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Preconditioning with prolonged oxygen exposure
induces ischemic tolerance in the brain via oxygen

free radical formation

[Le préconditionnement relevant d’une exposition prolongée a Poxygene induit une

tolérance ischémique dans le cevvean par la formation de radicaux libres d’oxygene |

Xijjing Zhang MD,* Lize Xiong MD,* Wenneng Hu MD,* Yu Zheng MD,* Zhenghua Zhu MD,*

Yanhong Liu MD,* Shaoyang Chen MD,* Xi Wang MDT

Purpose: To determine if 100% oxygen (O,) inhalation induces
ischemic tolerance to focal cerebral ischemia and if the effect is
induced via O, free radical formation.

Methods: Experiment |: 36 rats were randomly assigned to four
groups (n = 9 each): Group A, control rats inhaled air for 24 hr;
Groups B, C and D animals inhaled 100% 02 for six hours, 12 hr
and 24 hr respectively. Experiment 2: 32 rats were randomly
assigned to four groups (n = 8 each): Groups E and F rats received
normal saline (5 mLkg™' intraperitoneally) and then inhaled air
(Group E) or 100% O, (Group F) for 24 hr; Groups G and H ani-
mals received 10% dimethylthiourea (500 mg-kg™" intraperitoneal-
ly) and then inhaled 100% O, (Group G) or air (Group H) for 24
hr. Twenty-four hours after the treatments, the right middle cere-
bral artery was occluded in all rats for 120 min. The neurologic
deficit scores (NDS) and brain infarct volumes were evaluated at 24
hr after reperfusion.

Results: Experiment |: the infarct volume and NDS of Group D
were smaller than in controls (P = 0.004 and 0.042 respectively).
The infarct volume was reduced by 47% in Group D. There was
no statistical difference among Groups A, B and C. Experiment 2:
the infarct volume and NDS in Group F were less than in controls
(Group E; P = 0.001 and 0.036 respectively). The infarct volume
was reduced by 60% in Group F. There was no difference among
Groups E, G and H.

Conclusion: Our study demonstrates that preconditioning with
1009 O, for 24 hr can induce ischemic tolerance via formation of
O, free radicals in transient focal cerebral ischemia in rats.

Objectif : Déterminer si l'inhalation d'oxygene a 100 % (O,) induit
une tolérance ischémique a une ischémie cérébrale focale et si I'effet
est causé par la formation de radicaux libres d'O,,

Méthode : Essai |: 36 rats ont été répartis au hasard en quatre
groupes (n = 9 chacun) : Groupe A, les rats témoins ont inhalé de I'air
pendant 24 h ; Groupes B, C et D, les animaux ont inhalé de /'O2 a
100 % pendant six heures, |2h et 24 h, respectivement. Essai 2 : 32
rats répartis au hasard en quatre groupes (n = 8 chacun) : Groupes
E et F, les rats ont recu une solution saline (une dose intrapéritonéale
de 5 mL-kg™!) et ont ensuite inhalé de I'air (Groupe E) ou de I'0, a
100 % (Groupe F) pendant 24 h ; Groupes G et H, les animaux ont
recu du diméthylthiourée a 10 % (dose intrapéritonéale de 500
mgkg™') et ont ensuite inhalé de '0, & 100 % (Groupe G) ou de I'air
(Groupe H) pendant 24 h. Vingt-quatre heures apres le traitement,
nous avons procédé a 'occlusion de I'artére cérébrale moyenne droite
chez tous les rats pendant | 20 min. Les scores de déficit neurologique
(SDN) et les volumes de I'infarctus cérébral ont été évalués 24 h apres
la reperfusion.

