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In mammals, the relationship between the immune system and behavior is widely studied.
In fish, however, the knowledge concerning the brain immune response and behavioral
changes during brain viral infection is very limited. To further investigate this subject, we
used the model of tilapia lake virus (TiLV) infection of zebrafish (Danio rerio), which was
previously developed in our laboratory. We demonstrated that TiLV persists in the brain of
adult zebrafish for at least 90 days, even when the virus is not detectable in other
peripheral organs. The virions were found in the whole brain. During TiLV infection,
zebrafish displayed a clear sickness behavior: decreased locomotor activity, reduced food
intake, and primarily localizes near the bottom zone of aquaria. Moreover, during
swimming, individual fish exhibited also unusual spiral movement patterns. Gene
expression study revealed that TiLV induces in the brain of adult fish strong antiviral
and inflammatory response and upregulates expression of genes encoding microglia/
macrophage markers. Finally, using zebrafish larvae, we showed that TiLV infection
induces histopathological abnormalities in the brain and causes activation of the
microglia which is manifested by changes in cell shape from a resting ramified state in
mock-infected to a highly ameboid active state in TiLV-infected larvae. This is the first
study presenting a comprehensive analysis of the brain immune response associated with
microglia activation and subsequent sickness behavior during systemic viral infection
in zebrafish.
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1 INTRODUCTION

During infection or injury, the host defense mechanisms are
activated, and this induces not only immune response and
profound physiological changes in the organism (for example,
induction of fever) but also behavioral changes, the so-called
sickness behavior. These behavioral changes include lethargy,
hyperalgesia, sleepiness, reduced food intake, depression of
locomotor, exploratory, and social activity, cognitive and
memory deficits, disorientation, and reduced sexual activity (1–
4). Sickness behavior evolved not only to save the energy
necessary to fight the infection and to facilitate the healing
process but also to minimize the risk of infection spread or
predation (5). Sickness behavior is triggered by proinflammatory
mediators, mainly cytokines (IL-1b, IL-6, TNF-a, and type I
interferons (IFN)), and prostaglandins (e.g., PGE2), which are
secreted in response to acute infections and/or tissue injury, and
might pass the blood-brain barrier, activate glial cells (astrocytes
and microglia), and promote behavioral changes (1, 6).

Microglia and astrocytes are responsible for the local innate
immune response in the brain. These cells are rapidly activated in
response to brain inflammation, infection, and injury (7–9). Even
upon a minor infection, microglia change the gene expression
profile. In addition, the morphology of microglia also changes
from a ramified, resting phenotype dynamically scanning the
brain into amoeboid motile cells which subsequently migrate to
the affected site (10). In mammals, activation of microglia during
viral infection is well documented (11). In fish, however, little is
known about the microglia activation during viral infection of
brain, although neurotropic viruses might potentially affect its
activity/function.

Zebrafish (Danio rerio) is a laboratory model organism used
for translational studies of human and animal diseases, including
viral infections (12–14). However, the knowledge regarding the
brain immune response and behavioral changes during brain
viral infection of zebrafish is very limited. Only few reports
described the immune response of zebrafish brain during
infection with nervous necrosis virus (NNV) and spring
viremia of carp virus (SVCV) (15, 16). Moreover, it was also
shown that SVCV infection or poly(I:C) stimulation induces
behavioral fever in zebrafish (17, 18). Besides, zebrafish has also
been used to study the brain entry routes of human viruses
infecting the central nervous system (CNS), such as Sindbis virus
(SINV), Chikungunya virus (CHIKV), and Herpes simplex virus
type 1 (HSV-1) (19–21).

In recent years, tilapia lake virus (TiLV; genus: Tilapinevirus,
family Amnoonviridae) was described as an etiological agent of
highly contagious and emerging disease that has detrimental
effects on tilapia farming worldwide (22–24). TiLV has a linear,
negative-sense single-strand RNA genome with 10 segments and
about 10.323 kb in total length (22, 23). Interestingly, a high level
of TiLV was observed in the brain of infected tilapia (23, 25), and
this was correlated with the clear histopathological changes (23)
and activation of the expression of genes involved in the antiviral
immune response in the tilapia brain (25, 26). We recently
described the TiLV infection model in adult and larvae of
Frontiers in Immunology | www.frontiersin.org 2
zebrafish (27, 28), and our virus tropism study revealed that in
adult fish the highest viral load of TiLV was found in the
brain (27).

