Behavioral, Genomic and Neurochemical Deficits Evoked by Neurotrauma in Adult Zebrafish (DANIO rerio)
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Abstract⸺Traumatic brain injury (TBI, neurotrauma) is an urgent biomedical concern with high prevalence and mortality risks. Probing TBI mechanisms in traditional (e.g., rodent) animal models is often complicated by the complexity and limited regenerative potential of rodent brain. Here, we present a zebrafish (Danio rerio) model of telencephalic stab wound injury, and assess behavioral and molecular consequences of TBI. Four days following the injury, adult zebrafish displayed hypolocomotion in the novel tank test and impaired working memory in the Y-maze test, paralleling behavioral deficits in rodent models and human TBI patients. Molecular analysis of key genes involved in the inflammatory response and cell death pathways revealed a remarkable upregulation of the interferon-stimulated gene 15 (isg15), a biomarker for neuronal injuries, in the traumatized telencephalon. Furthermore, norepinephrine levels in whole-brain tissue significantly declined following TBI, likely contributing to the observed cognitive deficits and further implicating neurotransmitter dysregulation in TBI pathogenesis.
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INTRODUCTION


Traumatic brain injury (TBI, neurotrauma) represents a brain tissue damage caused by mechanical insult, and ranges from mild concussions to severe life-threatening craniocerebral injuries [1].  Nearly 60 million people experience TBIs annually, and more than 2% of the population live with neurological disorders they evoke, suggesting an ongoing ‘silent TBI epidemic’ [2].  TBIs are a heterogeneous group of pathologic conditions with diverse etiology and functional manifestations [3]. While open TBIs are characterized by visible injuries, bleeding, potential infection, and more grave consequences, closed TBIs occur without cranial disintegration, but the brain is damaged due to deformation, compression, and stretching [3]. TBIs can also be classified as focal or diffuse, depending on the brain damage spread [4]. TBI has multiple functional consequences that go beyond the acute traumatic period and may persist over long periods of time. For example, a frequent long-term effect of TBI is cognitive dysfunction, including impaired attention, memory and executive functions, and slow information processing [5]. Hallmarks of TBIs, these deficits are commonly observed both clinically and in various animal models in vivo. Motor impairments (locomotor activity and motor coordination difficulties) [6], altered emotional states (mood swings, irritability, depression, anxiety, and emotional instability) [7, 8], as well as comorbid other central nervous system (CNS) disorders, including epilepsy, Alzheimer’s and Parkinson’s diseases, are also common for  TBIs [9−11].

Excitotoxicity is a key mechanism of secondary neuronal damage after TBI [12], mediated by hyperactivation of excitatory neurotransmitter (primarily glutamate) receptors that increase intracellular calcium concentration through ionotropic receptors [13]. Studies on rodents [14, 15] and humans [16, 17] indicate elevated extracellular glutamate concentration in the brain following TBI. Indeed, neuronal membranes stretch during TBI, creating micropores that mediate an influx of sodium ions into the cell [12], causing membrane depolarization, activation of voltage-gated calcium channels, glutamate release into the extracellular space, and, eventually, depolarization and excessive calcium influx into postsynaptic neurons [18]. In turn, e
levated intracellular calcium disrupts normal cell functioning and activates programmed cell death [19]. For example, rising calcium concentration activates calcium-dependent proteases, lipases, and endonucleases that trigger the destruction of cellular structures [20], leading to impaired synaptic transmission, neuronal network dysfunction, impaired neuroplasticity, and hence, behavioral, memory, and attention deficits.

Neuroinflammation is triggered within minutes after TBI due to mechanical tissue damage, as well as the release of damage-associated molecular fragments (DAMPs) [21, 22]. Primary injury causes activation of brain-resident immune microglial cells, which serve as the first line of defense in the CNS. Microglia rapidly undergo morphological and functional alterations, switching from a resting to an activated state [23], releasing proinflammatory mediators (cytokines, chemokines, and prostaglandins), and contributing to oxidative stress and neurodegeneration [24].

