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Abstract
Background: Inhaled argon (iAr) has shown promising therapeutic e�cacy for acute ischemic stroke (AIS)
and exhibited impressive advantages over other inert gases as a neuroprotective agent. However, the
optimal dose, duration and time point of iAr for AIS are unknown. Here, we explored variable iAr schedules
and evaluated the neuroprotective effects of acute iAr administration on lesion volume, brain edema, and
neurological function in a mouse model of cerebral ischemic/reperfusion (I/R) injury.

Methods: Adult ICR mice were randomly subjected to sham, moderate (1.5 h) or severe (3 h) transient
middle cerebral artery occlusion (tMCAO). One hour after tMCAO, the mice were randomized to variable
iAr protocols or air (iCtr). General and focal de�cit scores were assessed during double-blind treatment.
Infarct volume, overall recovery and brain edema were analyzed 24 h after cerebral I/R injury.

Results: Compared with those in the tMCAO only group, lesion volume (p<0.001) and neurologic outcome
(general, p<0.001; focal, p<0.001) were signi�cantly improved in the iAr group, which was assigned to
argon inhalation 1 h after ischemia (before the onset of reperfusion). Short-term argon treatment (1 h or 3
h) showed signi�cantly better outcomes with regard to infarct volume (p<0.01) compared to argon
inhalation for 24 h. The concentration of argon inhalation was con�rmed to be a key factor in improving
the focal neurological outcome relative to that in the tMCAO group, and higher concentrations showed
better effects. In addition, even though ischemia research has shown an increase in cerebral damage
proportional to ischemia time, argon administration showed signi�cant neuroprotective e�cacy on
infarct volume (p<0.001), neurological de�cits (general, p<0.001; focal, p<0.001), weight recovery
(p<0.001), and edema (p<0.001) in general, particularly in moderate stroke.

Conclusions: Timely argon inhalation before the onset of reperfusion showed optimal neurological
outcomes and minimal infarct volumes. Moreover, an appropriate duration of argon administration was
important for better neuroprotective e�cacy. These �ndings may provide vital guidance for using argon
as a neuroprotective agent and moving to clinical trials in acute ischemic stroke.

Introduction
Acute ischemic stroke (AIS) is a major global disease characterized by a high incidence, disability rate
and mortality rate and is one of the main reasons for admission to the neurological intensive care unit[1,
2]. In recent decades, neuroprotective agents have shown e�cacy and safety in experimental animal
models of AIS. However, most potential candidate neuroprotective drugs have failed in preclinical and
clinical trials[3]. In recent years, medical gases, such as xenon, helium, argon, volatile anesthetics
(sevo�urane, iso�urane), H2S, H2, etc., used as neuroprotective agents, which are alternative or adjuvant
methods for thrombolysis and endovascular therapy during multiple phases of AIS, have gained
considerable attention[4–7]. Unlike other therapeutics, medical gases can easily diffuse into target tissue,
cross the blood–brain barrier (BBB), and reach all parts of the brain, with the advantages of rapid onset
and offset and titratability. Recently, inhaled argon (iAr) has become a promising choice due to
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encouraging neuroprotective effects demonstrated in multiple species and a range of experimental
models of stroke, hypoxic-ischemic encephalopathy (HIE) and trauma[8–23], with the unique advantages
of being readily available, easy to administer and transport, lacking anesthetic properties under normal
pressure and not inhibiting the thrombolytic e�cacy of tissue plasminogen activators at high
concentrations (75%)[24–29].

Despite these promising data for argon neuroprotection in various animal models of diseases, several
studies have suggested that iAr results in insigni�cant improvement or even detrimental outcomes under
certain prognostic indices or circumstances[11, 15, 16, 30], such as the timing, duration and optimal dose
of applications. In the transient middle cerebral artery occlusion (tMCAO) model, for example, David and
colleagues [11]showed that argon at 50 vol% administered for 1 h during reperfusion resulted in an
increase in subcortical brain damage but improved infarct volume followed by argon at 50 vol% for 3 h
during ischemia, as found by Ryang and colleagues[10]. Another paper by Ryang et al[31] showed that
50% argon/50% oxygen inhaled for 3 h during ischemia resulted in elevated expression of not only
several neuroprotective growth factors (TGFβ, NGF, and VEGF) but also several in�ammatory cytokines
(IL-1β, IL-6, and iNOS). Similarly, Ma and colleagues[16] found that argon failed to improve infarct size in
a recent study in which rats were exposed to 24 h inhalation of 70% argon/30% oxygen during
reperfusion. Thus, the systematic scheme of argon treatment is a key factor required for its therapeutic
e�cacy. However, few studies have been performed on systematic experimental regimens of argon
administration for neuroprotection, especially in tMCAO models.

