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Introduction

Schizophrenia, as a disorder, is a relatively new concept
compared to other pathologies and manifestations of psychiatric
nature, such as melancholia, "hysteria" or madness (1).

Despite the various observations made on the etiology of
this disorder, the exact causes are still unknown as this disorder is
the result of the entanglement of multiple risk factors from
genetics to environmental, economic, social, cultural and family
history factors (2). These factors can influence the prevalence of a
disorder in the general population, the onset of the disorder as well
as the severity of the symptoms along with the therapeutic
response (3). Psychiatric disorders can often be extremely similar
in presentation, which is why there is a continuous need for new

studies and new directions of research to more effectively clarify
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the main distinctions and similarities between the disorders (4,5)
so that the diagnosis cannot be subjective and dependent on the
experience of the psychiatrist.

The brain is an organ that requires a large volume of
energy obtained through the oxidative phosphorylation of the
mitochondria, a process that can lead to the formation of reactive
oxygen species. When these reactive oxygen species are produced
in excess, the body enters a state of oxidative stress where the
protective mechanisms are compromised and neurons become
susceptible to damage (6).

Oxidative stress is defined as an imbalance between
oxidants (reactive oxygen, nitrogen and sulfur species) and
antioxidant defenses (antioxidants) leading to various damages to
DNA, proteins, lipids and cellular integrity. This concept was
introduced for the first time in 1985 and since then it has gained
special attention from the scientific community that continues to
investigate the way oxidative stress is defined and its possible role
in various pathologies (7).

Zebrafish, Danio rerio, are an indigenous species in the
southern and eastern regions of Asia and are a favorite aquarium
species and are also widely bred and propagated in laboratories for
mutagenesis and screening in order to maintain a strictly controlled
environment to ensure a stable genetic background (8). Despite the
general belief that less complex animals have less complex
characteristics, previous studies have shown that zebrafish

behaviour covers most of the cognitive and socio-affective traits
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either the same or very similar to human behavior. Assessment of
zebrafish behaviour includes the assessment of response to
multiple types of stimuli (visual, acoustic, tactile, olfactory) (9).

Zebrafish, like other living beings, can change their
behaviour depending on how well they feel in their environment.
According to the American Psychiatric Association (APA),
personality refers to individual differences in characteristic
patterns of thinking and behavior, and when studying personality,
one must understand individual differences in particular
personality characteristics, such as sociability or irritability (10).
In animals, personality traits refer to consistent patterns of
behavior, cognition, and emotional responses that can be observed
in different situations over time (11).

Although  neuropsychiatric ~ disorders, such as
schizophrenia affect a relatively small percentage of the world's
population, they are some of the most debilitating conditions, are
not fully understood, and it is often a lengthy process of "trial and
error" to identify and determine the best therapeutic option.
Therefore, by continuing the study started with my dissertation
thesis on schizophrenia and oxidative stress, I want to strengthen
the social characteristics of zebrafish in terms of personality,
cognitive learning ability, the obvious expression of social
preferences and the natural tendency to stay in groups compared
to the behavioral disruptions observed in schizophrenia.

Personality is a complex characteristic of humans that can

predict the direction in which a potential cognitive and behavioral
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deficit might go but studying it in correlation with biochemical
parameters is a direction little explored in humans and even less so
in animal models. For this reason, another point of interest of this
thesis is the evaluation of the individual and collective differences
of the zebra fish that make up the unique and individual personality
of each animal. Zebrafish show behavioral differences within the
same group despite identical physiological conditions and
developmental stages, which could make them an excellent
candidate for studying behavioral disturbances associated with
specific psychiatric disorders.

Furthermore, studies have shown that social isolation can
lead to the release of glucocorticoids and oxytocin and altered
levels of dopamine, serotonin, GABA and altered NMDAR
sensitivity (12), which is why I chose to create experimental
groups both socially isolated in individual aquariums, covered on
the sides and in normally housed groups. Based on data from the
literature, social isolation causes anxiety, depression, increases the
level of aggression and decreases the preference for staying in
groups. The rationale for isolation is the potential for social
isolation to be sufficient for modeling psychiatric disorders if no
significant differences are identified between the isolated control

group and pharmaceutical models.
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Scope and main objectives

Despite the advancement of technology and information
available on psychiatric diseases, there are no animal models that
reproduce very faithfully the symptomatology associated with
schizophrenia. Models accepted by the scientific community at the
moment are that of ketamine administration and that of methionine
administration, which is why in this study an animal model is
proposed consisting of the simultaneous administration of the two
substances in traditionally housed fish (together) and in fish
housed separately (social isolation).

Also, another aim of the study is to appreciate the
neurotoxic effects of the administration of microplastics,
especially in the context of schizophrenia modeling.

The objectives of the present study were:

1. Development of a potential robust animal model
for  highlighting  schizophrenia-associated
symptomatology

2. Analysing the social and cognitive trends of
zebrafish with the development of a new
methodology to test the ability to learn of
zebrafish through their natural color preference
and positive conditioning (food)

3. Separating fish by personality based on chosen

traits and evaluating behavioral and cognitive
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differences in each test between shy and bold
fish

4. Evaluation of the dissociative effect of ketamine

5. Evaluation of the effects of the substances used
on the tissues

6. Evaluation of the level of oxidative stress

7. Evaluation of the level of alpha-amylase in order

to determine the level of physiological stress
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Current state of knowledge

1. Schizophrenia

Schizophrenia is considered to be the most severe
psychiatric  disorder (13). Psychiatric disorders have a
multifactorial constitution and etiology, being the result of the
entanglement of multiple risk factors from genetics to
environmental, economic, social, cultural and family history
factors (2). These factors can influence the prevalence of a disorder
in the general population, the onset of the disorder as well as the
severity of the symptoms along with the therapeutic response (3).
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schizophrenia  (14,15). This connection was made by
administering antipsychotic drugs in anxiolytic doses (such as
diazepam) that help prevent hyperdopaminergic states in adults
(16). In addition to the previously mentioned theory, the
pathophysiology of schizophrenia incorporates several other
theories of other neurotransmitters (such as serotonin and
glutamate), but also of gamma-aminobutyric acid (GABA) (17).
Other theories have been explored because giving D2 receptor
blocking drugs to patients with secondary psychosis only
exacerbated their condition. According to the glutamate theory, N-
methyl-D-aspartate  (NMDA) receptor hypofunction may
contribute to psychotic episodes (18,19).

The N-methyl-D-aspartate receptor is specifically
regulated by redox status. More specifically, pairs of redox-
sensitive cysteine residues form disulfide bridges that can decrease
NMDAR currents. In addition, there is a group of overlapping
cysteine residues that are susceptible to inhibitory effects and
facilitate S-nitrosylation (20). This delicate balance between
disulfide bond formation and S-nitrosylation regulates NMDAR
activity. It should be noted that the redox balance is also influenced
by glutathione, and the hypofunction of this receptor can lead to a
decrease in the amount of GSH (21).

Methionine is one of the essential sulfur-containing amino
acids, it is aliphatic and plays a precursor role in the metabolism
of several amino acids (cysteine, creatine, homocysteine, etc.).

Methionine is considered to be neutral and the most dynamic
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amino acid, which through metabolism can become acidic (22). S-
adenosylmethionine is a metabolite of the methionine
transmethylation pathway with ATP that is involved in lipid,
protein and nucleotide methylation reactions, neurotransmitters,
phosphatidylcholine synthesis and intracellular RNA methylation
where it plays the role of -methyl group donor. Under
physiological conditions of stress, glutathione is used in an attempt
to reduce cellular oxidative stress (23,24).

Moreover, SAMe is known to increase the enzyme
activity of catechol-O-methyltransferase (COMT) whose low level
has been associated with aggression in schizophrenia (25), while
other studies have proposed the administration of SAMe as a
possible treatment for patients missing one copy of the COMT
gene (deletion 22¢11.2), a condition associated with an increased
prevalence of developing psychosis, depression and ADHD
(26,27).

