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ARTICLE INFO ABSTRACT

Keywords:

Traumatic brain injury (TBI) is a global medical concern and has a lasting impact on brain activity with high risks

ISRIB of mortality. Current treatments are inadequate for repairing damaged brain cells or correcting cognitive and

Integrated Stress Response
Traumatic brain injury
Transcriptome

Zebrafish

Behavioral deficits

behavioral disabilities in TBI patients. Mounting evidence links TBI to the activation of the Integrated Stress
Response (ISR) signaling in the brain. A novel small molecule, ISRIB, is an effective inhibitor of the ISR pathway,
offering potential advantages for brain health. Here, we investigated how ISRIB affects brain transcriptome and
behavior in zebrafish TBI model evoked by telencephalic brain injury. Overall, while TBI diminished memory

and social behavior in zebrafish, administering ISRIB post-injury markedly reduced these behavioral deficits, and
modulated brain gene expression, rescuing TBI-activated pathways related to inflammation and brain cell
development. Collectively, this supports the role of brain ISR in TBI, and suggests potential utility of ISRIB for the

treatment of TBI-related states.

1. Introduction

Traumatic brain injury (TBI), a damage of the brain tissue caused by
an external force (Menon et al., 2010), represents a major medical and
societal problem. With an estimated global prevalence of nearly 70
million people annually (James et al., 2019), TBI is accompanied by high
risks of mortality and multiple disabilities (Finkelstein et al., 2006,
Daneshvar et al., 2011, Coronado et al., 2012). Approximately 2 % of the
global population has a TBI-related condition that commonly remains
undiagnosed (Dewan et al., 2018). Furthermore, TBI pathogenesis ex-
tends beyond the initial neurotrauma, causing multiple secondary

deficits, including motor dysfunctions, headache, loss of consciousness,
cognitive impairment (e.g., attention and memory deficits), as well as
frequently comorbid psychiatric conditions, especially depression and
anxiety (Aldag et al., 2017; Delic et al., 2020; Sivanandam and Thakur,
2012; Walker and Tesco, 2013; Ding et al., 2016). TBI is recognized as
one of the risk factors of multiple neurological disorders, such as Alz-
heimer’s and Parkinson’s diseases, as well as various forms of dementia
and epilepsy (Delic et al., 2020; Graves et al., 1990; Guo et al., 2000;
Johnson et al., 2010; Mortimer et al., 1985; Sivanandam and Thakur,
2012; Ding et al., 2016). Albeit severely debilitating, TBI currently has
no available efficient and specific treatments that may restore the
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induced neuronal damage, as well as behavioral and cognitive deficits.
Mounting evidence links TBI to hyperactive Integrated Stress
Response (ISR) signaling in the brain (Petrov et al., 2001, Begum et al.,
2014, Buffington et al., 2014, Scheper and Hoozemans 2015). ISR is a
common regulatory pathway of eukaryotic cells that becomes activated
in response to a wide range of severe cell stressors (Costa-Mattioli and
Walter 2020, Di Domenico and Lanzillotta 2022). The downstream ef-
fects of ISR are primarily associated with the phosphorylation of
eukaryotic translation initiation factor 2 alpha (elF2a) by elF2« kinases,
such as PKR-like ER kinase (PERK), protein kinase double-stranded
RNA-dependent (PKR), general control non-derepressible-2 (GCNZ2),
and heme-regulated inhibitor (HRI), causing a global inhibition of pro-
tein translation and activation of some gene-specific mRNA translation
(Donnelly et al., 2013, Ohno 2014, Costa-Mattioli and Walter 2020, Di
Domenico and Lanzillotta 2022). Interestingly, in addition to its well-
established role in the autophagy and protein homeostasis (B’chir
et al., 2013, Wek 2018), ISR signaling is also implicated in memory via
activating the transcription factor 4 (ATF4), a protein containing up-
stream open reading frames (UORFs) in their 5UTR, whose mRNA
translation is enhanced by ISR (Vattem and Wek 2004, Hinnebusch
2005, Jackson et al., 2010, Palam et al., 2011, Costa-Mattioli and Walter
2020). For example, hippocampal Atf4 knockdown in mice impairs long-
term spatial memory and behavioral flexibility (Pasini et al., 2015).
Since the ISR system appears to play some role in the brain, it is there-
fore logical to assume that it may also contribute to TBI pathogenesis.
The ISR inhibitor, trans-N,N'-(Cyclohexane-1,4-diyl)bis(2-(4-chlor-
ophenoxy)acetamide (ISRIB, Fig. 1), has been recently identified as a
small experimental molecule reversing the effects of e[F2a phosphory-
lation (Sidrauski et al., 2013). In line with the role of ISR signaling in
memory (and likely other CNS functions), ISRIB enhances spatial and
fear-associated learning in mice (Sidrauski et al., 2013). Given the role
of ISR role in neurodegeneration (Bond et al., 2020), this makes ISRIB a
strong potential candidate to assess for its putative and clinically-
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relevant neuroactive effects. However, although ISRIB is currently
extensively studied in rodents, supporting its beneficial effects in TBI
(Chou et al., 2017, Krukowski et al., 2020, Frias et al., 2022, Zhou et al.,
2023), the exact molecular mechanisms of its action in the brain, and the
degree of their evolutionary conservation across taxa, remain poorly
understood.

The zebrafish (Danio rerio) is a powerful model organism in neuro-
science research that complements traditional rodent models and offers
several unique experimental advantages. For example, their small body
and brain size, rapid development, and high reproduction rates make
zebrafish ideal for large-scale genetic, drug screening and neuroimaging
studies, yet presenting relatively complex neuronal system (compared to
other small model organisms) with high genetic and physiological ho-
mology to humans (Meshalkina et al., 2017, Wang and Cao 2021). These
advantages have propelled zebrafish to the research frontiers in studying
multiple neurodegenerative diseases and TBI (Bashirzade et al., 2022,
Tikhonova et al., 2022). Zebrafish models are presently widely used for
modeling neurotrauma, ranging from a needle puncture to laser abla-
tion, with a detailed analysis of TBI impact on brain structure and
function, as well as assessing temporal and spatial dynamics of molec-
ular biomarkers of neurodegeneration and neuroregeneration (Chaoul
et al., 2022, Tikhonova et al., 2022). Zebrafish also exhibit remarkable
neuroregenerative abilities, allowing for restoration of multiple brain
regions (Wang and Cao 2021), which also makes them a powerful model
to probe molecular and cellular processes underlying neural restoration
(Chaoul et al., 2022, Tikhonova et al., 2022). Capitalizing on this
powerful in vivo system, the present study examined the effects of ISRIB
on behavioral and neurotranscriptomic brain responses in vivo in both
control and TBI-exposed adult zebrafish.
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Fig. 1. A brief outline of the study experimental design and its timeline (the x-axis). TBI — traumatic brain injury, d.p.i. — days post-injury. Inset: chemical formula of
ISRIB, the Integrated Stress Response (ISR) inhibitor. Syringe images denote timing of intraperitoneal (i.p.) injections of ISRIB or vehicle solutions to adult zebrafish.
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2. Materials and methods
2.1. Animals and housing

