 0 and 20 was yielded. The summed-up scores were 4.5 ± 1.83 (Sham N2), 10 ± 4.05 (Sham Xe), 16 ± 2.52 (SAH N2), and 
12.71 ± 4.13 (SAH Xe) group. There was no difference between the SAH N2 and SAH Xe groups. There was a significant difference between the Sham N2 and SAH 
N2 groups, *p = 0.0001. There was no significant difference between Sham Xe and SAH N2 groups, **p = 0.326. (B) The CA1 region of the SAH N2 group and the 
SAH Xe group had a mean histopathological severity score of 3.33 ± 1.70 vs. 3.0 ± 1.60, ***p = 0.4280. (C) In the CA3 regions, a significant difference group-score 
was seen, 4.5 ± 0.76 (SAH N2) vs. 2.71 ± 1.58 (SAH Xe) group, #p = 0.040. (D) The difference was also statistically significant in the DG regions 4.24 ± 1.38 vs. 
3.09 ± 1.28, ##p = 0.040.
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one­way or two­way ANOVA testing followed by the appropri­
ate post hoc test. All data are presented as means ± SD unless 
stated otherwise.

resulTs

Baseline Data
The course of ICP and left side rCBF is illustrated in Figure 4. 
The SAH Xe group reached an overall higher peak in ICP increase 
after SAH induction compared to the control group. However,  
this difference was not statistically significant (p =  0.064). The 
initial decrease in rCBF after SAH induction did not differ signifi­
cantly between the xenon and control group (p = 0.1964).

neuronal cell Damage in h&e  
and neun-stained sections
Routine hematoxylin and eosin staining was used to cytomor­
phologically quantify ischemic damage. Apoptotic neurons 
were clearly demarcated in the cell layers of all four assessed 
hippocampal regions. To compare treatment groups, the 

four scores (0–5) for each hippocampus were summed up 
to obtain a single score per animal between 0 and 20. Sham 
animals presented with mild baseline cell damage in all four 
hippocampal regions. The Sham N2 group had a summed­
up score of 4.5  ±  1.83. The Sham Xe group presented with 
a summed­up score of 10  ±  4.05. The SAH N2 group had a 
summed­up score of 16 ± 2.52, and the SAH Xe group showed 
a summed­up score of 12.71 ± 4.13. These data are presented 
in Figure  5. The xenon­treated SAH group scored a lower 
summed­up score compared to the SAH N2 group, suggesting a 
protective effect of xenon after SAH. These differences proved, 
however, not to be statistically significant (p  =  0.287). There 
was a significant difference between the Sham N2 and SAH N2 
groups (p = 0.0001) illustrating the overall damage caused by 
the induced SAH. For the summed­up scoring, there was no 
significant difference between the Sham Xe and SAH Xe groups 
(p = 0.326). Once comparing individual hippocampal regions, 
it became apparent that the more medial located CA3 and DG 
regions were generally more intensely damaged compared to 
the more lateral located CA1 and CA2 regions. In those regions 
with more pronounced damaged the inter­group differences 
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Figure 6 | Cortical microglial cell count. Software assisted counting of Iba-1 positive cells in four cortical regions. (a) Comparing the summed up absolute cell 
count per animal, the xenon-treated animals showed a lower overall microglial cell count compared to the control groups, *p = 0.1206. (B,c) Regions closer to the 
bleeding source showed a higher number of activated microglia (highest damage in the PLCo1L region) with an increase in the difference between treatment groups 
without statistical significance, **p = 0.1680, #p = 0.1002. (D) The difference in cell count was statistically significant in the left side piriform cortex (pir1 L). 8 ±1.16 
microglial cells were counted in the control group vs. 4 ± 1.07 in the xenon group, ##p = 0.017.

increased. Comparing the CA1 region of the SAH N2 group and 
the SAH Xe group, the mean histopathological severity score 
was 3.33 ± 1.70 vs. 3.0 ± 1.60 (p = 0.428). Whereas comparing 
the CA3 regions in the SAH N2 group, a mean score was yielded 
of 4.5 ± 0.76 vs. 2.71 ± 1.58 in the SAH Xe group (p = 0.040). 
The difference between the SAH N2 and SAH Xe group also 
became statistically significant in the DG regions 4.24 ± 1.38 
vs. 3.09 ± 1.28 (p = 0.040).