Résultats : Essai | : le volume de l'infarctus et le SDN du Groupe D
ont été plus faibles que ceux du Groupe témoin (P = 0,004 et 0,042
respectivement). Le volume de l'infarctus a été réduit de 47 % dans
le Groupe D. Il n'y avait pas de différence statistique entre les Groupes
A, B et C. Essai 2 : le volume de l'infarctus et le SDN du Groupe F ont
été plus faibles que ceux du Groupe témoin (Groupe E ; P = 0,001
et 0,036 respectivement). Le volume de l'infarctus a été réduit de 60
% dans le Groupe F. Les Groupes E, G et H étaient comparables.
Conclusion : Le préconditionnement avec de 'O, a 100 % pendant
24 h peut induire une tolérance ischémique par la formation de radi-
caux libres d'O,, pendant une ischémie cérébrale focale chez les rats.
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SCHEMIC tolerance (IT) is an endogenous

protective mechanism in which a sublethal

stimulus induces tolerance to a subsequent

lethal ischemic injury. This powerful phenome-
non holds substantial promise for identifying novel
neuroprotective agents that can be used to treat vari-
ous neurological disorders, such as neurodegenerative
diseases and stroke.! Since the first description of
ischemic preconditioning, it has been demonstrated
experimentally that endotoxin, tumour necrosis fac-
tor-a., metabolic inhibitors and 3-nitro-propionic acid
are able to mimic ischemic preconditioning and
induce IT in the brain.2® Unfortunately, the clinical
use of these substances is hardly acceptable because of
their toxicity or side effects. Hyperbaric oxygen (O,)
is also able to mimic ischemic preconditioning and
induce neuroprotection against ischemic injury in the
animal brain and spinal cord.”!3 It is hyperoxia, not
hyperbaricity, that plays the critical role in the induc-
tion of tolerance against ischemic injury in the animal
brain!! and spinal cord.!? Therefore, we hypothesized
that the prolonged inhalation of a high concentration
of O, would result in a similar effect to precondition-
ing with hyperbaric O,.

It was suggested that hyperbaric O, promoted IT
by generation of O, free radicals (OFR)."" OFR are
considered to present a common signal in IT induc-
tion.'*!5 Hydroxyl radicals (OH) may play an impor-
tant role in IT induction.!® OFR might also be
involved in brain IT induction by pretreatment with
prolonged inhalation of pure O,. Therefore,
dimethylthiourea (DMTU), a highly effective "OH
scavenger, was used to block the brain IT induction.

The present study was conducted to determine if
preconditioning with pure O, inhalation could induce
IT in a focal cerebral ischemic rat model and, if so,
what was the role of OFR in the IT induction.

Methods
Animals and group assignment
The experimental protocol was approved by the Ethics
Committee for Animal Experimentation and carried
out according to the Guidelines for Animal
Experimentation of the Fourth Military Medical
University. The animals were provided by the
Experimental Animal Centre of our institute.

This study consisted of two experiments. Experiment
1: 36 male Sprague-Dawley rats weighing 280 to 330 g
were randomly assigned to one of four groups (% = 9
each) using the following randomization procedure.
First, the rats were numbered from 1 to 36. Second, 36
random numbers were generated by a computer and
each random number assigned to a rat. The numbers
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were then arranged in numerical sequence. Rats in
Groups A, B, C and D were 1 to 9, 10 to 18, 19 to 27
and 28 to 36 respectively. Animals in Group A (control)
inhaled room air for 24 hr; animals in Groups B, C and
D inhaled 100% O, for six hours, 12 hr and 24 hr
respectively. Experiment 2: 32 male Sprague-Dawley
rats were randomly assigned (see above) to one of four
groups (7 = 8 each): animals in Groups E (control) and
F received 4p normal saline (5 mL-kg™) just before
inhaling room air (Group E) or 100% O, (Group F) for
24 hr; animals in Groups G and H received ip 10%
DMTU (500 mg-kg!, Fluka Ltd., Tsukuba, Japan) just
before inhaling 100% O, (Group G) or room air
(Group H) for 24 hr.

Pure O, or room air inhalation

The animals were placed into an air-tight container
(50 cm x 30 cm x 25 cm) with an inlet and an outlet.
Soda lime at the bottom of the container was used to
absorb carbon dioxide. O, (F10, 1.0) or air at the rate
of 3 L-min™! was connected to the inlet during pre-
treatment. An O, analyzer (Briiel & Kjer, Naerum,
Denmark) was used to monitor the O, concentration
in the container. The right femoral artery was cannu-
lated with a PE-50 polyethylene catheter. Arterial
blood was sampled through the catheter at the end of
exposure to O, or room air for determination of arte-
rial O, tension (Pa0,), arterial carbon dioxide tension
(PaCO,), and pH in an additional 12 rats in experi-
ment 1 (7 = 3 in each group). Arterial blood gases
were measured using the OMNI Modular System
(AVL List GmbH Medizintechnik, Graz, Austria).