Microplastics (MPs) are particles of relatively small size
(< 5 mm) obtained from the degradation process of different types
of plastic. In modern society, microplastics come from a variety of
sources as plastic is a material intense used in industries ranging
from food to agriculture, construction and cosmetics (28), and
waste management methods of packaging and used materials are
not always conducive and plastics end up in nature deliberately or
not. Microplastics can reach the human body through several
routes, such as inhalation, ingestion or translocation as can be seen

in Figure 1.5. Studies using animal models on the effects of
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microplastics have shown that they can generate metabolic
disturbances in the direction of lipid metabolism and reduction of
ATP production, but could also affect the offspring, by inducing
oxidative stress and decreasing the reproductive rate (29).
Whereas, a study on microplastic pollution in South Korea showed
that high rates of MPs in the air could lead to cardiovascular and

lung diseases through chronic inhalation (30).
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Despite the real threat of microplastics on health, studies
analyzing their harmful effects in individuals with psychiatric
disorders are limited. A study by Poldermann et al. illustrated that
55% of the risk for major depressive disorder, 32% of the risk for
bipolar disorder, and 23% of the risk for schizophrenia are
environmental factors (31). Moreover, there are numerous studies

that correlate exposure to heavy metals with the risk of developing
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schizophrenia, an aspect that is of particular importance since
microplastics have the ability to absorb heavy metals from the
environment (32). In a study carried out by our research group, we
observed that microplastics, more specifically polypropylene
fibers, acted as a buffer against the toxicity associated with
ketamine administration and as a stimulant for methionine
exposure, an aspect that could be correlated with the worsening of

cognitive deficits (33).

2. Oxidative stress

The accumulation of oxidants has long been associated
with oxidative stress (34). In addition to reactive oxygen species
(ROS), there are also reactive nitrogen species (RNS), reactive
sulfur species (RSS) and reactive chlorine species (RCS) (35).
Reactive species are free radicals or not. The most common free
radicals are hydroxyl, superoxide and nitric oxide, and they are
produced through exposure to ionizing radiation or reactions to
toxic elements in the environment.

Superoxide-dismutases (SOD) are metalloenzymes with
an antioxidant and anti-inflammatory role that neutralize
superoxide radicals by cleaving them into harmless normal
molecules (oxygen and hydrogen peroxide)(36). An increased
level of SOD does not suggest oxidative stress but suggests the

activation of a compensatory mechanism to combat oxidants (37).
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Glutathione peroxidases are a family of enzymes with a
role in regulatory processes, synthesis functions and prevention of
free radical formation (38). Glutathione peroxidase (GPx) has a
role in reducing lipid peroxidation by converting peroxides to the
corresponding alcohols and hydrogen peroxide to water (39).

Malondialdehyde (MDA) is a biomarker for oxidative
stress for disorders of a tumor, psychiatric, pulmonary or
cardiovascular nature because it is a component derived from the
peroxidation of polyunsaturated fatty acids (40). As the amount of
free radicals increases, more MDA is produced (41).

In an ideal scenario, SOD and GPX levels should be high
to scavenge superoxide radicals and reduce hydrogen peroxide and
lipid hydroperoxides, while MDA levels should be low to indicate
minimal lipid peroxidation.

Studies show that in schizophrenia patients in the first
psychotic episode, the levels of GSH, CAT, SOD are low and bring
the body into a state of oxidative imbalance (42—47).

3. Alpha-amylase

Beginning in the 1990s, studies began to suggest that
alpha-amylase may be an indicator for physiological stress, as its
concentration decreases during exposure to acute stress, although
later studies reported the opposite. Exposure to acute stress leads
to the activation of the sympathetic nervous system which

stimulates the secretion of alpha-amylase, but it is also secreted by
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parasympathetic stimulation which could explain the contradictory
results obtained by measuring the level of salivary alpha-amylase
(48). Salivary alpha-amylase is produced by acinar cells by
stimulating the sympathetic and parasympathetic systems (49).
The sympathetic nervous system increases the concentration of
alpha-amylase in saliva, while the parasympathetic system
increases the rate of saliva production without affecting its
composition (50).

The correlation between salivary alpha-amylase and
schizophrenia is a topic of interest to the scientific community, but
current observations are not yet definitive or fully understood.
Studies have explored the association between these on the basis
that sAA is a biomarker of sympathetic nervous system activity. It
is involved in the body's response to stress and plays an important
role in regulating physiological arousal. Several studies have
shown altered sAA levels in individuals with schizophrenia
compared to healthy controls, suggesting a potential dysregulation
of the sympathetic nervous system. Multiple studies have shown
that blood alpha-amylase levels are higher in patients with
schizophrenia (51,52), and that the higher the level, the more
severe the psychiatric symptoms (53,54).
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4. Zebrafish as animal models for

psychiatric disorders

Clinical studies as well as research based on the use of
animal models can illustrate important features of the etiology and
pathology of psychiatric disorders. Today, animal models are an
important tool in biomedical research. Among all animal models,
zebrafish (Danio rerio) are preferred for most studies due to the
advantages it brings, such as easy and cost-effective growth and
reproduction conditions, central nervous system morphology,
genetics and specific fertilization with ex-utero development
(8,55-57).

They exhibit a wide spectrum of responses to visual,
tactile and olfactory stimuli and are able to learn and express
different types of memory and complex behaviors such as
anxiety/fear, cognition, social behavior, reward-based, pain-based,
sleep and neurological (58,59).

Adding to the wide repertoire of advantages is the ability
of zebrafish to absorb substances by immersion through the gills
and skin in the case of water-soluble substances — a method that
can be used from the embryonic stage (60) by intraperitoneal
injection (61) or by oral administration starting from the age of 72
hours post-fertilization (62). On the one hand, immersion is a very
useful method because it does not produce any kind of stress on

the animal compared to injection or oral administration, but on the
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other hand, intraperitoneal injection and oral administration allow
better control over the dosage, a smaller amount of the drug used
and an easier and more direct correlation with the results obtained
in mice, for example (63).

Zebrafish, like other living beings, can change their
behavior depending on how well they feel in their environment.
According to APA, personality refers to individual differences in
characteristic patterns of thought and behavior, and when studying
personality one must understand individual differences in
particular personality characteristics such as sociability or
irritability (10,64).

Thus, if the fish actively swims through the whole
aquarium or not, if it searches and ingests food or not, if it sits at
the bottom of the aquarium or next to other fish, if it swims fast or
slowly, in the case of zebra fish all these can be considered
personality traits as they are unique and constant to each individual
fish. Also, proactive individuals leave the "comfort zone" faster
and recover faster and easier after exposure to a stressor (65). In
addition, they eat more and more often than the reactive ones (66).

Studies have noted that zebrafish can display aggressive
behaviour, particularly during territorial disputes or competition
for food with some individuals showing more pronounced
aggressive tendencies and others being more submissive.
Moreover, zebrafish are known to be social animals and tend to
form groups in their natural environment, but even within this

situation differences in behavior have been observed within the
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same group, with some fish actively seeking the company of others
group members and others preferring less socially active
environment. Zebrafish show different levels of activity with some
more active, with higher swimming speed and higher exploratory
tendencies and others more sedentary. In addition, zebrafish show
individual variation in response to stressors, with some fish having
greater resilience and adaptability, while others are more prone to
stress and show more pronounced behavioural and physiological

responses (11,66,67).

Experimental part

5. Materials and methods

For this experiment, 160 adult wild-type zebrafish
obtained from a local trader were used and housed under optimal
conditions with repeated measurements of water parameters,
maintaining a constant temperature, light:dark cycle and level of
oxygen.

