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A study of the alleviating effects of N-phthaloyl-y-aminobutyric acid (P-GABA) on the behavioral,
histopathological and biochemical adverse effects of sleep deprivation in zebrafish (Danio rerio).

Abstract

Background: Sleep is defined as a reversible behavioural state of perceptual disconnection from insensitivity
to the environment that facilitates the interaction of physiological and behavioural processes. Sleep Deprivation
(S.D.) is defined as a decrease in sleeping duration below the recommended minimum, which has been linked
to learning and memory problems.

Aim: The primary objective of this work was to determine the effect of P-GABA on metabolic parameters,
behavioural changes, whole-body cortisol, and brain histology in light-induced sleep-deprived zebrafish, as well
as the optimal dose of P-GABA neutralizing undesirable effects.

Methodology: The present study was conducted for ten days, consisting of three days in a row of sleep
deprivation and seven days of treatment with P-GABA. The current investigation used six fishes in a group
(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 + P-GABA (100mg/L) ; Group 6: 48h Total SD + P-GABA (100mg/L) ;Group 7: 72h Total SD + P-
GABA (100mg/L)

Result: The current study provides scientific data demonstrating the positive effects of P-GABA in treating
sleep deprivation and associated cognitive impairment. To test if P-GABA treatment can alleviate the cognitive
and memory impairment caused by S.D., we established non-toxic concentrations and treated the zebrafish with
a safe dose of 100mg/L. The use of P-GABA increased cognitive performance in the T-maze, demonstrating
that it has a favourable effect in a sleep-deprivation condition. The SD group exhibited neutrophil infiltration,
and this S.D fish treated with P-GABA at a concentration of 100 mg/L demonstrated a moderate reduction in
neuronal cell degeneration compared to controls. The levels of biochemical parameters during sleep deprivation
and treatment phase with P-GABA were checked. It was evident from the results that the SOD, CAT and GPX
levels in the S.D groups were drastically decreased, whereas treatment with P-GABA could show a significant
increase in the levels of biochemical parameters.

In contrast to the control group, zebrafish subjected to sleep deprivation showed enhanced AChE
activity in the brain. The results of the P-GABA indicated an anti-AChE profile, which corresponds to
improved memory parameters in zebrafish, as observed in the NTT and T-maze tests. When comparing the
sleep-deprived fish to the control group, the MDA level, which indicates lipid peroxidation, was higher.
Treatment with P-GABA considerably reduced the amount of MDA produced compared to the amount
produced in sleep-deprived fish. The cortisol levels gradually increased in the single row 24h,48h, and 72h
sleep-deprived. There was a gradual decrease in cortisol levels in the groups that received P-GABA treatment.
The levels of neurotransmitters were seen to be decreased in the sleep-deprived groups when compared with the
control. Upon treatment with P-GABA, the neurotransmitters were restored to near normal.

Conclusion: This study showed that P-GABA counteracts cognitive performance decrease and anxiety
increase resulting from sleep deprivation through a mechanism implying mitigation of brain oxidative stress
and regulation of AChE activity.
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Introduction

It has been suggested that the master biological clock in animals is located in the suprachiasmatic
nucleus (SCN) of the anterior part of the hypothalamus, which regulates physiological, biochemical, endocrine
rhythms, cell division as well as visual activity, renal activity, gene regulation, blood pressure, and heart rate [1,
2]. The intrinsic pacemaker activity of the SCN is regulated by environmental influences, mainly light-dark
cycles, which are the most effective [3]. Recent research hypothesizes that the SCN gets photic information
from the retina directly through the retinal hypothalamic tract and indirectly through the geniculohypothalamic
tract from the intergeniculate leaflet thalamus. [4, 5]. There is evidence that night time light exposure is
associated with various serious behavioural and health issues, including cancer [5]. Experiments on humans
have established a relationship between night shift work (exposure to light at night) and an increased risk of
breast cancer and other malignancies [6—8]. However, bright light pulses have been shown to cause phase shifts
in circadian rhythms, used to treat conditions such as delayed sleep phase syndrome, seasonal affective
disorder, and night work maladaptation [9-11]. Sleep is defined as a "reversible behavioural state characterized
by perceptual separation from and insensitivity to the environment” that allows the interaction of physiological
and behavioural processes to occur more quickly [1,5]. Sleep disturbances have been noted in 61.8% in a study
cohort, a two-fold increase compared to 34.2% of the adult Indian population compared to the Chinese
population [69]. Long-term potentiation (LTP) enhances synaptic plasticity and memory formation. In the
context of sleep deprivation, a drop in sleeping duration below the suggested minimum has been associated
with learning and memory impairments [6,7]. Zebrafish is a novel real-time model system for researching
neurodegenerative illnesses and pharmaceutical discovery. According to the findings of a recent study, the
neuroanatomical and neurochemical circuits of zebrafish and human brains are remarkably comparable.
Physiological, emotional, and social behavioural tendencies are similar across the two groups, which have also
been demonstrated [12,13].