To explore the optimal treatment regimen selection of argon inhalation, we investigated the therapeutic
e�cacy of argon administration in tMCAO-induced severe ischemic stroke at different initiation points,
durations and concentrations of argon by analyzing infarct volume, de�cit scores and overall recovery.
We also used brain edema to assess whether argon in�uences AIS complications in two different stroke
models induced by different ischemic durations, mimicking moderate or severe AIS.

Materials And Methods
Animals

All experiments and methods were carried out in accordance with the relevant guidelines and regulations.
All animal procedures were approved by the Institutional Animal Care and Use Committee of Nantong
University. Male ICR mice weighing 25–30 g were obtained from the Experimental Animal Center of
Nantong University and housed in a vivarium with a 12-h light/dark cycle and free access to food and
water. The body temperature of each animal was maintained at 37 ± 0.5°C throughout the procedure
using a heat pad.

Mouse model of transient MCAO

Mice were anesthetized with iso�urane. Transient MCAO was performed as described previously[32]. A
midline ventral cervical skin incision was made to expose the right common carotid artery (CCA), external



Page 5/21

carotid artery (ECA), and internal carotid artery (ICA). After ligation at the proximal end of the common
carotid artery, a 6–0 mono�lament with a silicon-coated tip (6023PK5Re, Doccol Corporation) was
inserted and positioned at the origin of the MCA to occlude it. The same surgical procedure was
performed in sham-operated animals except for occlusion of the artery. The signs of a successful surgery
included the following: �exion or reduced grasping ability of the left foreleg and spontaneous circling or
toppling to the left. Cerebral blood �ow was monitored throughout the surgery using laser Doppler
�owmetry. At the time of reperfusion, which varied depending on the experiment, rats were anaesthetized,
the neck wound was reopened, and the suture was removed. Body temperature was maintained between
36.5 and 37.5°C during the procedure. After 24 h of post-MCAO reperfusion, the mice were euthanized for
the following experiments.

Gas exposure system and experimental protocols

After the time of recovery, mice were exposed to 79% iAr (79% argon in 21% oxygen) or 39% iAr (39%
argon/40% nitrogen/21% oxygen) for the speci�ed time in a custom-built gas delivery system consisting
of a gas intervention box with a total volume of approximately 3.5 L connected to a mixed gas bottle that
can display the �ow rate. The system was �ushed with more than four times the system volume of the
mixed gases before the gas transmission circulation system was established.

Protocol 1: The mice were divided into four groups: sham, tMCAO, iAr treatment 1 h after stroke onset,
and iAr treatment 3 h after stroke onset. All mice in each treatment group were administered 79% argon in
21% oxygen ventilation of iAr for 3 h. Two different neurological de�cit scores were obtained after tMCAO
with reperfusion, the 3-hr iAr application, and 1 d of recovery. Mice were sacri�ced 24 h after reperfusion,
and coronal brain slices stained with TTC were saved for pathological evaluation.

Protocol 2: Based on the result of Protocol 1, inhaled 79% argon was used 1 h after stroke onset to
provide neuroprotection in this experiment. For this time-dependent study, the treatment group received
79% iAr (79% argon in 21% oxygen) for 1 h, 3 h, or 24 h at 1 h after stroke onset. The mice were divided
into �ve groups: sham, tMCAO, 79% iAr for 1 h, 79% iAr for 3 h, and 79% iAr for 24 h. Measurements of the
focal de�cits to obtain neurological de�cit scores were performed 24 h after reperfusion. After evaluation
of neurological de�cits, mice were sacri�ced for histological assessment performed by staining brain
areas.

Protocol 3: In this dose-dependent study, each treatment group received either 39% or 79% iAr 1 h after
stroke onset. The mice were divided into four groups: sham, tMCAO, 39% iAr for 3 h, and 79% iAr for 3 h.
Measured of the focal de�cits to obtain neurological de�cit scores were performed 24 h after reperfusion.
Mice were sacri�ced 24 h after reperfusion, and coronal brain slices stained with TTC were saved for
pathological evaluation.