The experimental groups were:

Social isolation:

Group 1 — Control (C iso) (10 fish)

Group 2 — Ketamine (K iso) (10 fish)

Group 3 — Methionine (M iso) (10 fish)

Group 4 — Ketamine + methionine (K+M iso) (10 fish)
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Group 5 — Control Microplastics (C MP iso) (10 fish)

Group 6 — Microplastics + Ketamine (MP+M iso) (10
fish)

Group 7 — Microplastics + Methionine (MP+M iso) (10
fish)
Group 8 — Microplastics + Ketamine + Methionine

(MP+K+M iso) (10 fish)

Normal(together) groups:

Group 1" — Control (C imp) (10 fish)
Group 2'— Ketamine (K imp) (10 fish)
Group 3" — Methionine (M imp) (10 fish)
Group 4"— Ketamine + Methionine (K+M imp) (10 fish)
Group 5" — Control Microplastics (C MP) (10 fish)
Group 6° — Microplastics + Ketamine (MP+K imp) (10
fish)
Group 7" — Microplastics + Methionine (MP+M imp) (10
fish)
Group 8 — Microplastics + Ketamine + Methionine

(MP+K+M imp) (10 fish)

The studies were carried out at the Faculty of Biology of
the "Alexandru Ioan Cuza" University in Iasi and at the Faculty of
Veterinary Medicine of the "lon Ionescu de la Brad" University of
Life Sciences in lasi according to the approvals of the appropriate
ethics commissions, no. 2533/08.09.2022 (UAIC Ilasi),
respectively no. 165/26.01.2022 (USV Iasi). Moreover, the studies

were carried out in accordance with the provisions of European
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directives (2010/62/EU) and Romanian legislation (43/2014)
regarding the protection of animals used for scientific or
experimental purposes.

Exposure to ketamine was done over a period of 5 days.
On administration days, fish were removed from their respective
tanks and placed in tubes of 50 mL of 0.1% ketamine solution for
5 min. The administration of methionine was carried out for a
period of 7 days. The solution had a concentration of 6.0 mM, was
prepared de novo daily and constituted the tank water. To prepare
for the co-administration of the two substances, the assigned
groups were prior exposed to methionine solution for 48 hours,
and on the third day the administration of ketamine was also
started according to the instructions previously presented. For
exposure to microplastics, polypropylene fibers (size <2 mm) were
used as this is one of the most identified polymers in nature and
human tissues (68), and the plastic concentration was calculated as
2 mg/L added to the amount of feed required according to the
weight of the fish (4% of their weight according to studies (69)).

For the polypropylene-ketamine co-administration,
exposure of fish to microplastics in food started 48 h before the
start of ketamine treatment. For the combined polypropylene-
methionine group, exposure to the two substances started
simultaneously,

To prepare for the co-administration of the three
substances, the assigned groups were exposed to 48 hours of

dietary methionine and polypropylene solution, and on the third
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day the administration of ketamine was started according to the
instructions presented previously.
The behavioral tests used were:
e Novel tank test
e  Social preference test
e Aggressivity test
e  Light-dark test
e  Cognitive test (memory test)
The cognitive test consisted of three stages: the color
preference test, the learning period and the memory test.
The color preference test was carried out according to

Figure 5.5.

Figure 5.5 Experimental apparatus for the social preference test. A —
round 1 (red vs. orange vs. yellow), B — round 2 (blue vs. purple vs. green), round
3 (red vs. blue) and round 4 (purple vs. yellow).

Testing was done in rounds in a maze with 3 equal arms

and a decision point: 1. Yellow vs. orange vs. red, 2. Blue vs.
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purple vs. green, 3. Blue vs. red (least favorite colors) and 4.
Yellow vs. purple (my two favorite colors). Following the results
obtained in the color preference test (yellow — preferred color, red
— least preferred color) we decided to carry out a memory test
associated with colors with a corresponding learning period. The
fish spent half an hour daily in the most avoided ambient light
(red), during which time they were fed, for a period of 10 days
(starting with the pre-treatment period until the last day of

administration) (Figure 5.6.).

Figure 5.6 Experimental apparatus used for exposure to red light for
30 minutes during the learning period and association of food with the color red.

On the day after the completion of the learning period, the
fish were subjected to the memory test (1 minute) in which one
arm was illuminated in the least preferred color (red) and one arm

in the most preferred color (yellow) according to Figure 5.7.
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Figure 5.7 The experimental apparatus of the memory test.

For the immunohistology study of the samples, three fish
from each representative group were randomly chosen at the end
of the exposure period. The methodology followed is in
accordance with that described in the specialized literature, so that
the head was cut immediately after the death of the fish and fixed
in Bouin for 48 hours. The paraffin blocks were sectioned at a
thickness of 4 pm using a SLEE microtome, and then the sections
stained HE and THC with the antibodies: PCNA, TNFAIS, Cox41,
BDNF, Map2, H2A, S100, GFAP, Tub2. The sectioning was done
longitudinally.

For the measurement of oxidative stress biomarkers,
zebrafish were euthanized by immersion in cold water according

to ethical recommendations for 20 minutes and stored at -80°C
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until biochemical analysis. Fish were slowly thawed to -4°C and
then weighed and mortared until completely homogenized. The
samples were solubilized with 0.1M potassium triphosphate buffer
solution (pH 7.4) and 1.15% KCI. The homogenates thus obtained
were centrifuged for 15 minutes at 960 x g rpm, and the specific
activities of SOD, GPX, MDA and total soluble proteins were
determined from the supernatants obtained according to the
manufacturer's instructions.

For measurement of alpha-amylase levels, zebrafish were
euthanized by immersion in cold water according to ethical
recommendations for 20 minutes and stored at -80°C until
biochemical analysis. Fish were slowly thawed to -4°C and then
weighed and mortared until completely homogenized. Exactly 0.1
g of tissue was weighed to which 0.9 ml of double-distilled water
was added and mechanically homogenized in an ice-water bath.
The homogenate was collected, left at room temperature for 15
minutes, followed by oscillation for 5 minutes and centrifugation
at 3000 g for 10 minutes at room temperature. The supernatant was
collected and distilled water was added for a final volume of 10
ml. The alpha-amylase level was measured using a specific kit (a-
amylase activity assay kit, Elabscience, USA) according to the
manufacturer's instructions.

In order to prove the existence of personality in zebra fish
and to highlight the specific traits and behavioral differences, we
separated the fish into the two main personality types (Shy and

Bold) based on the parameters that describe their behavior.
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The parameters chosen for this differentiation are:

From the novel tank test: tracks, heatmaps, distance
moved, total freeze duration and latency to first entry into
upper half.

From the social preference test: time spent in the left arm
From the aggressivity test: swim bursts

For the tie-breaking according based on the measurable

parameters, the median was calculated and according to this value,

the two personalities were separated as follows::

Median for distance moved = 1732.03. Any value below
the median was considered = shy personality, any value
above = bold personality.

Median for total freezing time = 100.36; above this value
= shy personality, below this value = bold personality.
Median for latency to first entry in upper half = 0.01;
values equal to or less than the median = bold personality,
values above the median = shy personality.

Median for the time spent in the left arm (arm with
conspecifics) = 51.2007; above this value = shy
personality, below this value = bold personality.

Median for swim bursts = 12; above this value = bold
personality, below this value = shy personality.

The final personality was decided when 4 of the 7

parameters indicate either Shy or Bold.

The idea behind the mini study is based on the notion that

ketamine has dissociative effects meaning that it affects the
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personality in one way or another. But is this also true for
zebrafish? The mini study is focused on the possibility that
zebrafish can change their personality following the exposure to
ketamine. The division of zebrafish into one personality or another
was done based on tracks and heatmaps, and the evolution and
change of personality traits following ketamine treatment was
observed. As visual observations are not sufficient to support that
fish personality is indeed affected by ketamine treatment,
parameters corresponding to the novel aquarium test were also
measured and analyzed, namely: latency to first entry into the
upper half of the aquarium , time spent and number of entries in it,
time spent in lower half and number of entries in lower half.
Statistical analysis of all obtained results was performed
using the GraphPad Prism 10 program (USA) and were plotted as
mean + SD. The results were analyzed statistically by means of the
student "t" test, uni- and bi-directional ANOVA, followed by post-
hoc analysis (Tukey's test). For correlations, the Pearson test was
used where a p<0.05 means rejecting the hypothesis that the
identified correlation is due to the random selection of results. For
ANOVA tests, the Brown-Forsynthe test was also applied to check
for variability where a p<0.05 suggests failure to reject the
hypothesis that variability is equal and the ANOVA test can be

performed. Test results were considered significant if p<0.05.
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6. Results

6.1. Fish separation based on personality

In order to prove the existence of personality in zebrafish
and to highlight specific traits and behavioral differences, this
chapter begins by separating fish into the two main personality
types (Shy and Bold) based on parameters that describe their
behavior.