Diminished sleep can be a positive trigger for manic episodes [14]. 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 [15,16].
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. 5-HT appears to boost wakefulness and
prevent sleep through activating neurotransmitters such as AChE and noradrenaline [17,18]. Indeed, alterations
in 5-HT levels have been linked to various mental diseases, including anxiety, depression, and psychosis [19].
Norepinephrine (N.E.) has long been associated with depression and manic episodes [20]. Neuroendocrine
systems in the brain are thought to contribute to the pathophysiology of mood disorders.

Glutamate is the most important excitatory neurotransmitter [21,22]. Glutamate has a deleterious impact
on brain physiology in circumstances of overexcitation [23,68]. Excitatory amino acid transporters (EAATS)
remove the majority of glutamate from the synaptic cleft. Astrocytes are responsible for 90% of glutamate
uptake [24], highlighting tripartite synapse integrity and brain function essential characteristics. 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 [25].

S.D. was induced in this study using a prolongation of the light phase followed by light pulses during
the dark cycle because it has been shown to change the zebrafish's humoral innate immune system, resulting in
neuroinflammation and cognitive impairment [16, 17]. According to recent research, gamma-aminobutyric acid
(GABA) has been identified as the fundamental neurotransmitter of the circadian system and has been
implicated in the transfer of dark information to the circadian clock via afferent pathways [12-14]. Exogenously



given GABA has been proven not to penetrate the blood-brain barrier [15]. Researchers overcame this by
synthesizing unavailable GABA-like N-Phthaloyl GABA (P-GABA) and N-Octanoyl GABA (O-GABA)
derivatives. Both compounds act similarly to GABA, although they are more lipophilic and raise GABA levels
in the brain [16]. In addition, they also have anticonvulsant and antiulcer characteristics [16-20]. Numerous
GABA analogs effectively prevent a variety of stress-related symptoms in experimental studies [21]. There has
been some debate about whether or not GABA affects the levels of lipid peroxidation products and
antioxidants. However, this has not been thoroughly explained. The primary goal of this study was to assess the
influence of P-GABA on metabolic parameters, whole-body cortisol, behaviour, and brain histology in
zebrafish that had been exposed to light-induced sleep deprivation.

2. Methodology

2.1 Animals

For nine days, adult male Zebrafish (Danio rerio) 3 months old were acclimated. Fish were kept on a 12
h light/12 h dark cycle (150 lux intensity) with zeitgeber time (Z.T.), where lights were put on at 07:00 h and
turned off at 19:00 h in a 50 L water tank (28+2°C) with six fish per tank. Fish were fed commercial fish diets
(Nano fish food) three-four times a week.

The present study was conducted for ten days, consisting of three days in a row of sleep deprivation
(S.D) and seven days of treatment with P-GABA. The current investigation used six fish in a group (n=6). The
scheme of work is summarized in Fig.1.

Group 1: Control

Group 2: 24h Total SD

Group 3: 48h Total SD

Group 4: 72h Total SD

Group 5: 24h Total SD + P-GABA (100mg/L)

Group 6: 48h Total SD + P-GABA (100mg/L)

Group 7: 72h Total SD + P-GABA (100mg/L)

2.2 N-Phthaloyl GABA Preparation

Otto chem India supplied GABA and phthalic anhydride. A mixture of 6.18g GABA and 8.95¢g finely
ground phthalic anhydride was heated in an oil bath at 145-150°C for 30 minutes with stirring. The synthesized
solid material was dissolved in hot methanol. According to prior reports, 20 mL of water was added to the
filtrate and identified the product as previously stated [26, 27]. The synthesized P-GABA was confirmed via
UV-vis spectroscopy and its morphology was confirmed via Scanning Electron Microscopy (SEM) [Carl Zeiss,
EVO 18, Germany].