In the present study, we demonstrate that TiLV persists in the
brain of adult zebrafish for a long time and that during TiLV
infection, zebrafish expresses clear sickness behavior: decreased
locomotor activity and food intake. Moreover, TiLV induces in
the brain histological changes, strong antiviral and inflammatory
response, and activates microglia/macrophages.
2 MATERIALS AND METHODS

2.1 Virus and Cells
TiLV (VETKU-TV01 isolate) was previously isolated from red
hybrid tilapia (Oreochromis spp.) in Thailand (29). The E-11 cells
from the striped snakehead fish (Ophicephalus striatus) were
used to produce and titrate TiLV as described earlier (27).

2.2 Zebrafish Maintenance
Zebrafish (Danio rerio) were grown in 8 L tanks on a ZebTEC
Stand Alone system (Tecniplast, Buguggiate, Italy) at a water
temperature of 28°C and a day/night cycle of 12/12 h. Before the
infection, adult zebrafish were placed into 30 L single aquaria
with aeration and water temperature of 28°C for 2 weeks of
acclimatization. Fish were fed twice per day with commercial
feed for zebrafish (Gemma Micro 300ZF, Skretting, Stavangar,
Norway). Zebrafish larvae were obtained by incross and
maintained in E3 medium with methylene blue at 28°C
according to standard protocols. The animal study was
accredited by the 2nd Local Ethics Committee in Kraków,
Poland (No. 29/2021).

2.3 TiLV Infection and Sample Collection
2.3.1 Adult Zebrafish
Prior to infection, adult zebrafish (Tuebingen strain, TU) were
anesthetized in water containing 0.2 g/L of buffered solution of
MS-222 (Sigma-Aldrich, ST. Louis, MO, USA) and injected
intraperitoneally (i.p.) with 10 ml of medium containing TiLV
(1 × 107 TCID50/ml). Mock-infected controls were treated
similarly and injected i.p. with L15 medium collected from
noninfected cells. At selected time points: day 0 and 1, 3, 6, 14,
28, 45, 60, and 90 days postinfection (dpi), infected fish (n = 7–8)
were euthanized and sampled for the viral load and gene
expression study. Organs (brain, eye, spleen, kidney, liver)
were collected into fixRNA (EURx) and stored at −20°C until
RNA isolation. Moreover, at 14 dpi, additional infected fish (n =
4) were sampled to collect three parts of the brain (forebrain,
midbrain, and hindbrain) for viral load and electron
microscopy study.

2.3.2 Zebrafish Larvae
Prior to infection, zebrafish larvae at 54 h postfertilization (hpf):
Tuebingen strain for viral load and gene expression study, and
transgenic line Tg(mpeg1.1:mCherryF)ump2 (30) for microscopic
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evaluation of microglia activation, were anesthetized and
microinjected systemically with 3 nl of medium containing
TiLV (1 × 107 TCID50/ml) or control L15 medium (mock-
infection) into the duct of Cuvier as described previously (28). At
24 and 48 hpi, larvae were anesthetized and used for (i) sample
collection: heads and the rest of the bodies were collected
separately into the fixRNA (EURx) (eight larvae pooled per
sample) and stored at −20°C until RNA isolation and (ii)
microscopic evaluation of microglia activation.

2.4 RNA Isolation and cDNA Synthesis
Total RNA was isolated by using the ReliaPrep™ RNA Tissue
Miniprep System (Promega, Madison, WI, USA) according to
the manufacturer’s instruction. The purity and concentration of
RNA were measured spectrophotometrically with a Tecan Spark
reader using a NanoQuant plate (Tecan, Männedorf,
Switzerland). Synthesis of cDNA was performed from 100 ng
of total RNA using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Waltham, MA, USA)
according to the manufacturer’s instructions. For selected
samples, no-reverse transcriptase (no-RT) controls were used
to check for genomic DNA contamination.

