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The transition from day-to-night activity is a risk factor for the development of
CNS oxygen toxicity in the diurnal fat sand rat (Psammomys obesus)
Mirit Eynana, Adi Birama, Michael Mullokandova, Noga Kronfeld-Schorb, Rotem Paz-Cohenb, Dvir Menajema

and Yehuda Arielia

aIsrael Naval Medical Institute, IDF Medical Corps, Haifa, Israel; bDepartment of Zoology, Tel Aviv University, Tel Aviv, Israel

ABSTRACT
Performance and safety are impaired in employees engaged in shift work. Combat divers who use
closed-circuit oxygen diving apparatus undergo part of their training during the night hours. The
greatest risk involved in diving with such apparatus is the development of central nervous system
oxygen toxicity (CNS-OT). We investigated whether the switch from day-to-night activity may be a risk
factor for the development of CNS-OT using a diurnal animal model, the fat sand rat (Psammomys
obesus). Animals were kept on a 12:12 light–dark schedule (6 a.m. to 6 p.m. at 500 lx). The study
included two groups: (1) Control group: animals were kept awake and active during the day, between
09:00 and 15:00. (2) Experimental group: animals were kept awake and active during the night,
between 21:00 and 03:00, when they were exposed to dim light in order to simulate the conditions
prevalent during combat diver training. This continued for a period of 3 weeks, 5 days a week. On
completion of this phase, 6-sulphatoxymelatonin (6-SMT) levels in urine were determined over a
period of 24 h. Animals were then exposed to hyperbaric oxygen (HBO). To investigate the effect of
acute melatonin administration, melatonin (50 mg/kg) or its vehicle was administered to the animals
in both groups 20 min prior to HBO exposure. After the exposure, the activity of superoxide dis-
mutase, catalase and glutathione peroxidasewasmeasured, as were the levels of neuronal nitric oxide
synthase (nNOS) and overall nitrotyrosylation in the cortex and hippocampus. Latency to CNS-OT was
significantly reduced after the transition from day-to-night activity. This was associated with altera-
tions in the level of melatonin metabolites secreted in the urine. Acute melatonin administration had
no effect on latency to CNS-OT in either of the groups. Nevertheless, the activity of superoxide
dismutase and catalase, as well as nitrotyrosine and nNOS levels, were altered in the hippocampus
following melatonin administration. On the basis of these results, we suggest that a switch from
diurnal to nocturnal activity may represent an additional risk factor for the development of CNS-OT.
Utilizing a diurnal animal model may contribute to our understanding of the heightened risk of
developing CNS-OT when diving with closed-circuit oxygen apparatus at night.
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Introduction

It is well known that the performance of night-shift
workers is inferior to that of day workers (Revell &
Eastman, 2005), that it deteriorates with time and
that their safety is impaired (Åkerstedt & Wright,
2009; Figueiro & White, 2013; Folkard et al., 2005).
In order to do their job, shift workers necessarily
undergo deliberate exposure to light during the night
hours, resulting in disruption of normal physiologi-
cal and behavioral circadian rhythms.

Melatonin is a major output of the circadian pace-
maker, which resides in the supra-chiasmatic nucleus.
Night-shift workers have lower melatonin levels as a
result of exposure to light at night during their

working hours, which suppresses the nocturnal rise
in melatonin. There is no elevation in their melatonin
level in the course of daytime sleep, even if they sleep
in the dark (Mirick et al., 2013). A chronic reduction
in melatonin secretion in night-shift workers may
exert a carcinogenic effect (Kim et al., 2015), as well
as having an influence on the immune system
(Herichova, 2013). In addition to its role as an output
of the circadian pacemaker, melatonin is also an anti-
oxidant, playing an important role in antioxidant
defense and regulating the production and activity of
antioxidant enzymes (Dundar et al., 2005; Mollaoglu
et al., 2007; Pablos et al., 1997; Reiter et al., 2000).
Melatonin neutralizes reactive oxygen species (ROS)
such as the hydroxyl radical (∙OH) (Tan et al., 2002),
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and reactive nitrogen species (RNS) such as peroxyni-
trite (ONOO−) (Cuzzocrea&Reiter, 2001; Reiter et al.,
2013). Peroxynitrite can act on tyrosine residues in
proteins to form the stable end product 3-nitro-L-
tyrosine (NT). This compound may therefore be
used as a marker for peroxynitrite, and thus for the
potentially cytotoxic effect of NO production in the
presence of superoxide (Beckman&Koppenol, 1996).
BothROS andRNS play amajor role in the generation
of oxygen toxicity (Bitterman & Bitterman, 1998;
Demchenko & Piantadosi, 2006; Elayan et al., 2000;
Oury et al., 1992; Torbati et al., 1992).

