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Abstract

The metabolism of adenosine (ADO) and nitric oxide (NO) in brain tissues is closely associated with the change of oxygen content.
They have contrary effects in the onset of hyperbaric oxygen (HBO)-induced central nervous system oxygen toxicity (CNS OT): ADO
can suppress the onset, while NO promotes it. We adopted the ADO-augmenting measure and NO-inhibiting measure in this study and
found the combined use had a far superior preventive and therapeutic effect in protecting against CNS OT compared with the use of
either measure alone. So we hypothesized that there is an interaction between ADO and NO which has an important impact on the
onset of CNS OT. On this basis, we administered ADO-augmenting or ADO-inhibiting drugs to rats. After exposure to HBO, the onset
of CNS OT was evaluated, followed by the measurement of NO content in brain tissues. In another experiment, rats were administered
NO-augmenting or NO-inhibiting drugs. After exposure to HBO, the onset of CNS OT was evaluated, followed by measurement of
the activities of ADO metabolism-related enzymes in brain tissues. The results showed that, following ADO augmentation, the content
of NO and its metabolite was significantly reduced, and the onset of CNS OT significantly improved. After ADO inhibition, just the
opposite was observed. NO promotion resulted in a decrease in the activity of ADO-producing enzyme, an increase in the activity of
ADO-decomposing enzyme, and an aggravation in CNS OT. The above results were all reversed after an inhibition in NO content.
Studies have shown that exposure to HBO has a significant impact on the content of ADO and NO in brain tissues as well as their
biological effects, and ADO and NO might have an intense interaction, which might generate an important effect on the onset of CNS
OT. The prophylaxis and treatment effects of CNS OT can be greatly enhanced by augmenting ADO and inhibiting NO.
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Introduction However, a person, if breathing in excessively high partial

pressure oxygen for more than a certain period of time, will
Hyperbaric oxygen (HBO) is widely applied in underwater ~ experience a toxic reaction, namely oxygen toxicity (OT). OT
missions, hyperbaric facility operation, and disease treatment.  is mainly characterized by the central nervous system (CNS)
functional disorder called CNS OT when the oxygen partial
pressure is greater than 3 atm absolute (ATA); the most typical
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work. and most intense manifestation is grand mal seizure, i.e., 0X-
ygen convulsion, which was initially identified by Paul Bert in

04 Run-ping Li 1878 (Wingelaar et al. 2017; Zhu et al. 2016). At present, the
smartrpli@163.com exact pathogenesis of CNS OT remains unrevealed and the
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tion duration, are also very limited, which, to a large extent,
limits HBO application and improvement in operation
efficiency.

Studies have shown that nitric oxide (NO) plays an impor-
tant role in the pathogenesis of CNS OT in the following
manner. On one hand, it can substantially increase the amount
of oxygen supplied to the brain tissues through reversing the
vasoconstrictive effect of HBO, thereby promoting the
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occurrence of OT (Bitterman and Bitterman 1998;
Demchenko et al. 2001); on the other hand, it can rapidly bind
to the superoxide anion (O, ) massively produced by expo-
sure to HBO, generating peroxynitrite (ONOO ) to further
oxidize and nitrosylate substances such as protein and, in this
way, the normal functions of receptors, ion channels, etc., are
impaired, eventually causing neurotoxicity and resulting in
convulsion seizure (Chavko et al. 2003; Demchenko et al.
2003). NO has also been shown by recent studies to play an
important role in acute lung injury (ALI) caused by oxygen
convulsion, further aggravating the consequences of CNS OT
(Demchenko et al. 2012; Demchenko et al. 2011).

Adenosine (ADO) is an inhibitory substance with confirmed
efficacy in the CNS. Through binding to the A1 receptor on the
presynaptic and postsynaptic membrane, it reduces the level of
excitatory transmitters released by neurons and hyperpolarizes
cells, thereby inhibiting the transmission of neuronal excitabil-
ity (Boison 2013a; Boison et al. 2013). In a variety of animal
epileptic models induced by different predisposing causes, sei-
zures can be effectively suppressed by ADO augmenting
(Boison 2016a). HBO exposure has been shown by our previ-
ous studies to have a significant impact on the metabolism of
ADO in brain tissues; in addition, ADO also has an important
effect on the occurrence of oxygen convulsion. The onset of
oxygen convulsion can be significantly delayed, and the sever-
ity can be relieved, by increasing ADO content in the brain
tissue or activating ADO A1 receptor (Chen et al. 2016).

It is apparent that NO and ADO are two substances with
opposite effects for CNS OT; NO has a promoting effect, and
ADO shows an inhibitory effect. We propose a hypothesis that
inhibiting NO and augmenting ADO during the prophylaxis
and treatment of CNS OT may achieve better efficacy. In this
study, we investigated the above hypothesis. We examined the
efficacy of the combined use of the aforementioned measures
for the prophylaxis and treatment of CNS OT, and further
explored the possibility of an interaction between NO and
ADO during the disease occurrence as well as the effect of
this interaction on the onset of CNS OT.

Materials and Methods
Animals

All procedures were performed in accordance with the Second
Military Medical University (SMMU) Guide for the care and
use of laboratory animals, and approved by the ethics com-
mittee for Animal Experiments of SMMU.

Adult male SD rats weighing 250 g+ 10 were used. The
breeding environment was maintained at a temperature of 22
+ 1 °C and a humidity of 40-50%, and daylight hours were set
to 12 per day. Animals were allowed free access to food and
drinking water.
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Drugs

ADO, 2-chloro-N6-cyclopentyla-denosine (CCPA), 1, 3-
dipropyl-8-cyclopentylxanthine (DPCPX), 5-1TU, 3-
morpholinosydnonimine (SIN-1), and 7-nitroindazole (7-NI)
were purchased from Tocris Bioscience; sodium nitroprusside
(SNP) was purchased from Sigma-Aldrich. ADO, CCPA, and
SNP were soluble in normal saline; DPCPX and 5’-ITU were
soluble in 2% DMSO; 7-NI was soluble in peanut oil; SIN-1
was soluble in PBS.