2.3 Behavioral analysis
2.3.1 Learning and memory test in a T-Maze

The T-maze is a multi-species operative task used to assess memory. The T-maze was used to explore
zebrafish learning and memory activities. It was made of a transparent acrylic glass sheet shown in Fig.2(a).
The maze dimensions were 50 cm x 10 cm x 10 cm for the long arm, 20 cm x 10 cm x 10 cm for the short arm,
and 10 cm x 10 cm for the start box at the stem base. The two short sides on the left and right were covered
with green and red sleeves. The maze was filled to a depth of 6 cm with water, and the water temperature was
kept constant at 28°C during the experiment. The time it took the fish to reach the deeper compartment was
assessed as transfer latency (T.L.).

2.3.2 Light and dark test (LDT)

The light/dark preference test, as opposed to the novel tank test, investigates zebrafish exploratory
behaviour in the presence of a motivational conflict between light and dark sleeves, as illustrated in Fig.2(b).In
brief, 30 minutes after the total sleep deprivation period and drug administration, the animals were transferred
to the central compartment of a black and white tank (15 cmx10 cmx45 cm HxWxL) for a 3-minute



acclimation period, after which the doors that delimit this compartment were removed, and the animal was free
to explore the apparatus for 5 minutes.
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Fig. 2 (a) T-maze setup to assess the learning and memory ;(b) Light and Dark test to assess the exploratory
behaviour of zebrafish groups subjected to sleep deprivation and thereafter treated with P-GABA.
2.4 Histopathology

The brains of fish were separated and fixed in Bouin's solution, then dehydrated in alcohol and included
in xylene.Thin slices of 5-6 um thickness were cut using a microtome, stained with hematoxylin-eosin and
examined under a microscope for histological alterations [33].
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2.5 Assay of enzymatic activities and oxidative stress biomarkers

After collecting behavioural data, zebrafish were euthanized by 10 min immersion in cold water (2-4°C)
until they stopped opercular motions and their brains were collected for biochemical parameter analysis [28].
Using a potter homogenizer, the brains were gently homogenized in cold 0.1 M potassium phosphate buffer (pH
7.4), 1.15 percent KCI. The homogenate was centrifuged at 960 g for 15 minutes. The supernatant was used to
evaluate the specific activity of acetylcholinesterase (AChE), superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPX), and malondialdehyde (MDA) using the detailed methodology described by
Dumitru et al. [29, 30].
2.6 Whole-body cortisol extraction and analysis

The protocol for extracting cortisol from whole-body samples was adapted from [31,32]. Following the
behavioural investigation, whole-body samples were taken and stored at -20 °C (or lower) temperatures for
biological analysis of cortisol levels. Body samples were partially defrosted, weighed, and then homogenized in
500 liters of ice-cold 1X phosphate-buffered saline (PBS) buffer. After weighing the samples (g), they were
split into smaller sections on ice for efficient homogenization. The homogenizing rotor blade was cleaned with
an additional 500 liters of ice-cold 1X PBS and the homogenate was collected in a 2 mL tube. The
homogenizing rotor blade and probe must be cleansed with 100 percent ethanol and de-ionized H20 between
each sample. This is a critical step in minimizing sample cross-contamination. Throughout this procedure,
samples were stored on ice. Each sample received 5 mL of diethyl ether. After vortexing for 1 minute, the
samples were centrifuged at 3500 rpm for 5 minutes. Each sample was separated into its organic layer
containing cortisol following centrifugation and deposited in a separate test tube. The procedure was performed
two (or three) times throughout the trial to guarantee maximum cortisol extraction. Typically, the cortisol-
containing stratum is yellowish in hue. To allow ether evaporation, samples were stored overnight in the fume
hood. Alternatively, a speed vacuum centrifuge fitted with a cryotrap or evaporation to dryness under nitrogen



sparge could be employed to dry the organic solvent. According to the manufacturer's instructions, cortisol
concentrations were quantified using an ELISA using a human salivary cortisol test kit. Cortisol levels were
standardized using the sample weight and expressed as absolute circulation cortisol concentrations.