The tracks and heatmaps used to identify the personality
type based on the results of the novel tank test can be viewed in

Table 6.1 in the full thesis.

6.2. Novel tank test
6.2.1. General

For latency to first upper half entry, statistical analysis
showed significant differences (F(DFn, DFd)=5.463(15, 104),
p<0.001) with the individual significant differences of interest
illustrated in Figure 6.1.A.

Moreover, the analysis performed on the values obtained
for the time spent in the upper half also showed significant
differences (F(DFn, DFd)=1.442(15, 123), p<0.001) with the

individual comparisons between groups illustrated in Figure 6.1.B.
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Figure 6.1 Results
of the parameters
time to first entry
into the upper half
(s)(4)
spent in the upper
half' (s)(B) of the

novel

and  time

aquarium
test. Results are
illustrated as mean
+SD with a p<0.05
considered

significant.
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In the case of the no. of clockwise rotations, statistical
analysis showed significant differences (F(DFn, DFd)=1.044(15,
123), p<0.001) with the individual significant differences of
interest illustrated in Figure 6.3.A. The analysis performed on the
values obtained for no. of counterclockwise rotations also showed
significant differences (F(DFn, DFd)=2.127(15, 123), p=0.035)
with the individual comparisons between groups illustrated in
Figure 6.3.B. The analysis performed on the values obtained for
the total duration of freezing also showed significant differences
(F(DFn, DFd)=1.078(15, 123), p=0.007) with the individual

comparisons between groups illustrated in Figure 6.3. C.

Nr. rotatii in sensul acelor de ceasomic
A on B
Nr. rotatii in sensul opus acelor de ceasornic Duraté totala freezing

Figure 6.3 Results of parameters no. clockwise rotations (A4), no.
counterclockwise rotations (B) and total freezing time (C) of the new aquarium
test. Results are illustrated as mean £SD with a p<0.05 considered significant.

6.2.2. Personality
Statistical analysis of time spent in the upper half showed
significant differences between groups (p<0.001), but not between
personality types (p=0.438). Moreover, multiple significant

differences were observed between groups based on personality,

42



Curpan Alexandrina-Stefania PhD Thesis Summary

such as between shy isolated control and shy isolated ketamine
group (p=0.004) or between bold together ketamine and
methionine group (p< 0.001). These differences can be seen in
Figure 6.6.A. Differences of p<0.05 were considered significant.
Regarding the analysis based on personality and housing
conditions, no significant differences were identified
(p=0.069)(Figure 6.6 B), nor in the case of the analysis between
personality types independent of the treatment group

(p=0.104)(Figure 6.6 C)).
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Figure 6.6 Statistical analysis of time spent in the upper half (s). A —
analysis based on groups and personality, B — analysis based on personality and
hosting conditions, C — analysis based on personality. Results are illustrated as
mean + SEM/SD and those with p<0.001 were considered significant).

The statistical analysis of the number of entries in the
upper half showed significant differences between groups
(p<0.001) and also between personality types (p=0.023).

Significant differences were observed between groups based on

43



Curpan Alexandrina-Stefania

personality. These differences can be seen in Figure 6.7.A.
Differences of p<0.05 were considered significant. Regarding the
analysis based on personality and housing conditions, significant
differences were identified (p=0.011) between the shy fish together
and the bold ones isolated (p=0.009) (Figure 6.7 B), but also in the

case of the analysis between personality types independently by

PhD Thesis Summary

the treatment group (p=0.002)(Figure 6.7 C).
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Figure 6.7 Statistical analysis of no. upper half entries. A — analysis
based on groups and personality, B — analysis based on personality and hosting
conditions, C — analysis based on personality. Results are depicted as mean +
SD/SEM and those with p<0.001 were considered significant).

The statistical analysis of the distance traveled showed

significant differences between groups (p=0.002), but also
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between personality types (p<0.001). Multiple significant
differences were observed between the groups based on
personality. These differences can be seen in Figure 6.8.A.
Regarding the analysis based on personality and housing
conditions, significant differences (p<0.001) were identified
between isolated shy fish and isolated bold ones (p=0.001) (Figure
6.8 B), but also in the case of analysis between personality types

independently by the treatment group (p<0.001)(Figure 6.8 C).
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Figure 6.8 Statistical analysis of total distance traveled (mm). A —
analysis based on groups and personality, B — analysis based on personality and

hosting conditions, C — analysis based on personality. Results are illustrated as
mean + SEM and those with p<0.001 were considered significant).

Statistical analysis of total freezing duration showed
significant differences between groups, but also between

personality types (Figure 6.9.A). Significant differences were
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identified between isolated shy fish and those together (p=0.033),
between isolated bold fish and those together (p=0.004), but also
between iso shy and iso bold (p<0.001) (Figure 6.9 B), but also in
the case of the analysis between personality types independent of

the treatment group (p<0.001) (Figure 6.9 C).
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Figure 6.9 Statistical analysis of total freezing duration (s). A —
analysis based on groups and personality, B — analysis based on personality and
hosting conditions, C — analysis based on personality. Results are illustrated as
mean = SD and those with p<0.001 were considered significant.
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6.3. Social preference test
6.3.1. General

The analysis of the values of the total time spent in the
left arm showed significant differences (p<0.001) with significant
differences both between the groups together and those isolated
and within the same experimental protocol such as: L'C v L2" K
(p=0.002) , L1' C v L3" K+M (p=0.044) or L3 M v L3 M
(p<0.001). The results are illustrated in Figure 6.11.
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Figure 6.11 Statistical results of the parameter total time spent in the
left arm (s). Results are illustrated as mean+SD and those with p<0.001 were
considered significant).

Similar results were obtained for the number of entries in
the left arm. Statistical analysis showed significant differences (F
(DFn, DFd) = 1.256 (15, 125), p<0.001). In this case, the together
groups had a higher number of entries in the left arm compared to
the isolated groups with statistically significant differences
especially between the L8 MP+M+K group and each of the
isolated groups (p<0.001). The specific statistical results are

illustrated in Figure 6.12.

47

100>



Curpan Alexandrina-Stefania PhD Thesis Summary

Nr. intréri in bratul stang .002

<.001 |

| <.001

.001
.002
<.001
<.001

| <.001
.006
<.001

<.001
304

20
10 H
1
+

Figure 6.12 Statistical results of the number of entries parameter in the
left arm. Results are illustrated as mean = SEM and those with p<0.05 were
considered significant).

o

6.3.2. Personality
Statistical analysis of the duration until the first entry into

the left arm showed significant differences between groups
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(p=0.041), but not between personality types (p=0.319.) (Figure
6.15.A.). Regarding the analysis depending on the type of
personality and the housing conditions, significant differences
were identified (p=0.002) between the shy fish isolated and those
together (p=0.001), but also between the shy fish isolated and the
bold ones together (p=0.035 ) (Figure 6.15 B), but without
differences between personality types independent of the treatment

group (p=0.989) (Figure 6.15 C).
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Figure 6.15 Statistical analysis of time to first entry into the left arm
(s). A — analysis based on groups and personality, B — analysis based on
personality and hosting conditions, C — analysis based on personality. Results are
illustrated as mean + SD and those with p<0.05 were considered significant.
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Regarding the total time spent in the left arm, significant
differences were observed only for the groups together (p<0.001)
(Figure 6.16 A). Regarding the analysis dependent on personality
type and housing conditions, significant differences were
identified (p<0.001) (Figure 6.16 B), and with significant
differences between personality types independent of treatment

group (p=0.004)(Figure 6.16 C).
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Figure 6.16 Statistical analysis of total time spent in the left arm (s). A
— analysis based on groups and personality, B — analysis based on personality
and hosting conditions, C — analysis based on personality. Results are illustrated
as mean = SD and those with p<0.05 were considered significant.