Microglial activation in iba-1 stained 
sections
In the brain, ionized calcium­binding adapter molecule 1 (Iba­1) 
is specifically expressed in microglia and, therefore, can be used 
as a robust biomarker for these cell types. Activated microglial 
cells are morphologically characterized by cellular branches and 
are easily identified using confocal microscopy. We determined 
the presence of activated microglia within three cortical regions 
for each hemisphere. Two regions are located at the base of the 
brain, close to the source of the induced hemorrhage (PLCo1 and 
Pir1). One region was chosen more distal to the bleeding source 
in the cranial parietal cortex (Pta). Iba­1­positive cells were 
software­assisted quantified in a HPF, focusing on the center of 

each ROI. In comparison to Sham­operated rats, SAH animals 
showed a clear increase in Iba­1­positive cells in all three cortical 
regions, reflecting the early inflammatory response after SAH. 
Once the absolute cell count of all three regions was summed 
up per animal, it became apparent that xenon­treated animals 
showed a lower overall microglial cell count compared to the 
control groups. See Figure  6. Also in all SAH animals, those 
regions closer to the initial bleeding source (left side Pir1 and 
PLCo1) showed a higher number of activated microglia reflecting 
the spatial distribution of severity of neuronal damage around 
the area of primary hit. This effect has been previously described 
in a rat SAH perforation model (27). In those regions of greater 
damage and microglial activation, the number of microglial cells 
was lower in the xenon­treated animals. This difference was 
statistically significant in the left side pir1 L where an average 
of 8 ± 1.16 microglial cells were counted per HPF in the control 
group vs. 4 ± 1.07 cells in the xenon group, p = 0.017.

DiscussiOn

We investigated the effects of xenon to attenuate EBI in a rat SAH 
model. Although a xenon­mediated protective effect was seen 
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in all hippocampal regions, the protective effect of xenon was 
enhanced in the CA3 and DG regions. Second, we have shown a 
reduction in cortical microglial activity in xenon­treated animals. 
An intraparenchymal accumulation of microglia cells was more 
pronounced in regions closer to the site of vessel perforation. 
This effect has been previously demonstrated in animal as well 
as human tissue samples (28). In this trial by Schneider et  al., 
a centrifugal spreading of microglia accumulation developed 
over time, from the base of the cortex of both hemispheres, 
resembling a wave of intracerebral immune cell activation. 
Similarly, we saw a gradual decrease of microglial activation in 
regions farther away from the site of primary hit. In the base 
of the left hemisphere, the regions with the highest accumula­
tion of inflammatory cells, the immunomodulatory effect of 
xenon was the largest. Microglia plays a major role in the pro­ 
inflammatory cytotoxic response and participates in the immuno­
suppressive processes contributing to further tissue damage (29).  
We postulate a possible immunomodulatory mechanism of xenon 
reducing microglial activation and contributing to a decrease in 
neuronal cell damage.

Although not significant (p = 0.168), it is unclear why the Sham 
Xe group presented a higher summed­up score and thus more 
hippocampal damage, compared to the Sham N2 group. It could 
be that Xenon has no effect on the background damage occurring 
in our Sham animals indicating that the neuropro tective effect of 
Xenon cannot be generalized.

We have previously demonstrated a reduction in mortality 
after argon post­conditioning in a SAH animal model (26). Here, 
we present for the first time the beneficial effect of xenon treat­
ment after experimental SAH with a reduction of hippocampal 
neuronal cell loss and a decrease in cortical microglial cell activity. 
Until now, the neuroprotective effects of xenon have been accred­
ited to the inhibition of the NMDA receptor (30–32). In vitro 
research has shown that NMDA receptor stimulation triggers 
microglia activation and the secretion of neurotoxic factors (33). 
This could very well explain the immunomodulatory mechanism 
observed in our xenon­treated animals. Xenon may be a potential 
clinical treatment for EBI under carefully defined conditions. By 
attenuation of the complex inflammatory mechanisms, some of 
the devastating secondary injuries may be prevented and outcome 
in SAH patients could be improved.