Protocol 4: Mice were divided into sham, tMCAO, and 79% iAr for 3 h groups in two different ischemia
duration models (1.5 h/24 h; 3 h/24 h), inducing moderate and severe ischemic stroke. Mice were
subjected to 1.5 h/3 h MCAO followed by reperfusion, and both groups were exposed to 79% iAr (79%
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argon/21% oxygen) 1 h after stroke onset for 3 h. Twenty-four hours after reperfusion, two different
neurological de�cit scores were evaluated, and mice were then sacri�ced for measurement of the infarct
volume.

Protocol 5: The argon treatment approach was performed, and neurological de�cit scores were evaluated
as in Protocol 4. Mice were sacri�ced at 24 h for determination of brain water content.

Mortality rates and evaluation of neurological de�cits

Mortality rates were calculated 24 h after MCAO as a parameter of this study. Mice that died during the
reperfusion stage within 24 h were excluded from other outcome parameter analyses. The neurologic
assessment was conducted by a researcher who was blinded to the experimental groups. The
neurological behavior of the mice was scored 24 h after MCAO/R according to Clark's scoring system[33]
using a general neurological scale (0–28) and a focal neurological scale (0–28). Six areas were assessed
for the general score, and seven areas were assessed for the focal score to evaluate the severity of
neurological de�cits after ischemic stroke. The focal neurological scale was based on the following
seven tests, each of which was scored as 0–4 points: (1) body symmetry, (2) gait, (3) climbing, (4)
circling behavior, (5) forelimb symmetry, (6) compulsory circling, and (7) whisker response.

Measurement of cerebral infarct volume

After neurological evaluation, the mice were euthanized, and brains were collected for measurement of
the infarct volume. The brain was removed rapidly and placed at −20°C for 20 min. Coronal sections were
cut into �ve 2-mm-thick slices, and the slices were immersed in 1% 2,3,5-tripenyltetrazolium chloride
(TTC) in phosphate-buffered saline at 37°C for 20 min followed by overnight immersion in 4%
paraformaldehyde. The infarct area of each slice was demarcated and analyzed using ImageJ by an
investigator blinded to the experimental groups. Infarct volume was calculated by integration of the
infarct areas for all slices from each brain, and each section was measured by a blinded researcher. The
infarct area was determined by subtracting the area of noninfarcted tissue in the ipsilateral hemisphere
from that of the intact contralateral hemisphere to correct for brain swelling[34].

Quanti�cation of brain water content

After neurological measurement, we used the wet-dry method to assess the brain water content[35]. Mice
were euthanized under deep anesthesia. Each hemisphere was weighed (wet weight) and left in a
desiccating oven at 95°C overnight, and then the dried hemispheres were weighed again (dry weight). The
percentage of brain water content of each part was calculated as [(wet weight−dry weight)/wet
weight]×100%.

Statistical analysis

Statistical analysis was performed using GraphPad Prism software (GraphPad Prism 8.0.1., GraphPad
software, USA). Data are expressed as the mean ± standard error (mean ± SEM). One-way analysis of
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variance (ANOVA) was used to evaluate the differences among multiple groups if the data exhibited a
normal distribution and homogeneity of variance. Two-way analysis of ANOVA was used to measure the
effects of 2 factors simultaneously, with post hoc Bonferroni correction for multivariate analyses.
Otherwise, the differences were assessed by a nonparametric test. A P value less than 0.05 was
considered indicative of statistical signi�cance.

Results
iAr administration initiated during early ischemia-reperfusion attenuated brain injury better than
administration after reperfusion