Statistical analysis of the number of entries in the left arm
showed significant differences between groups (p<0.001), but not

between personality types (p=0.176.)(Figure 6.17.A.). Regarding
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the analysis dependent on personality type and housing conditions,
significant differences (p<0.001) were identified between the shy
fish isolated and those together (p<<0.001), but also between the
bold iso fish and the bold imp (p<0.001 ) (Figure 6.17 B), but
without differences between personality types independent of the

treatment group (p=0.635) (Figure 6.17 C).
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Figure 6.17 Statistical analysis of the number of entries in the left arm.

A — analysis based on groups and personality, B — analysis based on personality

and hosting conditions, C — analysis based on personality. Results are illustrated
as mean + SD and those with p<0.05 were considered significant).
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6.4. Aggressivity test
6.4.1. General

Analysis of the time spent in the left arm showed
significantly different results (p<0.001) with multiple individual
differences. Similar results were obtained for the number of entries
in the left arm (p<0.001). Despite the fact that there are no
significant differences regarding the first entry into the left arm
(even though visually there are groups that needed a longer period
to make the first entry into the left arm), there are major individual
differences regarding the time spent and the number of entries, for
example, the isolated groups (L1-L8) entered the left arm later,
spent less time there, and entered fewer times. These results can be
seen in Figure 6.22.A and B.

For accelerated swimming strokes, no significant
differences were identified based on duration, but they were
identified based on number (F (DFn, DFd)=1.395 (15, 125),
p<0.001) (Figure 6.23).
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Figure 6.22 Statistical results of the parameter total time spent in the
left arm (s) (A) and number of entries in the left arm (B). Results are illustrated as
mean + SD and those with p<0.05 were considered significant.
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Figure 6.23 Statistical results of the parameter speeded swimming
stroke duration (s) (A) and number of speeded swimming strokes (B). Results are
illustrated as mean + SD and those with p<0.05 were considered significant).
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6.4.2. Personality

In the case of the total time spent in the left arm,
significant differences were observed only between treatments
(p<0.001), but without significant individual differences (Figure
6.26 A). Statistically significant differences (p<0.001) were
identified in the analysis depending on personality type and
housing conditions (Figure 6.26 B). Moreover, significant
differences were observed in the independent analysis of treatment

group and housing conditions (p<0.001) (Figure 6.26 C).
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Figure 6.26 Statistical analysis of total time spent in the left arm (s). A
— analysis based on groups and personality, B — analysis based on personality
and hosting conditions, C — analysis based on personality. Results are illustrated
as mean + SD and those with p<0.05 were considered significant).
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Statistical analysis of the number and duration of
swimming bouts showed significant differences between treatment
groups (p<0.001), but not between personality types (p=0.065).
These differences can be seen in Figure 6.29.A. Regarding the
analysis dependent on personality type and housing conditions,
significant differences were identified (p<0.001) (Figure 6.29 B),
although no differences were identified between personality types

independent of the treatment group (p= 0.204)(Figure 6.29 C).
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Figure 6.29 Statistical analysis of the number of swimming strokes. A —
analysis based on groups and personality, B — analysis based on personality and
hosting conditions, C — analysis based on personality. Results are illustrated as
mean + SD and those with p<0.05 were considered significant.
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6.5. Light-dark test
6.5.1. General
In the case of the ratio of the time spent in each of the two
arms, statistically significant individual results were obtained for
each study group according to Figure 6.35.
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Figure 6.35 Results of analyzing the ratio of time spent in each of the
two arms of the groups together. Results are illustrated as mean + SD and those
with p<0.05 were considered significant. L — in the light arm, D — in the dark
arm.

Moreover, significant results were obtained between the

groups and regarding the total distance traveled (Figure 6.36).
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Figure 6.36 Results of analyzing the distance traveled by groups
together (mm). Results are illustrated as mean + SD and those with p<0.05 were
considered significant

6.5.2. Personality

Analysis of time spent in the dark arm showed significant
differences between treatment groups (p=0.001) (Figure 6.41 A).
However, no significant differences were identified between
personality types regarding total time spent in the dark arm

(p=0.748) (Figure 6.42 B).
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Figure 6.41 Statistical analysis of time spent in the dark arm (s). A —
analysis based on groups and personality, B — analysis based on personality
independent of treatment. Results are illustrated as mean £ SD and those with
p<0.05 were considered significant.

For the number of entries in the dark arm, significant
differences were obtained between treatment groups (p=0.007)
(Figure 6.42 A), but no significant differences between personality

types (p=0.677) (Figure 6.42 B).
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Figure 6.42 Statistical analysis of the number of dark arm entries. A —
analysis based on groups and personality, B — analysis based on personality
independent of treatment. Results are illustrated as mean + SD and those with
p<0.05 were considered significant.

Statistical analysis of total distance traveled showed
significant differences between treatment groups (p<0.001) where

shy fish in the C, M, C MP groups explored significantly less than
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shy fish in the MP+K+M group (p<0.001 ), but also bold fish from
C, M, C MP groups explored the test maze significantly less than
bold fish from MP+K+M group (p<0.001 and p=0.007,
respectively) (Figure 6.43 A). However, no significant differences
were identified between personality types independent of

treatment (p=0.680) (Figure 6.43 B).
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Figure 6.43 Statistical analysis of total distance traveled (mm). A —
analysis based on groups and personality, B — analysis based on personality
independent of treatment. Results are illustrated as mean + SD and those with
p<0.05 were considered significant.

6.6. Colour-based memory test
6.6.1. General
Based on visually observed differences, the L3 M group
showed the best cognitive ability, as it had more than 50% of fish
choosing the red arm the first time, followed by L5 MP, L4 M+L
and L6 MP+K . These results can be viewed in Figure 6.45.
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Figure 6.45 The results of the first choice made by each group. Yellow
— yellow, Red - red

Regarding the latency to first entry into the red arm, there
were significant differences between L1 C and L2 K, LS MP and
L2 K, L2 K and L3 M, and L2 K and L4 K+M. At the same time,
significant differences were observed between L2 K and L1 C,
respectively L3 M regarding the time spent in the red arm, with the
latter spending significantly more time in the trained color.
Moreover, significant differences were also observed regarding the
number of entries into the red arm, respectively the distance
traveled where the L2 K and L6 MP+K groups entered the red arm
significantly less times compared to the other groups and traveled
and the shortest distance. All these results can be viewed in Figure

6.46.
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Figure 6.46 Analysis of the results obtained in the color-based memory
test of the following study parameters: time to first entry into the red arm (s), time
spent in the red arm (s), number of entries into the red arm, and distance traveled

(cm). Results are illustrated as mean + SD and those with p<0.05 were
considered significant. * - p<0.05, ** - p<0.01, *** - p<0.001.

6.6.2. Personality
The first choice of fish in each treatment group
differentiated on the basis of personality can be viewed in Figure

6.47.
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Figure 6.47 first choice of zebrafish by treatment group and personality

Differences appear regarding total time spent in the red
arm where significant differences were identified between
treatment groups (p<0.001), but no individual differences (Figure
6.50 A) and no significant differences between personality types

(p=0.432) (Figure 6.50 B).
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Figure 6.50 Statistical analysis of time spent in the red arm (s). A —

analysis based on groups and personality, B — analysis based on personality

independent of treatment. Results are illustrated as mean + SD and those with
p<0.05 were considered significant.
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Regarding the number of entries into the red arm, the
statistical analysis between treatment groups was statistically
significant (F (7, 58)=5.210, p<0.001) with notable differences
between bold fish in group C and those in MP+M (p=0.003) and
those bold in group K with those in group C MP (p=0.048) (Figure
6.52 A). However, no significant differences were identified
between personality types independent of treatment groups

(t=1.853, df=65, p=0.068) (Figure 6.52 B).
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Figure 6.52 Statistical analysis of the number of entries in the red arm.
A — analysis based on groups and personality, B — analysis based on personality
independent of treatment. Results are illustrated as mean + SD and those with
p<0.05 were considered significant).