HBO Exposure and CNS OT Severity Evaluation
The experiment was composed of three parts:

I. Effect of ADO combined with 7-NI on the latency to the
onset of seizure: Rats were divided into 6 groups, with 6
rats in each: (1) saline control group, (2) ADO (40 pg)
group, (3) 7-NI (10 png) group, (4) ADO (40 pg)+ 7-NI
(10 pg) group, (5) ADO (160 ug) group, and (6) 7-NI
(50 pg) group. After anesthesia, the rats were fixed on a
stereotaxic instrument for the brain, on which the skull
was exposed. An injection cannula was inserted and sat
5 mm within the lateral ventricle after the perforation at a
site 2.0 mm posterior to the bregma and 1.5 mm to the
right. The cannula was fixed with adhesive onto the skull.
The scalp was sutured, followed by the wound disinfec-
tion and processing, and they were fed for 3 days for
subsequent tests. At 20 min before HBO exposure, the rats
were anesthetized with ether, and the above drugs were
injected through a preset lateral ventricle cannula at an
injection volume of 40 pl. After the rats were awakened
from anesthesia, they were placed in a hyperbaric chamber
for animal experiments at one rat per time, followed by
flushing the internal air with pure oxygen. When the oxy-
gen concentration in the chamber reached 99% or higher,
it was pressurized at a speed of 1 ATA/min to 6 ATA, and
then the pressure was maintained stable. The rats’ behav-
ioral changes were closely observed till the occurrence of
generalized epileptic seizures of tonic-clonic type (grand
mal seizures). At this moment, the duration from the point
of reaching 6 ATA to the grand mal seizure was recorded
as the latency to onset of oxygen convulsion.

II. Effect of drugs on the severity of CNS OT: Rats were
divided into 9 groups, with 20 rats in each: (1) saline
control group; (2) ADO (160 ng) group; (3) DPCPX
(60 ng) group; (4) CCPA (20 ng) group; (5) 5-ITU
(40 pg) group; (6) ADO (40 pg)+ 7-NI (10 pg) group,
in which the drugs were injected into the lateral ventricle
with the method the same as before; (7) SNP (10 mg/kg)
group; (8) SIN-1 (5 mg/kg) group; and (9) 7-NI
(25 mg/kg) group, in which the drugs were administered
via intraperitoneal injection. The drugs were administered
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at 20 min before HBO exposure. Rats were exposed to
HBO at 6 ATA for 60 min. Then, the rats were removed
from the chambers and changes in their behavior were
observed, such as convulsion, oral and nasal bleeding,
coma, and death, followed by the recording of the number
of deaths in each group and the calculation of mortality.

II. Effect of ADO combined with 7-NI on ALI caused by
oxygen convulsion: Rats were divided into 5 groups,
with 8 in each: (1) normal group (without exposure to
HBO), (2) saline control group, (3) ADO (160 ng)
group, (4) 7-NI (50 pg) group, and (5) ADO (40 pg) +
7-NI (10 pg) group, in which the drugs were adminis-
tered by injection into the lateral ventricle. Following
drug administration, they were continuously exposed to
HBO at 6 ATA for 30 min. After being removed from the
chambers, the rats were anesthetized with pentobarbital
and immediately sacrificed by cervical dislocation. The
lungs were exposed to observe any pulmonary hemor-
rhage, followed by photography for recording. One lung
was sampled, and the fluid left by alveolar lavage was
taken, followed by the determination of protein content
(mg/ml). The other lung was sampled and divided into
two parts, one for tissue water content detection and the
other for histopathology examination. The histopatholo-
gy result was evaluated by a histopathology expert who
was “blinded” to the experimental grouping.

Assay of NO and Nitrotyrosine in Brain Tissues

Rats were divided into 6 groups: solvent control (1) normal
saline, (2) 2% DMSO) group, (3) ADO (160 pg) group, (4)
CCPA (20 ng) group, (5) DPCPX (60 pg) group, and (6) 5-
ITU (40 pg) group. Before the exposure to HBO, the rats were
injected with various control solvents or drugs via a preset
cannula inserted into the lateral ventricle, and then exposed
to HBO at 6 ATA for 30 min. In the end, the rats were anes-
thetized with pentobarbital and immediately sacrificed by de-
capitation. The entire cerebral cortex was harvested. For NO
assay, the cortex was homogenized in iced lysis buffer in the
ratio of 1 to 10 (wt/vol). Then, the homogenate was centri-
fuged at 12,000g for 5 min at 4 °C. For nitrotyrosine assay, the
cortex was homogenized in iced PBS in the ratio of 1 to 9 (wt/
vol). Then, the homogenate was further processed with two
freezing and thawing cycles (being frozen at —80 °C for
15 min and then thawed at 37 °C for 5 min). The homogenate
was then centrifuged at 3000g for 20 min at 4 °C. The contents
of NO and nitrotyrosine in the supernatant were assayed ac-
cording to the operating instructions of the NO assay kit
(Beyotime Biotechnology, China) and nitrotyrosine assay kit
(Shanghai Enzyme-linked Biotechnology Co, China).

The NO assay was performed using the Griess Reagent
colorimetric method, and the final result was expressed as

the amount of NO contained per unit weight of tissue (UM/
2). The nitrotyrosine assay was performed by enzyme-linked
immunosorbent assay (ELISA), and the final result was
expressed as the amount of nitrotyrosine per unit weight of
tissue (ng/mg).

Detection of Enzyme Activity Related with ADO
Metabolism in Brain Tissues

Rats were divided into 6 groups: solvent control (1) salt saline,
(2) PBS, (3) peanut oil) group, (4) SNP (10 mg/kg) group, (5)
SIN-1 (5 mg/kg) group, and (6) 7-NI (25 mg/kg) group.
Before HBO exposure, the rats were administered intraperito-
neally various control solvents or drugs. Following exposure
to HBO at 6 ATA for 30 min, the rats were anesthetized with
pentobarbital and immediately sacrificed by decapitation. The
entire cerebral cortex was harvested. The sample processing
method was the same as that of nitrotyrosine assay. The activ-
ity of adenosine kinase (ADK), 5'-nucleotidase (5’-NT), and
S-adenosylhomocysteine hydrolase (SAHH) was determinate
according to the operation instructions of the enzyme activity
assay kit (Shanghai Enzyme-linked Biotechnology Co., Ltd.,
China).