Astrocytes also respond rapidly to TBI, undergoing morphological and functional alterations (reactive astrogliosis) [25] and forming a glial scar that acts as a physical barrier limiting damage dissemination. Activated astrocytes can also secrete pro-inflammatory mediators. Moreover, they demonstrate impaired glutamate reuptake from the extracellular space, which contributes to excitotoxicity [26]. In TBI, the blood-brain barrier (BBB) disintegration enables brain infiltration with peripheral immune cells (neutrophils, macrophages and lymphocytes) that modulate neuroinflammation by secreting pro-inflammatory mediators [27]. Tumor necrosis factor-alpha (TNF-α), interleukin-1β (IL-β), and interleukin-6 (IL-6), whose brain levels increase rapidly within the first hours after TBI, play a special role in this process [28−31], promoting the production and release of other pro-inflammatory mediators, enhancing neuroinflammation and neuroapoptosis.

Studying pathophysiological aspects of TBI and its molecular mechanisms may benefit markedly from widening the spectrum of experimental animal models. Complementing rodents, mounting evidence suggests the growing utility of alternative TBI models in zebrafish (Danio rerio) [32, 33]. The present study aims to validate the zebrafish model of TBI induced by penetrating (stab wound) injury to the telencephalon, as well as to evaluate neurochemical and genomic changes in the zebrafish brain induced in this model.
MATERIALS AND METHODS

Animals and their maintenance


The experiments were performed on 36 adult wild-type short-finned zebrafish aged 3−5 months, purchased from Axolotl Company Ltd. (St. Petersburg, Russia). The animals were kept in the Aquatic facility of Almazov National Medical Research Center (St. Petersburg) under standard conditions [34]. The wild-type outbred strain was chosen for the present study due to population validity of the CNS pathogenesis model. Specifically, while inbred zebrafish strains are more reliable in neurogenetic studies, modeling CNS pathologies in vivo implies mimicking “real” human diseases that affect genetically heterogeneous populations. Thus, the use of outbred zebrafish was a more populationally valid and translationally relevant approach, appropriate for our research objectives.

To provide optimal maintenance conditions, a ZebTec rack with Active Blue Technology of water distribution and self-cleaning (Tecniplast, West Chester, USA) was used. Fish were housed in groups of 15 in 3-L holding tanks. Water temperature was automatically maintained at 27 ± 0.5°C and pH 7.4. The light intensity was 950−960 lux at a 12/12 h light/dark cycle. The animals were allowed to acclimatize for 2 weeks prior to the start of an experiment. All zebrafish were experimentally naive and unexposed to any experimental manipulations before the study. All fish belonged to the same population and were randomly allocated into experimental groups using an online random number generator. Fish allocation, behavioral testing, and data analysis were carried out by different experimenters. In doing this, each group was assigned a code designation to ensure exposure-independent data analysis. A graphical representation of the experimental design for the control and TBI groups is presented in Fig. 1.
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Fig. 1. General summary of the study experimental design. TBI – traumatic brain injury, NTT – novel tank test. 

Establishing a zebrafish model of telencephalic stab wound injury

The model was established according to [35]. Briefly, at the beginning of the experiment, the animals were anesthetized by immersion in a tricaine solution (170 mg/mL ethyl-3-aminobenzoate methanesulfonate, Sigma Aldrich, St. Louis, MO, USA) for 40−60 s. Zebrafish were then immobilized using a sponge dampened with tricaine and placed under a microscope. A traumatic injury was inflicted by inserting a 30-G needle into the medial region of the right telencephalic hemisphere through the skull roof to a depth of 1.5−2 mm. The fish were then released into a tank with clean water for recovery. After these procedures, the survival rate of the animals was 100%. The fish of the control group remained experimentally naive (Fig. 1).
Behavioral testing


The novel tank test was chosen as the most sensitive and widely used method to assess zebrafish behavioral and locomotor parameters [36, 37]. The test apparatus represented an acrylic rectangular tank (aquarium) measuring 20 cm (height) × 20 cm (length) × 5 cm (width) and filled with water up to a level of 19 cm. The back and sides of the tank were painted white to increase contrast, while the frontal side was transparent. A SJCAM SJ4000 video camera (SJCAM Ltd., Shenzhen, China) was installed 1 m apart from the aquarium. Recordings were made for 5 min (after placing the zebrafish in the tank) at a rate of 60 frames per second. Using the Noldus IT EthoVision XT11.5 software (Noldus IT, Wageningen, Netherlands), we assessed the total distance traveled in the top of the tank (cm), average swim speed (cm/s), total time spent immobile (s), first swim latency to the top (s), total time spent in the top (s), and the number of top-bottom transitions (n) from the recorded videos. 