2.5 Real-Time qPCR
2.5.1 Viral Load Analysis
The approximation of viral load was performed by quantification
of normalized gene copies as described earlier (27). The
approximation of viral load is shown as the copy number of
the TiLV gene normalized against 1 × 105 copies of the host
reference gene, elongation factor 1 alpha (ef1a). The genes
analyzed and the sequences of their respective primers are
presented in Table 1.

2.5.2 Gene Expression Analysis
For gene expression analysis, the real-time qPCR (RT-qPCR)
reactions were performed in duplicate for each sample using
SYBR Select Master Mix (Applied Biosystems), specific primers,
and cDNA (from larvae: 20 × diluted; from adult fish organs: 40
× diluted). Reaction mix and amplification protocol were as
described previously (27). The melting curve analyses were
performed at the end of each run. No-RT and nontemplate
controls were included in selected runs. RT-qPCR was carried
out with a Rotor-Gene Q (Qiagen, Hilden, Germany). Infection-
induced changes in the gene expression were rendered as a ratio
of target gene vs. reference gene (rps11; ribosomal protein s11
gene) relative to expression in control samples using the Pfaffl
method (32) according to the following equation:

Ratio =
(Etarget)

DCtTarget(control−sample)

(Ereference)
DCtReference(control−sample)

where E is the amplification efficiency and Ct is the number of
PCR cycles needed for the signal to exceed a predetermined
threshold value. The genes analyzed and the sequences of their
respective primers are presented in Table 1.
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2.6 Behavioral Study
2.6.1 Behavioral Evaluation
To assess the behavioral changes caused by TiLV in adult
zebrafish, three tanks (3.5 L, 11 cm × 17 cm × 28 cm; width ×
depth × length) with TiLV-infected fish (five fish in each tank)
and three tanks with mock-infected fish (five fish in each tank)
were used for recording the videos by a camera (NIKON Coolpix
L340) located in front of the tank. After setting the tank in the
recording place, fish were left undisturbed for 5 min. Next, the
fish behavior was recorded in each tank for 29 min at 6 and 11
dpi. Mock-infected and TiLV-infected tanks were recorded in
alternating order. The videos were analyzed using software
EthoVision XT 15 (Noldus, Wageningen, Netherlands). The
following parameters were analyzed: velocity (the distance
moved by the center, nose or tail-base point of the subject per
unit time when fish were in-motion) (cm/s), distance traveled
(the distance traveled by the center, nose or tail-base point of the
subject from the previous sample to the current one)(cm), time
in motion/motionless (s), and percentage of time spent in the top
zone vs. bottom zone of the tank (%).

2.6.2 Zebrafish Weight Evaluation
During the course of the experiments, fish were fed twice per day
with commercial feed for zebrafish (Gemma Micro 300ZF,
Skretting). The weight of mock-infected (n = 10) and TiLV-
infected (n = 10) zebrafish was evaluated every 3–4 days starting
from 14 days before infection until 25 dpi. Fish were weighed
individually with precision balance (WTB 2000, Radwag).

2.7 Histopathology
Six specimens (3 mock-infected and 3 TiLV-infected) of
zebrafish larvae at 48 hpi (102 hpf) were euthanized with an
overdose of 1% MS-222 and fixed in 10% PBS-buffered formalin.
Then, the larvae were rinsed in tap water for 4 hours, dehydrated
in graded alcohol, infiltrated in a mixture 1:1 propylene oxide/
Epon 812 and embedded in Epon 812. The whole heads were
sectioned transversely at 0.5-1 µm thickness using glass knives.
Sections were stained with methylene blue/azur II and analyzed
under Nikon Eclipse E600. Selected sections of the forebrain,
midbrain, and hindbrain were digitalized using the NIS-
Elements F software and post-processed by CorelDraw
Graphic Suite 2020.