Enzyme activity was measured by ELISA. A standard
curve was prepared using an enzyme standard with known
activity, and the results of the determined sample were com-
pared with a standard curve to obtain the corresponding en-
zyme activity. Enzyme activity was expressed as the unit of
activity of the enzyme contained per unit tissue weight (U/g).

Statistical Analysis

The data were expressed as mean =+ standard deviation (" x +)
and statistically analyzed by the SPSS 17.0 software package;
the ANOVA was used for the intergroup comparison, and the
SNK q test was used for the analysis of variance. A P value of
less than 0.05 indicated the presence of a statistically signifi-
cant difference.

Results

Effect of ADO Combined with 7-NI on Convulsion
Latent Period

The results showed that the injection of 40 g ADO into the
lateral ventricle had no significant effect on the convulsion
latent period, but 160 pg ADO significantly prolonged the
latent period; the injection of 10 and 50 pug 7-NI significantly
prolonged the latent period, and the effect of 50 pg was more
pronounced. The combination of 40 pg ADO and 10 pg 7-NI
could significantly extend the latent period, and the effect was
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even significantly superior to that using 160 g ADO or 50 ug
7-NI alone (Fig. 1).

The above experimental results suggested that NO could
inhibit the anti-oxygen-convulsion effect of ADO to a large
extent; the anti-convulsion ability of ADO could be fully re-
leased through the moderate reduction of NO production, in-
dicating that NO impacted the efficacy of ADO in the CNS. In
addition, the inherent toxicity of NO was also significantly
involved in the occurrence of oxygen convulsion, and the
convulsion latent period could be significantly prolonged by
inhibiting its production (using 10 pug or 50 pg 7-NI).
Furthermore, ADO had a significant effect on NO toxicity;
increasing ADO content in brain tissues could significantly
enhance the effect of NO inhibition and extend the convulsion
latent period.

Effect of ADO Combined with 7-NI on Mortality
Caused by CNS OT in Rats

The CNS OT caused by HBO exposure at 6 ATA for 60 min
had a certain lethal effect on rats. In the study, we compared the
effects of the following drugs on the lethal effect, including
ADO, ADO A1 receptor agonist CCPA, antagonist DPCPX,
ADK antagonist 5-ITU, NO donor SNP, ONOO™ donor SIN-1,
nNOS inhibitor 7-NI, and ADO combined with 7-NI. The re-
sults showed that ADO combined with 7-NI significantly re-
duced the OT-caused mortality compared with that in the sol-
vent control group (5 vs. 55%). It was also significantly supe-
rior to other drugs with similar anti-oxygen-toxicity effects in
terms of the mortality (35% for ADO, 20% for CCPA, 25% for
5-ITU, and 25% for 7-NI). Some drugs with OT-promoting
effects significantly increased mortality (75% for DPCPX,
85% for SNP, and 75% for SIN-1) (Fig. 2).
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Fig. 1 Effect of ADO and nNOS inhibitor on convulsion latent period in
rats. **P <0.01, *P < 0.05. ns no statistical significance. n=10
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Fig.2 Effect of different drugs on mortality caused by CNS OT in rats. A
chi-square test was used for comparing two independent proportions.
*P <0.05 vs. control group. n =20

Effect of ADO Combined with 7-NI on ALI Induced
by OT Onset in Rats

CNS OT caused ALI when it occurred. The macroscopical
findings of the lungs showed the presence of severe blood
spots on the pulmonary surface. Following the administration
of 160 ug ADO, 50 ng 7-NI, and 40 pg ADO combined with
10 pug 7-NI, the surface bleeding of the lungs significantly
decreased, and the improvement effect of ADO combined
with 7-NI was more pronounced (Fig. 3a).

Histopathological results showed that following the occur-
rence of ALI caused by CNS OT, the alveolar wall became
severely thickened; some alveolar walls were fused or rup-
tured, with massive hemorrhage, edema, and protein exuda-
tion in the alveolar space; and relatively apparent inflamma-
tory cell infiltration was observed. Following the administra-
tion of 160 ug ADO, 50 pg 7-NI, and 40 ug ADO combined
with 10 pg 7-NI, significant improvement was achieved as
follows: the alveolar wall was only slightly thickened; the
bleeding volume, edema, and inflammatory cell infiltration
in the alveolar cavity significantly decreased; and the im-
provement effect of ADO combined with 7-NI was more sig-
nificant (Fig. 3b).

The results of the protein assay in alveolar lavage fluid
(ALF) showed that the control group had a significantly
higher protein content than the normal group; the combined
administration of 160 ug ADO, 50 pg 7-NI, and 40 ug ADO
with 10 pug 7-NI could significantly reduce the protein content
in the ALF; and the combined administration had an effect
significantly superior to that of the single administration
(Fig. 4a).

The results of water content detection in pulmonary tissues
showed that the control group had more water in lung tissues
compared with the normal group, indicating that edema oc-
curred. The administration of 160 ug ADO, 50 ng 7-NI, and
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Fig. 3 Effects of ADO combined a
with 7-NI on surface bleeding (a)

and histopathology (b) of rat’s

lung induced by OT onset. The

quantity of lung used for histo-

pathologic examination was six in

each group

Solvent Control

40 nug ADO combined with 10 pg 7-NI could significantly
reduce the water content in lung tissues, and the effect of
combined administration was more pronounced, so pulmo-
nary edema could be relieved more effectively (Fig. 4b).
After taking the above research results into consideration,
we concluded that ADO combined with 7-NI could more ef-
fectively ameliorate ALI caused by CNS OT onset, which
proved in a more comprehensive manner that ADO combined
with 7-NI substantially ameliorated the effects of CNS OT.