In the Israeli navy, part of the training program for
combat divers takes place during the night hours. The
use of closed-circuit oxygen apparatus by these divers
may result in central nervous system oxygen toxicity
(CNS-OT), which can be fatal underwater. Several
cases of CNS-OT have occurred among trainee divers
in the Israeli navy over the past few years, with one
fatality. It appears that most of these incidents
occurred in a period when the divers were active
during the night hours. On the basis of this informa-
tion, we hypothesized that night activity may have
resulted in lower melatonin levels, which in turn led
to a higher risk of CNS-OT when exposed to hyper-
baric oxygen (HBO).

Most studies investigating CNS-OT use rats and
mice as their animal model. However, these rodents
are nocturnal and are used as an animal model for the
diurnal human. Melatonin is secreted during the
night in both nocturnal and diurnal mammals, so in
both, it serves as a signal of the hours of darkness
during the night. However, this also means that noc-
turnal and diurnal species will respond to the
increased melatonin levels in ways that promote the
opposite patterns of behavior and physiology they
display (Bilu & Kronfeld-Schor, 2013; Bilu et al.,
2016). For the purposes of the present study, we
therefore used a diurnal rodent, the fat sand rat
(Psammomys obesus), which has been used previously
as a diurnal animal model for the study of circadian
rhythms (Barak & Kronfeld-Schor, 2013; Bilu et al.,
2016; Krivisky et al., 2011; Schwimmer et al., 2010;
Tal-Krivisky et al., 2015).

The purpose of the present study was to investigate
whether a switch from day-to-night activity in the fat
sand rat will affect the development of CNS-OT and
explore possible underlying mechanisms. We mea-
sured the latency to the first signs of seizure as an

indication of sensitivity to CNS-OT following a switch
from day-to-night activity, as well as melatonin secre-
tion and the activity of antioxidant enzymes. We also
examined the effect of acute administration of mela-
tonin on resistance to CNS-OT.

Methods

Animals

Forty male fat sand rats (P. obesus) weighing 180‒220
g were housed individually in plastic cages under
standard conditions, with free access to drinking
water and standard chow. Room temperature was
kept at 24 °C, and lights (500 lx) were turned on at
6 a.m. and off at 6 p.m. The experimental procedure
was approved by the Animal Care Committee of the
Israel Ministry of Defense and performed in accor-
dance with internationally accepted standards.

Because this was the first time the fat sand rat
model had been employed to investigate CNS-OT,
eight animals were used to establish the pressure that
would enable us to compare latency to CNS-OT
between the control and experimental groups. This
was found to be 5 atmospheres absolute (ATA).

Experimental design

To examine whether there may be a daily rhythm in
latency to CNS-OT, we conducted a preliminary
experiment, in which sand rats were exposed to
HBO at 5 ATA during daylight hours and at night
(n = 6, both groups). Latency was measured to the
first appearance of convulsions.