2.8 Transmission Electron Microscopy
Analysis
Dissected brains were fixed in 2.5% glutaraldehyde solution in
0.1 M phosphate buffer (pH 7.4) at 4°C for 2 weeks. After this
time, samples were washed with 0.1 M phosphate buffer with the
addition of sucrose (5.8%), postfixed in 1% solution of osmium
tetroxide, dehydrated in ethanol and acetone series, and
embedded in epoxy resin Epon 812 (SERVA, Heidelberg,
Germany). For ultrastructural analyses, the resin blocks were
cut into ultrathin sections, contrasted with lead citrate and
uranyl acetate, and observed under the JEOL JEM 2100
transmission electron microscope.
October 2021 | Volume 12 | Article 760882
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2.9 Microscopic Analysis of
Microglia Activation
To analyze microglia activation upon TiLV infection, the
transgenic Tg(mpeg1.1:mCherryF)ump2 zebrafish larvae
infected with TiLV or mock-infected, were anesthetized at 24
and 48 hpi, and positioned dorsally in 1% low-melting point
agarose (Sigma-Aldrich) in E3 w/o methylene blue on a glass
bottom dish filled with E3 medium containing 0.1 mg/ml of MS-
222 (Sigma-Aldrich). Midbrain region of each larvae was imaged
with the Zeiss LSM 900 Airyscan 2 confocal microscope using
Frontiers in Immunology | www.frontiersin.org 4
the C-Apochromat 40x/NA 1.2 water objective. For image
analysis, ImageJ/Fiji was used. Maximum intensity projections
were created, and fluorescence photomicrograph were converted
to representative binary images using previously described
protocol to quantify microglia morphology (33). Then, the
circularity index (0–1) was analyzed as a 4-pi (area/
perimeter^2) formula, where the value of 1.0 indicates a
perfect circle. Each image was additionally manually verified
for the correct microglia outliers and any artifacts rejected from
the analysis.
TABLE 1 | Primers and probes used for RT-qPCR.