To assess whether argon treatment at different initiation points has neuroprotective effects after severe
ischemic stroke induced by delayed reperfusion (I/R; 3 h/24 h) and to explore the best time point for iAr
administration, we applied two different treatment strategies that are closer to the actual clinical situation
(iAr administered at 1 h after stroke onset; iAr administered at 3 h after stroke onset). We analyzed the
brain infarct volume, neurological de�cit scores and weight recovery 24 h after reperfusion to assess the
severe ischemic stroke outcome. The mice were reperfused 3 h after MCAO, inducing severe ischemic
stroke. We found that in the total infarct volume analysis, the group that inhaled argon 1 h after stroke
onset (during ischemia) showed signi�cantly lower volumes 24 h after reperfusion than the tMCAO alone
group, and a signi�cant difference was observed between the two argon treatment groups. (Fig. 2B; P < 
0.001). Consistent with the reduced infarct volume, the two different neurological de�cit scores were also
signi�cantly improved in the group receiving iAr 1 h after stroke onset (Fig. 2C -D; P < 0.001). Overall
recovery, based on weight, was also improved in the group receiving iAr 1 h after stroke onset (Fig. 2E; P < 
0.01). The group receiving iAr 3 h after stroke onset exhibited improved neurological de�cit scores
compared with the tMCAO alone group assessed by the focal de�cits but not the general de�cits (Fig. 2D;
focal, P < 0.05). In this group, however, infarct volume was not reduced, nor was weight recovery improved
(Fig. 2B, E; P > 0.05). Inhaled argon administration at the two initial intervention time points showed a
trend toward decreased mortality in mice compared with tMCAO alone. However, the trend did not reach
statistical signi�cance (Fig. 2F). These results suggested that iAr administration 1 h after stroke onset
(during ischemia) improved ischemic brain injury, attenuated the general de�cit scores and improved
weight recovery in severe ischemic stroke but not in animals administered iAr 3 h after stroke onset
(during reperfusion).

Inhaled argon administration attenuated brain injury in a time-dependent manner

To further evaluate the relationship between the inhalation duration of iAr during ischemia and its
neuroprotective effect on tMCAO-induced severe ischemic stroke in mice, we tested the neuroprotective
effects of three different durations of iAr (argon application for 1 h, 3 h, or 24 h) given 1 h after stroke
onset. At 1 d after MCAO, we sectioned and stained brains with TTC, a substrate for mitochondrial
respiration (Fig. 3A). We estimated infarct volumes by assessing the staining of brain areas (Fig. 3A-B).
The infarct volume in the brain slices stained with TTC was the lowest in the group receiving 1 h argon
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administration, followed by the 3 h argon administration, 24 h argon administration and control groups,
which is indicative of the neuroprotective effect of iAr, with 1–3 h of iAr providing the most substantial
effect (Fig. 3B). Argon inhalation for both 1 h and 3 h showed signi�cantly lower volumes than inhalation
for 24 h (1 h treatment group vs. 24 h treatment group, P < 0.01; 3 h treatment group vs. 24 h treatment
group, P < 0.01), but no signi�cant difference was observed between the 1 h and 3 h treatment groups
(Fig. 3B, P > 0.05). We also noted that iAr improved adverse neurologic outcomes (neuroscore) only when
it was inhaled for 3 h; when iAr was administered for 1 h or 24 h, neurological de�cit scores assessed by
measuring the focal de�cits at 24 h after reperfusion were not signi�cantly decreased (Fig. 3C, P > 0.05).
These results indicated that iAr application during ischemia over a duration range of 1–3 h provided the
most e�cacious neuroprotection and that prolonged inhalation for 24 h improved infarct volume.
High concentrations alleviated brain damage better after ischemic stroke

To further investigate whether the concentration of argon administration affected the neuroprotective
effect of argon during ischemia on tMCAO-induced severe ischemic stroke in mice, we tested the
neuroprotective effects of two different concentrations of argon (39% argon-40% nitrogen-21% oxygen vs.
79% argon-21% oxygen) initiated 1 h after stroke onset. The outcomes were brain infarct volume and
neurological de�cit scores. MCAO animals in the argon treatment groups exhibited reduced infarct
volume compared with the tMCAO alone group regardless of the argon concentration (Fig. 4A and 4B; P < 
0.001), and this was associated with improved neurological de�cit scores assessed by measuring the
focal de�cits at 24 h after reperfusion (Fig. 4C; P < 0.001). In addition, we found that there was a
signi�cant difference between the 39% iAr group and the 79% iAr group in the neurologic outcome
(neuroscore) but not in infarct volume. These results suggested that inhalation of 39% argon and 79%
argon during ischemia both showed improved infarct volume and functional outcome 24 h after severe
ischemic stroke, but the 79% argon inhalation group exhibited a better neurological outcome assessed by
the general de�cits compared with the 39% argon inhalation group.

