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Glutamate Elicits Therapeutic Responses in Light-Induced
Sleep-Deprived Zebrafish, Danio rerio
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Sleep deprivation disrupts most neurotransmitters, which can lead to adverse behavioural changes and other psychiatric illnesses.
Many neurotransmitter systems, including dopamine (DA), serotonin (5-HT), norepinephrine (N.E.) and GABA, have been implicated
in the pathophysiology of mood disorders. The precise significance of sleep deprivation (S.D.) changes in the neurotransmitter levels
and the mechanism underlying behavioural alterations is unknown. According to research, sleep deprivation (S.D.) has a major
effect on an individual's quality of life and ability to perform essential physiological functions. As a result, we wanted to confirm the
levels of neurotransmitters and behavioural modifications in zebrafish after 24, 48, and 72 hours of sleep deprivation and glutamate
treatment on the sleep-deprived groups. The T-maze test was used to assess learning and memory alterations in zebrafish. We used
the Novel Tank Test (NTT) and Light and Dark Test (LDT) to examine the anxiety-like behaviour. The spectrofluorimetric method
was used to determine the quantities of DA, 5-HT, N.E. and GABA. From this study, it is evident that 72h sleep-deprived fish had
a loss of learning and memory via T-maze test and also the anxiety levels were very high in the sleep-deprived group than the other
groups. The groups that received glutamate after sleep deprivation showed betterment in the behavioural response. Also, the levels
of neurotransmitters were increased in the glutamate treated groups than the sleep-deprived groups. Our findings indicate that sleep
loss dramatically impairs behavioural responses and disrupts most neurotransmitter concentrations. When sleep-deprived fish were
given glutamate, their behaviour and neurotransmitter levels were nearly identical to those of the control group. This study will
have a greater impact on sleep deprivation therapy and pave the way for using the neurotransmitters as external therapeutic agents
in treating sleep deprivation and other behavioural changes related to sleep deprivation.It has been suggested that zebrafish is an
excellent testing subject for loss of sleep on cognition and that it may also be an efficient model for unravelling the pathways that
underpin learning and memory formation.
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(Dilsaver 2011). Sleep is a common occurrence in most
species, including humans, and has been observed to be an

evolutionarily conserved phenomenon (Cantero et al. 2003;

Over the last few decades, Danio rerio has grown
in popularity as an animal model in heredities and
developmental biology. It has also expanded prominence
in behavioural studies converging on memory retention
(American Psychiatric Association 1994). This little fish
exhibits various sleep-like properties, such as circadian
control, periods of dormancy followed by an elevated
arousal verge, preference for resting sites, and sleep rebound
homeostasis (Merikangas et al. 2011; Jansen et al. 2011).
When combined with the zebrafish's daily circadian cycle,
this species is a relevant model for sleep-related studies
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McNamara et al. 2008). Sleep is critical for the learning
process and memory consolidation, although its mechanisms
and functions remain unknown (Besedovsky et al. 2019).

Interrupted sleep has been linked to poor attention and
health-related difficulties, both of which have been verified
by experimentation (Vogel et al. 1999; Hublin et al. 2001;
Rajaratnam 2001; Buzsaki et al. 2002; National Health
Interview Survey et al. 2005; Harvey et al. 2008; Centers
for Disease Control and Prevention et al. 2011). According
to research, sleep deprivation (S.D.) has a major effect on
an individual's quality of life and ability to perform essential
physiological functions (Praag et al. 1975; Moore et al.
1975; Serra et al. 1979; Bannerman et al. 2004; Derry et



al. 2006; Vadodaria et al. 2017). Sleep deprivation leads to
poor memory acquisition. The sleep stage has a substantial
effect on memory consolidation. Slow-wave sleep, for
example, is required for the maintenance of memories
dependent on the hippocampus, such as declarative and
spatial memories, which are more severely affected than
other types of memories by sleep deprivation (Graeff et
al. 1996; Schildkraut and Massat 2000; Bredy et al. 2013;
Shields et al. 2015; Besedovsky et al. 2019).