limitations
The primary weakness of our trial was the limited number of 
included animals. We estimated that a higher number of included 
animals could demonstrate a more pronounced therapeutic 
effect. Second, per ROI, only a single HPF was evaluated for cal­
culation of neuronal cell loss (in H&E and NeuN Staining) and 
for the evaluation of microglial activation in Iba­1 staining. In 
the initial trial design, neuronal cell loss was manually counted 
in the entire hippocampus. As the trial continued, we observed 
a good congruence between these results and the estimated 

damage using only a single HPF. Additionally, to estimate neu­
ronal cell loss, we only looked at the right hippocampus. This 
was done because the insertion of the ICP probe on the left side 
caused additional damage to the left hemisphere introducing 
potential bias. ROIs in the left hemisphere were included for the 
assessment of microglial activation since they were located at 
the base of the brain, farther away from the regions of iatrogenic 
damage.

Until now, we did not examine whether the xenon­mediated 
reduction in Iba­1­positive cells coincided with a reduction 
in cortical damage. Because of its higher cell count, estimat­
ing cortical damage is more time consuming but could be 
the focus of future research projects. Additionally, it is worth 
mentioning that Iba­1 is not a specific marker for microglia and 
unspecific binding of the antibody could have compromised  
our results.

cOnclusiOn

This is the first time that a neuroprotective effect of xenon has 
been shown. The effect is potentially mediated by an inhibitory 
effect on microglial activation. Further animal research should 
focus on long­term clinical outcome post Xenon ventilation in 
a SAH model.

eThics sTaTeMenT

The study protocol was approved by the government agency for 
animal use and protection (Protocol number: TVA 10416G1 
approved by “Landesamt für Natur, Umwelt und Verbraucher­
schutz NRW,” Recklinghausen, Germany), all experiments 
were conducted in accordance with the Guide for Care and Use 
of Laboratory Animals (National Research Council, and the 
Committee for the Update of the Guide for the Care and Use of 
laboratory Animals; 8th edition 2011).

auThOr cOnTriBuTiOns

Animal experiments: AH. Data analysis: MV and AH. Manuscript 
drafting: MV. Manuscripts revision and editing: MV, MC, RR, 
HC, BK, and AH. Final approval of the manuscript: MV, MC, 
RR, HC, BK, and AH.

acKnOWleDgeMenTs

We like to thank Rosmarie Blaumeiser­Debarry and Birgit 
Nellessen for their support and technical assistance.

FunDing

This trial was funded by the Start Program, RWTH Aachen. The 
funders had no role concerning study design, data collection and 
analysis, decision to publish, or preparation of the manuscript.

reFerences

1. van den Bergh WM, Dijkhuizen RM, Rinkel GJ. Potentials of magnesium 
treatment in subarachnoid haemorrhage. Magnes Res (2004) 17(4): 
301–13. 

2. Rinkel GJ, Algra A. Long­term outcomes of patients with aneurysmal sub­
arachnoid haemorrhage. Lancet Neurol (2011) 10(4):349–56. doi:10.1016/
S1474­4422(11)70017­5 

3. de Rooij NK, Linn FH, van der Plas JA, Algra A, Rinkel GJ. Incidence of 
subarachnoid haemorrhage: a systematic review with emphasis on region,  

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1016/S1474-4422(11)70017-5
https://doi.org/10.1016/S1474-4422(11)70017-5


8

Veldeman et al. Xenon’s Effect in Subarachnoid Hemorrhage

Frontiers in Neurology | www.frontiersin.org September 2017 | Volume 8 | Article 511

age, gender and time trends. J Neurol Neurosurg Psychiatry (2007) 78(12): 
1365–72. doi:10.1136/jnnp.2007.117655 

4. Macdonald RL, Schweizer TA. Spontaneous subarachnoid haemorrhage. 
Lancet (2017) 389(10069):655–66. doi:10.1016/S0140­6736(16)30668­7

5. Fujii M, Yan J, Rolland WB, Soejima Y, Caner B, Zhang JH. Early brain injury, 
an evolving frontier in subarachnoid hemorrhage research. Transl Stroke  
Res (2013) 4(4):432–46. doi:10.1007/s12975­013­0257­2 

