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Abstract
Background: Perioperative damage of neuronal tissue due to insu�cient cerebral circulation as a result of
hypotension or stroke, lead to permanent destruction and functional impairment via apoptotic and
in�ammatory pathways. Recently, the noble gas argon has been shown to exert neuroprotective effects.
Despite intensive research, the exact mechanism remains unclear.

Methods: In-vitro, after injury of human neuroblastoma cells with rotenone over a period of four hours,
postconditioning with argon 75 Vol% was performed for 2. In-vivo, retinal ischemia reperfusion injury in
the rat was induced by increasing intraocular pressure for 1 hour (h). Upon reperfusion, argon was
administered by inhalation for 2 h.

Results: In summary, argon reduced binding activity of transcription factors involved in regulation of
neuronal damage such as STAT3 (Signal transducer and activator of transcription 3), NF-kB (Nuclear
factor `kappa-light-chain-enhancer´ of activated B-cells), AP-1 (Activator protein 1) and Nrf-2 (Nuclear
factor erythroid 2-related factor 2). Flow cytometry analysis showed that argon down-regulated the Fas-
Ligand. Since some of these transcription factors were regulated via toll-like receptors (TLR), their effects
could be eliminated - at least in part - by OxPAPC (TLR2 and -4 inhibitor). Argon was able to reduce the
quantity and the activity of neuronal microglia after ischemia-reperfusion injury. Consecutively, qPCR
(quantitative Polymerase chain reaction) showed a reduction of the pro-in�ammatory cytokines IL-1α
(Interleukin-1α), IL-1ß (Interleukin-1ß), IL-6 (Interleukin 6), TNFα (Tumor necrosis factor alpha) and iNOS
(inducible Nitric oxide synthase).

Conclusion: Argon reduced the extent of in�ammation after neuronal injury by suppression of
transcription factors crucial for microglia activation. The therapeutic use of the noble gas would be ideal
for treating in the context of neuronal damage due to the lack of known side effects and narcotic
properties with preservation of neurological assessability. Although preclinical studies are promising,
further investigations are required before argon can be approved for use in patients.

Introduction
Cerebral ischemia and reperfusion injury is associated with deterioration of neuronal tissue and increased
functional disability or mortality. Reduced blood supply may occur due to anesthesia or surgery.
Postoperatively, severe impairments can manifest with delirium, cognitive dysfunction or even stroke.(1)
At the molecular level in�ammation, oxidative stress and apoptosis play an important role in this
disastrous process.(2) Due to the limited regenerative potential of neurons, ischemia and reperfusion
injury is a major cause of morbidity and mortality.(3)

Since most therapeutic innovations failed to prove signi�cant bene�ts, the noble gas argon has attracted
attention as a novel therapeutic intervention in recent years.(4–6) Various ex-vivo and in-vivo studies
have described argon´s protective effects on neuronal tissue.(5–12) However, the underlying molecular
mechanism has not been elucidated so far. We recently demonstrated that argon postconditioning
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mediated anti-apoptotic effects in-vivo.((5) Zhuang et al. were able to show the impact of argon on anti-
apoptotic signaling in-vivo, shown by increased Bcl–2/Bcl-xL (B-cell lymphoma–2/xL) and decreased
Bax (Bcl–2-associated x protein) levels.(13) Moreover, argon´s neuroprotection is based on the activation
of ERK1/2 (Extracellular regulated kinase 1/2), consequently leading to reduced expression of heme-
oxygenase–1.(6) Concurrent with the work by Fahlenkamp et al. argon exposure led to an increased ERK
phosphorylation and a signi�cantly decreased IL–1β protein expression in-vitro, indicating argon´s anti-
in�ammatory properties.(11)

We demonstrated that argon partly mediates its protective effects via the inhibition of toll-like receptors 2
and 4.(14) There is some evidence that not only NF-κB but also STAT3 are involved in toll-like receptor
downstream signaling and might be affected by argon treatment after neuronal damage.(5, 15, 16)
Microglia represent the resident immune cells of the central nervous system that are involved in the
defense against brain damage. Their morphology and functional changes are related to signaling
molecules that are released in response to injurious stimuli such as stroke. Microglia is involved in the
elimination of dead neuronal cells and restoration of the delicate milieu within the central nervous
system. However, when excessively activated by damage-associated molecular patterns after an injury
such as stroke, they can produce large quantities of pro-in�ammatory cytokines that may negatively
affect neuronal cells and neurogenesis.(17) Recently, Liu and colleagues were able to demonstrate that
argon mitigated brain damage, reduced excessive microglia activation and subsequently attenuated
in�ammation.(18)

We thus hypothesize that argon exerts neuroprotection by modulation of TLR downstream transcription
factors NF-κB, STAT3, AP–1 und Nrf–2 consequently altering microglia activation as well as a differential
cytokine release in-vitro and in-vivo.