2.7 Assays of neurotransmitters in brain homogenates
2.7.1 Assays of norepinephrine and dopamine

For this test, the trihydroxyindole method was scaled down by a factor of two. To 0.02 ml of 0.4 M HCI
and 0.01 ml EDTA/sodium acetate buffer (pH 6.9), 0.02 ml HCI phase was added (to the mixture 0.01 ml
iodine solution was added for oxidation). After adding 0.01 ml Na,SO; to 5 M NaOH, the chemical was
allowed to react for 2 minutes before testing. Then, 0.01 mL of acetic acid was added to the solution and heated
to 100°C for 6 minutes. After attaining room temperature, emission spectra for dopamine at 485 nm and
noradrenaline at 375 nm were acquired in the microcuvette using a spectroflurophotometer.
2.7.2 Serotonin Assay

The O-phthalaldehyde method was employed to determine serotonin. OPT reagent and HCI were added
to the tissue extract. The mixture was boiled at 100 °C for ten minutes to produce the fluorophore. At
equilibrium, emission spectra or intensities at 470 nm were determined using a spectroflurophotometer.
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2.8 Data analysis

SPSS V23.0 (IBM SPSS, USA) software was used to analyze the data. Multiple comparisons were made
using one-way ANOVA, and post hoc comparisons were made using DMRT multiple comparison tests. A
p-value <0.05 was considered significant. The data were reported as mean, standard deviation.

3. Results
3.1 Characterization of P-GABA

The synthesized P-GABA was filtered its morphology was examined via scanning electron microscopy
(SEM). The synthesized P-GABA exhibited cuboidal structural confirmation and a UV absorption peak at
266nm.
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Fig. 3 a) Shows the SEM morphology of Gamma-aminobutyric acid (GABA); b) represents the SEM
morphology N-phthaloyl Gamma-aminobutyric acid (P-GABA). C) Represents the UV absorption spectrum of

P-GABA
3.2 T-maze for learning and memory
3.2.1 Time spent in the red and green arm as a parameter

The total time spent on the green and red arm of the maze by the sleep-deprived and sleep-deprived + P-
GABA treated groups has been graphically represented in Fig 4, respectively.
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Fig .4 Amount of time spent in the green and red arm of the T-maze by S.D and S.D+P-GABA treated groups.
Values are expressed as mean+=SEM and p<0.05 is considered significant in all groups.
3.2.1 Number of entries in the green and red arm as a parameter

The number of entries into the green and red arm: The total number of entries to the green and red arm
of the maze by the sleep-deprived and sleep-deprived + P-GABA treated groups has been graphically
represented in Fig.5, respectively.
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Fig.5 The total average number of entries in the green and red arm of the T-maze by S.D and S.D+P-GABA
treated groups. Values are expressed as mean+SEM and p<0.05 is considered significant in all groups.

3.3 Light/Dark test for anxiety
3.3.1 Time spent in the light and dark zone of the tank

The total time spent in the light and dark compartments of the light and dark chamber by the sleep-
deprived and sleep-deprived + P-GABA treated groups has been graphically represented in Fig.6, respectively.
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Fig.6 Light and dark test for anxiety. The graph shows the time spent in the light and dark compartments of the
S.D and S.D+P-GABA treated groups. Values are expressed as meantSEM and p<0.05 is considered
significant in all groups.

3.3.2 Number of entries in the light and dark zone of the tank

The number of entries to the light and dark compartment of the light and dark chamber by the sleep-
deprived and sleep-deprived +P-GABA treated groups has been graphically represented in Fig.7.
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Fig.7 Light and dark test for anxiety. This graph shows the number of light and dark compartment entries by
S.D and S.D+P-GABA treated groups. Values are expressed as meanzSEM and p<0.05 is considered
significant in all groups.
3.4 Histopathology

An investigation of the neuronal and neurophil architecture in the brain tissues of control zebrafish
found no abnormalities Fig.12(a). The SD group exhibited neutrophil infiltration and lower spine density of
basal dendrites, as shown in the image below Fig 8 (b-d). The brain of S.D. fish treated with P-GABA exhibited
increased spine density of dentate gyrus granular cells and hyperplastic neurons. Additionally, SD fish treated



with P-GABA at a concentration of 100 mg/L exhibited a moderate improvement in neuronal cell death Fig.8(e-
9).
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Fig. 8. Brain morphology of zebrafish subjected to S.D and S.D +P-GABA treatment. a) The neuronal and
neurophil architecture in the brain tissues of control zebrafish found no abnormalities ;(b-d) The SD group
exhibited neutrophil infiltration and lower spine density of basal dendrites; (e-g) P-GABA treated group

exhibited increased spine density of granular cells.