6. Veldeman M, Hollig A, Clusmann H, Stevanovic A, Rossaint R,  
Coburn M. Delayed cerebral ischaemia prevention and treatment after  
aneurysmal subarachnoid haemorrhage: a systematic review. Br J Anaesth 
(2016) 117(1):17–40. doi:10.1093/bja/aew095 

7. Fries M, Brucken A, Cizen A, Westerkamp M, Lower C, Deike­Glindemann J,  
et al. Combining xenon and mild therapeutic hypothermia preserves neuro­
logical function after prolonged cardiac arrest in pigs. Crit Care Med (2012) 
40(4):1297–303. doi:10.1097/CCM.0b013e31823c8ce7 

8. Fries M, Nolte KW, Coburn M, Rex S, Timper A, Kottmann K, et  al.  
Xenon reduces neurohistopathological damage and improves the early  
neurological deficit after cardiac arrest in pigs. Crit Care Med (2008) 36(8): 
2420–6. doi:10.1097/CCM.0b013e3181802874 

9. Sheng SP, Lei B, James ML, Lascola CD, Venkatraman TN, Jung JY,  
et  al. Xenon neuroprotection in experimental stroke: interactions with  
hypothermia and intracerebral hemorrhage. Anesthesiology (2012) 117(6): 
1262–75. doi:10.1097/ALN.0b013e3182746b81 

10. Limatola V, Ward P, Cattano D, Gu J, Giunta F, Maze M, et  al. Xenon  
preconditioning confers neuroprotection regardless of gender in a mouse 
model of transient middle cerebral artery occlusion. Neuroscience (2010) 
165(3):874–81. doi:10.1016/j.neuroscience.2009.10.063 

11. Homi HM, Yokoo N, Ma D, Warner DS, Franks NP, Maze M, et  al.  
The neuroprotective effect of xenon administration during transient middle 
cerebral artery occlusion in mice. Anesthesiology (2003) 99(4):876–81. 
doi:10.1097/00000542­200310000­00020 

12. Chakkarapani E, Dingley J, Liu X, Hoque N, Aquilina K, Porter H,  
et  al.Xenon enhances hypothermic neuroprotection in asphyxiated new  
born pigs. Ann Neurol (2010) 68(3):330–41. doi:10.1002/ana.22016 

13. Hobbs C, Thoresen M, Tucker A, Aquilina K, Chakkarapani E,  
Dingley J. Xenon and hypothermia combine additively, offering long­term 
functional and histopathologic neuroprotection after neonatal hypoxia/
ischemia. Stroke (2008) 39(4):1307–13. doi:10.1161/STROKEAHA.107. 
499822 

14. Martin JL, Ma D, Hossain M, Xu J, Sanders RD, Franks NP, et  al.  
Asynchronous administration of xenon and hypothermia significantly 
reduces brain infarction in the neonatal rat. Br J Anaesth (2007) 98(2):236–40. 
doi:10.1093/bja/ael340 

15. Schuller K, Buhler D, Plesnila N. A murine model of subarachnoid hemor­
rhage. J Vis Exp (2013) 81:e50845. doi:10.3791/50845 

16. Lee JY, Sagher O, Keep R, Hua Y, Xi G. Comparison of experimental rat  
models of early brain injury after subarachnoid hemorrhage. Neurosurgery 
(2009) 65(2):331–43; discussion 43. doi:10.1227/01.NEU.0000345649. 
78556.26 

17. Coburn M, Kunitz O, Baumert JH, Hecker K, Haaf S, Zuhlsdorff A,  
et  al. Randomized controlled trial of the haemodynamic and recovery 
effects of xenon or propofol anaesthesia. Br J Anaesth (2005) 94(2):198–202. 
doi:10.1093/bja/aei023 

18. Coburn M, Baumert JH, Roertgen D, Thiel V, Fries M, Hein M, et  al. 
Emergence and early cognitive function in the elderly after xenon or desflu­
rane anaesthesia: a double­blinded randomized controlled trial. Br J Anaesth 
(2007) 98(6):756–62. doi:10.1093/bja/aem103 