Materials And Methods

Reagents
Rotenone was freshly prepared and dissolved in dimethylsulfoxid (DMSO) prior to the experiments.
DMSO concentration in cell culture media did not exceed 0.5%. Argon was purchased in �xed gas
mixtures (argon 75 Vol%, oxygen 21%, CO2/rest nitrogen) from Air Liquide (Kornwestheim, Germany). The
TLR2 and –4 inhibitor OxPAPC (#tlrl-oxpap1), rotenone, DMSO were obtained from Sigma Aldrich (St.
Louis, MO, USA).

Cell culture and treatment
Cells of a neuroblastoma cell line (SH-SY5Y; ATCC No. CRL–2266) were grown in DMEM/F12 medium
(GIBCO Life Technologies, Darmstadt, Germany)—supplemented with 1% penicillin/streptomycin and 10%
fetal calf serum—in a humidi�ed atmosphere with 5% carbon dioxide at 37°C constant temperature until
80% con�uence was achieved. The cells were seeded in 6 well culture plates at a density of
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approximately 1.5 x 105 per well 48 h prior to individual treatment. Prior to rotenone treatment, cells were
transferred into media containing 1% fetal calf serum, to prevent inactivation of rotenone by protein
binding. After 4 h of rotenone-treatment, cells were exposed either to room air or gas mixtures containing
argon 75 Vol% for 2 h in an air-sealed chamber. Argon treatment was initiated immediately after 4 h
rotenone-treatment. The TLR2 and –4 inhibitor (OxPAPC) was added 60 minutes prior to rotenone
treatment. Cells were collected immediately after argon treatment for analysis.

Transcription factor-binding ELISA
DNA-binding activity of STAT3, NF-κB, Nrf–2 and AP–1 family were analysed using a DNA-binding ELISA
following the manufacturer’s instruction (STAT3: #45196, NF-κB: #40096, Nrf–2: #50296; AP–1 family:
#44296 TransAM® Kit, ActiveMotif, Rixensart, Belgium). OD was analysed at 450 nm on a microplate
reader (Tecan®, Männedorf, Switzerland) to determine DNA-binding activity of the transcription factors.

Flow cytometry of Fas Ligand (FasL)
Cells were washed in cold phosphate-buffered saline, trypsinized and resuspended in 100 µl binding
buffer (0.01 M HEPES, 0.14 M NaCl, 2.5 mM CaCl2, pH 7.4). Staining for Fas-Ligand was performed using
FITC (Fluorescein isothiocyanate) conjugated Anti-Fas Ligand antibody (Abcam, #ab10511; 1:40)
Samples were incubated at room temperature for 15 min before 400 µl of binding buffer was added.
Flow-cytometric analysis was done using an acoustic focusing cytometer (Attune®, Life Technologies,
Darmstadt, Germany). Unstained and single stained cells served as negative controls for background
�uorescence and for the set-up of compensation and quadrants.

Animals
Adult male and female Sprague-Dawley rats (1:1, 280–350g bodyweight, Charles River, Sulzfeld,
Germany) were used in these experiments. Animals were fed with a standard diet ad libitum, being kept
on a 12-h light/12-h dark cycle. All procedures involving the animals concurred with the statement of The
Association for Research in Vision and Ophthalmology for the use of animals in research and were
approved a priori by the Committee of Animal Care of the University of Freiburg (Permit No: 35–
9185.81/G14–122). All types of surgery and manipulations were performed as previously described.(5, 6)
The number of animals used for molecular analysis was n = 8 for each intervention and group. For
analysis of mRNA- and protein-expression retinal tissue was harvested at t = 24 h after argon treatment.