The study utilized 80 adult (3-5 months old, ~1:1 male:female ratio)
wild-type short-fin zebrafish obtained from a commercial vendor
(Axolotl, LLC, St. Petersburg, Russia). The animals were kept in the
Aquatic Facility of the Almazov National Medical Research Center (St.
Petersburg, Russia) in accordance with standard zebrafish laboratory
conditions (Westerfield 2007) in a ZebTec Active Blue Stand water
distribution and purification system (Tecniplast, West Chester, USA),
with lighting provided by ceiling-mounted neon light bulbs. The fish
were housed in groups of 15 per 3-L holding tanks, with water tem-
perature automatically maintained at 27 + 0.5 °C, and the pH value at
7.4. The lighting intensity was 950-960 Ix (as assessed by AE0903
luminometer, Open Science, Moscow, Russia), with a light/dark cycle of
14/10 h. The wild-type outbred short-fin zebrafish strain was used in the
present study based on the population validity considerations for the
CNS pathogenesis model. Specifically, while inbred zebrafish strains are
more reliable for neurogenetic studies, modeling CNS pathologies in-
volves recapitulating “real” human diseases in genetically heteroge-
neous populations. Thus, the use of outbred zebrafish is a more
population-based and translationally relevant approach (Demin et al.,
2019), consistent with the objectives of the present study.

Prior to the experiments, all animals underwent a 2-week acclima-
tion to animal facility, were experimentally naive prior to this study,
belonged to the same population and were randomly assigned to
experimental groups using an online random number generator. All
animals tested were included in the final analyses, with no outlier
removal (unless specified otherwise for the Y-maze test). Every experi-
ment proceeded as planned, and all analyses and endpoints were
included without any omissions. The study experimental design and its
description here, as well as data analysis and representation, adhered to
the ARRIVE (Animal Research: Reporting of In Vivo Experiments)
guidelines for reporting animal research, EU Directive 2010/63/EU for
animal experiments, and the PREPARE (Planning Research and Experi-
mental Procedures on Animals: Recommendations for Excellence)
guidelines for planning animal research and testing.

2.2. Experimental design

The study experimental design is briefly outlined in Fig. 1. A total of
80 fish (1:1 male:female ratio) were randomly divided (using a random
number online generator) into two equal cohorts: 40 fish subjected to
TBI and 40 fish receiving sham injury (see further). Both cohorts were
further randomly divided into two groups receiving intraperitoneal (i.p.)
injections of ISRIB (control + ISRIB and TBI -+ ISRIB groups) or vehicle
solution (control + vehicle and TBI + vehicle groups, n = 20 each). Each
fish received a total of three injections with a one-day interval, as shown
in Fig. 1. Behavioral testing was conducted over the next three days
(experimental Days 1-3). The sample was determined based on the
power analysis, similar to our previous studies (Demin et al., 2020),
using the 4-group ANOVA model with type I error probability of 0.05
and power 0.80, yielding n = 19 animals per group for a large (f = 0.4)
effect size.

2.3. Telencephalon stab wound injury (TBI model)

The stab wound injury was performed at 12:00-14:00 pm on the
telencephalon of adult zebrafish, as described previously (Schmidt et al.,
2014). Briefly, each zebrafish was anesthetized by immersion in a 170
mg/L phosphate-buffered tricaine (Sigma Aldrich, St. Louis, USA) until
complete immobilization and then securely positioned on a tricaine-
soaked sponge, to provide full access to the head area. The one-stab
unilateral injury was induced by inserting an insulin needle (27 g)
through the skull into the right hemisphere of the telencephalon (1.5-2
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mm deep) under a dissection microscope. Immediately after the TBI
procedure, the fish were placed into a holding tank for recovery. The
procedure had 100 % survival rate in the present study, was performed
consistently by the same highly trained experimenter, and the injury
location was validated in 20 separate fish not included in behavioral
testing (see Supplementary Fig. S1 for representative cryosection slides).
Control + vehicle and control + ISRIB fish groups received a sham injury
involving all procedures except for the skull/brain-penetrating needle
insertion.

2.4. ISRIB intraperitoneal injections

The drug stock solution was prepared by dissolving 1 mg of ISRIB
(RedPill, Moscow, Russia) in 0.5 ml of an organic solvent dimethyl
sulfoxide (DMSO; Tula Pharmaceutical Factory, Tula, Russia). The so-
lution was gently heated for several minutes until it became clear, and
then 0.5 ml of polyethylene glycol 400 (PEG-400, Nizhnekamsknefte-
khim Ltd., Nizhnekamsk, Russia) was added to decrease DMSO con-
centration and increase tolerability. After vortexing for 2 min, the mix
was stored at 4 °C and subsequently used for i.p. injections. The vehicle
solution consisted of a drug-free 50:50 % (vol/vol) DMSO/PEG-400
mixture. The drug dosage was derived and extrapolated from rodent
studies, where i.p. administration of 2.5 mg/kg ISRIB mitigates TBI-
induced behavioral changes (Chou et al., 2017, Krukowski et al.,
2020). The 1-pl injection volume was calculated based on our pilot
studies and the average mass of experimental fish (approximately 0.383
g), delivered using the i.p. injection protocol described previously
(Kinkel et al., 2010). For this, the fish were first anesthetized in cold
water (12 °C) and then positioned on a sponge soaked in cold water with
abdominal side up. The injection site was identified as the midline be-
tween the pelvic fins, posterior to the pelvic girdle (Kinkel et al., 2010).
ISRIB injections were administered at 17:00-18:00 pm each day, using
an automatic pipette connected to a 32-gauge injection needle. Fish of
the control + vehicle and TBI + vehicle groups were similarly injected i.
p- with an equal volume of drug-free vehicle solution.