19. Schaefer W, Meyer PT, Rossaint R, Baumert JH, Coburn M, Fries M,  
et  al. Myocardial blood flow during general anesthesia with xenon in  
humans: a positron emission tomography study. Anesthesiology (2011) 114(6): 
1373–9. doi:10.1097/ALN.0b013e3182137d9c 

20. Stoppe C, Fahlenkamp AV, Rex S, Veeck NC, Gozdowsky SC, Schalte G,  
et al. Feasibility and safety of xenon compared with sevoflurane anaesthesia  
in coronary surgical patients: a randomized controlled pilot study. Br J Anaesth 
(2013) 111(3):406–16. doi:10.1093/bja/aet072 

21. Al Tmimi L, Van Hemelrijck J, Van de Velde M, Sergeant P, Meyns B,  
Missant C, et al. Xenon anaesthesia for patients undergoing off­pump coro­
nary artery bypass graft surgery: a prospective randomized controlled pilot 
trial. Br J Anaesth (2015) 115(4):550–9. doi:10.1093/bja/aev303 

22. Hockel K, Trabold R, Scholler K, Torok E, Plesnila N. Impact of anesthesia  
on pathophysiology and mortality following subarachnoid hemorrhage in 
rats. Exp Transl Stroke Med (2012) 4(1):5. doi:10.1186/2040­7378­4­5 

23. Ryang YM, Fahlenkamp AV, Rossaint R, Wesp D, Loetscher PD, Beyer C,  
et al. Neuroprotective effects of argon in an in vivo model of transient middle 
cerebral artery occlusion in rats. Crit Care Med (2011) 39(6):1448–53. 
doi:10.1097/CCM.0b013e31821209be 

24. Bederson JB, Germano IM, Guarino L. Cortical blood flow and cerebral  
perfusion pressure in a new noncraniotomy model of subarachnoid hemor­
rhage in the rat. Stroke (1995) 26(6):1086–91; discussion 91–2. doi:10.1161/ 
01.STR.26.6.1086 

25. Veelken JA, Laing RJ, Jakubowski J. The Sheffield model of subarachnoid 
hemorrhage in rats. Stroke (1995) 26(7):1279–83; discussion 84. doi:10.1161/01.
STR.26.7.1279 

26. Hollig A, Weinandy A, Liu J, Clusmann H, Rossaint R, Coburn M. Beneficial 
properties of argon after experimental subarachnoid hemorrhage: early treat­
ment reduces mortality and influences hippocampal protein expression. Crit 
Care Med (2016) 44(7):e520–9. doi:10.1097/CCM.0000000000001561 

27. Kooijman E, Nijboer CH, van Velthoven CT, Mol W, Dijkhuizen RM, 
Kesecioglu J, et al. Long­term functional consequences and ongoing cerebral 
inflammation after subarachnoid hemorrhage in the rat. PLoS One (2014) 
9(6):e90584. doi:10.1371/journal.pone.0090584 

28. Schneider UC, Davids AM, Brandenburg S, Muller A, Elke A, Magrini S,  
et al. Microglia inflict delayed brain injury after subarachnoid hemorrhage. 
Acta Neuropathol (2015) 130(2):215–31. doi:10.1007/s00401­015­1440­1 

29. Perego C, Fumagalli S, De Simoni MG. Temporal pattern of expression and 
colocalization of microglia/macrophage phenotype markers following brain 
ischemic injury in mice. J Neuroinflammation (2011) 8:174. doi:10.1186/ 
1742­2094­8­174 

30. Harris K, Armstrong SP, Campos­Pires R, Kiru L, Franks NP,  
Dickinson R. Neuroprotection against traumatic brain injury by xenon, but 
not argon, is mediated by inhibition at the N­methyl­D­aspartate receptor 
glycine site. Anesthesiology (2013) 119(5):1137–48. doi:10.1097/ALN. 
0b013e3182a2a265 

31. Armstrong SP, Banks PJ, McKitrick TJ, Geldart CH, Edge CJ, Babla R,  
et al. Identification of two mutations (F758W and F758Y) in the N­methyl­
D­aspartate receptor glycine­binding site that selectively prevent competitive 
inhibition by xenon without affecting glycine binding. Anesthesiology (2012) 
117(1):38–47. doi:10.1097/ALN.0b013e31825ada2e 