Sleep deprivation has a noticeable effect on neurotransmitter
levels, resulting in detrimental behavioural changes and
other health consequences. S.D. has been associated with
a variety of neurodegenerative and behavioural disorders.
Diminished sleep can be a positive trigger for manic
episodes (Berns et al. 2003). Numerous neurotransmitter
systems have been linked to behavioural changes, including
dopamine (DA), serotonin (5-HT), and norepinephrine
(N.E.). Dopamine (DA) has been implicated in the
pathophysiology of manic episodes since the (1970s),
and alterations in dopaminergic neurotransmission have
been linked to neurobiological abnormalities (Zachmann
et al. 1966; Barbose et al. 2011). Clinical findings have
established a link between dopamine and manic episodes
for many years. Five-hydroxytryptamine (5-HT) is a
neurotransmitter that has remained mostly unaltered
throughout evolution. It regulates various physiological
processes and behaviours, including cardiovascular control,
pain sensitivity, eating, reproduction, cognition, impulsivity,
aggression, and mood (Weber et al. 2018).

5-HT appears to boost wakefulness and prevent sleep
through activating neurotransmitters such as ACh and
noradrenaline. Norepinephrine (N.E.) has long been
associated with depression and manic episodes (Decker
et al. 2000; Machado et al. 2004). Glutamate is the most
important excitatory neurotransmitter (Seigel et al. 1984;
Berns et al. 2003; Armani et al. 2012). Glutamate has a
deleterious impact on brain physiology in circumstances
of overexcitation (Tamilselvan et al. 2017). Astrocytes
are responsible for 90% of glutamate uptake, highlighting
some of the essential characteristics of tripartite synapse
integrity and brain function (Brady et al. 2013; Stewart et
al. 2019).

The interaction of glutamate with particular membrane
receptors is responsible for many neurological activities
such as cognition, memory, movement, and sensation;
however, excessive extracellular glutamate accumulation
contributes to the progression of most neurodegenerative
illnesses (Derry et al. 2006). The precise process by
which S.D. impacts neurotransmitter levels and emerging
repercussions, resulting in behavioural alterations in fish, is
unknown. Thus, we attempted to confirm neurotransmitter
alterations in zebrafish following 24, 48, and 72 hours
of S.D. and S.D. induced behaviour changes (Stewart
et al. 2019). The purpose of this study was to employ
spectrofluorimetric methods to compare the effects of sleep
deprivation on neurotransmitter levels in the brains of sleep-
deprived, control, and glutamate-treated fishes. In addition,
we looked into the behavioural circuits of zebrafish that
had been subjected to sleep deprivation for several hours.

Furthermore, to scrutinize the impacts of sleep-inducing
medications, we investigated the behavioural reaction of
sleep-deprived fish exposed to glutamate. Therefore, we
hypothesized that (1) sleep deprivation impairs memory
formation and changes neurotransmitter levels in zebrafish,
and (2) glutamate promotes sleep by synthesizing GABA
and mitigates the S.D. effects.

For zebrafish and conditions for housing, male zebrafish at
four months of age were obtained from Prince Aquarium
and housed in 50-L tanks with proper housing conditions
and disinfection. A standard process comprised monitoring
oxygen and pH levels while maintaining the temperature at
28°C and the hardness of the water. The 12:12 light-dark
cycle, with (ZT) set to 06 am—06 pm were maintained for
zebrafish. Zebrafish were fed blood worms and commercial
meals twice daily. There were no animal ethical issues
involved to carry out this research.

For sleep settings and drug administration, the major
Zeitgeber for circadian rhythms is the light-dark cycle
was used. The control group cycle was maintained at
12L:12D light: dark. Previous studies have established
that the extended light phase in zebrafish may cause S.D.
(Vetter et al. 2015). The cycle was extended, and the light
was given to the fish during the dark period to get a more
extended light phase. Sleep deprivation was maintained for
extended hours, maintaining a light phase throughout the
study period. The present study was conducted for 10 days,
consisting of three days in a row of sleep deprivation and
7 days of treatment with glutamate. Six fishes in a group
were used in the current investigation (n=6).

Group 1: Control ; Group 2: 24h Total SD; Group 3: 48h
Total SD; Group 4: 72h Total SD ; Group 5: 24h Total
SD + Glutamate (150mg/L) ; Group 6: 48h Total SD +
Glutamate (150mg/L):; Group 7: 72h Total SD + Glutamate
(150mg/L).