3.5 Effect on antioxidant enzymatic activities

Effects on particular activities such as SOD, CAT, and GPX, compared to the control group.Sleep
deprivation, lowered SOD specific activity Fig.9(a) in the zebrafish brain, indicating an increase in oxidative
stress. The graph shows that sleep deprivation boosts the specific activity of SOD in P-GABA treated fish
administered. When zebrafish were subjected to sleep deprivation, their CAT specific activity decreased
significantly Fig.9(b) compared to the control group. However, when P-GABA was administered, CAT specific
activity increased significantly in the sleep-deprived fish, indicating antioxidant properties. As a bonus, when
sleep deprivation is administered, the specific activity of the GPX is significantly reduced compared to the
controls Fig. 9(c).
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Fig.9. Antioxidant enzyme activities in Danio rerio brain homogenates a) SOD (E.C No-1.15.1.1) activity
(nmol/mg protein); b) CAT (E.C No-1.11.1.6) activity (nmol/mg protein); ¢) GPX (E.C No-1.11.1.9) activity
(nmol/mg protein) in the S.D and S.D + P-GABA treated groups. Data are expressed as meanz standard error of
means. Different symbols indicate the significant differences between the groups (p< 0.05).

3.6 Effects on AChE Activity

AChE lowers the level of acetylcholine in the blood and alleviates the illness symptoms associated with the
progressive loss of cholinergic function in the presence of sleep deprivation. In contrast to the control group,
zebrafish subjected to sleep deprivation showed enhanced AChE activity in the brain, as demonstrated by our
findings Fig.10. The use of P-GABA dramatically lowered AChE activity when compared to the group that was
sleep deprived. The results of the P-GABA study have indicated an anti-AChE profile, which corresponds to
improved memory parameters in zebrafish, as observed in the NTT and T-maze tests.
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Fig.10. AChE (E.C No0-3.1.1.7) activity nmol/mg protein in S.D and S.D+P-GABA treated zebrafish brain.
Data are expressed as meanz standard error of means. Different symbols indicate the significant differences
between the groups (p< 0.05).

3.7 Effects on Malondialdehyde (MDA) Level

When comparing the sleep-deprived fish to the control group, the MDA level, which indicates lipid
peroxidation, was higher. Treatment with P-GABA considerably reduced the amount of MDA produced
compared to the amount produced in sleep-deprived fish Fig.11.
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Fig.11 Lipid peroxidation parameter malondialdehyde (MDA) (nmol/mg protein) in S.D and S.D + P-GABA
treated brain of zebrafish (Danio rerio). Data are expressed as meant standard error of means. Different
symbols indicate the significant differences between the groups (p< 0.05).
3.8 Whole-body cortisol level

The cortisol levels gradually increased in the single row 24h,48h, and 72h sleep-deprived. There was a
gradual decrease in cortisol levels in the groups that received P-GABA treatment Fig.12.



Conc. of cortisol ng/g

Fig.12. The whole-body cortisol levels (ng/g) in S.D and S.D + P-GABA treated zebrafish groups. Data are
expressed as meanz standard error of means. Different symbols indicate the significant differences between the
groups (p< 0.05).

3.9 Effect on neurotransmitters
Changes in the levels of neurotransmitters in the control group, 24h,48h, and 72h sleep deprivation
groups, and the P-GABA treated groups have been depicted in fig.13.

E Dopamine ® Serotonin ™ Norepinephrine

2 0.25 -
[3
= bio#ccct
E) 0.2 1 b# c# aa JJb#:c# aaag
o
3 0.15 -
3 o
€E 01 -
52
c
2 0.05 -
s
IS 0 -
(<5}
o S ® S S F FF
S ¢ 1 & & o S o
O Vv 1 A < < <
A
> b%’ ¥
Groups

Fig.13 The levels of neurotransmitters (ng/mg) in the brain of S.D and S.D + P-GABA treated zebrafish
groups. Data are expressed as meanz standard error of means. Different symbols indicate the significant
differences between the groups (p< 0.05).