Focal cerebral ischemin

The rats were fasted for 12 hr but were allowed free
access to water before surgery. Twenty-four hours
after the exposure to 100% O, or room air, transient
focal cerebral ischemia was induced in all rats.
Anesthesia was induced with 4% isoflurane and was
maintained with 2% isoflurane delivered by a mask.
Focal cerebral ischemia was induced as described by
Longa et al.'” Briefly, the right common carotid artery
and the right external carotid artery were exposed
through a ventral midline neck incision, and were lig-
ated proximally. A blunt tip 3-0 nylon monofilament
suture (Ethinon Nylon Suture, Ethicon Inc., Osaka,
Japan) was inserted through the arteriotomy in the
common carotid artery just below the carotid bifurca-
tion, and positioned into the internal carotid artery to
a point approximately 17 to 18 mm distal to the
carotid bifurcation until a mild resistance was felt,
thereby occluding the origins of the anterior cerebral
and middle cerebral arteries. Reperfusion was accom-
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plished by withdrawing the suture after 120 min of
ischemia. The incision sites were infiltrated with 0.25%
bupivacaine hydrochloride for postoperative analgesia.
Rectal temperature was monitored (Spacelabs Medical
Inc., Redmond, WA, USA) and maintained at 37.0 to
37.5°C by surface heating and cooling during surgery.

Recovery and neurobehavioural evaluation

After the suture was withdrawn, the rats were returned
to their cages with free access to food and water.
Twenty-four hours after reperfusion, the animals were
assessed neurologically by an investigator who was
unaware of animal grouping. A six-point scale modi-
fied from that previously described by Longa et al.'”
was used for neurologic assessment: 0 = no deficit; 1 =
failure to extend left forepaw fully; 2 = circling to the
left; 3 = falling to the left; 4 = no spontaneous walk-
ing with a depressed level of consciousness; 5 = dead.

Infarct volume assessment

Twenty-four hours after reperfusion, the rats were
reanesthetized with 4% isoflurane in O, and decapitat-
ed. The brains were rapidly removed and cooled in iced
saline for ten minutes. Six 2-mm thick coronal sections
were cut with the aid of a brain matrix. Sections were
immersed in 2% 2,3,5-triphenyltetrazolium chloride at
37°C for 30 min and then transferred to 10% buffered
formalin solution for fixation. At 24 hr after fixation,
the brain slices were photographed with a digital cam-
era (Kodak DC240, Eastman Kodak Co., Rochester,
NY, USA) connected to a computer. Unstained areas
were defined as infarct, and were measured using image
analysis software (Adobe Photoshop 5.0CS, Windows,
San Jose, CA, USA). The infarct volume was calculated
by measuring the unstained area in each slice, multiply-
ing it by slice thickness (2 mm), and then summating all
six slices.

Statistical analysis

The infarct volumes and blood gases are expressed as
mean = SD. One-factor ANOVA was used to compare
the infarct volumes, pH, PaO, and PaCO, among the
experimental groups. The neurologic deficit scores
(NDS) were analyzed using Kruskal-Wallis test fol-
lowed by the Mann-Whitney U test. A P < 0.05 was
considered statistically significant.

Results

Experiment 1

The results of arterial blood gas analyses are presented
in Table I. The PaO, of O,-pretreated animals was

much higher than that of animals breathing room air
(P<0.01).
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TABLE I Arterial blood gases at the end of treatment

Groups A B C D
pH 7.38+0.02 7.34+0.06 7.35+0.03 7.32+0.05
PaO, (mmHg) 95=+8 389 + 39* 396 + 41* 423 £ 32*

PaCO, (mmHg) 43+ 11 457 42:8 389

Mean = SD, # = 3 in each group. *P < 0.01 compared with A
Group. A = control rats exposed to room air for 24 hr; B, C and
D = rats exposed to 100% O, for six hours, 12 hr and 24 hr
respectively.