For behavioural analysis, learning and memory test in a
T-Maze was used. The T-maze is a multi-species operational
activity that is widely used to measure memory. T-maze was
used to study learning and memory activities in zebrafish.
It was constructed from a clear acrylic glass sheet (shown
in Fig.1(a). The maze measurements were 50 cm x 10 cm
x 10 cm long arm, 20 cm x 10 cm x 10 cm short arm and
10 cm x 10 cm start box at the stem base. Green and red
sleeves covered the two short sides on the left and right.
The maze was filled with water to a depth of 6 cm, and the
water temperature was kept constant at 28°C during the
experiment. Transfer latency (T.L.) was calculated when it
took the fish to reach the deeper chamber.

Novel tank test was conducted for the study using
rectangular glass aquaria (LxWxH: 24x8%20 cm) filled with
water from the same source and having the same properties
as the experimental aquaria as shown in Fig.1(b). Canon
EOS 1500D 24.1 DSLR camera mounted on a tripod in
front of the test aquarium was used to video the fish for a
total of five minutes. Following the discharge of the fish
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into the NTT, the operator ensured that no human activity
interfered with the experiment. We did not undertake video
analysis during the first 60 seconds of the inquiry because
it was a period designed to acclimatize the fish to the stress
of transfer and the new surroundings. Three portions were
created in the test tank: the top, the middle, and the bottom.
The time spent in each part of the tank was recorded (Harvey
et al. 2008).

The light/dark preference test, as opposed to the novel
tank test, examines zebrafish exploratory behaviour under
a motivational conflict of both light and dark sleeves, as
shown in Fig.1(c). Furthermore, the effects of glutamate
are prevalent in this examination. In brief, 30 minutes
after drug treatment, the animals were transferred to the
central compartment of a black and white tank (15 cm %10
cm x45 cm Hx Wx L) for a 3-min acclimation period,
after which the doors that delimit this compartment were
removed, and the animal was free to explore the apparatus
for 5 minutes.

The brain tissue examination was conducted with frozen
fish brains which were first cut into slices (about I-mm
thick) using a microtome. Tissue pieces were placed in a
pre-cooled microhomogenizer sealed with a glass cork.
For extraction 0.1 mL HCl-n-butanol (0.85 mL 37 percent
HCl in 1 L n-butanol for spectroscopy) was used. In a glass
homogenizer, the sample was centrifuged for 10 minutes
at 2000 g. It was necessary to separate the supernatant
phase (0.08 ml) and transfer it to an Eppendorf tube with
a volume of 1.5 ml that contained 0.2 ml heptane (for
the spectroscopy) and 0.025 ml of 0.1 M HCI. After 10
minutes of vigorous shaking, the organic phase formed on
the inorganic phase was removed. The aqueous phase was
used to estimate neurotransmitters: 5-HT, N.A., DA, and
GABA (Schlumpf et al. 1974).

For the estimation of Norepinephrine and Dopamine, the
Trihydroxyindole approach was shrunk in size by a factor of
two for this assay. A total of 0.02 ml HCI phase was added to
0.02ml 0.4 M HCl and 0.01 ml EDTA/sodium acetate buffer
(pH 6.9) (to the mixture 0.01 ml iodine solution was added
for oxidation). 0.01 ml Na,SO, was added to 5 M NaOH, the
chemical was allowed to react for 2 minutes before being
tested. Afterwards, 0.01 mL of acetic acid was added to the
solution, and it was then heated for 6 minutes at 100°C. On
reaching room temperature, emission spectra were collected
in the microcuvette with a spectroflurophotometer for
dopamine at 485 nm and noradrenaline at 375 nm.

For the serotonin assay, changes in reagent and solvent
quantities were required to achieve the desired fluorescence
yield while using smaller vials. For serotonin determination,
the O-phthalaldehyde technique was used. To 0.025 ml
of the tissue extract, OPT reagent and HCl was added.
Fluorophore development involved boiling the mixture at
100 °C for 10 minutes. At equilibrium, emission spectra
or intensity was measured in a spectroflurophotometer at
470 nm.