Sixteen animals were divided into two groups.
Animals in the control group (day, n = 8) were kept
awake and active and prevented from sleeping by
being placed in a running wheel turning at a speed
of 3 m/h for 20 min of each hour between the hours of
09:00 and 15:00. Animals in the experimental group
(night, n = 8) were placed in the running wheel on the
same protocol between the hours of 21:00 and 03:00
with dimmed white lighting. This continued for a
period of 3 weeks, 5 days a week. The day-and-night
activity protocol was selected for its similarity with the
conditions to which combat divers were exposed dur-
ing their training. At the end of this treatment period,
urine samples were collected at 4-h intervals starting
zt 2 over a period of 24 h and kept frozen at−80 °C for
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the analysis of urinary 6-SMT excretion. Animals in
both groups were then exposed to HBO at 5 ATA
during the hours when they had been kept active,
which for the control group was in daylight and the
experimental group at night. This was done to simu-
late the activity of the divers, who switch from diving
during the day to diving at night. Latency was mea-
sured to the appearance of the first convulsions.
Immediately after exposure, the animals were sacri-
ficed, and the cortex and hippocampus were kept at
−80 °C for later analysis.

To investigate the effect of melatonin as an anti-
oxidant agent, we used 16 sand rats divided into a
day group and a night group (n = 8 in each). Twenty
minutes before exposure to HBO (during daylight
hours for the control group and the night hours for
the experimental group, as in the preceding experi-
ment), we administered 50 mg/kg melatonin dis-
solved in 50% ethanol and distilled water to half of
the animals in each group (n = 4), whereas the other
half were administered only the vehicle.

Exposure to HBO
The sand rat was placed in the experimental cage,
which was put inside a 150-l hyperbaric chamber
(Roberto Galeazzi, La Spezia, Italy). The gas flow
into the cage was controlled by a needle valve. A
small portion of the outgoing gas was directed out of
the pressure chamber (controlled by another needle
valve), passed through a flowmeter and was sampled
by a Servomex Model 571 oxygen analyzer
(Servomex, Crowborough, East Sussex, UK) which
monitored the concentration of O2 in the experi-
mental cage. When the desired pressure was reached
(5 ATA), the flow of air was immediately replaced by
pure oxygen at a fast flow rate of 15 l/min for 1 min
to replace the cage’s atmosphere. When the oxygen
level reached 95%, oxygen flow into the experimental
cage was reduced to 5 l/min. The latency to CNS-OT
was measured from the time O2 reached a level of
95% until the appearance of the first convulsions, at
which point the exposure was terminated. The
inflowing gas was then changed back to air, and
pressure was reduced at a rate of 1 ATA/min.

Western blot analysis
The cortex and hippocampus from each animal were
thawed and homogenized with SDS buffer (20%
glycerol and 6% SDS in 0.12 M Tris buffer with a

pH of 6.8), centrifuged at 13 000 × g for 20 min at a
temperature of 4 °C, and boiled for 5 min. The pro-
tein concentration of the brain specimens was quan-
tified by the BCA Assay (Pierce Biotechnology, Inc.,
Rockford, IL, USA). A volume of 50 μg total protein
was loaded in each well of a gradient 4‒20% glycerin
gel (NuSep Ltd., Australia). After blotting, the mem-
branes were incubated for 1 h in blocking solution
containing 5% skimmed milk dissolved in tris-buf-
fered saline Tween-20 (TBST). The membranes were
then washed briefly with TBST and incubated over-
night at 4 °C with the polyclonal IgG cross-reactive
to the antibodies of nitrotyrosine (NT) and neural
nitric oxide synthase (nNOS) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) diluted
1:1000, and IgG mouse monoclonal actin (MP
Biomedicals, IL, USA) diluted 1:5000. After three
repeated washings in TBST, the membranes were
incubated at room temperature for 1 h with horse-
radish peroxidase-conjugated goat anti-rabbit (Cell
Signaling Technology, Beverly, MA, USA) and goat
anti-mouse (Novagen, EMD Chemicals, San Diego,
CA, USA) IgG secondary antibodies, respectively, in
a 1:10 000 dilution. The membranes were then pre-
pared to enhance detection by chemiluminescence
(Pierce Biotechnology, Inc., Rockford, IL, USA) and
photographed using ImageQuant LAS 4010 (GE
Healthcare, Uppsala, Sweden). Band densities were
quantified by Image Quant TL software (GE
Healthcare, Uppsala, Sweden), and levels of both
nNOS and NT were normalized to actin level.