Retinal ischemia/reperfusion injury and argon treatment
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Rats were anesthetized intraperitoneally and the anterior chamber of the left eye was cannulated with a
30-gauge needle connected to a reservoir containing 0.9% NaCl (sodium chloride) as previously
described.(5, 19, 20) Intraocular pressure was increased to 120 mm Hg for 60 minutes and ocular
ischemia was con�rmed microscopically by interruption of the retinal circulation. Rats without immediate
recovery of retinal perfusion at the end of the ischemic period or those with lens injuries were excluded
from the investigation, since the latter prevents RGC (Retinal ganglion cell) death and promotes axonal
regeneration. To evaluate a neuroprotective effect of inhalative argon, animals were randomized to
receive treatment either with room air or with room air supplemented with argon 75 Vol% (21% oxygen,
rest nitrogen) for 60 minutes in an air-sealed chamber. Postconditioning treatment was initiated
immediately following retinal IRI (Ischemia/reperfusion injury). The TLR2 and –4 inhibitor OxPAPC (1.5
mg/kg) was administered 60 min prior retinal IRI via an intravenous catheter inserted into the tail vein.

Real time polymerase chain reaction
From retinal tissue harvested 24 h after ischemia, total RNA from ¼ of retina was extracted using a
column-puri�cation based kit (RNeasy Micro Kit, Qiagen, Hilden, Germany) according to the manufacturer
´s instructions. In cell culture approximately 2 x 106 were washed, trypsinized and processed as described
above.

Reverse transcription was performed with 50 ng of total RNA using random primers (High Capacity cDNA
Reverse Transcription Kit, Applied Biosystems, Darmstadt, Germany). Real time polymerase chain
reactions (RT-PCR) were done with TaqMan® probe-based detection kit (TaqMan® PCR universal
mastermix, Applied Biosystems, Darmstadt, Germany). Following primers were used: IL–1α
Rn00566700_m1, IL–1β Rn00580432_m1, IL–6 Rn01410330_m1, TNFα Rn01525859_g1, eNos
Rn02132634_s1, iNos Rn00561646_m1 (all from Applied Biosystems, Darmstadt, Germany). The PCR
assays were then performed on a RT-PCR System (StepOneTM, Applied Biosystems, Darmstadt, Germany)
with the following conditions: 95°C for 10 min, 40 cycles of 95°C for 10 sec and 60°C for 1 min. Reaction
speci�city was con�rmed by running appropriate negative controls. Cycle threshold (CT) values for each
gene of interest were normalized to the corresponding CT values for GAPDH (ΔCT). Relative gene
expression in IR injured retinal tissue either with argon or room air was calculated in relation to the
corresponding gene expression in the non-injured retinal tissue of each individual animal (ΔΔCT).

Immunoperoxidase labeling
After �xation, we performed immunoperoxidase labeling as previous described.(21) Brie�y, after
enucleation retinae were dissected and �at-mounted on a nitrocellulose �lter with the photoreceptor layer
side up. Specimen were immersed in 1% H2O2 (Sigma, St. Louis, MO, USA) and then incubated in 2.28%
sodium m-periodate (Sigma, St. Louis, MO, USA) and 0.02% sodium borohydride (Sigma, St. Louis, MO,
USA). After blocking with 10% normal goat serum in PBS plus 0.5% triton X–100 for 1 hour, retinae were
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incubated for 3 days at 4°C under agitation with the primary antibody mouse anti-rat integrin alpha M
(CD11b) clone OX–42 (1:500; Chemicon, Temeluca, CA, USA). After washing, specimens were incubated
for 1 day at 4°C in biotinylated goat anti-rabbit secondary IgG antibody (dilution 1:100). Then, retinae
were washed and transferred to a solution of avidin-biotin-peroxidase complex (ABC) (Elite ABC kit, Vector
Laboratories Ltd, Cambridgeshire, UK). Finally, retinae were preincubated with 3,3′-diaminobenzidine
tetrahydrochloride (DAB, Sigma, St. Louis, MO, USA; 0.5 mg/ml in PB) for 10 minutes in the dark under
agitation and further incubated with fresh DAB solution with 0.033% H2O2 and 0.025% ammonium nickel
(II) sulfate hexahydrate (Sigma, St. Louis, MO, USA) according to manufacturer´s instructions. Washing
with distilled water stopped the DAB reaction. Whole retinas were �at-mounted in Citi�uor (Citi�uor Ltd;
London, UK) and covered for optical microscopy.