The estimation of GABA content was measured using the
following experimental procedure (Lowe et al. 1958). 0.1

ml of tissue extract, 0.2 ml of 0.14 M ninhydrin solution
in 0.5 M carbonate—bicarbonate buffer (pH 9.95), and
copper tartrate reagent were added to the reaction tube.
Spectra of fluorescence emission were obtained after 10
minutes of boiling the mixture in the water bath. For the
statistical analysis, the mean and standard deviation of the
mean was used to represent all of the data. Comparing the
outcomes of the different groups was done using one-way
ANOVA followed by a DMRT test for comparisons between
the groups. In all groups, a p-value of less than 0.05 was
considered statistically significant.

T-Maze for learning and memory: The fish in our study
subjected to light-induced S.D. performed significantly
worse behaviour when compared to the control and
treatment groups. A previous survey of avoidance learning
after S.D. showed that zebrafish could learn, create
memories, and reactivate memories associated with the
stimuli. Studies found that fish that had not slept for 24 hours
could still respond and learn the association between red
and green sleeves in the T-maze the same way the control
group did. Due to poor memory, 48h and 72h S.D. fish
showed difficulties distinguishing between red and green
sleeves (Detke et al. 2015).

Time spent in the green and red arm of T-maze:The
total amount of =SD time to the green and red arm of the
maze by the sleep-deprived and sleep-deprived + glutamate
treated groups have been graphically represented in (fig 2a
and fig 2c¢), respectively.

T-maze for learning and memory using the number of
entries in each arm as a parameter: Number of entries
into the green arm and red arm: The total number of £SD
entries to the green and red arm of the maze by the sleep-
deprived and sleep-deprived + glutamate treated groups
has been graphically represented in (fig 2b and fig 2d),
respectively.

NTT for checking anxiety-induced behaviour changes by
using time spent in each zone as a parameter: We selected
the novel-tank and light-dark tests to examine anxiety-like
behaviours in the current investigation. Zebrafish tend to
linger near the sides and bottom of the tank during the
novel-tank test when first introduced to a novel setting.
This is referred to as thigmotaxis in rodents. In zebrafish,
typical vertical exploration activities are gradual and likely
to intensify over time.72h S.D. fishes displayed delayed
latency to access the upper half of the tank, decreased time
spent in the upper half of the tank, and higher frequency
of erratic movements and freezing bouts in the novel
tank-test, which has been associated with greater anxiety-
like behaviour (American Psychiatric Association 1994;
Dilsaver et al. 2011) which was less noticeable in 24h and
48h S.D. fishes. Our findings show that fish exposed to light
caused S.D. had considerably fewer exploratory behaviours
when examined using the novel-tank test, as demonstrated
by fewer transitions to the upper half of the tank compared
to the glutamate-treated groups. This finding suggests that
S.D. affects the fish, possibly impacting the behaviours
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observed in this testing paradigm. The novel-tank test
results indicate that S.D. affects exploratory behaviour,
as evidenced by more minor exploratory transitions to the
upper compartment in the novel-tank test (Besedovsky et
al. 2019).

Figure 1: (a) T-maze set up to assess the learning and
memory in the fish group (b) Novel Tank Test to assess the
anxiety-like behaviour in the zebrafish (c¢) Light and Dark
test to assess the exploratory behaviour of zebrafish.
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Figure 2: T-maze test (a) Graphs showing the amount of
time spent in the red and green arm by the control and
S.D fish groups, (b) Total average Number of entries to
the red and green arm by the control and S.D fish groups,
(c) Showing the total amount of time spent in the red and
green arm by the control and S.D + glutamate groups and
(d) Total average Number of entries to the red and green
arm by the control and S.D+ glutamate groups. Values are
expressed as mean+SD, and p<0.05 is considered significant
in all groups.
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Figure 3: Light and dark test (a) Graphs showing the
amount of time spent in the light and the dark compartment
by the control and S.D fish groups, (b) Total average Number
of entries to the light and dark zone by the control and S.D
fish groups, (¢) Showing the total amount of time spent in
the light and the dark compartment by the control and
S.D + glutamate groups and (d) Total average Number of
entries to the light and dark zone by the control and S.D+
glutamate groups. Values are expressed as mean+SD, and
p<0.05 are considered significant in all groups.
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Time spent in the top and bottom zone of the tank: The
total time spent in the top and bottom zone of the tank £SD
by sleep-deprived and sleep-deprived + glutamate treated
zebrafish groups has been graphically represented in fig 4a
and 4c, respectively.