2.5. Behavioral testing

Behavioral testing was performed between 10.00 am and 15.00 pm
by highly trained experimenters on Days 1, 2 and 3 post-injury (Fig. 1)
prior to i.p. injections and following a 1-h acclimation of fish to the
testing room environment. The shoaling test is a widely used and robust
behavioral assay assessing social and anxiety-like behaviors in zebrafish
(Engeszer et al., 2007, Green et al., 2012, Pham et al., 2012). It involves
placing a group of zebrafish in a tank and observing their tendency to
group together, forming a shoal that is assessed using automated video-
tracking software. The test was performed on Days 1-3 post-injury
(Fig. 1) prior to i.p. injections. Each experimental group (n = 20) was
placed into a rectangular tank (10 fish per group) and allowed to freely
explore. Behavior was recorded for 15 min using a SJ4000 action camera
(SJCAM, Ltd., Shenzhen, China) at 30 frames/s and analyzed offline
using Noldus Ethovision XT15 software (Noldus IT, Wageningen,
Netherlands), assessing average inter-fish distance and average velocity
of zebrafish, based on object/body center point. The inter-fish distance
was calculated as the distance between each fish tested and all other fish
in the tank, resulting in 9 distances per fish tested (total 90 distances per
group for 2 tanks of 10 fish each).

The free-movement pattern (FMP) Y-maze is commonly used to
analyze working memory and behavioral flexibility in zebrafish and
other laboratory animals (Cleal et al., 2021a,b). The test was performed
following a protocol described previously (Cleal et al., 2021a, Cleal
et al., 2021b, Fontana et al., 2021, Cleal et al., 2022), with minor
modifications. The fish were introduced individually into white acrylic
Y-shaped tanks filled with water. Each tank comprised three identical
arms (50 length, 20 width, 140 height, mm) positioned at 120° angles to
one another. Each fish was allowed to freely explore the maze for 15
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min, recording right (R) or left (L) turns by top-mounted SJCAM SJ4000
action cameras. The videos were later analyzed offline using the Noldus
Ethovision software, assessing fish entries into, and exit from, each arm
of the maze. Data were expressed as a sequence of symbols, L or R. Two
zebrafish (1 TBI + vehicle and 1 TBI + ISRIB) made < 100 turns per 15-
min trial and were excluded from further analysis. The sequences
generated for each fish were transformed into a frequency distribution of
16 overlapping tetragrams of alternative choices (LLLL, LLLR, LLRL,
LLRR, LRLL, LRLR, LRRL, LRRR, RLLL, RLLR, RLRL, RLRR, RRLL, RRLR,
RRRL, RRRR). The frequencies of tetragrams were normalized to the
total number of turns and expressed as %, generating the percentages of
alternations (tetragrams RLRL + LRLR) and repetitions (RRRR + LLLL).

2.6. Statistical analyses of behavioral data

Statistical analyses of behavioral data were performed using the R
programming language (version 4.3.2). To examine dynamic behavioral
changes in the shoaling test, we employed the Generalized Linear
Models (GLM) approach, with factors ‘Day’ and ‘Group’ and their
interaction as predictors. To determine the most suitable model for each
behavioral endpoint, we fitted several models with different distribu-
tions and link functions, selecting the one with the lowest Akaike in-
formation criterion (AIC) value. For average (mean) velocity, the
Gaussian distribution (identity link) was chosen, while the Gamma
distribution (inverse link) was selected for average inter-fish distance.
The significance of each predictor in the fitted models was assessed
using the type II Wald chi-squared test (R package car, function
‘Anova’). Pairwise comparisons between groups on each testing day
were conducted using the ‘emmeans’ function (from the emmeans
package), with Sidak adjustment for multiple comparisons. Results from
the FMP Y-maze test were analyzed using the Kruskal-Wallis (KW) test,
followed by Dunn’s post-hoc test for pairwise comparisons for signifi-
cant KW data.

2.7. RNA-sequencing and differential gene expression analyses

The collection of whole (both hemispheres) telencephalon samples
was performed 3-5 h after the final behavioral test. The fish from all 4
groups (n = 9 per group) were euthanized by immersion in ice-cold
water, and their telencephalon samples were extracted under the
dissection microscope and frozen immediately at —80 °C for further
analyses. RNA isolation was performed using the ExtractRNA reagent
(Evrogen Lab LTD, Moscow, Russia) following the standard protocol for
TriZol-mediated extraction. The RNA quality was verified by capillary
electrophoresis using the QIAxcel Advanced program (QIAGEN, Hilden,
Germany), excluding 8 specimens (distributed rather equally 2-3 per
group) for low RNA quality. Total RNA was used for isolation of poly(A)-
fraction using NEBNext® Poly(A) mRNA Magnetic Isolation Module
(New England Biolabs Inc., Ipswich, UK) according to the manufacturer
recommendations. RNA was next quantified on Quntus fluorometer
(Promega Inc., Madison, USA) and used for library preparation using
NEBNext® UltraTM Directional RNA Library PrepKit for Illumina® with
NEBNext® Multiplex Oligos for Illumina® according to the manufac-
turer recommendations. The quality of libraries was confirmed by
capillary electrophoresis using the QIAxcel Advanced program (QIA-
GEN), excluding 1 specimen due to insufficient quality. Pair-end
sequencing was performed using Illumina HiSeq2500 (Illumina, Inc.,
San Diego, USA) with a read length of 110 bp (resulting in n = 5-8). The
sequencing data is available from BioProject repository accession
number PRJNA1111146 (https://www.ncbi.nlm.nih.gov/bioproject/
1111146).

The row reads were processed by the Trimmomatic software v0.39 to
remove adapters and cut low quality sequences (Bolger et al., 2014). The
purified reads were mapped to the zebrafish GRCz11 reference tran-
scriptome and quantified by Salmon pseudoalignment software v1.10.0
(Patro et al., 2015). Salmon was chosen as a tool based on a streaming
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variational Bayes (VB) inference algorithm, which is preferable for
quantification reads of organisms containing many paralogues and
pseudogenes, such as zebrafish, and helps avoid errors associated with
false mapping of reads on a paralogical gene. The R software (Team,
2016) with the Bioconductor tximport package v1.28.0 (Huber et al.,
2015, Soneson et al., 2015) was used to import transcript abundance
(Team, 2016). The differential expression (DE) analysis was performed
with DESeq2 Bioconductor package v1.40.2 (Love et al., 2014), chosen
here as an effective tool for experiments containing 12 or fewer samples
per condition, similarly to (Demin et al., 2020). A total of 25,859 genes
were submitted for analysis and, after the DESeq2 matrix was created,
all genes with <10 counts were filtered out, keeping a total of 18,755
remaining genes. The Negative Binomial (Gamma-Poisson) distribution
generalized linear models and Wald statistics with counts normalization
on size factor of library were used for analysis by DESeq function. The p-
values were next adjusted using the Benjamini-Hochberg correction. P-
value and false discovery rate (FDR) were set at 0.05. Genes were
considered to be DE at |log2FoldChange| > 1. A two-factor model was
used for differential expression analysis. For gene DE analysis using
DESeq2, three predictors were built in the negative binomial generalized
linear model corresponding to factors: TBI (yes/no), ISRIB (yes/no) and
TBI x ISRIB interaction. The factors were extracted from all 4 experi-
mental groups utilized in the study: control + vehicle (TBI-ISRIB-), TBI
+ vehicle (TBI + ISRIB-), control + ISRIB (TBI-ISRIB + ) and TBI + ISRIB
(TBI + ISRIB + ). The Principal Component Analysis (PCA) of the
regularized log (rlog)-transformed data counts (Love et al., 2014) of
1000 the most differentially expressed genes based on their respective
log2-fold change obtained in DESeq 2 analysis were used to estimate a
general difference between groups (Supplementary Fig. S1). PCA was
created by the plotPCA function from the DESeq2 package and visual-
ized by the ggplot2 package v3.5.0 (Wickham et al., 2016). The corre-
sponding analysis code and some intermediate data are available online
at the Github repository (https://github.com/FLinT3/Transcriptomic-a
nalysis-of-ISRIB-action-on-danio-rerio-brain-in-TBI-condition).