The Y-maze test is a common assay of working memory and behavioral flexibility in zebrafish [38]. In this test, fish were placed one at a time in white acrylic Y-shaped tanks filled with water. Each tank consisted of three identical arms (length 50, width 20, height 140 mm) positioned at an angle of 120° to each other.  Fish were free to explore all arms of the maze for 15 min, with their movements being video recorded. Over this time, the animal had to make a certain number of discrete choices (typically over 100), consisting of the left (L) or right (R) turns. The resulting video records were analyzed using the Noldus IT Ethovision software, documenting the time when zebrafish swam into each arm and when they left it. These data were converted into a sequence of L and R symbols denoting left and right turns, respectively [39]. The sequences obtained for each fish were converted into tetragrams reflecting frequency distribution of 16 overlapping transition tetrades (LLLL, LLLR, LLRL, LLRL, LLRL, LLRR, LRLL, LRLR, LRRL, LRRR, RLLL, RLLR, RLRL, RLRL, RRLR, RRRL, RRRR) normalized to the total number of turns and expressed as %.
Real-time polymerase chain reaction (RT-PCR)
Telencephalon sampling was carried out immediately after behavioral testing. Zebrafish were sacrificed by immersion in ice-cold water, after which the skull roof was opened under a microscope, and the telencephalon extracted. RNA was extracted using the ExtractRNA reagent (Eurogen, Moscow, Russia), following a standard protocol for TriZol-mediated extraction. Reverse transcription was performed using a commercial MMLV RT kit (Eurogen). RT-PCR was conducted using a commercial 5X qPCRmix-HS SYBR reaction mix (Eurogen). The reaction itself was run on a CFX96 Touch RT-PCR system (Bio-Rad Laboratories, Hercules, CA, USA). The nucleotide sequences of the primers used in the present study are shown in Table 1. 
The 2−∆∆Ct method was used to calculate changes in the relative gene expression [40], with eef1a1l1, a housekeeping gene encoding a eukaryotic translation initiation factor, chosen as a reference gene.
Table 1. Nucleotide sequences of the primers used in the present study
	Target gene
	Forward primers
	Reverse primers

	eef1a1l1
	CCCAGTGCTGGATTGCCACA
	GCGGCATCTCCGGATTTGAG

	casp3a
	CCAGGGTCAACCATAAAGTAGC
	TCTTTGGTGAGCATTGAGACGA

	Tnfa
	GGGCAATCAACAAGATGGAAG
	GCAGCTGATGTGCAAAGACAC

	isg15
	ACTTGATTTCGGTGCGACTTGC
	GCTGCATCGTCACCGAGTTAT


Primer design was performed using the National Center for Biotechnology Information (NCBI) Primer-BLAST (Basic Local Alignment Search Tool) database (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

High-performance liquid chromatography 
High-performance liquid chromatography with electrochemical detection (HPLC-ECD) was used to analyze the content of monoamines (norepinephrine, dopamine, serotonin) and their metabolites (3,4-dihydroxyphenylacetic acid, DOPAC; homovanillic acid, HVA; and 5-hydroxyindoleacetic acid, 5-HIUA) in zebrafish brain samples. The method is based on a modified version of the protocol reported elsewhere [41]. Analysis were performed on an HTEC-500 chromatograph (Eicom, San Diego, USA) using an EICOMPAK CA-5ODS column. The mobile phase for HPLC-ECD consisted of 0.1 M phosphate buffer (pH 6.0) containing sodium octanesulfonate (1.9 mM), ethylenediaminetetetraacetic acid (0.17 mM), and methanol (1.13 M), the mobile phase pH was 4.5. An internal standard, a 1% solution of 3,4-dihydroxybenzylamine in 0.1 M HClO4 (added to samples at a ratio of 10 μL per 1 mg tissue), and an external standard, 0. 1 M solutions of serotonin, dopamine, norepinephrine, 3,4-dihydroxyphenylacetic acid, homovanillic acid, 5-hydroxyindolylacetic acid, and 3,4-dihydroxybenzylamine (10 μL of each solution per 930 μL of 0.1 M HClO4), were used for data normalization. All reagents for HPLC were purchased from Sigma Aldrich (St. Louis, USA).