iAr promoted neurological recovery in both moderate and severe stroke models

To explore whether iAr during ischemia could improve the outcomes of stroke of varying severity
(moderate and severe ischemic stroke) induced by different ischemia durations, especially severe
ischemic stroke induced by delayed reperfusion (not previously reported in vivo), and whether there are
differences between the two ischemia durations in the argon treatment group, we used two different
ischemia duration models (I/R 1.5 h/24 h; I/R 3 h/24 h) at the same treatment time point (1 h after stroke
onset) with 3-hr argon therapeutic duration. Transient middle cerebral artery occlusion (tMCAO)-induced
focal cerebral ischemia was performed as a 1.5 h (I/R 1.5 h/24 h) or 3 h (I/R 3 h/24 h) occlusion followed
by 24 h reperfusion (Fig. 5A), which was assessed by the infarct volume, neurobehavioral scores, weight
loss, and mortality rate 24 h after reperfusion (Fig. 5B-F). Delayed reperfusion induced a larger infarct
volume in the MCAO mice compared to the 1.5 h occlusion and 24 h reperfusion model (Fig. 5B; P < 
0.001). Moreover, MCAO mice with delayed reperfusion-induced stroke demonstrated more prominent
neurological de�cits on both the general and focal scales than the mice in the 1.5 h occlusion and 24 h
reperfusion group (Fig. 5C, P < 0.05; 5 D, P < 0.001).
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Similar to previous reports, we observed improved infarct volume, neurological de�cit scores and weight
recovery in the moderate ischemic stroke (I/R 1.5 h/24 h) group compared to the MCAO alone group
(Fig. 5B-E). The results showed that iAr treatment in the severe stroke model led to signi�cantly reduced
infarct volume (Fig. 5B; P < 0.001), improved neurological de�cits on both the general and focal scales
(Fig. 5C and 5D; P < 0.001) and improved weight recovery (Fig. 5E; P < 0.001). Of note, we found that
compared with the iAr treatment group with severe ischemic stroke, the iAr treatment group with moderate
ischemic stroke signi�cantly improved infarct volume (Fig. 5B; P < 0.001) and neurological de�cit scores
assessed by the focal de�cits (Fig. 5D; P < 0.05) at 24 h after reperfusion. However, weight recovery was
improved by iAr to the same extent irrespective of the time of reperfusion. We also investigated the
mortality rate at 24 h after MCAO reperfusion, and the results showed no signi�cant bene�t to the
mortality rate in the iAr treatment group. Together, these results indicated that iAr treatment reduced
infarct volume and improved neurological de�cits and weight recovery after moderate and severe
ischemic stroke induced by different ischemia durations, particularly in moderate stroke.

Argon administration reduced edema after stroke onset

We then investigated the effects of iAr on brain edema and neurologic impairment. MCAO/R mice with
moderate ischemic stroke (I/R 1.5 h/24 h) showed a prominent increase in brain water content compared
with those in the sham group (Fig. 6A; P < 0.001). Mice with moderate ischemic stroke treated with iAr
showed signi�cantly lower brain water content and neurological de�cit scores (on both the general and
focal scales) than those in the MCAO/R group (Fig. 6A-C; P < 0.001). Similarly, MCAO/R mice with severe
ischemic stroke demonstrated signi�cantly higher brain water content and neurologic impairment. The
argon treatment group showed signi�cantly less brain edema and lower neurological de�cit scores than
the MCAO/R group (Fig. 6A-C; P < 0.001). The results showed that delayed reperfusion induced an
increase in brain water content (Fig. 6A; P < 0.001) and worse neurological de�cits (Fig. 6B-C; P < 0.05) in
the MCAO mice compared to the 1.5 h occlusion and 24 h reperfusion model. These results suggested
that iAr treatment improved brain edema in moderate and severe ischemic stroke, especially moderate
stroke.

Discussion
This study is the �rst to systematically explore the neuroprotective effect of iAr under different
therapeutic schedules in tMCAO-induced moderate and severe ischemic stroke models. Our results
suggest that compared to the tMCAO group, the groups administered 39% and 79% argon administration
at 1 h after stroke onset for 1 h and 3 h showed a signi�cant reduction in infarct volume in the severe
cerebral ischemia model, and neurological outcome was obviously improved in a dose-dependent manner
with 3 h of treatment. The neuroprotective e�cacy of 79% argon administration at 1 h after stroke onset
for 3 h was further validated in a moderate stroke model. Moreover, we found that the optimal schedule
of argon treatment reduced edema in both models.