2.8. Gene set enrichment analyses (GSEA)

The Gene Set Enrichment Analysis (GSEA) is widely used to study
pathways enrichment, allowing for a better detection of biologically
relevant changes in gene expression data (Subramanian et al., 2005).
GSEA was performed using Proteins with Values/Ranks — Functional
Enrichment Analysis available in the STRING database (https://www.
string-db.org) for Wald statistic values (log2-fold change divided by
standard error) obtained following DESeq2 analysis. This analysis relies
on Kolmogorov-Smirnov testing to detect significant pathways, fol-
lowed by Aggregate Fold-Change testing where computationally
feasible, evaluating the pathways for a skewed distribution on either end
of the Wald statistic input, thus additionally reporting pathways that are
simultaneously enriched on both ends of the input (but not the medium
ranks, that were not significant in our Wald statistic values). Briefly,
genes were ranked by a predefined statistic (log2 Fold Change/log2 Fold
Change standard error), and an enrichment score (ES) was calculated by
increasing or decreasing the score based on whether each gene belonged
to the target gene set. The maximum ES was recorded as the final score.
To assess significance, gene labels were shuffled 10,000 times, and ES
values were recalculated to generate a null distribution. The nominal p-
value was calculated by comparing the actual ES to the randomized ES
values. The normalized enrichment score (NES) and false discovery rate
(FDR) were also computed to account for multiple testing. The present
study analyzed enrichment of the Gene Ontology (GO) Biological Pro-
cess, GO Molecular Function, Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG), and Zebrafish Phenotype Ontology (Monarch)
pathways. REVIGO (https://www.revigo.irb.hr) online platform (Supek
et al.,, 2011) was used to further group the related GO pathways into
parent categories. Pathways with a false discovery rate < 0.01 were
considered statistically significant.
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To further investigate the association of factors with the influence of
ATF4 on gene expression profiles across different experimental condi-
tions, we conducted another customized GSEA, using only a gene set of
putative ATF4 target genes. The list of putative ATF4 target genes was
obtained from the recent review article, which compiled the existent
ChiP and chromatin immunoprecipitation data in mammalian species
(Neill and Masson 2023). Next, zebrafish orthologues of those genes
were acquired using g:Profiler web-resource (https://biit.cs.ut.ee/gprof
iler/orth). The custom GSEA was performed using the GSEA function
(the R package ‘clusterProfiler’), and the results were visualized using
the functions gseaplot2 (R package ‘enrichplot’) and pheatmap (R
package ‘pheatmap’). P values < 0.001 were considered statistically
significant in these analyses.

2.9. Weighted correlation network analysis (WGCNA)

The co-expression networks were built using weighted gene co-
expression network analysis (WGCNA) (Langfelder and Horvath
2008). To construct a global weighted network, the (rlog)-transformed
gene counts were used (Love et al., 2014). The absolute values of
Pearson’s correlation coefficients were calculated for all gene pairs and
the resulting values were transformed using a -power (p = 12) to ensure
that the final correlation matrices followed an approximate scale-free
topology. The WGCNA dynamic tree-cut algorithm was used to detect
network modules (minimum module size = 30; cut tree height = 0.99;
deep-split = 2, merge module height = 0.25). The module correlation
was calculated only for two factors (TBI and ISRIB injection), without
considering their interaction. The module genes with the most signifi-
cant correlation between the factors were later used to assess over-
representation for functional annotation of the clusters and in order to
identify pathways that characterize the main differences between the
groups using another GSEA approach. The ClusterProfiler software
v4.8.3 was used for the GO Biological Process, GO Molecular Function,
Go Cellular Component and KEGG pathways enrichment analysis (Yu
et al., 2012), and the enrichment results were visualized using the
Enrichplot package v1.20.3 (Wu et al., 2021). Additionally, we also
assessed module-module relationships using Spearman correlation for
the expression of modules found using WGCNA (Supplementary Fig. S3).

3. Results
3.1. Shoaling test

The shoaling test results revealed significant effects for Group and
Day factor as well as their interaction for both the average velocity of
individual fish and average inter-fish distance (Table 1; p < 0.05,
analysis of deviance using Chi-Squared tests for GLM fits). To charac-
terize behavioral dynamics in this test in detail, we performed pairwise
within-day comparisons using the ‘emmeans’ contrasts assessment. TBI
+ vehicle decreased the mean velocity of zebrafish, and this effect

Table 1

Summary of significant effects on zebrafish behavior in the shoaling test
determined by the Wald Chi-Squared tests (ANOVA Type II) for generalized
linear models with factors Group, Day and their interaction as predictors.

Factor %2 chi square statistic Df degree of freedom p-value
Velocity, cm/s (Gaussian distribution, identity link)

Group 599.448 3 <0.001
Day 101.033 2 <0.001
Group x Day 120.392 6 <0.001
Inter-fish distance, cm (Gamma distribution, inverse link)

Group 42.469 3 <0.001
Day 85.957 2 <0.001
Group x Day 413.384 6 <0.001
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persisted across all three testing days (p < 0.001 vs. control + vehicle
group, Fig. 2). ISRIB i.p. injections notably improved locomotor activity
of the TBI + ISRIB fish group on Day 1, reaching levels seen in control +
vehicle fish on Days 2 and 3 of testing (Fig. 2). At the same time, ISRIB
administered to healthy fish induced hypolocomotion on Days 2 and 3
(p < 0.001 vs. control + vehicle group, Fig. 2). TBI + vehicle markedly
affected shoaling behavior of zebrafish (Fig. 2), reducing average inter-
fish distance on Days 1-2 and increasing it on Day 3 (p < 0.001 vs.
control + vehicle). In contrast, ISRIB treatment normalized this
parameter on Days 2-3 (p < 0.001) in the TBI + vehicle group, whereas
its injections alone significantly increased average inter-fish distance on
Day 1 (p < 0.01 vs. control + vehicle group), but not on Days 2-3. No
other overt motor deficits were observed in the any of the groups tested
here (data not shown).