Statistical data analysis
The results were analyzed using the R programming language (version 4.2.1) in the R-Studio environment (version 2022.02.2). The data were checked for normality using the Kolmogorov−Smirnov test. Due to the lack of normal distribution, the novel tank test, chromatography, and PCR data were analyzed using the nonparametric Wilcoxon−Mann−Whitney test for independent samples. A generalized linear model (GLM, Poisson distribution, log link) was built to analyze the distribution of transition tetrades in the Y-maze; the Group and Tetragram factors, as well as the Group/Tetragram interaction, were used as predictors. In case of significant effects of one of the factors or inter-factor interaction, a pairwise comparison was performed using estimated marginal means (R package emmeans, with Šidák p-value adjustment). Differences were considered statistically significant at p < 0.05.
The sample size (n) was calculated based on the pilot data using the pwrss.np.2groups function of the pwrss package in R. This function allows the approximate n to be determined for the Wilcoxon test with consideration to the desired test power (0.80), significance level (0.05), as well as the values of the mean and standard deviation of the mean of the selected variable for the two groups. The distance traveled in the novel tank test, one of the major behavioral measures, was chosen as a dependent variable. In a pilot study, the values of the mean and standard deviation of the mean amounted 954 ± 371 cm for the control group and 643 ± 245 cm for the TBI group (effect size, 0.478). Based on these data, a value of n = 16 was obtained, which was corrected to n = 18 to allow for possible mortality caused by experimental exposures. No outliers were removed during data analysis. Due to video file damage, data were unavailable for three animals (2 control and 1 TBI fish) in the novel tank test. In the Y-maze test, the exclusion criterion was the number of turns lesser than 100 per test (impacted two zebrafish from each group). 
RESULTS

TBI effects on zebrafish behavior in the novel tank test 

TBI significantly affected zebrafish behavior in the novel tank test, altering total distance traveled, the number of inter-zonal (top-bottom) transitions, and time spent in the top of the tank (Fig. 2 and Table 2). Zebrafish exposed to TBI traveled a shorter distance during the test and performed fewer inter-zonal transitions compared to the control group (p < 0.05), indicative of decreased locomotor activity. At the same time, TBI increased time spent in the top of the tank (p < 0.05).
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Fig. 2. Effects of traumatic brain injury (TBI) on zebrafish behavior in the novel tank test. Distance – total distance traveled during the test; Zone transitions – the number of transitions between the top and the bottom of the tank; Top duration – total time spent in the top of the tank. Data are presented as median ± interquartile range (n = 16−17 per group).
Table 2. Key zebrafish behavioral measures in the novel tank test in 
the control and traumatic brain injury (TBI) zebrafish groups

	Group
	Median
	Q1
	Q3
	IQR
	Wilcoxon test*
	p-value

	Total Distance (cm)

	Control
	1274.35
	1130.12
	1515.2
	385.08
	191
	< 0.01

	TBI
	1059.64
	860.83
	1200.11
	339.27
	
	

	Zone transitions (n)

	Control
	11
	7
	18.5
	11.5
	171.5
	< 0.05

	TBI
	7.5
	5
	10.25
	5.25
	
	

	Top duration (s)

	Control
	126.4
	87.2
	161.13
	73.93
	51.5
	< 0.01

	TBI
	188.6
	149.9
	228.9
	79
	
	


*Statistically significant intergroup differences are bolded (Wilcoxon−Mann−Whitney test, p < 0.05, n = 16−17 per group). Q1 – first quartile, Q3 – third quartile, IQR – interquartile range. 