Effect of ADO Metabolism on NO Content in Brain
Tissues

HBO exposure at 6 ATA for 30 min significantly increased
NO content in the rats’ cerebral cortex (Fig. 5a). ADO, ADK
inhibitor 5-ITU, and ADO A1l receptor selective agonist
CCPA significantly inhibited an increase in NO content
(Fig. 5b, c, d). On the contrary, ADO A1l receptor selective
inhibitor DPCPX promoted an elevation in NO content
(Fig. 5e).

5
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ADO+7-NI

The aforementioned results indicated that increasing
ADO content in brain tissues or activating the Al re-
ceptor can inhibit excessive NO production, while the
inhibition of the ADO Al receptor promoted NO
production.

Effect of ADO Metabolism on Nitrotyrosine Content
in Brain Tissues

The effect of ADO metabolism on nitrotyrosine content in
brain tissues was consistent with that of NO content. The
HBO exposure at 6 ATA for 30 min resulted in a significant
increase in nitrotyrosine content (Fig. 6a). ADO, 5-ITU, and
CCPA both significantly inhibited their elevated levels
(Fig. 6b, ¢, d), while DPCPX promoted elevated level
(Fig. 6¢).

As a metabolite of ONOQO", nitrotyrosine is indicative
of the ONOO™ content in tissues. ONOQO™ is a product of
the rapid binding between O,- and NO; due to an asso-
ciation with NO content, its content is indirectly
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indicative of the changes in NO content. The aforemen-
tioned experimental results indicated that increasing ADO
content in brain tissues or exciting the Al receptor
inhibited the increase of nitrotyrosine content caused by
HBO exposure, while the inhibition of ADO Al receptor
promoted its production. The results provide further evi-
dence that ADO metabolism in brain tissues has a signif-
icant effect on NO production.

Effects of SNP, SIN-1, and 7-NI on ADK, 5’-NT,
and SAHH Activity

The experimental results showed that no matter whether the
solvent was saline, PBS, or peanut oil, exposure to HBO at
6 ATA for 30 min could significantly reduce the activity of
ADK, compared with the normal control group. Following the
administration of NO donor SNP and ONOO™ donor SIN-1
prior to exposure, ADK activity was significantly enhanced;
the nNOS inhibitor 7-NI significantly inhibited the increase in
ADK activity (Fig. 7a).

For 5°-NT, no matter whether the solvent was saline,
PBS, or peanut oil, exposure to HBO at 6 ATA for 30 min
could significantly elevate its activity, compared with the
normal control group. However, the administration of NO
donor SNP and ONOO™ donor SIN-1 before exposure
significantly reduced 5°-NT activity; the administration
of the nNOS inhibitor 7-NI further augmented 5’-NT ac-
tivity (Fig. 7b).

For SAHH, compared with the normal control group, no
matter whether the solvent was saline, PBS, or peanut oil,
exposure to HBO at 6 ATA for 30 min did not have a signif-
icant effect on its activity. However, the administration of NO
donor SNP and ONOO™ donor SIN-1 before exposure signif-
icantly reduced the SAHH activity; the administration of the
nNOS inhibitor 7-NI significantly increased the SAHH activ-

ity (Fig. 7¢).
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Fig. 4 Effects of ADO combined with 7-NI on protein effusion (a) and edema (b) of rat’s lung induced by OT onset. **P <0.01, *P<0.05. n=6

Discussion

In this study, we confirmed two noteworthy findings: (1) In the
course of oxygen convulsion generating, ADO and NO, two
substances both have distinct impact on seizure, had intense
interaction. ADO augmentation treatment could significantly re-
duce NO content and its metabolite. Increase of NO could influ-
ence the activity of ADO metabolism-related enzymes, and may
further decrease ADO content. (2) Based on their interaction, we
found combined use of ADO augment and NO inhibition mea-
sure could prevent against CNS OT more effectively, being su-
perior to the use of either of the measures alone.

HBO exposure resulted in a significant increase in the con-
tent of NO and its metabolite nitrotyrosine in brain tissues. It
could exert toxic effects on various kinds of intracellular and
extracellular proteins, ion channels, and enzymes through in-
tense oxidation and nitrification, eventually promoting and
aggravating the onset of CNS OT (Allen et al. 2009; Chavko
et al. 2003; Demchenko et al. 2003; Gasier et al. 2017). As a
specific inhibitor of neuronal nitric oxide synthase (nNOS), 7-
NI can effectively inhibit NO production in nerve tissues, and
is a frequently used mechanism in studies on the regulation of
the NO content in brain tissues. Studies have shown that 7-NI
can effectively delay the onset of CNS OT due to reducing the
NO content in brain tissues, inhibiting the cerebrovascular
over vasodilation caused by continuous HBO exposure, and
suppressing the NO-caused excessive increase of reactive ni-
trogen (Hagioka et al. 2005; Moskvin et al. 2003). As a spe-
cific inhibitor of adenosine kinase (ADK), 5-ITU can effec-
tively inhibit ADK activity in brain astrocytes in converting
ADO into adenine nucleotides, thereby inhibiting the trans-
mission of ADO from extracellular to intracellular regions
down the concentration gradient and further effectively in-
creasing extracellular ADO content (Boison 2013b, 2016b).
Our previous research has shown that 5-ITU can effectively
delay the onset of oxygen convulsions (Chen et al. 2016).
CCPA is an agonist of the ADO Al receptor and DPCPX is
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Fig.5 Effects of ADO-augmenting measures and function inhibition on NO content in the rats’ cerebral cortex during HBO exposure. a Solvent control,
b ADO, ¢ ADK inhibitor 5-ITU, d A1 receptor agonist CCPA, e A1 receptor inhibitor DPCPX. **P < 0.01, *P < 0.05, ns no significant difference. n = 6

its antagonist. Our previous studies have shown that CCPA can
effectively delay the onset of oxygen convulsion by activating
the A1 receptor, while DPCPX can promote the onset of oxygen
convulsion by antagonizing the A1 receptor (Chen et al. 2016).