3.2. FMP Y-magze test

TBI + vehicle treatment generally reduced % alternations and
increased % repetitions in the Y-maze test (p < 0.05 vs control + vehicle
group), whereas ISRIB treatment in the TBI + ISRIB fish group restored
alternations to control + vehicle levels (p < 0.05 vs. TBI + vehicle
group) and lowered repetitions (p > 0.05 vs. both TBI + vehicle and
control + vehicle groups, Dunn’s post-hoc test; Table 2). At the same
time, ISRIB administered to the control + ISRIB fish did not affect these
endpoints (Fig. 3). In general, higher percent of alternations (i.e., tet-
ragrams RLRL + LRLR) and lower percent of repetitions (tetragrams
RRRR + LLLL) reflect good working memory in this test (Cleal et al.,
2021a,b).

3.3. Differential gene expression analysis

The effects of TBI and ISRIB on zebrafish brain transcriptomic re-
sponses (Fig. 4) were analyzed using RNA-sequencing with gene DE
analyses and GSEA. We chose factorial (as opposed to group) analysis to
ensure proper identification of interactions between the treatments.
Preliminary PCA of DE genes supported moderate clusterization of
control + vehicle, but not TBI + vehicle, control + ISRIB and TBI +
ISRIB samples (Supplementary Fig. S1). Similarly, the heatmap diagram
for all DE genes assayed supports weak separation of TBI + vehicle,
control + ISRIB and TBI + ISRIB groups (Supplementary Fig. S2).

For DE analysis using DESeq2, three predictors were built in the
negative binomial generalized linear model corresponding to factors TBI
(yes/no), ISRIB (yes/no) and TBI x ISRIB interaction. Overall, we found
2432 DE genes (2217 up- and 215 downregulated; Supplementary
Table S1) for TBI factor, 602 genes (540 up- and 62 downregulated;
Supplementary Table S2) for ISRIB factor and 442 genes (30 up- and 412
downregulated; Supplementary Table S3) for interaction effect (Fig. 5).
Genes were considered to be differentially expressed if their p-adjusted
was < 0.05 and the |log2FoldChange| > 1.

3.4. Gene set enrichment analysis (GSEA)

We further explored specific signaling biological pathways involved
in neurotranscriptomic responses to TBI and/or ISRIB exposure using
Proteins with Values/Ranks — Functional Enrichment Analysis available
in the STRING database. Overall, we identified 446 enriched pathways
(227 up-, 214 down- and 4 bidirectionally regulated. Supplementary
Table S4) for ISRIB, 545 pathways (372 up-, 161 down-regulated, 12
bidirectional, Supplementary Table S5) for TBI and 324 pathways (108
up-, 212 down-, 4 bidirectional, Supplementary Table S6) for the
interaction. All Gene Ontology (GO) pathways were further grouped into
the parent categories for data representation and interpretation
(Supplementary Tables S7-S9).

Fig. 7 and Supplementary Fig. S8 show the results of the customized
GSEA performed on the *ATF4 target genes’ set. TBI factor notably
upregulated this gene set (p < 0.001 GSEA), with multiple genes there
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Fig. 2. Average velocity and average inter-fish distance in the zebrafish shoaling test on Days 1-3 post-injury (traumatic brain injury, TBI). ISRIB was injected i.p. on
Days 0-2 post-injury, following behavioral testing. Each data point represents average distance between two animals during the test (fish were tested in groups of 10,
with a total of 20 fish per group). Boxplots display the median, 25th and 75th percentiles, outliers are not shown. ***p < 0.001 (emmeans contrasts, with Sidak
adjustment for multiple comparisons, n = 20 fish per group for velocity; total 90 distances for average inter-fish distance; see Table 1 for summary of statistical data).
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Table 2

Summary of significant effects on zebrafish behavior in the Y-maze test deter-
mined by the Kruskal-Wallis test followed by post-hoc Dunn’s test for pairwise
comparisons.

Relative alternations, %
Kruskal-Wallis chi-squared = 26.612, df = 3, p-value = 7.099e-06

Comparison Z p p. adj
Control + vehicle — Control + ISRIB —0.57155 0.56763 1.00000
Control + vehicle — TBI + vehicle 4.01787 0.00006 0.00029
Control + ISRIB — TBI -+ vehicle 4.58942 0.00000 0.00003
Control + vehicle — TBI + ISRIB 0.11907 0.90522 0.90522
Control + ISRIB — TBI + ISRIB 0.69062 0.48980 1.00000
TBI + vehicle — TBI + ISRIB —3.89879 0.00010 0.00039
Relative repetitions, %

Kruskal-Wallis chi-squared = 16.88, df = 3, p-value = 0.0007479

Comparison Z P p. adj
Control + vehicle — Control + ISRIB 0.65320 0.51363 0.51363
Control + vehicle — TBI + vehicle —3.18436 0.00145 0.00725
Control + ISRIB — TBI + vehicle —3.83756 0.00012 0.00075
Control + vehicle — TBI + ISRIB —0.73485 0.46243 0.92486
Control + ISRIB — TBI + ISRIB —1.38805 0.16512 0.49536
TBI + vehicle — TBI + ISRIB 2.44950 0.01431 0.05722

also showing significant changes in expression based on differential
gene expression analyses (q < 0.001, Fig. 7). In contrast, the set was
significantly downregulated by the Interaction factor (p < 0.001),
whereas no significant enrichment, either positive or negative, was
observed under the ISRIB factor (p > 0.05, Fig. 7).

3.5. WGCNA co-expression network

We next applied WGCNA to identify small sets of genes with similar
co-expression patterns for TBI and ISRIB without interaction. From 23
identified co-expression modules, 9 were deemed significant between
TBI and ISRIB factors (Fig. 5). To evaluate the nature of the identified
networks, we applied the clusterProfiler GSEA for GO and KEGG on
genes from the submitted modules. The GO results confirmed that
modular genes positively loading on TBI represent pathways associated
with immune response, inflammation, cellular division, and DNA repair,
whereas modular genes positively loading on ISRIB are associated with
neuroplasticity, morphogenesis, synapse and vesicles organization
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pathways (Supplementary Fig. S4-S7). Finally, our KEGG analyses
linked TBI to apoptosis, cell cycle, DNA repair and replication, nec-
roptosis and cytokine pathways (Supplementary Fig. S4-57).
Additionally, we also assessed module-module relationships using
the Spearman correlation (Supplementary Fig. S3). Expectedly, multiple
modules with similar functional characteristics positively correlated in
the present study, supporting the validity of WGCNA applied here. As
shown in this figure, gene clusters with highest correlations (red and
blue) are all associated with the TBI effect, whereas other clusters
(brown and turquoise) both correlated and related to ISRIB effect.