Immunohistochemical staining
Immunohistochemistry was performed to identify Iba–1 expressing cells in the retina 24 h after
intervention. Rat eyes (n = 4 per group) were enucleated and retinal tissue was immediately harvested,
placed in ice-cold Hank´s balanced salt solution and further processed for whole mount preparation.
Retinae were carefully placed on a nitrocellulose membrane with the ganglion cell layer (GCL) on top.
After removing the vitreous body, retinae were �xed in 4% paraformaldehyde for 1h. Immunolabeling was
performed according to standardized protocols with monoclonal antibodies against Iba–1 (#ab15690;
dilution 1:150; Abcam; Cambridge, UK). Primary antibodies were then conjugated with their corresponding
secondary antibody (green �uorescence: Alexa Fluor 488, goat anti-mouse, dilution 1:1000 Jackson
ImmunoReaserch Europe, 115–545–003). The nuclei of cells in the retina were stained with 40, 6-
diamino–2-phenylindole dihydrochloride hydrate (Sigma, Taufkirchen, Germany) added to the embedding
medium (Mowiol; Calbiochem, San Diego, CA, USA) and stored at +4°C.

Analysis of microglia
Three-dimensional confocal laser scanning microscope overview and close-up images were performed
with a LSM 510 device (Carl Zeiss, Jena, Germany) at 20x and 40x magni�cation, respectively. Z-stack
images were subjected to deconvolution using HuygensEssential 1605p5 software (SVI, Hilversum,
Netherland). For representative purpose, all images form each Z-stack were either focal plane merged
(overview images) or 3D reconstituted (close-up images) using Imaris 8.3.0 image analysis software
(Bitplane, Zurich, Switzerland).

Quanti�cation and histogram analysis of immunostained images was performed using the ImageJ open
source software (ImageJ, Versiob 2.00-rc–44/1.50e, open source image processing software). Fractal
dimensions for the quanti�cation of microglia rami�cation was measured by 3D Fractal Count plugin
(https://imagej.nih.goc/ij/plugins/fraclac/fraclac.html). Solidity (area/convex area), convexity (convex

https://imagej.nih.goc/ij/plugins/fraclac/fraclac.html
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perimeter/perimeter) and formfactor (4π area/perimeter2) were analyzed using the shape descriptor
plugin for ImageJ.

Statistical analysis
Data was analyzed using a computerized statistical program (SigmaPlot Version 11.0, Systat Software
Inc., San Jose, CA, USA). The results are presented as means ( SD) after normal distribution of data had
been veri�ed. One-way ANOVA was used for between-group comparisons with post hoc Holm-Sidak test
or Kruskal Wallis test for data with lack of normal distribution. P<0.05 was considered statistically
signi�cant.

Results

Argon reduced binding activity of STAT3 and NF-κB
At �rst, human neuroblastoma cells (SH-SY5Y) were exposed to rotenone, a substance that blocks the
mitochondrial respiratory chain and induces apoptosis. Rotenone increased STAT3 and NF-kB binding
activity signi�cantly (Fig. 1a+b; *** = p<0.001). Following exposition to argon for another two hours,
activity could be reduced or, in the case of NF-kB, even completely eliminated (Fig. 1a+b; * = p<0.05, *** =
p<0.001). Argon alone showed no effect while the TLR2 and –4 receptor antagonist OxPAPC was able to
reverse argon´s effect (Fig. 1a+b; * = p<0.05, *** = p<0.001).

Argon reduced binding activity of Nrf–2
In a next series of experiments, the treatment of SH-SY5Y cells with rotenone resulted in a signi�cant
increase in Nrf–2 binding activity (Fig. 1c; *** = p<0.001). Subsequently, treatment of cells with argon
mitigated the effect of rotenone leading to a decreased transcriptional activity of Nrf–2 (Fig. 1c; *** =
p<0.001). However, argon alone showed no impact on Nrf–2 DNA binding. Again, OxPAPC almost
completely eliminated the effect of argon (Fig. 1c; *** = p<0.001).

Argon decreased Fas-Ligand (FasL) surface expression
To discover whether argon has an impact on FasL we performed FACS-analyses. In SH-SY5Y cells,
exposition to rotenone resulted in an increased surface expression of Fas-Ligand (Fig. 1d; ** = p<0.01).
Immediate argon treatment reduced the effect of rotenone and diminished FasL surface density while
argon alone showed no effect (Fig. 1d; *** = p<0.001).