Activity of SOD, catalase and GPX, and 6-SMT
analysis
The activity of SOD, catalase (CAT) and GPX was
measured using commercially available assay kits
(Cayman Chemical Company, Ann Arbor, MI,
USA). 6-SMT analysis was conducted using a
Melatonin Sulfate ELISA kit (IBL, Hamburg,
Germany).

Statistical analysis

Data are expressed as mean ± SD. Statistical analysis
was performed using Student’s t-test for latency to
CNS-OT. One-way ANOVAwith repeatedmeasures
followed by a Bonferroni correction post-hoc test was
performed for the 6-SMT values. Two-way ANOVA
followed by a Bonferroni correction post-hoc test was
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conducted to assess the effects of (1) activity time; (2)
melatonin administration and (3) the interaction
effect (activity time × melatonin administration),
for each of the dependent variables: latency to
CNS-OT, enzyme activity, and NT and nNOS levels.
Statistical significance was defined as p < 0.05.

Results

Latency to CNS-OT

There was no significant difference in latency to CNS-
OT between animals subjected to a single session of
HBO at five ATA during the hours of darkness or in
daylight (15.6 ± 4.7 and 18.2 ± 5.3 min, respectively).

We found that latency to CNS-OT was signifi-
cantly reduced after a transition from day to con-
tinuous night activity (19.2 ± 4.3 and 9.1 ± 0.8
min, respectively; p < 0.05, Figure 1). Acute mela-
tonin administration did not provide any protec-
tion against CNS-OT. Latency to CNS-OT in the
acute melatonin night group was still shorter than
in the control group, and very much the same as in
the night group which did not receive acute mel-
atonin (activity time effect, p < 0.01; melatonin
effect, NS; interaction, NS; Figure 2).

Urine 6-SMT levels

Melatonin levels (6-SMT) after three weeks of day-
time activity, measured at 4-hour intervals over a
period of 24 h, showed a typical daily rhythm with

higher levels during the night (p < 0.001). The level
of 6-SMT was significantly higher at 0‒4 h compared
with all other hours, and at 4‒8 h compared with 8‒
12 h (p < 0.05). Following continuous night activity
and exposure to light at night, the rhythm of 6-SMT
secretion in the urine was altered; its level was sig-
nificantly lower at 8‒12 h compared with 20‒8 h.
There was a significant interaction between group
and time (p < 0.005). When the day-active group was
compared with the night-active group, 6-SMT levels
were significantly higher in the night group during
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Figure 1. Latency to CNS-oxygen toxicity in the day group (n = 8)
and in the night group (n = 8). Results are expressed as mean ±
SD. *p < 0.01 between night and day.
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Figure 2. Latency to CNS-oxygen toxicity in the day group
administered melatonin or its vehicle and in the night group
administered melatonin or its vehicle (n = 4 in each). Results
are expressed as mean ± SD. *p < 0.05 between night and day.
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Figure 3. Melatonin levels determined in the urine by measur-
ing urinary 6-SMT excretion at 4-h intervals over a period of 24
h at the end of the day and night phases. Results are expressed
as mean ± SD. A significant daily rhythm was found in both
groups, and significant differences were found in 6-SMT levels
between the day and night groups (*p < 0.05) over the 24-h
measurement period.
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the light hours (12‒16 h, p < 0.005) and significantly
lower during the dark hours (4‒8 h, p < 0.05;
Figure 3). As a result, the amplitude of 6-SMT in
the day-active group was more than double that of
the night active group (40 ± 20 and 18 ± 9, respec-
tively; p < 0.05).

Antioxidant enzyme activity

Following acute melatonin administration, the activ-
ity of SOD was elevated in the cortex of the night
active group compared with the day-active group
(activity time effect, p < 0.01; melatonin effect, NS;
interaction, NS; Figure 4(a)). In the hippocampus,
however, no change in SOD activity was observed
(activity time effect, NS; melatonin effect, NS; inter-
action, NS; Figure 4(b)). CAT activity remained
unchanged in the cortex (activity time effect, NS;
melatonin effect, NS; interaction, NS; Figure 5(a)),
whereas in the hippocampus, its activity significantly

decreased in the night-active group only as a result of
acute melatonin administration (activity time effect,
NS; melatonin effect, p < 0.05; interaction: NS;
Figure 5(b)). The activity of GPX was not altered in
either the cortex or the hippocampus following pro-
longed night activity or acute melatonin administra-
tion (activity time effect, NS; melatonin effect, NS;
interaction, NS; data not shown).