4. Discussion

As already mentioned, ISRIB is a small-molecule inhibitor of the ISR
signaling pathway that mitigates negative effects of elF2a phosphory-
lation on protein translation (Sidrauski et al., 2013). The drug has shown
promising results in various rodent models of neurotrauma, suggesting
that ISR hyperactivation may indeed play a role in TBI pathogenesis.
Furthermore, ISRIB reverses cognitive deficits induced by focal and
diffuse TBI in mice (Chou et al., 2017), improves structural integrity of
white matter in a controlled cortical impact rat TBI model (Zhou et al.,
2023), reverses aberrant dendritic spine dynamics following concussive
injury in mice (Frias et al.,, 2022), and lowers neuroinflammation
induced in rats by surgical brain injury (Huang et al., 2021).

Expanding this field of research across taxa, our study is the first
report evaluating therapeutic potential of ISRIB in a non-mammalian
TBI model and focusing on its effects in both injured and normal con-
trols. Compared to mammals, zebrafish possess higher potential to
regenerate neural tissue, hence enabling complete recovery following
TBI in a relatively short period of time (Marz et al., 2011, Schmidt et al.,
2014). Overall, telencephalic injury in our TBI model resulted in
hypolocomotor profile on all 3 days. In contrast, these motor deficits
were effectively rescued by ISRIB in the TBI + ISRIB group. Unexpect-
edly, control + ISRIB treatment in normal fish also induced hypo-
locomotion on Days 2 and 3, suggesting its time-dependent and
potentially ‘calming’ effects on zebrafish locomotor behavior.

Increased shoaling behavior following telencephalic TBI + vehicle
on Days 1 and 2 post-injury may be attributed to a higher anxiety level in
zebrafish in this test (see (Maximino et al., 2010) for details), whereas
opposite behavior on Day 3 may reflect a recovery phase or adaptation.

ns

30 ns

20

Fig. 3. Effects of traumatic brain injury (TBI) and ISRIB i.p. injections on zebrafish behavior in the Y-maze test on Day 3 post-injury (traumatic brain injury, TBI).

Data are presented as mean + SD (standard deviation of mean). **p < 0.01, ***p < 0.001, Dunn’s post-hoc pairwise comparisons for significant Kruskal-Wallis data
(n = 20 per group; see Tables 3 and 4 for details, and Table 2 for summary of statistical data).
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Fig. 4. Volcano plots for differentially expressed genes in zebrafish brain samples (left) and top 80 differentially expressed genes for each factor (right). ISRIB x TBI
corresponds to the interaction of ISRIB treatment and traumatic brain injury (TBI).
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to the web version of this article).

Interestingly, the TBI + ISRIB treatment effectively normalized these
parameters on both Days 2 (reducing higher shoaling) and 3 (recovering
looser shoaling), indicating its potential therapeutic role in mitigating
social behavioral deficits induced by TBI + vehicle at various time
points. ISRIB injections to control + ISRIB fish induced distinct effects on
shoaling behavior, increasing it on Day 1, but not on Days 2-3, further
supporting its time-dependent CNS action, potentially reflecting
behavioral adaptations following a chronic exposure.

The Y-maze testing on Day 3 post-TBI revealed significant effects of

TBI + vehicle on zebrafish cognitive functions, since fewer alternations
and more repetitions (Fig. 2) in this test indicate poorer spatial working
memory (Cleal et al., 2021a,b, Cleal et al., 2022). Cognitive functions in
general, and working memory in particular, are commonly disrupted in
various TBI studies (Mcallister et al., 2004, Hoskison et al., 2009, Kobori
et al., 2015), including both zebrafish (Hentig et al., 2021, Chaoul et al.,
2022) and humans (Dunning et al., 2016, Phillips et al., 2017). ISRIB
treatment in TBI + ISRIB fish effectively restored the percentage of
spontaneous alternations to control + vehicle levels and partially
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Fig. 6. Heatmaps representing 12fc for genes (based on DESeq2 data) constituting the Genetic Ontology (GO) pathways found to be enriched in the present study
using the Gene Set Enrichment Analysis (GSEA). L2fc is presented relative to control + vehicle factor. Note high heterogeneity of expression profiles between the
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distribution (see the Methods sections for details).
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Fig. 7. Results of a custom Gene Set Enrichment Analysis (GSEA) of a set of putative ATF4 target genes across three ranked gene lists for TBI, ISRIB, and their
interaction. The list of putative ATF4 target genes was obtained from a recent study that compiled the existent ChiP and chromatin immunoprecipitation data in
mammalian species (Neill and Masson 2023). Zebrafish orthologues of those genes were next acquired using the g:Profiler web-resource (https://biit.cs.ut.ee/gprof
iler/orth). Left panel displays the distribution of putative ATF4-target genes across the ranked gene lists (bottom) and the running enrichment score for each GSEA
analysis (top). The accompanying table on the left plot shows p-values (<0.001 considered significant) and normalized enrichment scores (NES, enrichment score
adjusted for gene set size). A positive NES suggests that genes in the list tend to cluster towards the top, while a negative NES indicates a tendency to cluster towards

the bottom, of the list. Right plot is heatmap representing 12fc for genes constituting custom ATF4-downstream pathway. ***p.adj < 0.001 is for DESeq2 comparison
of a gene of corresponding factor to control + vehicle factor (see the Methods section for details; for interpretation of color in this figure, the reader is referred to the

web version of this article).