Argon differentially activated AP–1 proteins
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Unlike described previously, AP–1 transcription proteins were differentially activated in SH-SY5Y cells
since rotenone did not change DNA binding activity of JunD and c-Fos (Fig. 2b+d), but increased Fra–1
and c-Jun signi�cantly (Fig. 2a+c; *** = p<0.001). However, the increase of FosB and JunB activity did not
reach statistical signi�cance (Fig. 2e+f). Our results showed that argon alone had no impact on AP–1
proteins at all (Fig. 2a-f). Interestingly, TLR2 and –4 signaling inhibitor OxPAPC could not remove argon´s
effect on DNA-binding activity for Fra–1 and c-Jun (Fig. 2a+c).

Argon inhibited the release of in�ammatory cytokines in
vivo
In a next set of experiments, we examined whether argon has an impact on various in�ammatory
cytokines in-vivo. As a result of retinal ischemia reperfusion injury retinal mRNA expression of IL–1α, IL–
1β, IL–6, TNF-α and iNOS were increased in the rat compared to untreated control eyes (Fig. 3a-f). We
were able to show that a period of two hours of argon exposition immediate after reperfusion decreased
IRI mediated cytokine expression signi�cantly (Fig. 3a-e; * = p<0.05, ** = p<0.01). Moreover, pretreatment
with TLR2 and –4 signaling inhibitor OxPAPC partly abolished argon´s effect on cytokine expression (Fig.
3a-e; * = p<0.05, ** = p<0.01). It is interesting to note that retinal IRI did not to have an impact on eNOS
mRNA expression.

Argon attenuated microglia activation in vivo
Following retinal ischemia-reperfusion injury in rats we performed enucleation and extracted whole
mount specimen. Immediately after IRI, immunoperoxidase labeling and immunohistological staining
with Iba–1 showed increased number of microglial cell bodies as well as a thickening of the cell bodies
and an asymmetric distribution of the extensions as a consequence of microglial activation (Fig. 4a+b,
Fig. 5a+b; *** = p<0.001). Clearly, argon treatment for two hours suppressed microglial activation (Fig. 4c,
5a+b; * = p<0.05). Treatment with OxPAPC before IRI partly abolished the anti-in�ammatory effects of
argon (Fig. 4d, 5a+b; *** = p<0.001).

Discussion
The main �ndings of this in-vitro and in-vivo study, validating argon´s effect on microglia including
subsequent anti-in�ammatory properties can be summarized as follows: After injury of human
neuroblastoma cells by rotenone in-vitro, argon (1) reduced the binding activity of the transcription
factors STAT3, NF-κB and Nrf–2 and (2) affected subunits of the transcription factor AP–1 differentially.
(3) Argon also diminished the surface expression of the Fas-Ligand, a cytokine that induces apoptosis.
(4) In-vivo, argon inhibited the activation of retinal microglia cells after ischemia-reperfusion damage with
subsequent suppression of (5) retinal mRNA expression of in�ammatory cytokines and iNOS. This effect
could be reversed by the TLR2- and –4 signaling inhibitor OXPAPC.
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It has been shown in different neuronal injury models that the destruction of neuronal tissue leads to a
release of calcium and reactive oxygen radicals, stimulating different transcription factors such as
STAT3, NF-kB and AP–1, which in turn regulate the expression of proteins responsible for either cell
survival or death.(22) Nuclear Factor Erythroid 2-related factor 2 (Nrf–2) is a transcription factor whose
inhibition has been associated with neuroprotective mechanisms, too. It has recently been the focus in
studies regarding stroke and other neurological diseases.(23) Transcription factors are involved in the
development of cerebral in�ammation and contribute to secondary neurological injury. Microglia as the
resident macrophages of the brain responsible for monitoring the microenvironment, are activated
following neuronal damage and may trigger a release of in�ammatory cytokines. At this state, the
number of microglia cells is increasing with concomitant change in their morphology: the cell body
thickens taking on an amoeboid shape and asymmetrical distribution of the processes is detectable.(24)

In previous experiments we have shown that argon affects Toll-like receptors (TLR) 2 and 4, which play
an important role in neuroprotection.(14, 25) Now we were able to demonstrate in-vitro that argon reduced
binding activity of TLR downstream transcription factors such as STAT3, NF-κB and Nrf–2. For this,
human neuroblastoma cells were treated with rotenone, an inhibitor of the mitochondrial respiratory
chain, inducing neuronal cell death. To some extent, this effect could be reversed administrating Toll-like
receptor–2 and 4 inhibitor OxPAPC. The situation is different with proteins of the transcription factor AP–
1, which are only activated in part and cannot be antagonized by OxPAPC, suggesting that another
mechanism is involved.