TBI effects on zebrafish behavior in Y-maze
GLM analysis showed a significant Tetragram factor effect (p < 0.001), as well as the interaction of Tetragram х Group factors (p < 0.001), for the percentage distribution of alternative choices (Fig. 3). Control zebrafish exhibited normal spontaneous alternation of left and right turns, as evidenced by the characteristic distribution of transitions with predominant LRLR and RLRL tetrades (Fig. 2, Table 3), corresponding to a typical zebrafish behavior in this test, as described in the literature [38, 42]. In the TBI fish group, spontaneous alternation was not pronounced, as indicated by a significantly lower percentage of LRLR and RLRL tetrades vs. the control group (p < 0.001). In contrast, TBI-exposed zebrafish showed more repeated left turns, as evidenced by higher percentage of the LLLL tetrade vs. controls (p < 0.001, Fig. 3, Table 3).
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Fig. 3. Effect of traumatic brain injury (TBI) on the frequency distribution of spontaneous alternation tetragrams in zebrafish tested in the aquatic Y-maze test. Data are presented as mean ± standard error of the mean (n = 16 per group). *** p < 0.001 (post-hoc Tukey multiple comparisons test for significant GLM data).
Table 3. Analyses of the Y-maze spontaneous alternation tetragram frequency between zebrafish experimental groups
	Comparison
	Tetragram
	Estimate
	SE
	z-ratio
	p-value

	Control vs. TBI
	LLLL
	−1.59
	0.29
	−5.52
	< 0.001

	Control vs. TBI
	LLLR
	−0.66
	0.29
	−2.29
	0.02

	Control vs. TBI
	LLRL
	−0.25
	0.25
	−1
	0.32

	Control vs. TBI
	LLRR
	−0.15
	0.28
	−0.55
	0.58

	Control vs. TBI
	LRLL
	−0.24
	0.25
	−0.97
	0.33

	Control vs. TBI
	LRLR
	0.81
	0.18
	4.41
	< 0.001

	Control vs. TBI
	LRRL
	0.13
	0.28
	0.46
	0.65

	Control vs. TBI
	LRRR
	−0.17
	0.28
	−0.59
	0.56

	Control vs. TBI
	RLLL
	−0.56
	0.29
	−2.28
	0.06

	Control vs. TBI
	RLLR
	0.19
	0.26
	0.74
	0.46

	Control vs. TBI
	RLRL
	0.85
	0.18
	4.64
	< 0.001

	Control vs. TBI
	RLRR
	0.05
	0.27
	0.18
	0.86

	Control vs. TBI
	RRLL
	-0.21
	0.29
	−0.72
	0.47

	Control vs. TBI
	RRLR
	0.12
	0.27
	0.43
	0.67

	Control vs. TBI
	RRRL
	−0.14
	0.29
	−0.48
	0.63

	Control vs. TBI
	RRRR
	−0.03
	0.24
	−0.14
	0.89


Statistically significant intergroup differences are bolded (post-hoc analysis of estimated marginal means for significant GLM data with Šidák p-value adjustment). Estimate – difference between estimated marginal means, SE – standard error, TBI – traumatic brain injury. 


Further tetragram analyses revealed statistically significant intergroup differences in the key test parameter, the percentage of spontaneous alternations (LRLR + RLRL tetragrams) and repetitions (LLLL + RRRRR tetragrams). Specifically, the TBI-exposed group showed higher percentage of repetitions and lower percentage of alternations than control zebrafish group (p < 0.05, Fig. 4 and Table 4). These changes are commonly interpreted as reflecting an impaired working memory function in zebrafish in this test [38].
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Fig. 4. Effect of traumatic brain injury (TBI) on zebrafish behavior in the aquatic Y-maze test, assessing the percentages of alternations and repetitions of left and right turns. Data are presented as median ± interquartile range (n = 16 per group).
Table 4. Key behavioral parameters in the aquatic Y-maze test in control vs. traumatic brain injury (TBI) zebrafish groups