4. Discussion

For the first time, evidence is presented that P-GABA has benefits in treating sleep deprivation and
accompanying cognitive impairment. According to the world health organization, S.D. is one of the most
significant risk factors for learning and memory impairment, and it affects approximately one out of every ten
people worldwide. In specific investigations, it has been proven that the existence of a full or partial S.D. is
associated with deleterious changes in cognitive performance [6, 7]. A decrease in locomotor strength in both



light and dark tests and higher working mistakes in the T-maze tests was observed in fish subjected to an
extended light phase and light pulses during the current study, indicating the induction of S.D. According to a
prior study, extensive light phase exposure resulted in lower locomotor strength in light and dark tests and
higher working errors in T-maze tests. During the current study, fish exposed to an extended light phase
demonstrated decreased locomotor activity in light and dark tests and increased working errors in T-maze tests,
indicating S.D induction. After learning a new task, the intracellular calcium (Ca*" and adenylyl cyclase
activity increase, resulting in the production of the cyclic AMP (cAMP), which is produced when neurons
communicate with one another [38,39]. Memory consolidation and long-term potentiation are both facilitated
by the activation of the cCAMP response element-binding protein (CREB), which increases the production of
proteins involved in these processes [40]. Several studies have found that S.D. impairs these signalling
pathways and inhibits memory formation [41]. There is substantial evidence that microglial activation promotes
cognitive dysfunction and the loss of functional synapses in people with schizophrenia [42,43]. Treatment with
O-GABA, a microglial activation inhibitor, has been shown to reverse cognitive impairment [44]. To test
whether P-GABA treatment can alleviate the cognitive and memory impairment caused by S.D, we conducted a
study establishing non-toxic P-GABA concentrations and treating zebrafish with a safe concentration of
100mg/L to determine if P-GABA treatment can alleviate the cognitive and memory impairment caused by S.D.
The use of P-GABA increased cognitive performance in the T-maze, demonstrating that it has a favourable
effect in a sleep-deprivation condition. To summarize, the current research indicated that P-GABA exposure
had significant effects on adult zebrafish cognitive and stress-related endocrine (whole-body cortisol) responses
in the absence of other factors. In sleep-deprived zebrafish, antioxidant levels, as well as histological alterations
in the brain, were measured.

Cognitive effects caused by light exposure are similar to those observed in zebrafish with a disturbed
circadian rhythm [45]. P-GABA has also been shown to alleviate anxiogenic-like effects in zebrafish after
exposure to a white tank and slow the progression of ageing-related cognitive deterioration [46,47]. P-GABA
has been shown to have neuroprotective and antioxidant effects in zebrafish [34-36,48], suggesting that
beneficial modulation of cognitive and neuroendocrine processes is shared and evolutionary conserved in both
mammals and zebrafish. Aspects of the role of P-GABA in affective modulation are also evolutionarily
conserved, as evidenced by the fact that it elicits substantial anxiolytic-like behaviour in zebrafish, rats and
humans across a wide range of species [49-51]. Following this, zebrafish exposed to light for 48 hours and 72
hours showed heightened whole-body cortisol levels, corresponding to the elevated anxiety-like behaviour
observed in this model [52]. P-GABA administration to sleep-deprived fish restored lipid peroxidation products
and antioxidants to normal levels [53].

Further investigation into the specific process is required, and further study is needed now. In several
studies, GABA agonists and antagonists are employed to investigate the nature of circadian rhythms and their
mechanisms of action [54]. The presence of GABA in the suprachiasmatic nucleus and the lateral geniculate
nucleus suggests that GABA is involved in regulating circadian rhythms[12]. We hypothesize that P-GABA
treatment could modify the features of biochemical cycles, most likely by regulating the transmission in
different regions nuclei across the brain. P-GABA therapy considerably reduced this rapid reduction in the
sleep-deprived fish, indicating that the fish has the immediate antioxidant capacity [55]. This suggests that P-
GABA has neuroprotective capabilities against oxidative stress, which is compatible with the previously
documented antioxidant characteristics of GABA [37]. Previous research has indicated that the administration
of GABA analogues has been demonstrated to protect against alloxan-induced hepatic and renal oxidative stress
significantly [38]. The researchers have discovered that GABA possesses antioxidant properties against
stomach injury in rats caused by 100 percent ethanol consumption [37]. According to the literature, P-GABA
can prevent brain oxidative damage by restoring the antioxidant enzyme activities [50]. Our findings are
compatible with this hypothesis.