Gene Primer sequence (5’!3’) Reference or accession number

TiLV F AGCCTGCCACACAGAAG (27)
R CTGCTTGAGTTGTGCTTCT
P FAM-CTCTACCAGCTAGTGCCCCA-BHQ

ef1a F TGCCAGTGTTGCCTTCGT (27)
R GCTCAATCTTCCATCCCTTG

rps11 F TAAGAAATGCCCCTTCACTG NM_213377.1
R GTCTCTTCTCAAAACGGTTG

rig-I F TTGAGGAGCTGCATGAACAC JX462558.1
R CCGCTTGAATCTCCTCAGAC

tlr3 F AAAGGGCTACGTTTGGTGTG NM_001013269.3
R GTTGGTGGAGTTCAGCCATT

irf3 F CAAAACCGCTGTTCGTGCC (31)
R CATCGTCGCTGTTGGAGTCCT

irf7 F AGGCAGTTCAACGTCAGCTACCAT (31)
R TTCCACCAAGTTGAGCAATTCCAG

infj1 F GAGCACATGAACTCGGTGAA NM_207640.1
R TGCGTATCTTGCCACACATT

mxa F GACCGTCTCTGATGTGGTTA AJ544823.1
R GCATGCTTTAGACTCTGGCT

il-1b F GAACAGAATGAAGCACATCAAACC NM_212844.2
R ACGGCACTGAATCCACCAC

ifng1-2 F CTATGGGCGATCAAGGAAAA AB158361.1
R CTTTAGCCTGCCGTCTCTTG

tnf-a (cxcl8a) F GCGCTTTTCTGAATCCTACG NM_212859.2
R TGCCCAGTCTGTCTCCTTCT

il-8 F GTCGCTGCATTGAAACAGAA XM_009306855.3
R CTTAACCCATGGAGCAGAGG

cox2b F CCCCAGAGTACTGGAAACCA NM_001025504.2
R ACATGGCCCGTTGACATTAT

il-10 F ATTTGTGGAGGGCTTTCCTT NM_001020785.2
R AGAGCTGTTGGCAGAATGGT

gfap F AGTCCCAGCGTTCCTTCTC NM_131373.2
R GGTCGTTTAGCCCCATCA

csf1r F CCTGATCCGCAACGTTCATCCT NM_131672.1
R GCTTTGGGCAGCATTCTTGAGG

apoeb F AGATGGGAGGAGATGGTGGA NM_131098.2
R GGAGCCCTTGATGTTTTGC

cd68 F CACCACACAGGCTACTGACG XM_002662803.5
R AATCCGTGCTTCATTTTCGT

npy F CTGTGATGTCCATGTGTCCTTCTG NM_131074.2
R GAGCCTAAAGAGCGCACATTGA

pomc F CAGAGTCTGAGCTTGGGTTTGCTT NM_001083051.1
R ACTTTTACCGGTCTGCGTTTGC

tmem119a F GCGAGAACCTACGAAAGCAC XM_682863.6
R CACCACTTCAACATCCTCCA

tmem119b F CATCTTCACCATCCTCTGCTC NM_001089443.1
R GCCTTGTCTTGCTCATCCAC

aif1 F TGAAGACAAAAAGGGAGAAGC NM_198870.1
R GCACGCACACACAAACATAA
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2.10 Statistical Analysis
Statistical analysis was performed using GraphPad Prism 9
(GraphPad Software). Shapiro-Wilk test (for normality) and
Brown-Forsythe test (for homogeneity) were performed to
ensure the suitability of the data for parametric significance
tests. Significant differences in the gene expression between the
control adult fish at day 0 and TiLV-infected adult fish in
following sampling points were assessed using one-way ANOVA
followed by Dunnett’s multiple comparisons test in cases when the
data were normally distributed, or with the non-parametric
Kruskal–Wallis test followed by Dunn’s multiple comparison test
when the datawere not normally distributed. Significant differences
in the gene expression between the mock-infected and TiLV-
infected larvae at each time point were assessed by two-way
ANOVA followed by Bonferroni test. Significant differences in
the velocity, distance traveled, time in-motion/motionless, time
spent in the tank zones, andweight between themock-infected and
TiLV-infected adult fish in each time point were assessed by two-
tailed Mann-Whitney U test. Significant differences in the
circulatory index between the mock-infected and TiLV-infected
larvae in each time point were assessed by two-tailed Mann-
Whitney test. Data are presented as means (+ standard
deviation). The significance levels are indicated with asterisks: *p
≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.
Frontiers in Immunology | www.frontiersin.org 5
3 RESULTS

3.1 Brain Is the Organ With the Highest
Viral Load and With the Longest
Persistence of TiLV in Adult Zebrafish
Quantification of TiLV by RT-qPCR in the brain, eye, spleen,
kidney, and liver of i.p. infected adult zebrafish showed that the
viral load in the organs increased progressively until 6 dpi (for the
spleen, kidney, and liver) and 14 dpi (for the brain and eye), before
gradually decreasing at subsequent time points (Figure 1A). The
highest viral load was observed in the brain at 14 dpi (the mean of
the normalized copy number was 2.47 × 106). Interestingly, the
viral load in the brain was still at a high level even at 90 dpi, when
the virus was not detected in peripheral organs such as the spleen,
kidney, and liver. The viral load in the eyes was at a moderate level
and was also detected at 90 dpi. There were no statistically
significant differences in viral load measured at 14 dpi in the
three regions of the brain: forebrain, midbrain, and hindbrain
(Figure 1B). We also confirmed the presence of TiLV particles in
the three parts of the brain by transmission electron microscopy
(TEM) (Figure 1C). The size of the viral particles was of
approximately 70–100 nm. Collectively, these results suggest that
TiLV is able to invade the brain of adult zebrafish and remain in
the CNS for a substantial period of time.
A