	Group
	Median
	Q1
	Q3
	IQR
	Wilcoxon test*
	p-value

	Repetitions (%)

	Control
	7.58
	4.9
	11.04
	6.14
	25.5
	< 0.01

	TBI
	13.85
	10.86
	21.65
	10.79
	
	

	Alternations (%)

	Control
	33.7
	29.42
	49.28
	19.86
	133
	< 0.001

	TBI
	14.36
	9.84
	21.87
	12.03
	
	


*Statistically significant intergroup differences are bolded (Wilcoxon−Mann−Whitney test, p < 0.05, n = 16−17 per group). Q1 – first quartile, Q3 – third quartile, IQR – interquartile range. 

TBI effects on brain monoamines and their metabolites in zebrafish

Analysis of the whole-brain content of monoamines (norepinephrine, dopamine, serotonin) and their metabolites (homovanilinic acid, 5-hydroxyindoleacetic acid, dioxyphenylacetic acid) in zebrafish are presented in Fig. 5 and Table 5. Telencephalic TBI caused significantly lower norepinephrine levels (p < 0.05 vs. control group), but not two other monoamines tested (p > 0.05).
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Fig. 5. Effect of traumatic brain injury (TBI) on the whole-brain content of monoamines and their metabolites in adult zebrafish (n = 10 per group). Data are presented as median ± interquartile range. HVA – homovanillic acid, DOPAC – dihydroxyphenylacetic acid, 5-HIAA – 5-hydroxyindoleacetic acid.
Table 5. Whole-brain monoamine levels in control and traumatic brain injury (TBI)-exposed zebrafish
	Group


	Median
	Q1
	Q3
	IQR
	Wilcoxon test*
	p-value

	Norepinephrine (pg/mg tissue)

	Control
	1825.61
	1736.71
	1922.6
	185.89
	86
	< 0.01

	TBI
	1250.67
	1082.43
	1466
	383.56
	
	

	Dopamine (pg/mg tissue)

	Control
	281.42
	260.62
	333.32
	72.7
	51
	0.971

	TBI
	294.76
	224.18
	326.57
	102.38
	
	

	Serotonin (pg/mg tissue)

	Control
	367.21
	330.52
	394.06
	63.54
	64
	0.315

	TBI
	310.89
	273.36
	385.85
	112.49
	
	

	HVA (pg/mg tissue)

	Control
	44.11
	36.23
	67.7
	31.47
	48
	0.912

	TBI
	55.5
	8.36
	92.27
	83.91
	
	

	DOPAC (pg/mg tissue)

	Control
	19.07
	11.85
	21.41
	9.56
	57
	0.631

	TBI
	14.57
	13.22
	19.29
	06.08
	
	

	5-HIAA (pg/mg tissue)

	Control
	405.9
	380.46
	433.45
	52.99
	60
	0.481

	TBI
	391.03
	342.72
	412.89
	70.17
	
	


*Statistically significant intergroup difference is bolded (Wilcoxon−Mann−Whitney test, p < 0.05, n = 16−17 per group). Q1 – first quartile, Q3 – third quartile, IQR – interquartile range. HVA – homovanillic acid, DOPAC – 3,4-Dihydroxyphenylacetic acid, 5-HIAA – 5-Hydroxyindoleacetic acid. 

TBI effects on casp3a, tnfa and isg15 gene expression in zebrafish telencephalon

RT-PCR analyses revealed significant TBI effect on isg15 expression level in zebrafish telencephalon (p < 0.001 vs. control), with unaltered casp3 and tnfa expression levels (p > 0.05; Fig. 6 and Table 6).
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Fig. 6. Effect of traumatic brain injury (TBI) on the relative expression level (fold change) of casp3a, tnfa, and isg15 genes in zebrafish telencephalon (n = 8 per group). Data are normalized relative to the eef1a1l1 housekeeping gene and presented as median ± interquartile range.
Table 6. Analyses of casp3a, tnfa, and isg15 relative expression in zebrafish telencephalon between the control and traumatic brain injury (TBI)-exposed groups
	Group