The neuroprotective effects of inhaled argon on the infarct volume after ischemic stroke
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We observed that argon administration improved the infarct volume in severe ischemic stroke at 1 h after
stroke onset (during ischemia) but not at 3 h after stroke onset (during reperfusion) in exp 1. Consistent
with our observations during ischemia, Ryang et al[10] observed improved infarct volume when argon
was administered for 1 h during ischemia after tMCAO induction. During reperfusion, David et al[11]
found that argon decreased the subcortical volume but increased the subcortical volumes of damaged
brain regions when given 1 h after reperfusion (during reperfusion), which is partly consistent with our
results. Coburn et al[15] reported that the infarct volume was not affected by argon treatment with a 3 h
delay after stroke onset and 1 h after reperfusion (during reperfusion). Similarly, Ma et al.[16] suggested
that the infarct size was not decreased when argon was administered for 24 h during reperfusion.
Notably, our results showed that argon administered for 1 h, 3 h, or 24 h during ischemia decreased the
infarct volume, especially at 1–3 h. We observed that during the trial by Ma et al[16], the initial application
of argon for 24 h occurred during the reperfusion phase and, in our study, during the ischemic phase in
exp 2. Overall, current evidence seems to show that iAr effectively improves the infarct volume when
administered during ischemia, not reperfusion. The reasons for these results are unclear. One possible
reason is that application of iAr immediately after reperfusion (3 h after ischemia) may miss the
therapeutic window for neuroprotective intervention in the ischemic penumbra. Many animal and human
experimental studies suggest that the therapeutic window for neuroprotective intervention in the ischemic
penumbra is very brief, often less than 2 or 3 h[36, 37]. Another possible reason is that with the increase
in the duration of ischemia, the ischemic core area is further enlarged, and ischemia-reperfusion injury
may simply counteract or even exceed the protective effect of argon, as �rst proposed by Ma et al.
Necroptosis and apoptosis are of great importance in cerebral ischemia-reperfusion injury, and the
activation of necroptosis depends on reperfusion and is activated immediately after ischemic insult on
reperfusion[38]. Reperfusion itself followed by MCAO can lead to neuronal death due to overperfusion
and hemorrhagic transformation, which aggravates ischemic brain injury[39, 40]. Zhuang et al.[12]
showed the effect of argon on the antiapoptotic signaling pathway in a neonatal rat asphyxia model.
Therefore, we speculate that the antiapoptotic activity of argon may be offset or even concealed by this
reperfusion injury to some extent. Moreover, recent literature[15] has reported that treatment with argon
promotes the switch of microglia/macrophage polarization toward the anti-in�ammatory M2 phenotype.
In addition, cerebral ischemia and ischemia coupled with reperfusion result in differing pathologic
mechanisms and microglial morphological responses, and a spatiotemporal relationship exists between
microglial morphology and evolving brain injury after ischemic stroke and reperfusion[41]. We speculate
that iAr can impact the balance between proin�ammatory and anti-in�ammatory cytokines to anti-
in�ammation after AIS and affects the infarct size under the appropriate combination of treatment timing
and duration of treatment (for example, short-term intervention during ischemia). However, this is just our
speculation, and additional experiments are needed to validate this hypothesis and further dissect the
possible mechanisms involved.

Recovery of neurological function with inhaled argon after ischemic stroke

Functional recovery is one of the main end outcomes of stroke patients. Clinically, it is customary to
divide the neurological impairment of patients with stroke into general functional injury and focal
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functional injury. The former re�ects the patient's life state and global neurological function, while the
latter re�ects localized functional defects caused by local injury. Therefore, in addition to infarct volume,
neurological de�cits were assessed in this study according to Clark’s scoring system[33], re�ecting the
degree of neurological injury after ischemia, from the point of view of general functional injury and focal
functional injury. Our in vivo results suggested that argon administered at 39 vol% and 79 vol% could
improve neurologic outcome in exp 3 in a dose-dependent manner. In accordance with our results,
previous studies suggest that argon exerts neuroprotective effects in a dose-dependent manner in
different injury models (hypoxia vs. ischemia), such as models of traumatic brain injury (TBI)[9], retinal
ischemia/reperfusion injury (IRI)[42] and cardiac arrest (CA)[43]. Similarly, Coburn et al[15]. demonstrated
signi�cantly improved neurological performance using a 6-point neuroscore daily from 24 h to 7 d after
reperfusion. In addition, Ma et al.[16] found that neurologic outcome was signi�cantly improved after 24
h of treatment with argon instituted after reperfusion. However, in contrast with its bene�cial effect on the
neurological outcome, David et al.[11] found that 50 vol% argon inhaled during reperfusion for 3 h failed
to improve MCAO-induced neurologic de�cits. The results seem to indicate that even if argon is
administered at similar time points (such as after reperfusion), it will lead to signi�cant differences in
neurological impairment due to different treatment protocols, such as durations and concentrations.
Notably, however, in addition to the initial time point of iAr, the difference in neurologic assessment
systems is one factor to be considered.