6.7. Ministudy on the dissociative effect of ketamine
The separation of zebrafish into one personality or another
was done based on the tracks and the evolution and change of
personality traits following ketamine treatment was followed.
Figure 6.54 shows the tracks and heatmaps of a group of

4 fish categorized as shy pre-treatment and bold post-treatment.
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Figure 6.54 Tracks of four fish pre- and post-ketamine treatment
illustrating clear behavioral changes in swimming pattern and exploratory

propensity.
In Figure 6.55 heatmaps are illustrated for a better

appreciation of the preference to sit by the walls/explore the

aquarium of each of the fish studied.

|
|
=

)|
LN
-an

Figure 6.55 Heatmaps of four fish pre- and post-ketamine treatment
illustrating clear behavioral changes in swimming pattern and exploratory
propensity.
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In Figure 6.56 the following parameters are presented:
latency first entry into the upper half of the tank (A), time spent in
the upper half (B), number of entries in the upper half (C), time
spent in the lower half (D) and the number of entries in the lower
half (E). Thus, statistically significant differences were obtained
between before and after treatment in the case of the time spent in
the upper half (p=0.002) and the number of entries in the lower
half (p<0.001).
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Figure 6.56 Latency to first entry in upper half (s) (4), time spent in

upper half (s)(B), number of entries in upper half (C), time spent in lower half

(s)(D) and the number of entries in the lower half (E). Results are illustrated as
mean + SD and those with p<0.05 were considered significant.
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6.8. Immunohistochemistry
A series of histopathological changes were observed in
different layers of the optic tectum of zebrafish following exposure
to microplastics, ketamine, methionine and the combined ones.
The severity and frequency of lesions was more pronounced in the
L6 MP+K, L7 MP+M groups and more attenuated in the L8
MP+K+M and L4 M+K groups.

MP MP+Ket MP+Met MP+Ket+Met
“ A oA

A

Figure 6.59 The different expressions of PCNA, TNFAIS, COX4I-1 in
different experimental groups and control groups. Rows 1,3 and 5 show
periventricular expression, while rows 2,4 and 6 show expression in the optic
tectum.

The presence of TNFal8 expression in the nervous system
of zebrafish from the experimental groups suggests the presence
of an inflammatory process generated by MP, K, M and their
combination. Moreover, different levels of COX41-I expression

were observed in the periventricular zone and optic tectum,
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suggesting the existence of different degrees of ATP generation

dependent on hypoxia-inducible factor expression.

6.9. Oxidative stress

Moreover, regarding SOD level (Figure 6.62), significant
differences were observed between: L2 K and L6 MP+K (p<0.05),
L3 M and L6 MP+K (p<0.05) , L6 MP+K and L7 MP+M (p<0.01).
Regarding the GPx level (Figure 6.62), significant differences
were identified between L1 C and L8 MP+K+M (p<0.0001), LS
MP and L8 MP+M+K (p<0.01), L2 K and L8 MP+M+K (p<0.01),
L6 MP+K and L8 MP+M+K (p<0.01), L7 MP+M wvs.. L8
MP+M+K (p<0.05). And regarding MDA (Figure 6.62),
significant differences were observed between L5 MP and L7

MP+M (p<0.01), L2 K and L7 MP+M (p<0.05).
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Figure 6.62 Results of oxidative stress biomarkers

6.10. Alpha-amylase activity
Alpha-amylase activity was measured for both isolated

and pooled groups, and results were expressed as U/mg tissue.
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In the case of this measurement, the statistical analysis
was significant (F (15, 30)=2.613, p=0.012), but no statistically

significant individual differences were identified (Figure 6.63).
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Figure 6.63 Statistical analysis of alpha-amylase activity expressed as
U/mg tissue. Results are illustrated as mean + SD and those with p<0.05 were
considered significant.

6.10.1. Correlations between alpha-amylase activity and
behavioural parameters

Markers for anxiety used in this analysis were time to first

entry into the upper half of the aquarium and duration of freezing

episodes. In the case of fish with an increased level of alpha-

amylase, a weak positive correlation was identified (Figure 6.64
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A), but stronger than in the case of the correlation between fish

with a low level of alpha-amylase (Figure 6.64 B).
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Figure 6.64 Correlation between alpha amylase level and time to first
upper half entry. A — correlation between an increased level of alpha-amylase and
the time until the first entry into the upper half (weakly positive correlation,
r=0.1581), B — correlation between a low level of alpha-amylase and the time
until the first entry into the half superior (non-existent correlation, r=0.01738).

In the case of the duration of freezing episodes, a weak

negative correlation was obtained between a low alpha amylase

level and the total duration of freezing episodes (Figure 6.65 A).
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Figure 6.65 Correlation between alpha amylase level and duration of
freezing episodes. A — correlation between an increased level of alpha-amylase
and the duration of freezing episodes (weakly negative correlation, r=-0.1479), B
— correlation between a low level of alpha-amylase and the duration of freezing

episodes (non-existent correlation, r= 0.007703).
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Only a moderate positive correlation was obtained
between an elevated alpha-amylase level and total distance

traveled (Figure 6.66 A).
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Figure 6.66 Correlation between alpha amylase level and total
distance traveled. A — correlation between an increased level of alpha-amylase
and the total distance traveled (moderate positive correlation, r=0.4586), B —
correlation between a low level of alpha-amylase and the total distance traveled
(non-existent correlation, r=0.01892).

Only a weak positive correlation was obtained between a
low amylase level and time spent in the conspecific arm (Figure

6.67 B).
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Figure 6.67 Correlation between alpha amylase level and time spent in
the left arm. A — correlation between an increased level of alpha-amylase and
time spent in the left arm (non-existent correlation, r=0.09763), B — correlation
between a low level of alpha-amylase and time spent in the left arm (weakly

positive correlation, r =0.2113).
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Aggressiveness in this case was measured by means of the
number of swimming strokes in the aggressiveness test. Through
the analysis, we obtained a moderate positive correlation between
an increased level of amylase and the number of swimming strokes
(r=0.3145, R2=0.09888) (Figure 6.68 A), but also a strong
moderate positive correlation between a low alpha-amylase level
and the number of swimming strokes (r=0.5433, R2=0.2951)
(Figure 6.68 B).
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Figure 6.68 Correlation between alpha amylase level and number of
swimming strokes. A — correlation between an increased level of alpha-amylase
and the number of swimming strokes (moderate positive correlation, r=0.3145), B
— correlation between a low level of alpha-amylase and the number of swimming
strokes (strong moderate positive correlation , r=0.5433.
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7. Discussions

In animals, personality traits refer to consistent patterns of
behavior, cognition, and emotional responses that can be observed
in different situations over time (70). Some of these traits are:
boldness (71) (the tendency to take risks or show courage in a new
situation), aggression (72) (highlighted by the degree of fighting,
territoriality and dominance), sociability (73) (the preference to
stay in the vicinity of conspecifics or even individuals of other
species), the level of activity (74) (animals can be differentiated
based on activity level), exploration level (74) (tendency to
explore new environments, to be more curious),
neophobia/neophilia (75) (fear/curiosity for new things), anxiety
(76) (the way they respond to stimuli or situations).

That being said, studies suggest the following distinction
between personalities (and specific characteristics): the proactive
or daring personality (increased exploratory tendency, increased
level of aggression, increased level of sociability, swimming in the
whole tank, less prone to anxiety, better cognitive skills , leaving
the comfort zone faster) and reactive or shy personality (low
exploratory tendency, low aggression, low sociability, preference
to sit at the bottom of the tank, prone to anxiety, more time spent
in the comfort zone (77-80).