nNOS and NT levels

Acute administration of melatonin prior to HBO
exposure reduced nNOS levels only in the hippo-
campus in the night-active group (activity time
effect, NS; melatonin effect, p < 0.05; interaction,
NS; Figure 6). A similar picture was obtained regard-
ing NT levels. NT, which represents the level of
ONOO−, was significantly decreased only in the
hippocampus following acute melatonin administra-
tion prior to HBO exposure (activity time effect, NS;
melatonin effect, p < 0.01; interaction, NS; Figure 7).
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Figure 4. Superoxide dismutase activity in the day group admi-
nistered melatonin or its vehicle and in the night group admi-
nistered melatonin or its vehicle (n = 4 in each). (a) cortex; (b)
hippocampus. Results are expressed as mean ± SD. *p < 0.05
between night and day groups administered melatonin.
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Figure 5. Catalase activity in the day group administered melato-
nin or its vehicle and in the night group administeredmelatonin or
its vehicle (n = 4 in each). (a) cortex; (b) hippocampus. Results are
expressed asmean ± SD. *p < 0.05 betweenmelatonin and vehicle
administration in the night group.
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Discussion

In the present study, we have demonstrated that 3
weeks of night activity in the diurnal fat sand rat
(P. obesus) resulted in significant shortening of the
latency to CNS-OT (Figure 1). This finding was
associated with decreased amplitude of the typical

daily pattern of 6-SMT in urine (Figure 3). The
fact that we observed both a reduction in urinary
6-SMT during the night and an increase during
the day in the night-active animals, compared with
the day-active group, suggested that both mechan-
isms (reduced amplitude of circadian rhythms and
acute suppression of melatonin secretion) may
influence the perceived rhythm. Melatonin levels
in shift workers during night work and daytime
sleep are significantly lower than those of daytime
workers. The lower level of melatonin at night is
due to exposure of night workers to illumination
(Kim et al., 2015). The higher levels of melatonin
during the day may result from desynchronization
of the circadian rhythms.

This disruption of melatoninmay contribute to the
higher sensitivity to CNS-OT following the transition
from day-to-night activity. Melatonin, in addition to
its role as an antioxidant enzyme regulator (Rodriguez
et al., 2004), is known to be an antioxidant agent
(Reiter et al., 2000, 2013). We therefore hypothesized
that in animals that were switched to night activity and
subsequently had lower melatonin levels during the
night, inducing an acute increase in melatonin levels
prior to HBO exposure would result in the recovery of
resistance to CNS-OT.We were surprised to find that
acute melatonin administration did not result in the
prolongation of latency to convulsions, thus failing to
alleviate the higher sensitivity to CNS-OT following
the transition from day-to-night activity.

We did nevertheless observe a number of expected
changes related to oxidative stress following acute
administration of melatonin, particularly in the hip-
pocampus (Figures 4 and 5), as we have shown in
previous studies (Arieli et al., 2014; Domachevsky
et al., 2012; Eynan et al., 2014). Similar findings were
noted by both Dundar et al. (2005) and Pablos et al.
(1997) with regard to antioxidants examined in the
present investigation and other substances. The
administration of exogenous melatonin before expo-
sure to HBO at three or four ATA prevented the
elevation of malondialdehyde, an indicator of lipid
peroxidation, implying a protective effect against
exposure to HBO. Alterations were also noted in the
antioxidant enzymes SOD and GPX. However, these
studies did not take oxidative stress to a physiological
end point as we did in the present investigation with
phenotype measures such as CNS-OT or epilepsy.
The reduction of CAT activity by the acute
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administration of melatonin may result from its role
as an antioxidant, even though this was not reflected
in the recovery of resistance to CNS-OT. Similar
results were obtained for oxidative stress resulting
from epileptic seizures, where a single administration
of melatonin did not alter the onset of tonic–clonic
seizures but did reduce the hydroxyl and nitroxyl
radicals (Mareš et al., 2013). It is unclear why acute
administration of melatonin which caused changes at
the level of antioxidant parameters did not influence
latency to CNS-OT. These results may indicate that
the mechanism leading to CNS-OT is not dominated
by changes in antioxidant enzymes.