normalized repetitions, hence demonstrating potential procognitive ef-
fects of this drug. Notably, these results are also in line with rodent data,
where ISRIB similarly improves cognitive performance impaired by TBI
(Frias et al., 2022). In contrast, administered to healthy fish, control +
ISRIB did not affect any working memory parameters assessed here
(Fig. 2). Interestingly, as ISRIB improves spatial and fear-associated
learning in healthy mice, it was speculated that some cognitive func-
tions may be inherently limited by ISR (Sidrauski et al., 2013). However,
while based on different testing paradigms applied here, our findings do
not afford direct comparisons of ISRIB effects on memory in mice vs.
zebrafish, these findings are interesting, and corroborate current trend
in humans to use ISRIB as a cognitive enhancer, marketed online in
various countries as a nootropic agent (e.g., https://www.simp
lynootropics.com.au, https://www.redpillnootrop.ru/isrib/).
Functional enrichment analysis of RNA sequencing data revealed
multiple GO pathways bidirectionally modulated by TBI in zebrafish,
which can be further categorized into several clusters. Specifically, TBI
induced significant upregulation of inflammation-related pathways,
encompassing various aspects of immune system processes, such as
immune cell activation and differentiation, toll-like receptor signaling,
complement activation, as well as cytokine- and chemokine-mediated
signaling. TBI also upregulated pathways related to programmed cell
death/apoptosis, and cysteine-type endopeptidases involved in the
latter, suggesting apoptosis as a key early-stage response to brain injury
in zebrafish. In line with this, the zebrafish orthologue of pro-survival
gene BCL2 in the apoptotic pathway was also downregulated in the
present study. Other pathways upregulated by TBI include DNA repli-
cation, chromosome segregation, and cell division, suggesting extensive
cell proliferation following neurotrauma. Although it is unclear which
cells undergo division, the early post-injury state and the lack of
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enriched neurogenesis-related pathways implicate proliferation of im-
mune cells (rather than neuronal precursors).

At the same time, TBI downregulated pathways involved in nerve
impulse conduction, such as synapse organization, voltage-gated cation
channel activity, and neurotransmitter receptor activity. TBI also sup-
pressed the expression of genes encoding subunits of ionotropic gluta-
mate and gamma-aminobutyric acid (GABA)-A receptors, as well as
some serotonin, dopamine and histamine receptors, suggesting dis-
rupted neuronal functioning potentially contributing to the observed
behavioral defects here. Reduced expression of ionotropic glutamate
receptors and voltage-gated calcium channels may also be associated
with a cellular ‘defense’ response to excitotoxicity, whereas the sup-
pression of mitochondrial genes, particularly those encoding compo-
nents of the respiratory chain, underscores the likely impact of TBI on
cellular energy metabolism in the brain.

Interestingly, ISRIB treatment positively affected the expression of
multiple ‘immune’ genes, leading to the enrichment of pathways related
to inflammatory response, cytokine-mediated signaling and activation
of immune cells. Moreover, ISRIB upregulated cysteine-type endopep-
tidase pathway, including apoptosis-related caspase genes casp22 and
caspb. To the best of our knowledge, these effects of ISRIB have not been
reported previously, and their underlying mechanisms may involve
either unknown off-target effects or a direct action of ISR inhibition on
the immune system. Since most studies on ISRIB assess its effects in
pathological conditions, our findings highlight its alternative (and
potentially detrimental) effects on healthy organisms.

Likewise, ISRIB upregulated several pathways involved in neuro-
genesis and neuronal system development, including axonogenesis and
neural crest cell development. The enrichment of these pathways was
mainly due to the upregulation of genes encoding semaphorin and
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plexin protein families, such as sema4ba, plxnb2b, sema6e and plxna3. In
line with this, GO terms like semaphorin-plexin signaling pathway,
semaphorin receptor binding, and semaphorin receptor activity show
marked upregulation in the ISRIB fish brain. Semaphorins are secreted
and membrane-bound proteins, whereas plexins are their receptors
(Nogi et al., 2010), both essential for neurogenesis, including axonal
guidance, neuronal migration, and synapse formation (Carulli et al.,
2021, Limoni and Niquille 2021).

Another interesting finding is the upregulation of the Notch signaling
pathway, with the zebrafish orthologs of the human Notch 1 receptor
(notchib) and DTX3L protein (si:dkey-40c23.2.) showing the highest
change in gene expression levels, paralleling previous studies in the
retinal toxicity model utilizing human retinal organoids (Rosarda et al.,
2023). Importantly, Notch signaling plays a key role in injury-induced
neurogenesis in both mammals and zebrafish, guiding the cell fate
determination of neuronal stem cells (Kishimoto et al., 2012, Zhang
et al.,, 2014, Ran et al., 2015). In zebrafish, notch1b is expressed spe-
cifically in activated neuronal progenitor cells (Alunni et al., 2013,
Than-Trong et al., 2018). Furthermore, ISRIB treatment produced
upregulation of pathways associated with normal neural functioning,
such as synapse organization, voltage-gated channel activity, and
vesicle-mediated transport in synapse, which were downregulated
under TBI. Taken together, these findings may explain the observed
positive behavioral effects of ISRIB in our TBI model and clarify some
molecular mechanisms of ISRIB-induced neuroprotection.

We also expected that the activation of Notch pathway in control +
ISRIB group can likely facilitate neuronal functioning (including motor
neuron function), hence enhancing fish locomotor ability. Studies in
other vertebrate models link the activation of Notch pathway to
improved regeneration of motor neurons after injury (Dias et al., 2012,
Kong et al., 2018). ISRIB injection in the present study also upregulated
the expression of ionotropic glutamate receptors and voltage-gated
calcium channels, which too may impact locomotor behavior. Con-
trary to our expectations, ISRIB lowered motor activity in the control +
ISRIB group — the effect that can be related to downregulated mito-
chondrial genes, hence reducing neuronal bioenergetics, especially since
mutations in some mitochondrial genes (e.g., SOD1) can lead to
impaired motor activity and axonal transport, and degeneration of
motor neurons (Song et al., 2013).

Among the pathways negatively regulated by ISRIB here, the largest
group related to mitochondrial function, such as mitochondrial gene
expression, mitochondrial respiratory chain complex assembly, and
cellular respiration. This downregulation appears to be nonspecific,
affecting multiple genes encoding mitochondrial ribosomal proteins,
components of the electron transport chain, subunits of ATP synthase,
mitochondrial inner and outer membrane translocases. Moreover,
functional enrichment analysis using the KEGG database revealed
downregulation of pathways involved in the metabolism of carbohy-
drates, amino acids, and fatty acids. While the exact mechanisms of this
phenomenon are poorly understood, a remarkably similar effect of ISRIB
on mitochondrial gene expression has been observed in human retinal
cells (Rosarda et al., 2023), implying the existence of an evolutionarily
conserved link between ISR inhibition and mitochondrial function.

Other pathways suppressed by ISRIB treatment are associated with
protein synthesis, including transcription by RNA polymerase II, RNA
processing, synthesis of tRNA, biogenesis of ribosomes, and translation
initiation. Notably, ISRIB suppressed the gene expression of several
subunits of the eukaryotic translation initiation complex, including its
molecular target elF2B (eif2b1). Taken together, these findings imply a
negative effect of ISRIB on cellular metabolism. While ISRIB is known to
activate ISR-suppressed protein translation and facilitate metabolic
processes, its downstream effects on gene expression, particularly in
healthy organisms, remain unclear. Our findings suggest that ISRIB-
induced activation of translation may downregulate genes involved in
cellular metabolism.