NTT for checking anxiety-induced behaviour changes by
using the number of entries to each zone as a parameter:
Number of entries towards the top and bottom zone of the
tank: The Total number of entries to the top and bottom
zone of the tank +£SD by sleep-deprived and sleep-deprived
+ glutamate treated zebrafish groups have been graphically
represented in fig 4b and 4d, respectively.

LDT for assessing anxiety-like behaviour in zebrafish by
using time spent in light and dark zone as a parameter:
Scototaxic adults are known to exist in zebrafish. As a
result, more entries into the white compartment imply
more exploratory activity in the light and dark test, whereas
more time spent in the black chamber shows a stronger
predisposition toward anxiety-like behaviour. Ambient light
levels can influence the light—dark test outcome, with fish
exhibiting higher levels of white avoidance in brightly lit
situations versus dark environments. Like the novel-tank
test, the light-dark test showed altered behaviour in both
the 48h and 72h S.D. groups compared to the control and
24h S.D. group. The light and dark examination revealed
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nearly twice as much as untreated groups (Besedovsky et
al. 2019).

that the 24h S.D. group was not significantly affected. In the
the glutamate treated groups reached the light compartment

Figure 4: Novel tank test (a) Graphs showing the amount of time spent in
the top and the bottom zones by the control and S.D fish groups, (b) Total
average Number of entries to the top and the bottom zones by the control
and S.D fish groups, (c) Showing the total amount of time spent in the top
and the bottom zones by control and S.D + glutamate groups and (d) Total
average Number of entries to the top and the bottom zones by the control
and S.D+ glutamate groups. Values are expressed as mean+SD, and p<0.05
are considered significant in all groups.
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Table 1. Concentration of dopamine, serotonin, norepinephrine and GABA levels (ng/mg) in
control, sleep deprived and glutamate treated fishes

Groups Dopamine Serotonin GABA Norepinephrine
Control 0.169 +0.003 0.191 + 0.004 0.236 + 0.004 0.201 +0.002
24h SD 0.156 + 0.004 0.185 + 0.003 0.185 + 0.005 0.175 +0.003
48h SD 0.142 + 0.004 0.174 + 0.004 0.142 + 0.003 0.152 +0.004
72h SD 0.137 +0.005 0.152 +0.006 0.112 £ 0.004 0.102 + 0.005
24h SD+GLU 0.152 + 0.003 0.181 +0.003 0.182 +0.002 0.174 +0.003
48h SD+GLU 0.169 + 0.004 0.176 + 0.004 0.198 + 0.003 0.169 = 0.004
72h SD+GLU 0.182 +0.005 0.189 + 0.006 0.206 + 0.002 0.183 +0.005

With n = 6 in each group, values are expressed as mean S.D. One-way ANOVA was used to
compare group means, which was followed by the DMRT. P<0.05 was deemed significant when
compared to the control group.

Time spent in the light and dark zone: The total time
spent in the light and dark zone of the tank =SD by sleep
deprived and sleep-deprived + glutamate treated zebrafish

groups has been graphically represented in fig 3a and 3c,
respectively.
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LDT for assessing anxiety-like behaviour in zebrafish
by using the total number of crossings between the
compartment as a parameter: Total number of entries
to the light and dark zone: The Total number of entries to
the light and dark zone of the tank +SD by sleep deprived
and sleep-deprived + glutamate treated zebrafish groups
have been graphically represented in fig 3b and 3d,
respectively.

Effects of S.D. and glutamate treatment on
neurotransmitters levels in the brain: The effects of
S.D. ad SD+ glutamate treatment on zebrafish have been
summarized in Table 1.

CONCLUSION

The findings of the present study suggests that zebrafish
learning and memory were impaired due to sleep deprivation.
Notably, when S.D. fish were exposed to glutamate
treatment their behavioural routine was comparable to the
control group's performance. As a result of our research,
we identified a positive relationship between behavioural
scores and neurotransmitter levels in the brain, indicating
that S.D. generates anxiety-like behaviour that interferes
with learning and memory. After three nights of sleep
deprivation and treatment with glutamate, we identified
a substantial learning impairment and improvement in
zebrafish. Future studies may evaluate various glutamate
dosages and exposure regimens, the traumatic effects of
S.D. on hormones, and the effect of S.D. on prolonged
memory development. Researchers can also explore
how S.D. impacts mental health and whether alternative
medications can treat sleep disorders.
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