In the present study, nNOS levels decreased in the
hippocampus following melatonin administration in
both the control and experimental groups (Figure 6).
In a number of studies, melatonin was found to
inhibit the activity of NOS and nitric oxide (NO)
in the brain (Bettahi et al., 1996; Guerrero et al.,
1997; Pozo et al., 1997). NO rapidly reacts with
superoxide produced in excess during oxygenation
to form peroxynitrite, which is a potent oxidizing
agent with neurotoxic actions (Koppenol et al.,
1992). Acute administration of melatonin led to a
reduction not only in nNOS but also in NT
(Figure 7). This correlates with the finding that mel-
atonin reduced nNOS levels, leading to a decrease in
nitrosylation in the hippocampus. Huang et al.
(2015) demonstrated a hypobaric hypoxia-induced
increase in NO production, overexpression of
nNOS, endothelial nitric Oxide synthase (eNOS),
inducible nitric oxide synthase (iNOS) and NT for-
mation in the hippocampus. A high dose of melato-
nin (100 mg/kg) provided protection against the
hypobaric hypoxia by reducing the level of nNOS,
eNOS, iNOS and NT formation. The authors related
the neuroprotective functions of melatonin to its
antioxidant properties and free radical scavenging
ability. Besides reducing NO formation by restricting
the activation of NOS and thereby limiting the sub-
sequent cytotoxicity caused by this free radical, mel-
atonin was also shown to scavenge the highly toxic
ONOO− anion directly (Blanchard et al., 2000).
Thus, with the reduction in NO synthesis, melatonin
can also protect neurons by its ability to scavenge
NO as well as ONOO−. nNOS and NT levels were
reduced as a result of acute melatonin administra-
tion, but this had no effect on latency to CNS-OT in
either group.

After observing the disruption of melatonin
rhythms in the night-active group, and seeing the
expected effect of acute melatonin administration on
nNOS and antioxidant enzymes, it seemed strange
that latency to CNS-OT was not affected by melato-
nin. The fact that not only was there a decrease in
melatonin levels during the night but that they also
increased during the day suggests that circadian
rhythms in the experimental group were desynchro-
nized. It is possible that the reduced melatonin
amplitude and the altered rhythms observed in the
night-active group resulted in a disrupted internal
temporal order, and thus played a major role in their
increased sensitivity to CNS-OT. In that event, timed
chronic administration of melatonin which would
synchronize the circadian rhythms, rather than acute
administration, may be required to reduce sensitivity
to CNS-OT after the switch from diurnal to noctur-
nal activity. In support of our hypothesis, Anisimov
et al. (2012) found that melatonin given in the drink-
ing water during the night prevented the adverse
effects of constant illumination and a short daylight
regimen on homeostasis, life span and tumor devel-
opment in both mice and rats. In addition, Rennie
et al. (2008) found that whereas acute melatonin
failed to induce changes in behavioral activity after
global forebrain ischemia, chronic administration
had a successful outcome.

In conclusion, the transition from day-to-night
activity may represent an additional risk factor for
the development of CNS-OT in divers using oxy-
gen-enriched gas mixtures. Continuous night activity
disrupted circadian rhythms, as indicated by the
altered daily rhythm of 6-SMT, and acute administra-
tion ofmelatonin, which had the expected antioxidant
effect, failed to provide protection against CNS-OT.
We therefore suggest that melatonin probably plays a
more significant role in synchronizing the circadian
system with the normal light–dark cycle and main-
taining the internal temporal order than as a direct
antioxidant. Further research, with chronic rather
than acute administration of melatonin, is required
to elucidate its role in the risk of developing CNS-OT
when circadian rhythms are disrupted.
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