B C

FIGURE 1 | The presence of TiLV in adult zebrafish tissues including brain. (A, B) Normalized copy numbers of TiLV RNA in different tissues (n = 5–7) (A) and in three
parts of the brain at 14 dpi (n = 4) (B) of i.p. infected zebrafish. The data are shown as box and whisker plots indicating the range of 25%–75% in the box and maximum
and minimum values by whiskers. The line in the middle of the box is plotted at the median. The different letters indicate significant differences between tissues at
particular time points revealed by one-way ANOVA followed by Tukey’s multiple comparison test or by the nonparametric Kruskal-Wallis test followed by Dunn’s test.
p-value ≤ 0.05 was considered significant. Zebrafish brain scheme was obtained from scidraw.io (doi.org/10.5281/zenodo.3926217) (C). Transmission electron
micrographs of the brain from TiLV-infected adult zebrafish showing cytoplasmic viral particles (white arrows) in forebrain (C1), midbrain (C2), and hindbrain (C3).
October 2021 | Volume 12 | Article 760882
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3.2 TiLV Activates Expression of the
Immune-Related Genes in the Brain of
Adult Zebrafish and Induces Brain
Inflammation
Having determined the lasting TiLV presence in the brain of adult
zebrafish, we speculated whether it leads to the immune response.
We found that TiLV infection induced an upregulation of the
expression of genes encoding proteins involved in type I IFN
pathway such as the pattern recognition receptors (PRR): rig-I and
tlr3, transcription factors: irf3 and irf7, type I IFN (ifnf1), and the
antiviral protein Mxa (mxa). Upregulation of the expression of
most of these genes was clearly associated with the viral load in the
brain and was observed from 3 or 6 dpi till 45 or 60 dpi
(Figure 2A). Moreover, TiLV infection induced significant
upregulation of the genes encoding proinflammatory cytokines
il-1b, ifng1-2 (from 6 till 45 dpi), tnf-a (at 28 dpi), il-8 (cxcl8a) (at 6
Frontiers in Immunology | www.frontiersin.org 6
dpi), enzyme cox2b (at 3 and 6 dpi), and anti-inflammatory
cytokine il-10 (at 28 dpi) (Figure 2A). Finally, we studied the
expression of the activation markers of astrocytes: glial fibrillary
acidic protein (gfap) and microglia/macrophages: colony-
stimulating factor 1 receptor (csf1r), apolipoprotein EB (apoeb),
and cd68. Upregulation of the expression of csf1r (from 14 till 45
dpi) and cd68 (from 6 till 45 dpi) was observed. The expression of
apoeb appeared increased, although not statistically significant,
whereas no differences in the expression of gfap were observed
(Figure 2B). We also studied expression of other microglia/
macrophage markers such as allograft inflammatory factor 1
(aif1, also known as ionized calcium-binding adapter molecule 1
(IBA1)), which is a well-known marker of microglia in mice and
transmembrane protein 119 (tmem119), but the expression of
these genes was not changed (data not shown). Together, these
data indicate that TiLV induces antiviral response in the brain of
A

B

FIGURE 2 | TiLV-induced changes in the expression of genes involved in antiviral response and microglia/macrophage markers in the brain of adult zebrafish.
(A, B) Expression of genes involved in the antiviral and proinflammatory response (A), microglia/macrophages, and astrocytes markers (B) in the brain of zebrafish.
The gene expression is normalized against the housekeeping gene rps11. Changes in gene expression of TiLV-infected fish (black bars) are shown as x-fold increase
compared with control fish at day 0 (white bars). The symbol (*) indicates significant differences between the control and TiLV-infected fish as revealed by one-way
ANOVA followed by Dunnett’s multiple comparison test or by the nonparametric Kruskal-Wallis test followed by Dunn’s test (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001;
****p < 0.0001). The data are the mean + SD of n = 5–7 fish.
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adult zebrafish and upregulation of some of the microglia/
macrophage markers.

3.3 TiLV Induces Sickness Behavior and
Leads to Weight Loss in Adult Zebrafish
We observed that TiLV-infected zebrafish tend to group in the
bottom of aquaria and almost do not react for feeding during
progression of infection (Supplementary Videos 1 and 2). To
assess the behavioral changes caused by TiLV infection, the
following parameters were analyzed at 6 and 11 dpi: velocity
(cm/s), distance traveled (cm), time in motion/motionless (s),
and percentage of time spent in different zones (top vs. bottom)
(%). Velocity test and distance moved test demonstrated a
significant reduction in the speed and distance swam for TiLV-
infected fish in comparison with mock-infected fish at 6 and 11
dpi (Figures 3A, B). Moreover, TiLV-infected fish tend to spend
less time in-motion and more time in the bottom part of the tank
when compared with mock-infected fish both at 6 and 11 dpi
(Figures 3A, B). Furthermore, we observed that individual fish
exhibited unusual spiral movement patterns during swimming.
Frontiers in Immunology | www.frontiersin.org 7
The weight of infected fish systemically decreased as the
infection progressed. A significant loss of body mass was
demonstrated in infected animals at 18, 21, and 25 dpi
(Figure 3C). Moreover, we observed a significant downregulation
of npy (encoding orexigenic neuropeptide Y) at 14 and 28 dpi, with
the strongest downregulation at 14 dpi (Figure 3D). We also
noticed tendency to increase expression of pomc (encoding
anorexigenic pro-opiomelanocortin) at 3 dpi, although this was
not statistically significant (Figure 3D). These results show that
TiLV infection leads to profound behavioral changes and may affect
the appetite of infected fish.