32. Banks P, Franks NP, Dickinson R. Competitive inhibition at the glycine 
site of the N­methyl­D­aspartate receptor mediates xenon neuroprotection 
against hypoxia­ischemia. Anesthesiology (2010) 112(3):614–22. doi:10.1097/
ALN.0b013e3181cea398 

33. Kaindl AM, Degos V, Peineau S, Gouadon E, Chhor V, Loron G,  
et  al. Activation of microglial N­methyl­D­aspartate receptors triggers 
inflammation and neuronal cell death in the developing and mature brain. 
Ann Neurol (2012) 72(4):536–49. doi:10.1002/ana.23626 

Conflict of Interest Statement: AH lectured for Air Liquide. RR consulted and 
lectured for Baxter Healthcare and Air Liquide. His institution received grant 
Support from the Deutsche Forschungsgemeinschaft, Baxter Healthcare, and Air 
Liquide. All remaining authors have no potential conflict of interest to declare.

Copyright © 2017 Veldeman, Coburn, Rossaint, Clusmann, Nolte, Kremer and Höllig. 
This is an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums 
is permitted, provided the original author(s) or licensor are credited and that the 
original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1136/jnnp.2007.117655
https://doi.org/10.1016/S0140-6736(16)30668-7
https://doi.org/10.1007/s12975-013-0257-2
https://doi.org/10.1093/bja/aew095
https://doi.org/10.1097/CCM.0b013e31823c8ce7
https://doi.org/10.1097/CCM.0b013e3181802874
https://doi.org/10.1097/ALN.0b013e3182746b81
https://doi.org/10.1016/j.neuroscience.2009.10.063
https://doi.org/10.1097/00000542-200310000-00020
https://doi.org/10.1002/ana.22016
https://doi.org/10.1161/STROKEAHA.107.
499822
https://doi.org/10.1161/STROKEAHA.107.
499822
https://doi.org/10.1093/bja/ael340
https://doi.org/10.3791/50845
https://doi.org/10.1227/01.NEU.0000345649.78556.26
https://doi.org/10.1227/01.NEU.0000345649.78556.26
https://doi.org/10.1093/bja/aei023
https://doi.org/10.1093/bja/aem103
https://doi.org/10.1097/ALN.0b013e3182137d9c
https://doi.org/10.1093/bja/aet072
https://doi.org/10.1093/bja/aev303
https://doi.org/10.1186/2040-7378-4-5
https://doi.org/10.1097/CCM.0b013e31821209be
https://doi.org/10.1161/
01.STR.26.6.1086
https://doi.org/10.1161/
01.STR.26.6.1086
https://doi.org/10.1161/
01.STR.26.7.1279
https://doi.org/10.1161/
01.STR.26.7.1279
https://doi.org/10.1097/CCM.0000000000001561
https://doi.org/10.1371/journal.pone.0090584
https://doi.org/10.1007/s00401-015-1440-1
https://doi.org/10.1186/
1742-2094-8-174
https://doi.org/10.1186/
1742-2094-8-174
https://doi.org/10.1097/ALN.
0b013e3182a2a265
https://doi.org/10.1097/ALN.
0b013e3182a2a265
https://doi.org/10.1097/ALN.0b013e31825ada2e
https://doi.org/10.1097/ALN.0b013e3181cea398
https://doi.org/10.1097/ALN.0b013e3181cea398
https://doi.org/10.1002/ana.23626
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Xenon Reduces Neuronal Hippocampal Damage and Alters the Pattern of Microglial Activation after Experimental Subarachnoid Hemorrhage: A Randomized Controlled Animal Trial
	Introduction
	Background

	Materials and Methods
	Study Design
	Ethical Statement
	Animals
	Experimental Procedure
	Histology/Immunohistochemistry
	Neuronal Cell Damage
	Microglial Activation
	Experimental Outcomes
	Statistical Methods

	Results
	Baseline Data
	Neuronal Cell Damage in H&E and NeuN-Stained Sections
	Microglial Activation in Iba-1 Stained Sections

	Discussion
	Limitations

	Conclusion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	References