An interesting aspect of our research is that argon administration for 1 h or 24 h during ischemia reduced
infarct volume, but neurologic outcomes were not improved. Another unanticipated result was that iAr
caused dose-dependent improvement of neurological prognosis in our study, which was also inconsistent
with observations of infarct volume. These results re�ect those of Coburn et al.[15], who found that with a
3 h delay after stroke onset and 1 h after reperfusion, argon signi�cantly alleviated neurological de�cits
during the �rst week after stroke but failed to reduce the infarct volume. Additionally, these differences
corroborate the ideas of Ma et al.[16], who found that neurologic outcome was improved but that infarct
size was not reduced when argon administration was delayed 2 h after permanent stroke onset or
instituted after reperfusion. One possible explanation of this difference may be that although there is a
correlation between the focal functional injury score and cerebral infarction volume of the Clark score,
evidence from the recent literature indicates that histologic lesion size was less correlated with improved
neurologic outcome, as Ma and colleagues clearly pointed out.

The in�uences of argon on edema after ischemic stroke

Few studies have addressed the effect of iAr on the complications of AIS. However, the complications of
AIS have signi�cant effects on the short-term and long-term prognosis of patients, and brain edema is a
common complication of AIS and one of the main causes of death. Acute brain injury is linked to cellular
edema, characterized by abnormal intracellular accumulation of water in brain cells, resulting in cellular
swelling[44]. Delayed reperfusion, whether by thrombolysis or endovascular therapy, can result in more
severe brain edema and poorer clinical outcomes and increase the risk of mortality, hemorrhagic
transformation, headache, and seizures[45, 46]. Brain edema is also an important prognostic indicator in
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the assessment of argon e�cacy in severe ischemic stroke induced by delayed reperfusion[40]. As
previously reported[10, 11, 15, 47, 48], argon has been shown to exert a neuroprotective effect in in vivo
tMCAO models induced by ischemia for 1–2 h, consistent with our �ndings. Our study showed that
neuroprotection still existed in severe ischemic stroke induced by an increasing ischemic duration beyond
those commonly used at clinically relevant time windows. The results showed that argon treatment in
moderate and severe AIS models led to signi�cantly reduced brain water content, infarct volume,
neurologic function, and weight recovery at the same treatment time point, duration and concentration.
Importantly, delayed reperfusion affects the ability of iAr to improve brain edema, infarction volume and
neurologic function following tMCAO. The design of the present study allowed conclusions to be drawn
regarding whether a higher concentration of argon inhaled for 3 h during ischemia would improve the
complications characterized by brain edema in tMCAO model. Further studies are needed to clarify the
underlying mechanism of this improvement and should pay more attention to argon-induced
improvements of other complications of AIS, such as hemorrhagic transformation.

Limitations and prospective

There are several design limitations in our experiment that deserve special attention. First, an important
limitation is the lack of data to measure potential medium- and long-term effects, which are clinically
important for the prognosis of patients with acute ischemic stroke. Animals survived for only 24 h after
reperfusion, which may contribute to some results that are not wholly consistent with the conclusions of
our study at a later sampling time. Longer recovery times should be included in future studies, and
functional imaging, such as MRI, can be applied to monitor the evolution of brain injury and treatment.
Second, animal models other than rodents should be adopted, including large animal models[49, 50],
such as pigs, dogs and monkeys. Further research should test the same strategies in larger species with
basic diseases such as hypertension or diabetes and explore the impact of other biological variables
such as sex and age. These factors were not explored in this study because of budgetary limitations.
Finally, this study is limited because it considered only the timing, duration and concentration; however,
the speci�c mechanism involved in this improvement was not investigated, and this is part of our future
research contents and direction. Thus, further animal and clinical studies addressing these issues at
length are needed. Despite these limitations, this study is the �rst to demonstrate the effects of argon on
cellular edema after MCAO-induced severe cerebral ischemic stroke in mice. Moreover, our study adopted
the synthesis of two kinds of neurobehavioral scores that are suitable for clinical practice, and the
behavioral experiments were double blinded to limit bias.