The onset of CNS OT can cause ALI through routes such as
activating sympathetic nerves and leading to pulmonary vas-
cular hypertension; ALI is mainly manifested as pulmonary
hemorrhage and protein exudation etc., which can cause dys-
pnea, hypoxia, and even death within a short period of time

(Demchenko et al. 2008, 2012, 2011). As a very important
concomitant effect in the onset of CNS OT, ALI has become
an important reference index for the investigation of the se-
verity of CNS OT onset and the study of its pathogenesis and
effectiveness of prophylaxis and treatment measures.

Based on our findings on protection against CNS OT, we
can conclude that ADO combined with 7-NI can significantly
delay the onset of oxygen convulsion, reduce mortality caused
by CNS OT, and effectively reduce ALI manifestations such
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as concomitant pulmonary hemorrhage, edema, protein exu-
dation, and tissue injuries, indicating that the combined use of
ADO and nNOS inhibitors has a confirmed and comprehen-
sive protective effect on CNS OT.

Of note, the combined use of the above two measures is far
more effective in preventing CNS OT than the use of either of
the measures alone. Detailed explanations are as follows: (1) In
case of simultaneously and substantially reducing the intensity
(embodied as the dose) of the two interventional measures, the
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effect exerted by the combined use on the delay of oxygen
convulsion onset was still superior to that exerted at the maxi-
mum interventional intensity (embodied as the highest dose) of
either of the measures; when ADO had been reduced to the dose
(40 pg) which turned out ineffective when used alone, the com-
bined use with 7-NI could still achieve good prophylactic effects.
(2) Likewise, in case of drastically reducing the doses of ADO
and 7-NI, the combined use of the two measures could consid-
erably reduce mortality caused by CNS OT, with an effect
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superior to various kinds of ADO-augmenting measures such as
increasing the extracellular ADO content and activating the
ADO Al receptor, as well as NO-inhibiting measures. (3) In
protection against ALI caused by CNS OT onset, the combined
use also showed obvious superiority.

Therefore, a better prophylactic effect on CNS OT can be
achieved by the combined use of ADO and nNOS inhibitors.
In addition, combined use could greatly reduce the doses of
the two drugs which, to a certain extent, should likely reduce
the side effects caused by the use of either drug alone at an
excessive dose. Indeed, ADO and 7-NI were all reported to
have some side effects to the body. In CNS, ADO can function
as an inhibitory neurotransmitter and may be used as a poten-
tial treatment for epilepsy. However, it cannot be given sys-
temically because of its severe side effects such as decreased
heart rate, blood pressure, and body temperature (Van Dycke
etal. 2011). In addition, systemic application of the A1 recep-
tor agonist can also lead to central sedative side effects
(Guttinger et al. 2005). In our study, we also found that when
ADO was injected intracerebroventricularly at large dosage
(160 pg), rats manifested obvious sedation. 7-NI was reported
to impair learning and memory functions, including disturbing
spatial memory, emotional memory, visual memory, and olfac-
tory memory (Akar et al. 2014; Mutlu et al. 2015). It was also
reported that in conscious rats, 7-NI induced a rise in arterial
blood pressure and significantly influenced levels of pCO2 in
arterial blood, indicating its systemic effect. Behavioral tests

Fig. 8 Presumed mechanism diagram of interaction between ADO and
NO and its effect on CNS OT. HBO exposure can increase NO content in
the brain tissue, further increase the release of glutamate from neurocyte
and induce CNS OT. HBO can also increase ADO content in brain tissue
through modulating its metabolism-related enzymes, further enhancing
its function to inhibit glutamate releasing and to prevent CNS OT.

showed that 7-NI affected locomotion and exploratory activity
and induced walking incoordination. Electrophysiological re-
cordings demonstrated 7-NI increased cortical excitability
(Brozickova et al. 2014). Intracerebroventricular microinjec-
tion of 7-NI induced catalepsy in mice (Echeverry et al. 2007).

The aforementioned combination of ADO and 7-NI could
significantly reduce the dose of either drug, suggesting that
there may be an intense interaction between ADO and NO
during the occurrence of CNS OT, manifested as follows:
NO will restrain the CNS inhibition of ADO and vice verse;
ADO also inhibits the NO-caused toxicity. The action between
them can ultimately have an important impact on the onset of
CNS OT. The presumed mechanism of interaction between
ADO and NO and its effect on CNS OT is diagramed in Fig. §.

Recent studies have also shown that there is a certain inter-
action between ADO and NO, which mainly occurs in vascu-
lar endothelial cells and involves the regulation of blood flow
(El-Gowelli et al. 2013; Lamb and Murrant 2015; Persson
et al. 2013; Singh et al. 2018). Few studies have aimed to
investigate their interactions in neural tissue. ADO has been
shown by some studies to need NO-mediated inhibition of
epilepsy caused by various inducers (Akula et al. 2008;
Yildirim et al. 2011); NO can also promote ADO production
and release and enhance the function of the ADO Al receptor,
which may be linked to the protection against the NO-induced
neurotoxicity (Fragata et al. 2006). Additional studies have
shown that ONOO™ produced by NO and O,- can inhibit

CNS OT
(Seizure + ALl)

Increased ADO can limit NO generation and alleviate its neurotoxicity.
Increased NO can reduce ADO through modulating its metabolism-
related enzymes, further reversing its effect on glutamate releasing and
CNS OT. Dotted arrow indicates the impact of NO on ADO metabolism
and subsequent effect. Circled plus means promotion; circled minus
means inhibition
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the binding of the A1 receptor agonist and receptor and atten-
uate the CNS inhibition of ADO (Giuntini et al. 2004). In ad-
dition, other studies have shown that ADO can cause the release
of NO from astrocytes (Janigro et al. 1996). These studies have
shown that there is a complex interaction between ADO and
NO in the CNS, and the action is presented in diverse forms,
such as the synergism and inhibition, which is mainly linked to
different physiological and pathological states.