Interestingly, these findings suggest that TBI and ISRIB also exhibit
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complex interactions, with nonlinear relationship that can only be
assessed when both factors are assessed. One possibility is that ISRIB has
a differential effect in TBI vs. healthy fish, supporting the importance of
two-factorial analyses of its effects in vivo. Such interactions involve
multiple pathways that were unidirectionally altered by TBI and ISRIB,
but in opposite directions by their interaction, suggesting that ISRIB
beneficial effects may not be fully observed without neurotrauma. On
the one hand, and rather expectedly, TBI x ISRIB interaction reduced
enrichment in gene pathways involved in inflammatory responses,
cytokine signaling, macrophage and T-cell activation, apoptosis and
other related pathways, suggesting a potential anti-inflammatory ISRIB
effect in TBL. Other pathways with reduced enrichment involved NF-kB
and ERK activity, suggesting that these anti-inflammatory effects may be
mediated via eIF2a dephosphorylation by ISRIB.

On the other hand, the interaction seems to positively affect cell
respiratory and metabolic functions, increasing enrichment in mito-
chondrial respiratory chain complex assembly, aerobic respiration,
amino acid catabolism, ubiquinone biosynthesis, amino acid degrada-
tion and other related pathways. Interaction also increased enrichment
in pathways related to neuronal synaptic and membrane activity,
including glutamatergic signaling, suggesting remodeling of gluta-
matergic pathways that can potentially protect from glutamatergic
excitotoxicity. Finally, several enriched pathways implicate hormonal
signaling in TBI x ISRIB interaction, including cellular response to
corticotropin-releasing hormone, and estrogen biosynthesis. Thus, the
TBI x ISRIB interaction effect primarily downregulated genes involved in
inflammation and cell replication, and upregulated genes involved in
neuronal signaling and cell respiration, further supporting ISRIB bene-
ficial effects in neurotrauma, but also pointing to its less prominent ef-
fects on these genes without TBI.

We also observed a marked upregulation of the putative ATF4 target
genes by TBI in zebrafish — the effect that was reversed by TBI x ISRIB
interaction, but not ISRIB alone (Fig. 7; Supplementary Fig. S8). This
finding suggests that ISRIB exerted a negative effect on the ATF4-
mediated gene expression in TBI-exposed zebrafish, but not in healthy
fish. At the same time, the upregulation of these genes by TBI links the
observed TBI-induced changes in gene expression to the activation of
ISR. These data further support the notion that TBI and ISRIB effects are
at least partially mediated through atf4 activity in zebrafish brain.
Specific ATF4 target genes that increased their expression for TBI factor,
but decreased their activity for the interaction, include leukocyte cell
derived chemotaxin 2.2 (lect2.2), formin-like la (fmnlla), TNF-alpha
induced protein 6 (tnfaip6), elastin microfibril interfacer 1a (emilinla),
activating transcription factor 3 (atf3) and CD74 molecule, major histo-
compatibility complex, and class II invariant chain b (cd74b) genes, all
strongly implicated in inflammatory response and cell migration.
Furthermore, we also constructed a protein—protein interaction (PPI)
network consisting of key proteins involved in ISR signaling, based on
(Pakos-Zebrucka et al., 2016), as shown in Supplementary Fig. S9.
Overall, only atf4a altered brain expression following TBI in this PPI
network. The expression of atf4a is typically controlled by the activation
of ISR, elevating phosphorylated elF2a, thus likely representing a
potentially useful ‘proxy’ biomarker of ISR activity in our study.
Notably, both ISRIB and TBI + ISRIB downregulated most of the ISR-
related genes in the pathway vs. TBI, and recovered atf4a expression
to control levels, suggesting normalized ISR activity following ISRIB
treatment.

Notably, zebrafish also exhibit sex-specific DE brain genes, especially
steroidogenic genes (Zhai et al., 2022). Although the present study did
not address sex-specific effects of ISRIB activity, endocrine signaling
may potentially differentially affect the TBI-ISRIB interaction in male vs.
female fish. As not examining sex as a separate biological variable here
represents a limitation of our study, future studies may assess potential
sex-specific effects of ISRIB in zebrafish TBI models in detail, aiming to
better understand how hormonal signaling may distinctly impact CNS
ISR-related processes across sexes. Another study limitation is that we
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did not monitor individual recovery trajectories in zebrafish following
TBI and did not correlate RNA-seq results to behavioral data. As such,
follow-up studies may assess individual variance in both TBI- and ISRIB-
evoked zebrafish CNS responses. Likewise, we only examined one age
(adult zebrafish) and one strain in the present study, warranting further
studies into TBI and ISRIB effects across the lifespan, and in a wider
range of zebrafish strains, in order to extend the overall generality of the
present findings.

As adult zebrafish have great capacity for neural restoration
following TBI, this also raises the question of whether the addition of
ISRIB would influence the ultimate recovery of zebrafish here. Because
brain structure and function are completely restored in zebrafish
following a 1-month recovery in the telencephalic TBI model (Kishimoto
etal., 2012), ISRIB would probably not affect final phenotype per se, but
may clearly facilitate the recovery by reducing the initial neuro-
inflammation, warranting further studies. Finally, while there was a
substantial overlap in functional pathways enriched between all three
factors (ISRIB, TBI and interaction), the specific DE genes involved in
these pathways differed for each factor (Fig. 6). For example, for acti-
vation of the immune response, 11 DE genes were shared by all three
factors (upregulated in ISRIB and TBI, but downregulated in interac-
tion), whereas TBI had 23 additional up- and 3 down-regulated genes
from this pathway. Similarly, both ISRIB and TBI downregulated mito-
chondrial gene expression, yet only 2 genes were jointly downregulated
in this pathway. Overall, this suggests that while TBI and ISRIB have
overlapping neurotranscriptomic profiles, they likely involve distinct
molecular and cellular mechanisms.

In conclusion, our study reports overt neurogenomic and behavioral
changes induced by telencephalic TBI in adult zebrafish, including lo-
comotor, social behavior and working memory deficits. We demon-
strated, for the first time, that ISRIB can normalize TBI-induced changes
in a non-mammalian model (zebrafish), suggesting that the ISR hyper-
activation via eIlF2ua phosphorylation may indeed represent a common,
evolutionarily conserved mechanism that hinders brain recovery after
injury. We also noted some effects of ISRIB on CNS gene expression in
healthy zebrafish, showing its rather limited beneficial activity alone,
without TBI. Finally, our findings suggest zebrafish as a valuable and
sensitive model for studying mechanisms of ISR-related neuropathol-
ogies in general, and for developing therapeutic interventions based on
targeting the ISR signaling pathway.
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