Although studies have shown an association with neuronal markers and anti-apoptotic proteins like
MAP–2 and BCL–2, which would suggest a correlation with neuronal survival, there are studies that link
STAT3 activation to neuronal cell death.(26) Con�rmed in a recent study by Ito et al. investigating the
in�uence of regulatory T cells on ischemic brain damage, stroke induced STAT3 activation, which was
reduced by intraventricular injection of the protective amphiregulin released by regulatory T-cells and
contributed to neuroprotection.(27) A correlation between neuroprotection and downregulation of NF-κB
in association with Toll-like receptors has been demonstrated in the following studies: Hwang et al. were
able to show that NF-κB provided neuroprotective effects via TLR4 in rats after cerebral ischemia and
postconditioning with sevo�urane.(28) Nalamolu con�rmed the contribution of Toll-like receptors (2 and
4) after focal cerebral ischemia in rats. A knockdown of TLR2 and –4 prevented an upregulation of
downstream pathways including NF-κB and subsequent release of in�ammatory cytokines, thereby
reducing infarct size and swelling.(29)

Nrf–2 is considered an important element in the protection against neuronal in�ammation, controlling the
release of antioxidant substances and in�uencing the activation of microglia.(30) Our study showed a
signi�cant reduction of Nrf–2 due to argon application. This is considered a potent mediator of organ
protection as it upregulates the expression of a variety of antioxidant enzymes during oxidative stress.
This is contradictory to a study by Zhao et al., who found an activation of Nrf–2 in argon-mediated
neuroprotection after hypoxic-ischemic brain damage.(31) The reason for this may be that Zhao et al.
supplied argon over a period of 24 hours after oxygen-glucose withdrawal and processed and analyzed
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the cells after this time interval. In contrast to our study, after rotenone over 4 hours we added argon for
another two hours and removed the cells immediately afterwards. It is tempting to speculate, that here the
decisive factor is the time interval and Nrf–2 activation can only be detected at a later point of time after
neuronal injury.

In vitro, we were able to demonstrate the contribution of some of the subunits of the AP–1 transcription
factor. Rotenone led to activation of Fra–1 and c-Jun, while JunD, C-Fos, FosB and JunB showed no
changes. Argon attenuated their binding activity signi�cantly. Interestingly, OxPAPC could not reverse
argon´s effect, suggesting that there is another mechanism involved that is independent of the toll-like
receptors TLR2 and –4. According to the literature, proteins of AP–1 group are involved in processes of
neurodegeneration and neuroregeneration. In particular, c-Jun as a product of the mitogen-activated
protein kinase JNK is stimulated in apoptotic neuronal processes and inhibition is associated with
neuroprotection according to numerous studies.(32) In a rat stroke model, the JNK/c-Jun pathway
contributed to cerebral ischemia-reperfusion injury. Subsequently, an increase of the apoptosis-inducing
cytokine Fas-L was detected, which is a central component of the JNK-pathway.(33)

Transcription factors play a crucial role in the activation of cerebral microglia: A strong induction by
STAT3(34) and pro-in�ammatory pathways such as NF-kB(35) and AP–1(36) as well as involvement of
antioxidant regulator Nrf–2(37) are known. For this reason we have examined the retinal microglia in
more detail in-vivo: After retinal ischemia-reperfusion damage due to increased intraocular pressure,
immunoperoxidase staining showed an increased number of retinal microglial cells as a sign of
activation. Furthermore, the immunohistological staining with Iba–1 exhibited a thickening of cell bodies
as well as an asymmetric distribution of the extensions as morphological hallmarks of activation.
Microglia activation resulted in an increased release of proin�ammatory cytokines such as IL–1ß, IL–6,
TNFα und iNOS. The inhalation of argon after ischemia-reperfusion damage signi�cantly reduced the
activation of retinal microglia. Although the neuroprotective effect of argon has now been demonstrated
in a number of in-vitro and in-vivo models, the mechanism of action has not yet been fully clari�ed. In
previous studies we were able to demonstrate the in�uence of argon on receptors of the innate immune
system (toll-like receptors 2 and –4) and subsequently on the mitogen-activated protein kinase ERK1/2
as well as a downregulation of the pro-in�ammatory cytokine interleukin–8. In 2012, Fahlenkamp et al.
investigated the in�uence of argon on the microglial cell line BV–2 in-vitro, where argon led to an increase
in ERK1/2 phosphorylation. After LPS application, argon had no signi�cant effect on ERK1/2 but on the
release of the pro-in�ammatory cytokine IL–1ß.(11) In another in-vitro model, Zhang et al. found out that
argon - after damage to cortical neuronal cells by OGD - attenuated cell death and reduced the expression
of pro-in�ammatory cyokines TNF-α and IL–6. In-vivo, Fahlenkamp et al. showed in 2014 that argon has
no effect on the number of microglial cells in the rat during a temporary occlusion of the middle cerebral
artery, although rami�cation of microglia was not further investigated. Furthermore, an expression
analysis showed only a reduction of CD3 by argon and even an increase in the in�ammatory cytokines
IL–1ß and IL–6.(38) A recent study by Liu et al. con�rmed the in�uence of argon on cerebral microglia:
The study showed that argon improved neurological outcome in a rat stroke model, signi�cantly
suppressing microglia activation and promoting M2 microglia/macrophage polarization, resulting in anti-