The interaction between ADO and NO during the onset of
CNS OT, including the effect of one drug on the content and
function of the other, has not been previously reported. Our
results suggest that changes in ADO or NO content in brain
tissues can expressly have important effects on the content,
metabolism, and function of NO or ADO, including: (1)
ADO-augmenting measures such as supplementing ADO,
inhibiting ADK activity, and activating the ADO Al receptor
can significantly inhibit the production of NO and its metabolite
nitrotyrosine. Conversely, inhibition of ADO A1 receptor activ-
ity can significantly promote the production of NO and
nitrotyrosine. (2) During HBO exposure, neurocytes can in-
crease the production of ADO with inhibitory functions in brain
tissues through a variety of regulatory pathways to antagonize
enhanced CNS excitability. However, increasing the content of
NO and ONOQ' in brain tissues can lead to marked changes of
the activity of some important ADO metabolism-related en-
zymes, mainly including ADK, 5°-NT, and SAHH. Present in
astrocytes, ADK is a key substance in the regulation of extra-
cellular ADO content in brain tissue (Aronica et al. 2013;
Boison 2013b). The ADO in brain tissues is mainly derived
from the rapid degradation of ATP from various types of
neurocytes by extracellular nucleotidases such as 5°-NT, which
ultimately produces ADO (Boison 2011). In addition to the
ATP-derived ADO, the production of ADO via the
transmethylation pathway also represents an important source
of ADO in vivo, during which SAHH acts as a key enzyme
(Boison 2013b; Williams-Karnesky et al. 2013). Our results
show that the HBO exposure can inhibit ADK activity and
increase 5’-NT activity. Such changes in activity of both en-
zymes are beneficial to inducing an increase of ADO content
in brain tissues to consolidate protection against CNS OT. 7-NI,
a nNOS inhibitor, can further amplify the changing trend of
these two enzymes and the result will be more conducive to
the increase of ADO content in brain tissues. On the contrary,
the NO donor SNP and the ONOO™ donor SIN-1 can reverse
the changing trend of the above two enzymes, as a result may
reduce ADO content in brain tissues correspondingly, and even-
tually aggravate the onset of CNS OT. HBO exposure alone had
no significant effect on SAHH activity. However, the adminis-
tration of 7-NI before HBO exposure increases SAHH activity
while the administration of SNP and SIN-1 decreases SAHH
activity, indicating a dramatic change in NO content also com-
promises SAHH activity during HBO exposure, which may
further affect ADO content. The experimental results regarding

@ Springer

the activity of the above three enzymes indicate that NO in brain
tissues has an important effect on the activity of multiple ADO
metabolism-related enzymes during HBO exposure, thereby
may affect ADO content in brain tissues.

In summary, after completing our study, we can draw the
following conclusions: ADO and NO can produce strong inter-
actions in the pathogenesis of CNS OT; NO can limit the CNS
inhibitory effect of ADO while ADO can attenuate NO toxicity.
Combining the ADO-augmenting measures and neuronal NO-
inhibiting therapy can greatly ameliorate the onset of CNS OT.
These findings provide new insights for studies on the patho-
genesis, prophylaxis, and treatment of this disease.

Our results also show that ADO can prevent the onset of
CNS OT; in addition to inhibiting excessive enhancement of
CNS excitability by directly activating the synaptic Al recep-
tor, it can also inhibit excessive production of NO and the
toxicity induced by it. Therefore, we assume that the protection
of ADO against CNS OT may be a result of the comprehensive
effects of different mechanisms and different routes. This lays a
foundation for a comprehensive understanding and further ex-
ploration of the role of ADO in preventing CNS OT, and further
enriches the perception of ADO that functions as an important
metabolic substrate and neuromodulator in the CNS.

The results also confirm there is an interaction between ADO
and NO in the CNS, which can exert intense impacts on each
other’s production, metabolism, and function. Further explora-
tion of the manifestation pattern and the mechanism of this
interaction in other nervous system diseases could be of great
significance for better understanding the mechanism of various
seizure diseases and finding effective preventive measures.

Funding Information This work was supported by the National Natural
Science Foundation of China (No. 81471813).

Compliance with Ethical Standards

All procedures were performed in accordance with the Second Military
Medical University (SMMU) Guide for the care and use of laboratory
animals, and approved by the ethics committee for Animal Experiments
of SMMU.

Conflict of Interest The authors declare that they have no conflict of
interest.

References

Akar F, Mutlu O, Komsuoglu Celikyurt I, Bektas E, Tanyeri P, Ulak G,
Erden F (2014) Effects of 7-NI and ODQ on memory in the passive
avoidance, novel object recognition, and social transmission of food
preference tests in mice. Med Sci Monitor Basic Res 20:27-35.
https://doi.org/10.12659/MSMBR.890438

Akula KK, Dhir A, Kulkarni SK (2008) Nitric oxide signaling pathway in
the anti-convulsant effect of adenosine against pentylenetetrazol-
induced seizure threshold in mice. Eur J Pharmacol 587:129—134.
https://doi.org/10.1016/j.ejphar.2008.03.038


https://doi.org/10.12659/MSMBR.890438
https://doi.org/10.1016/j.ejphar.2008.03.038

Neurotox Res (2019) 36:193-203

203

Allen BW, Demchenko IT, Piantadosi CA (2009) Two faces of nitric
oxide: implications for cellular mechanisms of oxygen toxicity. J
Appl Physiol (1985) 106:662—-667. https://doi.org/10.1152/
japplphysiol.91109.2008

Aronica E, Sandau US, Iyer A, Boison D (2013) Glial adenosine kinase—a
neuropathological marker of the epileptic brain. Neurochem Int 63:
688-695. https://doi.org/10.1016/j.neuint.2013.01.028