Conclusions
In this study, it was demonstrated that timely iAr administration during ischemia for appropriate short-
term treatment at a higher concentration provides better neuroprotective e�cacy. We conceived this study
as an instructive guide for the protective effects of argon on AIS and better clinical translation.
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Figure 1

Schematic illustration of the experimental design of inhaled argon (iAr). The red box represents the period
of ischemia. The blue box represents the period of reperfusion. 39% iAr, inhaled 39% argon-40% nitrogen-
21% oxygen; 79% iAr, inhaled 79% argon-21% oxygen; A concentration of 79% iAr was used for all
experiments except the dose-response experiment 3, where doses are indicated.
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Figure 2

The neuroprotective effects of iAr (79%) application 1 h and 3 h after stroke onset. A, Representative
2,3,5-triphenyltetrazolium chloride (TTC) staining was performed to assess the infarct volume of mice at
24 h after reperfusion in the four groups(scale bar: 10mm). B, Edema-corrected infarct volume after
tMCAO with reperfusion, 3 h iAr administration, and 1 d recovery (n=6 to 23/group). Reduced stroke
volumes after iAr administration 1 h after stroke onset also translated into a better functional outcome at
24 h as assessed by the general de�cits (n=12 to 20/group; C, and the focal de�cits (n=12 to 20/group; D
and E, overall recovery based on weight at baseline before stroke and after 3 h iAr administration and 24
h recovery (n=10 to 22/group;). F. Mortality after 3 h of transient middle cerebral artery occlusion and 24 h
postreperfusion. Deaths occurred within 24 h after ischemia/reperfusion. Death (marked red) occurred
within the �rst 24 h. The results are represented as the mean ± SEM. *P<0.05, **P<0.01, ***P<0.001.
Statistical comparisons were carried out with one-way ANOVA.

Figure 3
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Duration of iAr (79%) application for neuroprotective effects. A, Representative coronal brain slices
stained with TTC (scale bar: 10 mm). Infarct volumes (n=3 to 23/group; B) and functional outcomes (n=3
to 23/group; C) on day 1 after 3 h of transient middle cerebral artery occlusion in mice with three different
durations of iAr application (inhaled 1 h after stroke onset). The results were represented as the mean ±
SEM. *P<0.05, **P<0.01, ***P<0.001. Statistical comparisons were carried out with one-way ANOVA.

Figure 4

39% iAr and 79% iAr application for a neuroprotective effect. A, Representative coronal brain slices
stained with TTC (scale bar: 10 mm). Infarct volumes (n=9 to 23/group; B) and functional outcomes
(n=11 to 23/group; C) on day 1 after 3 h of transient middle cerebral artery occlusion in mice treated with
two different doses of argon (argon administration 1 h after stroke onset). The results are represented as
the mean ± SEM. *P<0.05, **P<0.01, ***P<0.001. Statistical comparisons were carried out with one-way
ANOVA. 39% iAr, inhaled 39% argon-40% nitrogen-21% oxygen; 79% iAr, inhaled 79% argon-21% oxygen.

Figure 5

In two models of ischemic duration, iAr (79%) was applied for a neuroprotective effect. A, Representative
images of TTC-stained cerebral coronal sections of mice(scale bar: 10mm) in the sham, tMCAO, and
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argon treatment groups in two different time windows between ischemia and reperfusion (I/R 1.5 h/24 h;
I/R 3 h/24 h). Quanti�cation of brain infarct volume (B, n=5 to 23/group), neurobehavioral scores (C-D,
n=7 to 20/group) and weight loss (E, n=8 to 22/group) 24 h after reperfusion in tMCAO- and argon-treated
mice. F, The mortality rate 24 h after ischemia/reperfusion in two different durations of ischemia. Data
are shown as the mean ± SEM. *P<0.05, **P<0.01, ***P<0.001. Statistical comparisons were carried out
with two-way ANOVA.

Figure 6

Brain edema, measured by the percentage of brain water content of each part 24 h after
ischemia/reperfusion in the three groups (n=3 to 15/group). Quanti�cation of neurobehavioral scores 24
h after reperfusion as assessed by general de�cits (n=3 to 15/group; C) and focal de�cits (n=3 to
15/group; D). Data are shown as the mean ± SEM. *P<0.05, **P<0.01, ***P<0.001. Statistical
comparisons were carried out with two-way ANOVA.