Page 11/21

in�ammatory function.(18) This study showed that ischemia-reperfusion injury caused morphological
alterations of retinal microglia forming thickened extensions. In addition, the number of retinal microglial
cells increased signi�cantly. Argon reduced both the morphological changes and the density of retinal
microglial cells, which indicates a reduced activation. Moreover, argon reduced the release of iNOS as a
marker of the pro-in�ammatory microglia phenotype.(39)

Conclusions
In summary, these in-vitro and in-vivo �ndings provide new insights into the molecular mechanism by
which argon exerts its neuroprotective effects. Given the fact, that argon is a non-toxic, easy to apply and
low-cost volatile substance, it is most tempting to speculate about its use in human clinical trials, for
example as a treatment option in stroke therapy or after central-retinal ischemia. Furthermore, the
inhibition of TLRs and its consequent down-regulation of the pro-in�ammatory cytokines may open up
new therapeutic strategies, not only in neuroprotection, but in a variety of other diseases. Apart from other
gaseous molecules (i.e. carbon monoxide, nitric oxide or hydrogen sul�de) argon seems to be a new and
promising compound to be used in organ protection.
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AP–1Activator Protein 1

BaxBcl–2-associated x protein
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Figures

Figure 1

Argon reduced STAT3 and NF-κB DNA-binding activity after rotenone (A, B). STAT3 and NF-kB showed an
increased binding activity after IRI (n = 6; mean ± SD; STAT3: native 0.101±0.015 vs. rotenone
0.163±0.013; ***=p<0.001; NF-κB: native 0.113±0.016 vs. rotenone 0.241±0.015; ***=p<0.001) which
could be signi�cantly reduced by argon or almost completely eliminated in the case of NF-kB (n = 6; mean
± SD; STAT3: rotenone 0.163±0.013 vs. rotenone+argon 0.144±0.011; *=p<0.05; NF-κB: rotenone
0.241±0.015 vs. rotenone+argon 0.194±0.018; ***=p<0.001). Argon alone had no effect (n = 6; mean ±
SD; STAT3: native 0.101±0.015 vs. argon 0.111±0.014; p=0,211; NF-κB: native 0.113±0.016 vs. argon
0.137±0.019; p=0.061). Previous application of OxPAPC had no effect on cells treated with rotenone (n =
6; mean ± SD; STAT3: rotenone 0.163±0.013 vs. OxPAPC+rotenone 0.169±0.014; p=0,45; NF-κB: rotenone
0.241±0.015 vs. OxPAPC+rotenone 0.244±0.013; p=0.828). However, OxPAPC neutralized the effect of
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argon after IRI (n = 6; mean ± SD; STAT3: rotenone+argon 0.144±0.012 vs. OxPAPC+rotenone+argon
0.161±0.014; *=p<0.05; NF-κB: native 0.113±0.016 vs. OxPAPC+rotenone+argon 0.238±0.028;
***=p<0.001). Argon decreased Nrf-2 DNA binding activity (C). DNA binding ELISA of Nrf-2 activity after
rotenone treatment and argon (75 Vol%, 2 h) fumigation (n = 6; mean ± SD; native 0.36±0.03 vs. rotenone
0.59±0.04; rotenone 0.59±0.04 vs. rotenone+argon 0.46±0.04; both *** = p<0.001. OxPAPC abolished
Argon´s effect. (n = 6; mean ± SD; rotenone+argon 0.46±0.04 vs. OxPAPC+rotenone+argon 0.61±0.03;
***=p<0.001). Argon reduced FasL surface expression (D). FACS analysis of FasL density on the cell´s
surface (n = 8; mean ± SD; rotenone 2.00±0.42 vs. rotenone+argon 1.53±0.23; **=p<0.01; untreated was
set to 1 vs. rotenone 2.00±0.42; ***=p<0.001).