	Median
	Q1
	Q3
	IQR
	Wilcoxon test*
	p-value

	casp3a (fold change)

	Control
	1.04
	0.7
	1.26
	0.56
	46
	0.16

	TBI
	0.64
	0.38
	0.86
	0.49
	46
	

	tnfa (fold change)

	Control
	0.54
	0.45
	01.01
	0.56
	42
	0.33

	TBI
	0.4
	0.26
	0.79
	0.52
	42
	

	isg15 (fold change)

	Control
	1.03
	0.8
	1.39
	0.59
	0
	< 0.001

	TBI
	25.81
	16.37
	30.93
	14.55
	0
	


*Statistically significant intergroup difference is bolded (Wilcoxon−Mann−Whitney test, p < 0.05, n = 16−17 per group). Q1 – first quartile, Q3 – third quartile, IQR – interquartile range. 
DISCUSSION


Despite high heterogeneity of clinical forms, TBIs share some common pathological patterns [43]. Primary TBI arises in response to physical exposure, causing the destruction of the BBB and brain meninges, blood vessel rupture, axonal stretch injury and rupture, as well as death of neurons and glial cells [44]. Primary brain injuries induce nonspecific cell death and also trigger secondary injuries, causing systemic deficits (brain edema, increased intracranial pressure, ischemia), as well as the activation of excitotoxicity, neuroinflammation, oxidative stress, mitochondrial dysfunction, and programmed cell death [12]. Secondary injuries occur as a consequence of the primary, but may develop within hours, days, or even weeks after a primary trauma. These TBIs may expand beyond the initial injury site, affecting neighboring and distant brain regions, and their nature and severity largely determine functional consequences of neurotrauma.

Although TBI leads to nonspecific neuronal call death because of necrosis that occurs within minutes post injury, clinical and experimental data indicate the importance of the second ‘wave’ of cell death due to apoptosis and other mechanisms of programmed cell death [45]. TBI is accompanied by characteristic apoptotic changes in cell morphology (shrinkage, nuclear fragmentation, chromatin condensation, formation of apoptotic cells), as well as in markers of DNA fragmentation and activation of proapoptotic proteins [46−50], primarily caspases that cleave proteins, causing cell death (caspases 3, 6, and 7), or activate other caspases (caspases 2, 8 9) [51]. In TBI, the most common cause of apoptosis is excessive intracellular calcium levels caused by excitotoxicity [12], which leads to the activation of caspases and the destruction of cellular structures during apoptosis. In addition, apoptosis is initiated by the binding of ‘death ligands’ (TNF-α) to their respective receptors [52], which also activates the caspase cascade and, hence, apoptosis. In addition to apoptosis, several other TBI-activated mechanisms of programmed cell death have been described, including necroptosis, autophagy, pyroptosis, and ferroptosis [53−55].

In the present study, TBI of zebrafish telencephalon led to pronounced behavioral deficits, validating the successful establishment of the neurotrauma model. For example, on day 4 post TBI, zebrafish exhibited hypolocomotion (reduced distance traveled in the novel tank test) and impaired working memory (lower spontaneous alternation in the Y-maze test). Taken together, these findings are consistent with other zebrafish TBI models and studies [56−58], as well as with mammalian models of TBI, wherein cognitive and motor impairments are among the most common effects of brain injury [59−61].

An interesting response is the significant increase in isg15 expression in the TBI group (Fig. 5). This gene encodes the ubiquitin-like protein ISG15 (interferon-stimulated gene 15), which can bind to other target proteins during ISGylation, a process similar to ubiquitination [62]. Notably, ISG15 can play an important role in the TBI pathogenesis, as suggested by a manifold increase in isg15 expression and the degree of protein ISGylation in mouse models of TBI and patients with the same brain injury [63]. Moreover, an activation of this gene is observed in polyetiological tissue injuries, suggesting ISG15 to be a common marker of neuronal damage. Nevertheless, the physiological function of ISG15, as well as the functional consequences of its activation in response to injury, are poorly understood [64]. Here, for the first time, we report the activation of the ISG15 system in response to TBI in zebrafish, suggesting high evolutionary conservatism of this response, and supporting the use of zebrafish as a model for ISG15-associated pathologies.