TABLE II Neurologic deficit scores 24 hr after reperfusion in
Groups A-D

Neurologic deficit scores

Groups median (range)
0 1 2 3 4 5

A 1 1 3 3 1 2(0—4)

B 2 4 3 2 (14)

C 1 1 5 1 1 2 (04)

D 4 2 3 1(0-2)*

*P = 0.042 compared with Group A. A = control rats exposed to
room air for 24 hr before focal cerebral ischemia; B, C and D =
rats exposed to 100% O, for six hours, 12 hr and 24 hr respective-
ly before focal cerebral ischemia.
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FIGURE 1 Infarct volumes at 24 hr after reperfusion. *P =
0.004 compared with Group A. Data are presented as mean + SD.
A = control rats exposed to room air for 24 hr; B, Cand D =
exposure to 100% O, for six hours, 12 hr and 24 hr respectively
before focal cerebral ischemia.

Infarct volume (m m“)

All rats survived until 24 hr after reperfusion. NDS
were lower in Group D (Table II; Group D »s control
P=0.042).

The infarct volume in Group D was significantly
smaller than in the control group (47% reduction, P =
0.004). There was no significant difference in infarct
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TABLE III Neurologic deficit scores 24 hr after reperfusion in
Groups E-H

Neurologic deficit scores

Groups median (range)
0 1 2 3 4 5

E 1 5 1 1 2 (1-4)

F 4 3 1 1(0-2)*

G 1 4 3 2 (14)

H 5 2 1 2 (2-4)

*P =0.036 compared with Group E. E = control group, normal
saline (5 mL-kg™) intraperitoneally before exposure to room air
for 24 hr; F = normal saline (5 mL-kg™!) intraperitoneally before
exposure to 100% O, for 24 hr; G = dimethylthiourea (500
mg-kg™) intraperitoneally before exposure to 100% O, for 24 hr;
H = dimethylthiourea (500 mg-kg™) intraperitoneally before
exposure to room air for 24 hr.

300
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Infarct volume (mnjn}

FIGURE 2 Infarct volumes at 24 hr after reperfusion. *P =
0.001 compared with Group E. Data are presented as mean = SD.
E = control group, normal saline (5 mL-kg™) intraperitoneally
before inhaling room air for 24 hr; F = normal saline (5 mL-kg™!)
intraperitoneally before exposure to 100% O, for 24 hr; G =
dimethylthiourea (500 mg-kg™) intraperitoneally before exposure
to 100% O, for 24 hr; H = dimethylthiourea (500 mg-kg™)
intraperitoneally before exposure to room air for 24 hr before
focal cerebral ischemia.

volumes among the B, C and A (control) Groups
(Figure 1).

Experiment 2

The NDS in Group F were significantly lower than in
the control group (P = 0.036). There was no differ-
ence in NDS among the G, H and E (control) Groups
(Table III).
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The infarct volume in Group F was significantly
smaller than in the control group (60% reduction, P =
0.001). There was no significant difference in infarct
volumes among the G, H and E (control) Groups
(Figure 2).

Discussion

This study demonstrates that pre-ischemic exposure to
pure O, for 24 hr is able to induce tolerance against
ischemic cerebral damage after transient middle cere-
bral artery occlusion (MCAOQ) in rats. Administration
of a free O, radical scavenger, DMTU, before inhaling
100% O, abolished the IT induced by pure O, pre-
conditioning.