In the context of the novel aquarium test, the latency to
first entry into the upper half serves as an indicator of anxiety level.

Thus, the longer this time is, the greater the anxiety of the fish. In
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the current study, the combined control group (L1 C) took
significantly longer to enter the top half compared to almost all
other groups (minus the combined methionine group) and spent
significantly less time in the top half, aspects that reflect the
behavior considered normal for this species and which are
consistent with the data in the literature. An interesting aspect is
that the isolated fish had a significantly higher level of anxiety than
the groups together in all monitored parameters, except for the
ketamine groups which had a lower level of anxiety. This is also
illustrated in other studies investigating possible anxiolytic effects
of ketamine and may be explained by the fact that ketamine
increases neuroplasticity and regulates glutamate receptors which
in turn increase the flow of positive thoughts and decrease anxiety
and depression. Differences between socially isolated and together
groups are supported by results from the literature on the level of
anxiety investigated in the novel aquarium test (81).

The literature suggests that a healthy group should show
anxious behavior when exposed to a new environment, manifested
by a tendency to stay at the bottom of the tank, longer freezing
duration, reduced exploration, and longer latency to first entry into
the upper half. Based on the fact that the exposure to ketamine
mimics the positive symptoms of schizophrenia, research suggests
that ketamine toxicity leads to reduced anxiety manifested by
shorter latency to first entry into the upper half of the tank, more
time spent in it, increased exploration and clockwise rotation

number increased. On the other hand, studies show that a
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concentration of 6.0 mM methionine should decrease anxiety and
increase exploration, but without affecting locomotor activity (82).
Although studies on the effects of microplastics are scarce, in
particular polypropylene polymers are suggested to induce
anxiety-related behaviors (83) which suggests that in the case of
the new aquarium test, it could lead to swimming patterns and
parameters closer to the values of the control groups. The idea of
social isolation is a continuation of a previously published study
obtained through a collaboration of our study group with a
research group in Egypt that looked at the potential of using social
isolation to show schizophrenia in male albino rats (84).

In the case of methionine, other studies have shown that
exposure to it leads to reduced locomotion, reduced aggressive
behavior, impaired memory and increased anxiety (85). This
aspect is also observed in the present study where the methionine
groups spent significantly less time in the upper half, although they
entered faster, had fewer entries and more clockwise rotations.

For the control and ketamine groups together, the study
results are consistent with those in the literature. In the case of
methionine, there was a small improvement in the time to first
entry into the upper half and the time spent there compared to the
control group, but locomotor activity was also affected, as seen by
decreasing the distance moved and increasing the duration of
freezing (86). Multiple studies have observed that increased
anxiety leads to reduced locomotion through a sustained pause in

movement known as freezing episodes (87,88). Therefore, anxiety
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can be assessed based on the number and cumulative duration of
freezing episodes and the distance moved. The fact that
microplastics increased freezing time and reduced distance moved
could suggest that they have an anxiogenic effect when
administered over a 7-day period. However, it should be taken into
account that episodes of freezing and reduced movement can also
be due to the toxicity of the substances used.

Thus, we found that the latency to reach the upper half of
the tank was shorter, while the time spent in the upper half was
longer in the MP group compared to the untreated control group,
consistent with the view that MPs have an anxiolytic effect. This
finding is in contrast to previous reports showing that MP induces
anxiety in zebrafish without affecting locomotor activity.

Studies have shown that subanesthetic administration of
ketamine significantly alters upper half time, number of entries,
and time to first upper half entry (89), whereas in the case of
methionine, a concentration of 6.0 mM causes a substantial
increase in locomotion and exploration in the upper half compared
to an untreated control (82) which are in accordance with the
results of the present study and validate them.

Differences between the together and isolated groups
regardless of substance exposure are minor in most parameters,
suggesting that there may be other methods of inducing
anxiety/depressive mental disorders-lie symptoms that cause less
distress to the animal. However, the major differences are observed

in the groups that were simultaneously treated with ketamine and
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methionine and may represent a better approach for modeling
schizophrenia, since it is a symptomatologically nonlinear disorder
in the sense that it is described by both positive symptoms
(mimicked by the effect of ketamine), as well as by negative
symptoms (the effect of methionine) and cognitive symptoms (the
effect of microplastics). These results and findings from the
literature (90) suggests that the combined effects of these
substances provide a robust model of complex symptomatology
that cannot be fully replicated in humans, but models as close as
possible can be created.

According to the studies, bold fish should have a lower
anxiety level compared to shy ones, which is true for isolated
microplastic groupd as well as for those together. There were no
significant differences between the two personalities in the
independent analysis, but shy fish together spent the least time in
the top half, followed by isolated Shy, isolated Bold, and together
Bold suggesting that social isolation on its own also affects
behavior and fish anxiety regardless of the applied treatments.

In the case of the total distance moved, in all study groups
differences are observed between shy and bold fish with
significant difference between the two personalities in the
independent comparison of group and experimental protocol. This
supports the personality trait that shy fish tend to explore less than
bold ones.

This could be explained by the fact that the fish that were

socially isolated had a greater curiosity and desire to explore once
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they were placed in the test tank which was significantly larger and
of a different shape compared to the isolation tanks. Thus, social
isolation can have strong effects on mental health even in humans,
including anxiety levels.

These results, however, are contrary to results in the
literature which claim that social isolation can lead to increased
anxiety-like behavior by staying more at the bottom of the tank,
reduced exploration and altered locomotor activity.

Surprisingly, data from the literature suggest that
regardless of whether ketamine administration is chronic or acute
in zebrafish, it increases social preference, manifested specifically
by increased time in the arm with conspecifics (91), while
methionine induces social impairment in rats (90) and zebra fish
(82). A large study found that social isolation is associated with
increased anxiety, but that this could be reversed by administering
anxiolytic substances (92). In the current study, the results are
slightly different in the sense that ketamine did not have effects of
facilitating and improving social preferences, and methionine did
not cause social impairments but on the contrary increased the time
spent in the arm with conspecifics compared to the other groups,
while ketamine lowered it. Furthermore, groups that ingested
microplastics showed increased social preference with the LS MP
group having the longest time spent in the conspecific arm.

On the other hand, in the personality analysis things were
similar. Ketamine did not increase social preference and

methionine did not cause social impairment. In isolated fish, the
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bold ones preferred to stay longer near conspecifics, but in shared
fish, the shy ones preferred to stay more near conspecifics, they
entered the arm with conspecifics faster and more times compared
to the isolated ones, which supports the fact that social isolation
has induced social deficiencies.

A study that looked at the social preferences of zebrafish
reported that it identified a smaller proportion of fish within the
same group that preferred solitude and avoided social interactions
(93) which matches the traits shown for isolated fish but also for
those bold together and supports the existence of distinct traits
between individuals of the same species and group.

In the case of the personality-based analysis where
isolated shy fish swam significantly faster in the mirror arm
compared to together, and isolated bold fish swam faster in the
mirror arm compared to bold and shy together. Regarding time
spent in the arm of interest, fish together of both personalities spent
significantly more time in the corresponding arm compared to the
corresponding isolated groups. In terms of accelerated swimming
bouts, the bold fish together had the most accelerated swimming
bouts, while the isolated shy ones had the fewest with statistically
significant differences between all four categorizations (Shy iso.,
Bold 1zo., Timid imp., Bold imp.) with the mention that the bold
izo. they had lower numbers even than Timid imp fish. These
aspects suggest that social isolation affects aggressive behavior
independent of personality type, but does not cause them to

become the opposite of their personality, and in combination with
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personality it can be said that even the boldest of isolated fish is
less courageous than shy fish together.

Despite literature data that zebrafish would prefer the dark
environment, in the present study all groups took significantly
longer to enter the dark side compared to the light side. Moreover,
consistent with the observations made in the other trials that
ketamine has anxiolytic effects, all study groups given ketamine
(either single exposure or combined with other substances) entered
the light arm more quickly and later in the dark arm compared to
the other groups. In terms of time spent in each of the two arms,
the methionine groups spent less time in the dark zone and more
time in the light zone compared to the other groups. In addition,
all groups spent significantly more time in the light area compared
to the dark area.