This study reveals that P-GABA reverses the anxiogenic-like cortisol-increasing effects of light
exposure in zebrafish, indicating that this hormone has a favourable influence on stress-related neuroendocrine
responses in this species. P-GABA administration has also been shown to diminish plasma cortisol levels in
rainbow trout (Oncorhynchus mykiss) after stress, and it has been shown to lower blood corticosterone levels
and anxiety-like behaviour rodent chronic immobilization stress models [56,57]. Furthermore, P-GABA has
been shown to reduce the behavioural and neuroendocrine repercussions of persistent stress in mice, confirming
the evolutionarily conserved interaction between this hormone and the stress axis [58-60]. Finally, our zebrafish
findings support human studies that have linked P-GABA to altered cortisol signalling, those showing that P-
GABA consumption lowers cortisol response to adrenocorticotropic hormone (ACTH) in humans [61]. In
contrast, mouse neonatal maternal deprivation stress reduces the levels of melatonin in the pineal and
hypothalamus regions [62]. In contrast, when the zebrafish were exposed to a standard 14-hour light/10-hour
dark cycle, P-GABA did not affect cortisol levels in either the treated or the untreated control groups. This
suggests that sleep deprivation under light exposure impairs normal brain function, corrected by P-GABA
supplementation.

Increased 5-HT release during S.D. occurs independently of the presence of stress [63]. According to
the literature, 5-HT abnormalities are frequently connected with mood ailments such as bipolar illness and
contribute significantly to psychosis, where the stimulation of this neurotransmitter modifies the response
behaviour to hallucinogens [64]. Stress-related sleep disorders are thought to be caused by a 5-HT deficiency,
which may partly explain that 5-HT is implicated in suppressing sleep. 5-HT release assays demonstrate its
ability to promote wakefulness in the brain. After 24, 48 and 72 hours of S.D., 5-HT levels in the brain were
abnormally decreased. After treatment with P-GABA, the levels of 5-HT significantly increased in the 72h S.D.
treatment group, whereas the 24h and 48h group showed results near normal to the control.

Norepinephrine (N.E.) has a wide range of actions, including the modulation of alertness. The
production of N.E. by brain stem nuclei aids in developing arousal in situations that necessitate intense
concentration or sympathetic nervous system activity. N.E. concentrations in the plasma and cerebrospinal fluid
(CSF) are higher [65]. N.E. levels are inversely related to the severity of depression, with higher rates observed
in S.D. individuals during more manic episodes of the illness. As a result of these observations, S.D. can cause
hypersensitive fluctuations in N.E. levels. An excess of N.E. is thought to cause mania, whereas an insufficient
amount of N.E. is believed to cause sorrow [66]. Because altered neurotransmission is a hallmark of anxiety
and tremor, our findings indicate that decreased N.E. levels were seen in S.D. fishes which may be involved in
the pathophysiology of altered behaviour. At the same time, the groups under treatment showed improvement
and consistency in behaviour.

To summarise, this zebrafish research is vital because it supports previously published rodent and
clinical findings on pro-cognitive and anxiolytic effects of GABA analogues and the link between these effects
and circadian rhythms [7-10,20]. Our findings suggest that P-GABA positively impacts zebrafish cognitive and
affective processes so that zebrafish models can be utilized to study how cognitive and behavioural processes
interact with circadian rhythms in humans and other animals. Finally, zebrafish may prove to be a helpful tool
for developing novel cognitive and affective disorders therapies that target the central GABA system due to
their remarkable high-throughput drug screening capacity [66, 67].

5. Conclusion

In summary, the present work indicates that P-GABA has favourable effects on enhancing learning and
memory activities in the context of sleep deprivation in a zebrafish model. The findings of histopathological
examinations corroborate the behavioural observations. Several studies have suggested that these effects are
related to P- GABA's effects on the neuro-immune and dopaminergic systems. According to the findings, this
study demonstrated that P-GABA could reverse the decline in cognitive function and rise in anxiety associated
with sleep deprivation through reducing brain oxidative stress and the modulation of AChE activity. There is a



need for additional research to demonstrate the molecular process in higher evolutionary orders, which will aid
in the extrapolation of results to clinical trials and repositioning P-GABA as a potential therapeutic option for
sleep deprivation and associated cognitive dysfunctions.
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