Interestingly, the telencephalic damage had no effect on expression levels of caspase-3 and TNF-α genes in the present study (Fig. 5). Caspase-3 is a key effector of apoptosis, while TNF-α is an important pro-inflammatory cytokine involved in the initiation of neuroinflammation under TBI, as well as the initiation of apoptosis. Although increased gene expression of these biomarkers has been described in both fish [65−67] and mammalian [28, 68−71] models of TBI, the lack of TBI effects on them here may be due to a different (later) sampling time 4 days post injury, when the main acute phase of the inflammatory response was already over. Indeed, a sharp increase in tnfα expression within hours post injury, followed by a gradual decrease and an eventual return to physiological values on days 3−4 in the same model of TBI, supports this notion [66]. An increase in caspase-3 gene expression in the fish TBI model was observed 20 h post injury, but not after 3 days [65]. Similarly, in rodent models, increased TNF-α gene expression occurs within hours post brain injury, and returns to normal levels after that [28, 68]. In contrast, increased caspase-3 gene expression, as well as in the content of the activated form of this protein, in mammals was observed days or even months post injury [69−71]. Thus, the present study suggests both similarities and differences in molecular responses to neurotrauma in zebrafish and mammals.

Finally, telencephalic injury caused a significant decrease in norepinephrine levels in zebrafish brain tissue (Fig. 4). In zebrafish, like in mammals, the bodies of noradrenergic neurons reside in the brainstem locus coeruleus, from where their ascending projections reach other brain regions [72]. Given the local nature of the inflicted injury, the observed neurochemical changes are most likely associated with secondary injuries caused by TBI rather than mechanical impact on neural tissue. Both noradrenergic and dopaminergic neurons are highly susceptible to metabolic disturbances resulting from their injury [73]. For example, noradrenergic neurons in the locus coeruleus exhibit high sensitivity to oxidative stress caused by neuroinflammation [74]. Lower norepinephrine levels and fewer brainstem noradrenergic neurons are seen in response to penetrating injury to the rat sensorimotor cortex, which may be associated with oxidative stress [75]. Since norepinephrine plays an important role in the regulation of many CNS functions [76], reduced levels of this monoamine in zebrafish brain may be partly responsible for the observed cognitive and motor impairments here.

In general, the utility of zebrafish in TBI modeling is based on combining both evolutionarily conserved and distinct (from mammals) biological characteristics of this organism. In rodents and zebrafish, TBI evokes secondary injuries associated with excitotoxicity, neuroinflammation, oxidative stress, and apoptosis [57, 77, 78]. However, fish have a superior ability for neuroregeneration due to intensive neurogenesis (adult zebrafish brain contains 16 niches of active neuronal proliferation vs. 2 in mammals) [79]. Thus, while in mammals TBI leads to a permanent destruction of neural connections, as well as the accumulation of secondary injuries and glial scar formation (gliosis), zebrafish may be able to regenerate vast injuries quite fast with lesser long-term consequences [35]. Unraveling molecular mechanisms of brain regeneration in fish may enable the identification of potential therapeutic targets to promote neuronal repair and functional recovery in human CNS injuries. Moreover, comparative analyses of responses to brain injury in zebrafish and mammals may provide valuable information on the obstacles preventing neuroregeneration in higher vertebrates.
CONCLUSION


Overall, the present study demonstrates that traumatic injury to the zebrafish telencephalon causes cognitive and motor impairments, increases isg15 expression, and decreases brain norepinephrine content 4 days after TBI. Behavioral changes observed in the present model are generally consistent with those described in mammalian models and patients with TBIs, suggesting its translational potential. In zebrafish, activated isg15 expression in response to TBI was shown for the first time, suggesting an evolutionarily conserved ISG15-mediated mechanism underlying CNS response to the injury. The effect of TBI on zebrafish monoaminergic systems was also described for the first time, further adding to our improved understanding of complex neurochemical changes in zebrafish TBI model.
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