In terms of personality, the shy fish in most study groups
entered the dark compartment later and the light compartment
faster compared to the groups treated with microplastics and/or
pharmaceuticals. Similar results were obtained for the time spent
in each of the arms, where in most groups the shy fish spent
significantly more time in the light compartment and less time in
the dark compartment. Regarding the distance moved, significant
personality- and treatment-dependent differences were identified
where the administered substances significantly increased the
exploratory tendency of shy fish.

Compared to studies in the literature that illustrated that

zebrafish prefer the color red over yellow (94,95), In the present
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study, our groups chose y.ellow as their preferred color (86) and
red as the least favorite

Based on the fact that zebrafish have cognitive flexibility
and the ability to make choices (e.g. choose a color, especially
when motivated by rewards)(96), we wanted to make a
considerable contribution to the information available and already
existing in the specialized literature regarding their learning ability
by positively conditioning them (reward in the form of food) to
choose the less preferred color over the preferred one. This
experiment idea was based on the hypothesis of dopamine
dysregulation in schizophrenia since it analyzes reward-based
behavior (87) which influences cognitive functions, especially
memory and decision-making (51). Surprisingly, the group with
the most fish choosing the color red first was the methionine
group, while the group with the fewest fish to choose red was the
ketamine group.

There is a possible correlation between the level of
anxiety observed in the novel tank test and the cognitive
performance in the memory test described in the study published
by our group (86).

Ketamine is a dissociative anesthetic drug that has
become of interest in the scientific world because of its unique
effects on the conscious mind. When administered in subanesthetic
doses, ketamine can induce a dissociative state characterized by
profound alterations in perception, cognition, and self (97).

Ketamine can distort sensory perception leading to changes in the
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way individuals perceive the environment, sounds and other
sensory stimuli. Individuals may experience visual distortions
such as changes in depth perception, color perception or visual
hallucinations (98).

In the case of tracks and heatmaps, the changes in the
exploration behavior are evident between pre- and post-treatment
with the increase in the level of exploration and the decrease in the
tendency to stay near the walls, respectively at the bottom of the
tank. Moreover, the fish entered the upper half faster, spent more
time in the upper half of the tank and less in the lower half, entered
the upper half and the lower half less often. Regarding the time
spent touching the walls and the number of touches, the post-
treatment values were lower. Based on the number of clockwise
and counterclockwise rotations, post-treatment anxiety levels were
lower (more clockwise rotations and fewer counterclockwise
rotations). So it could be concluded that ketamine can change the
personality traits of zebrafish post-chronic treatment (5 days) and
could be used in modeling behavioral symptomatology and in the
context of personality disorders, besides psychotic ones.

In the groups that received ketamine, PCNA-positive cells
were observed in the two areas, periventricular (ZPV) and
cerebellar valve, but a lower number of migrating cells was also
noted. It is possible that ketamine not only alters the expression
pattern of PCNA but also the migration/differentiation timing of
cerebellar cell types in adults, contributing to an overall altered

state of CNS cell proliferation.
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The presence of TNFal8 expression in the nervous system
of fish from the experimental groups denotes the presence of an
inflammatory process generated by MP, K, M and their
combination.

COX4-1 expression is linked to hypoxia-inducible factor
(HIF-1a), and COX4-1-deficient cells have been shown to have
increased levels of HIF-Ila located in their nuclei (99). The
presence of COX41-i overexpression in some groups denotes the
increase in the energy requirement to restore the cellular
metabolism of nerve cells, as a result of oxidative stress and
neurotoxicity produced by various exposures.

BDNF could act as an antioxidant factor, as it is known to
increase the activity level of some antioxidant enzymes (100). The
presence of an intense expression in the experimental groups,
demonstrates the ability to activate the system of antioxidant
enzymes to restore the damage produced by MP, M, K and their
combination alike.

The influencing character on oxidative stress was
highlighted both in the case of schizophrenia models and for single
and co-administered microplastics. Moreover, MDA increases
were also identified in the same situations (101). In a study aimed
at evaluating transgenerational effects in the case of methionine
exposure, it was highlighted that the level of MDA shows increases
compared to the control group, similarly in the case of SOD (102).
Moreover, a significant decrease in SOD was shown after

withdrawal of methionine exposure (103). Regarding the
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administration of ketamine, the specialized literature indicates that
at different concentrations the levels of SOD and MDA increase,
even after the cessation of administration (104).

Studies on the level of alpha-amylase in zebrafish are non-
existent at the moment, but nevertheless there are a number of
studies that highlight the possibility of its use as a biomarker for
physiological stress. The main conclusions highlighted in the
literature are that alpha-amylase is more sensitive to physiological
stress than cortisol, in the sense that it can be affected without
affecting cortisol levels, and alpha-amylase levels either do not
change according to the normal (diurnal) pattern or be hypo- or
hyper-secretion (105-107). Even though in the present study no
significant differences were identified between the study groups,
the fact that it obtained different levels of alpha-amylase activity
suggests its usefulness for assessing the level of physiological
stress. Moreover, the fact that we identified weak and moderate
correlations between this parameter and the behavioral ones
suggests that also in zebrafish there is a relationship between

physiological stress and behavior.

Conclusions

The current study brought to light and highlighted
different aspects associated with neurotoxicity determined by

different pharmacological substances and/or plastic materials in
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order to highlight possible alternatives for modeling some
disorders of a neuro-psychiatric nature with a significant reduction
in the suffering of the individuals used. The main and interesting
conclusions that can be drawn from the present study are:

1. Social isolation on its own could faithfully mimic the
negative symptoms of schizophrenia through the prism of
the values obtained in each parameter of the conducted
behavioral tests.

2. Combined administration of ketamine and methionine
could yield a more robust model of schizophrenia that
explores both negative and positive symptoms, novel
approach at least at the national level.

3. We highlighted a correlation between anxiety level and
cognitive performance, an aspect that is also observable
in humans and is relevant for future studies.

4. The preference of fish for a particular color is relative,
which emphasizes that for any color-based study and not
only, it is important to test the study lots before starting
the experiment because there is a possibility that the
available animal lots will not react/ not behave the same
as the data identified in the literature. Animals are
sensitive and strongly influenced by environmental,
genetic and social factors.

5. The methodology used for the color-based memory test
and positive conditioning is new nationally and

internationally.
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10.

11.

12.

The hypotheses of differentiating the personality of
zebrafish based on behavioral parameters were mostly
confirmed and highlight the existence of personality in
these fish.

We highlighted and demonstrated for the first time
nationally and internationally that zebrafish have
personality and even complex traits that cannot have clear
boundaries and cannot be strictly delimited in the context
of behavioral tests considered standard for them.

Each of the personality results illustrates that not all shy
fish are the same, and neither are all bold fish. Within each
category there are subcategories and it is important to note
that even if a shy fish might have a slightly higher value
in a parameter compared to shy conspecifics, it does not
mean that it is misclassified.

In the case of the present study, the dissociative effect of
ketamine was shown through the change of multiple
parameters and swimming patterns from shy to bold fish
categorization.

Immunohistology results illustrate that all substances
used affect the fish up to the tissue level and up to the
stage of necrosis.

Paradoxically, microplastics significantly increase the
level of oxidative stress.

Obtaining different values of alpha-amylase activity

highlights its possible utility for the assessment of
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physiological stress, while the obtained correlations can

serve as behavioral predictive factors.

The results and observations obtained from this study
open multiple opportunities for future studies in which fish are
socially isolated for a longer period of time to more faithfully
model the negative symptoms of schizophrenia, the learning
period is extended and tested, and short-term memory (not only
the long-term one as in the present study), to repeat the light-dark
test without other influences or other types of training done
simultaneously, to repeat the aggression test according to the new
methods of its assessment, to study the dissociative effects of

ketamine in more depth and on a larger batch of fish.
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