Bitterman N, Bitterman H (1998) L-arginine-NO pathway and CNS ox-
ygen toxicity. J Appl Physiol (1985) 84:1633—1638. https://doi.org/
10.1152/jappl.1998.84.5.1633

Boison D (2011) Modulators of nucleoside metabolism in the therapy of
brain diseases. Curr Top Med Chem 11:1068—-1086

Boison D (2013a) Adenosine and seizure termination: endogenous mech-
anisms. Epilepsy Curr 13:35-U70. https://doi.org/10.5698/1535-
7511-13.1.35

Boison D (2013b) Adenosine kinase: exploitation for therapeutic gain.
Pharmacol Rev 65:906-943. https://doi.org/10.1124/pr.112.006361

Boison D (2016a) Adenosinergic signaling in epilepsy. Neuropharmacology
104:131-139. https://doi.org/10.1016/j.neuropharm.2015.08.046

Boison D (2016b) The biochemistry and epigenetics of epilepsy: focus on
adenosine and glycine. Front Mol Neurosci 9:26. https://doi.org/10.
3389/famol.2016.00026

Boison D, Sandau US, Ruskin DN, Kawamura M, Masino SA (2013)
Homeostatic control of brain function - new approaches to under-
stand epileptogenesis. Front Cell Neurosci 7:Artn 109. https://doi.
org/10.3389/Fncel.2013.00109

Brozickova C, Mikulecka A, Otahal J (2014) Effect of 7-nitroindazole, a
neuronal nitric oxide synthase inhibitor, on behavioral and physio-
logical parameters. Physiol Res 63:637-648

Chavko M, Auker CR, McCarron RM (2003) Relationship between pro-
tein nitration and oxidation and development of hyperoxic seizures.
Nitric Oxide Biol Chem 9:18-23

Chen YL, Zhang YN, Wang ZZ, Xu WG, Li RP, Zhang JD (2016) Effects
of adenosine metabolism in astrocytes on central nervous system
oxygen toxicity. Brain Res 1635:180-189. https://doi.org/10.1016/
j.brainres.2016.01.026

Demchenko IT, Boso AE, Whorton AR, Piantadosi CA (2001) Nitric
oxide production is enhanced in rat brain before oxygen-induced
convulsions. Brain Res 917:253-261

Demchenko IT, Atochin DN, Boso AE, Astern J, Huang PL, Piantadosi
CA (2003) Oxygen seizure latency and peroxynitrite formation in
mice lacking neuronal or endothelial nitric oxide synthases.
Neurosci Lett 344:53-56

Demchenko IT, Atochin DN, Gutsaeva DR, Godfrey RR, Huang PL,
Piantadosi CA, Allen BW (2008) Contributions of nitric oxide syn-
thase isoforms to pulmonary oxygen toxicity, local vs. mediated
effects. Am J Physiol Lung C 294:1.984-1.990. https://doi.org/10.
1152/ajplung.00420.2007

Demchenko IT, Zhilyaev SY, Moskvin AN, Piantadosi CA, Allen BW
(2011) Autonomic activation links CNS oxygen toxicity to acute
cardiogenic pulmonary injury. Am J Physiol Lung C 300:L102—
L111. https://doi.org/10.1152/ajplung.00178.2010

Demchenko IT, Moskvin AN, Krivchenko Al, Piantadosi CA, Allen BW
(2012) Nitric oxide-mediated central sympathetic excitation pro-
motes CNS and pulmonary O(2) toxicity. J Appl Physiol (1985)
112:1814-1823. https://doi.org/10.1152/japplphysiol.00902.2011

Echeverry MB, Salgado ML, Ferreira FR, da-Silva CA, Del Bel EA
(2007) Intracerebroventricular administration of nitric oxide-
sensitive guanylyl cyclase inhibitors induces catalepsy in mice.
Psychopharmacology 194:271-278. https://doi.org/10.1007/
s00213-007-0834-8

El-Gowelli HM, El-Gowilly SM, Elsalakawy LK, El-Mas MM (2013)
Nitric oxide synthase/K+ channel cascade triggers the adenosine
A(2B) receptor-sensitive renal vasodilation in female rats. Eur J
Pharmacol 702:116-125. https://doi.org/10.1016/j.ejphar.2013.01.
049

Fragata IR, Ribeiro JA, Sebastiao AM (2006) Nitric oxide mediates in-
teractions between GABAA receptors and adenosine A1 receptors
in the rat hippocampus. Eur J Pharmacol 543:32-39. https://doi.org/
10.1016/j.ejphar.2006.05.043

Gasier HG, Demchenko IT, Tatro LG, Piantadosi CA (2017) S-
nitrosylation of GADG65 is implicated in decreased GAD activity
and oxygen-induced seizures. Neurosci Lett 653:283-287. https://
doi.org/10.1016/j.neulet.2017.05.067

Giuntini J, Giusti L, Lucacchini A, Mazzoni MR (2004) Modulation of
Al adenosine receptor signaling by peroxynitrite. Biochem
Pharmacol 67:375-383

Guttinger M, Padrun V, Pralong WF, Boison D (2005) Seizure suppres-
sion and lack of adenosine Al receptor desensitization after focal
long-term delivery of adenosine by encapsulated myoblasts. Exp
Neurol 193:53-64. https://doi.org/10.1016/j.expneurol.2004.12.012

Hagioka S, Takeda Y, Zhang S, Sato T, Morita K (2005) Effects of 7-
nitroindazole and N-nitro-l-arginine methyl ester on changes in ce-
rebral blood flow and nitric oxide production preceding develop-
ment of hyperbaric oxygen-induced seizures in rats. Neurosci Lett
382:206-210. https://doi.org/10.1016/j.neulet.2005.01.006

Janigro D, Wender R, Ransom G, Tinklepaugh DL, Winn HR (1996)
Adenosine-induced release of nitric oxide from cortical astrocytes.
Neuroreport 7:1640-1644

Lamb IR, Murrant CL (2015) Potassium inhibits nitric oxide and adeno-
sine arteriolar vasodilatation via K(IR) and Na(+)/K(+) ATPase:
implications for redundancy in active hyperaemia. J Physiol 593:
5111-5126. https://doi.org/10.1113/JP270613