It has been reported previously that precondition-
ing with repeated hyperbaric O, (HBO) could induce
IT in the brain,'113 spinal cord!? and liver.!® Wada ez
al. demonstrated that pretreatment with two atmos-
phere absolute (ATA) HBO once every other day for
three or five sessions induced IT in gerbil hippocam-
pus.”!! However, pretreatment with two ATA hyper-
baric air once every other day for five sessions did
not.!! In our previous study, we found that pretreat-
ment with 2.5 ATA 100% O, one hour every day for
five days could reduce infarct volume in transient
MCAO rats!® and attenuate ischemic injury in spinal
cord ischemia rabbits!? but that pretreatment with 2.5
ATA hyperbaric air did not induce any tolerance
against spinal cord ischemia.!? The results indicated
that it is hyperoxia, not hyperbaricity, that induces IT.
Therefore, we hypothesized that pretreatment with
100% O, inhalation might induce IT. The result of
experiment 1 in the current study demonstrates that
pre-ischemic exposure to 100% O, for 24 hr can
induce tolerance against focal cerebral ischemia in rats.

Reactive O, species (ROS) have been reported to
contribute to IT in the brain'*!? and to induce IT in
the heart.?’ Long duration and high concentration O,
therapy produce ROS.2! Wada ez al. suggested that
hyperbaric O, might promote IT by generation of O,
radicals.!! We designed experiment 2 to determine the
role of ROS in the induction of I'T induced by O, pre-
treatment. ROS include a variety of diverse chemical
species such as superoxide anions, ‘OH and hydrogen
peroxide. ‘OH was reported to play an important role
in brain IT induction.!® We used DMTU to abolish
ROS. DMTU is an agent that is highly diffusible, has
a long serum half-life of 43 hr, and is highly effective
in scavenging ‘OH.?22* In our experiment, rats
inhaled 100% O, for 24 hr, which was within the half-
life of DMTU. The administration of DMTU before
inhalation of O, abolished IT, suggesting that the
effect of preconditioning with pure O, is related to the
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production of OFR, especially ‘OH. Due to the long
half-life of DMTU, which might itself result in neuro-
protection during ischemia-reperfusion, Group H was
included in this study. The results indicate that no
such effect of DMTU was observed.

How O, exposure-induced OFR induce IT is not
known exactly. Various stimuli are able to induce tol-
erance against cerebral ischemia and it is not clear at
present whether these models activate distinct path-
ways or if all of them share a common mechanism.
Several preconditioning stimuli, including hyperbaric
O, and hypoxia can induce the production of
OFR,!116 which were suggested to present a common
signal in IT induction.'*!® Das et #.'> demonstrated
that ROS can act as a second messenger during
ischemic preconditioning of the heart. ROS generated
during preconditioning triggers a tyrosine kinase-
dependent signal transduction and results in enhanced
phosphorylation and activation of microtubule-associ-
ated protein kinase cascade leading to the activation of
nuclear factor kappa B (NF k B). Activation of NF « B
is likely to be involved in the induction of gene expres-
sion associated with the ischemic adaptation. Further
studies are needed to investigate the exact mechanism
of tolerance induced by pure O, inhalation.

The ischemic model used in our experiments is
widely accepted. Many other ischemic models are used
in different experiments. Unfortunately, the transfer
of the exciting therapeutic results obtained in animals
to human trials has been dismal failure. Drummond et
al?® suggested that a prime reason for the failure of
human clinical trials might reside, not in the design of
these trials, but in the design of the preclinical studies
that generated the optimism for the numerous agents
that have gone on to full clinical trials. In our study we
evaluated neurological and histological results at 24 hr
after reperfusion. Therefore, substantially more infor-
mation on O, inhalation-induced IT must be obtained
before it can be advocated in humans.

In our experiments, we monitored the rectal tem-
perature during the operation but did not monitor
brain temperature. Brain temperature might decrease
during cerebral ischemia and anesthesia?® but the rec-
tal temperature was controlled at the same level in all
animals, which reduced bias in experimental ischemic
injury among groups.

We only investigated the neuroprotective effects at
24 hr after pretreatment with 100% O,. Further studies
are needed to clarify the shortest time of O, inhalation
capable of inducing IT, the time window of IT after O,
pretreatment, and the possible side effects produced by
inhalation of high concentrations of O, before consid-
ering extrapolating this technique to humans.

CANADIAN JOURNAL OF ANESTHESIA

In conclusion, the present study demonstrated,
that in rats, exposure to 100% O, for 24 hr can induce
IT. IT was related to the production of OFR.
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