Figure 2

Argon differentially regulated AP-proteins. (A-F) DNA binding ELISA of Fra-1, c-Jun, FosB, JunB, JunD and
c-Fos after rotenone (n = 6; mean ± SD; Fra-1: native 0.77±0.11 vs. rotenone 1.89±0.12; c-Jun: native
2.15±0.24 vs. rotenone 3.15±0.25; both ***=p<0.001; FosB: native 0.19±0.02 vs. rotenone 0.23±0.02;
JunB: native 0.25±0.03 vs. rotenone 0.33±0.08; c-Fos: native 1.05±0.13 vs. rotenone 0.99±0.11; JunD:
native 2.14±0.11 vs. rotenone 2.22±0.34; all not signi�cant), argon (n = 6; mean ± SD; Fra-1: rotenone
1.89±0.12 vs. rotenone+argon 1.05±0.1; c-Jun: rotenone 3.15±0.25 vs. rotenone+argon 2.52±0.19; both
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***=p<0.001) and OxPAPC (n = 6; mean ± SD; Fra-1: rotenone+argon 1.05±0.1 vs.
OxPAPC+rotenone+argon 1.02±0.09; c-Jun: rotenone+argon 2.52±0.19 vs. OxPAPC+rotenone+argon
2.20±0.25; both not signi�cant).

Figure 3

Argon attenuated IRI mediated mRNA-expression of various pro-in�ammatory cytokines. (A-F) Analysis of
retinal IL-1α, IL-1β, IL-6, TNFα, iNOS mRNA expression using qPCR. Fold induction in retinal tissue
compared to GAPDH in relation to the corresponding non-ischemic retinae after treatment with and
without argon (n = 6; mean ± SD; IL-6: IRI 7.69±1.01 vs. IRI+argon 5.13±1.28, **=p<0.01; IL-1α: IRI
6.42±1.56 vs. IRI+argon 3.46±1.40; IL-1β: 5.93±1.35 vs. IRI+argon 3.08±1.67; TNFα: IRI 8.07±1.59 vs.
IRI+argon 5.06±1.83; iNOS: IRI 7.31±1.99 vs. IRI+argon 4.45±1.36; all *=p<0.05; eNOS: IRI 1.41±0.34 vs.
IRI+argon 1.61±0.37, not signi�cant) and OxPAPC (n = 6; mean ± SD; IL-1α: IRI+argon 3.46±1.40 vs.
OxPAPC+IRI+argon 6.04±1.56; IL-1β: IRI+argon 3.08±1.67 vs. OxPAPC+IRI+argon 6.05±1.91; IL-6:
IRI+argon 5.13±1.28 vs. OxPAPC+IRI+argon 6.97±1.42; TNFα: IRI+argon 5.06±1.83 vs. OxPAPC+IRI+argon
7.69±2.09; iNOS: IRI+argon 4.45±1.36 vs. OxPAPC+IRI+argon 7.27±1.55; all *=p<0.05).
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Figure 4

Representation of Microglia with a three-dimensional laser scanning microscope overview and close-up
images. Retinal whole-mount specimen with immunohistochemical Iba-1 staining (A) in the control eye
without intervention, (B) after ischemia-reperfusion injury (IRI) for 1h, (C) after IRI and argon
postconditioning for 2h 75 Vol%, (D) after application of OxPAPC before IRI.
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Figure 5

Microglial activation in whole-mount specimen after immunoperoxidase labeling. (A) Representative
images from the control eye, after ischemia-reperfusion injury (IRI), IRI and argon postconditioning and
after application of OxPAPC before IRI. (B) Densitometric frequency showed an increased cell number per
mm2 retina according to IRI, which could be signi�cantly reduced by argon (n = 6; mean ± SD; native
135.8±31.2 vs. IRI 253.7±23.9; ***=p<0.001; IRI 253.7±23.9 vs. IRI+argon 179.2±21.1; *=p<0.05). Argon
alone had no effect. The previous application of OxPAPC prior to IRI neutralized the effect of argon (n = 6;
mean ± SD; IRI+argon 179.2±21.1 vs. OxPAPC+IRI+argon 291.4±51.7; ***=p<0.001).