Moskvin AN, Zhilyaev SY, Sharapov OI, Platonova TF, Gutsaeva DR,
Kostkin VB, Demchenko IT (2003) Brain blood flow modulates the
neurotoxic action of hyperbaric oxygen via neuronal and endothelial
nitric oxide. Neurosci Behav Physiol 33:883-888

Mutlu O, Akar F, Celikyurt IK, Tanyeri P, Ulak G, Erden F (2015) 7-NI
and ODQ disturbs memory in the elevated plus maze, Morris water
maze, and radial arm maze tests in mice. Drug Target Insights 9:1-8.
https://doi.org/10.4137/DT1.S23378

Persson AE, Lai EY, Gao X, Carlstrom M, Patzak A (2013) Interactions
between adenosine, angiotensin Il and nitric oxide on the afferent
arteriole influence sensitivity of the tubuloglomerular feedback.
Front Physiol 4:187. https://doi.org/10.3389/fphys.2013.00187

Singh L, Kulshrestha R, Singh N, Jaggi AS (2018) Mechanisms involved
in adenosine pharmacological preconditioning-induced
cardioprotection. Korean J Physiol Pharmacol 22:225-234. https://
doi.org/10.4196/kjpp.2018.22.3.225

Van Dycke A, Raedt R, Vonck K, Boon P (2011) Local delivery strategies
in epilepsy: a focus on adenosine. Seizure 20:376-382. https:/doi.
org/10.1016/j.seizure.2011.03.003

Williams-Karnesky RL, Sandau US, Lusardi TA, Lytle NK, Farrell JM,
Pritchard EM, Kaplan DL, Boison D (2013) Epigenetic changes
induced by adenosine augmentation therapy prevent
epileptogenesis. J Clin Invest 123:3552-3563. https://doi.org/10.
1172/JC165636

Wingelaar TT, van Ooij PAM, van Hulst RA (2017) Oxygen toxicity and
special operations forces diving: hidden and dangerous. Front
Psychol 8:1263. https://doi.org/10.3389/fpsyg.2017.01263

Yildirim M, Marangoz AH, Ayyildiz M, Ankarali S, Marangoz C (2011)
The interactions of nitric oxide and adenosine on penicillin-induced
epileptiform activity in rats. Acta Neurobiol Exp 71:208-219

Zhu H, Traore K, Santo A, Trush MA, Li YR (2016) Oxygen and oxygen
toxicity: the birth of concepts. React Oxyg Species (Apex) 1:1-8.
https://doi.org/10.20455/r0s.2016.801

Publisher’'s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1152/japplphysiol.91109.2008
https://doi.org/10.1152/japplphysiol.91109.2008
https://doi.org/10.1016/j.neuint.2013.01.028
https://doi.org/10.1152/jappl.1998.84.5.1633
https://doi.org/10.1152/jappl.1998.84.5.1633
https://doi.org/10.5698/1535-7511-13.1.35
https://doi.org/10.5698/1535-7511-13.1.35
https://doi.org/10.1124/pr.112.006361
https://doi.org/10.1016/j.neuropharm.2015.08.046
https://doi.org/10.3389/fnmol.2016.00026
https://doi.org/10.3389/fnmol.2016.00026
https://doi.org/10.3389/Fncel.2013.00109
https://doi.org/10.3389/Fncel.2013.00109
https://doi.org/10.1016/j.brainres.2016.01.026
https://doi.org/10.1016/j.brainres.2016.01.026
https://doi.org/10.1152/ajplung.00420.2007
https://doi.org/10.1152/ajplung.00420.2007
https://doi.org/10.1152/ajplung.00178.2010
https://doi.org/10.1152/japplphysiol.00902.2011
https://doi.org/10.1007/s00213-007-0834-8
https://doi.org/10.1007/s00213-007-0834-8
https://doi.org/10.1016/j.ejphar.2013.01.049
https://doi.org/10.1016/j.ejphar.2013.01.049
https://doi.org/10.1016/j.ejphar.2006.05.043
https://doi.org/10.1016/j.ejphar.2006.05.043
https://doi.org/10.1016/j.neulet.2017.05.067
https://doi.org/10.1016/j.neulet.2017.05.067
https://doi.org/10.1016/j.expneurol.2004.12.012
https://doi.org/10.1016/j.neulet.2005.01.006
https://doi.org/10.1113/JP270613
https://doi.org/10.4137/DTI.S23378
https://doi.org/10.3389/fphys.2013.00187
https://doi.org/10.4196/kjpp.2018.22.3.225
https://doi.org/10.4196/kjpp.2018.22.3.225
https://doi.org/10.1016/j.seizure.2011.03.003
https://doi.org/10.1016/j.seizure.2011.03.003
https://doi.org/10.1172/JCI65636
https://doi.org/10.1172/JCI65636
https://doi.org/10.3389/fpsyg.2017.01263
https://doi.org/10.20455/ros.2016.801

	Effect of Interaction between Adenosine and Nitric Oxide on Central Nervous System Oxygen Toxicity
	Abstract
	Introduction
	Materials and Methods
	Animals
	Drugs
	HBO Exposure and CNS OT Severity Evaluation
	Assay of NO and Nitrotyrosine in Brain Tissues
	Detection of Enzyme Activity Related with ADO Metabolism in Brain Tissues
	Statistical Analysis

	Results
	Effect of ADO Combined with 7-NI on Convulsion Latent Period
	Effect of ADO Combined with 7-NI on Mortality Caused by CNS OT in Rats
	Effect of ADO Combined with 7-NI on ALI Induced by OT Onset in Rats
	Effect of ADO Metabolism on NO Content in Brain Tissues
	Effect of ADO Metabolism on Nitrotyrosine Content in Brain Tissues
	Effects of SNP, SIN-1, and 7-NI on ADK, 5’-NT, and SAHH Activity

	Discussion
	References