3.4 Heads and Bodies of Zebrafish Larvae
Showed Similar Viral Load and Antiviral
Immune Response Against TiLV
We speculated that similar to TiLV-infected adult zebrafish, the
larvae systemically infected by TiLV also exhibit higher viral load
in the head region. However, quantification of TiLV by RT-
qPCR showed no differences in viral load between the heads and
bodies of zebrafish larvae at 24 and 48 hpi. Nevertheless, a high
A B

DC

FIGURE 3 | TiLV-induced changes in locomotor activities and feed intake in adult zebrafish. Behavior parameters tests of mock-infected and TiLV-infected fish at 6
dpi (A) and 11 dpi (B). Results in (A, B) are representative of two independent experiments. Body weight (g) of mock-infected and TiLV-infected adult zebrafish (C).
The symbol (*) indicates significant differences between the mock-infected and TiLV-infected fish as revealed by two-tailed nonparametric Mann-Whitney test. The
data are the mean + SD of n = 15 (behavioral parameters tests) or n = 9–11 (body weight test). (D) Expression of npy and pomc in the brain of adult zebrafish. The
gene expression is normalized against the housekeeping gene rps11. Changes in gene expression of TiLV-infected fish (black bars) are shown as x-fold increase
compared with control fish at day 0 (white bars). The symbol (*) indicates significant differences between the control and TiLV-infected fish as revealed by the
nonparametric Kruskal-Wallis test followed by Dunn’s test. The data are the mean + SD of n = 5–7 fish. *p ≤ 0.05; **p ≤ 0.01, ***p ≤ 0.001, ****p < 0.0001.
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increase of the viral load at 48 hpi demonstrated that TiLV could
probably replicate in both analyzed parts of zebrafish larvae
(Figure 4A). The presence of TiLV virions in the brain of
zebrafish larvae was also confirmed by TEM (Figure 4B).
Finally, upregulation of the expression of rig-I, ifnf1, and mxa
in both heads and bodies of zebrafish larvae were demonstrated
during TiLV infection. The upregulation of studied genes was
observed at 48 hpi and was higher in the bodies than in the heads
(Figure 4C). These results demonstrated that at the first
sampling points during TiLV infection of zebrafish larvae there
are no differences in viral load between heads and bodies.

3.5 TiLV Causes Histopathological
Abnormalities in the Brain of
Zebrafish Larvae
The histological examination of the forebrain, midbrain and
hindbrain area in mock-infected larvae revealed regular
Frontiers in Immunology | www.frontiersin.org 8
arrangement of the cell body of the neurons (or perikarya) and
neuropil and tight adhesion of all tissues and organs, especially
between brain, braincase, and sense organs (Figures 5A1–C1).
The developing brain in TiLV-infected larvae in the area of the
forebrain, midbrain, and hindbrain was surrounded by free space
(or by fluid, oedema) causing the developing braincase is folded
and protruding widely, especially at the dorsal side
(Figures 5A2–C2). In all area of the brain in TiLV-infected
larvae, the histopathological alterations concerning the
degeneration in the neuropil and disintegration of the
perikarya were visible (Figures 5A3–C3).

3.6 TiLV Induces Activation of Microglia in
Zebrafish Larvae
Representative confocal images of microglia in the midbrain of
TiLV-infected zebrafish larvae from transgenic Tg(mpeg1.1:
mCherryF)ump2 line showed that at 24 hpi, only a slight
A B

C

FIGURE 4 | The presence of TiLV in the heads and bodies of zebrafish larvae and TiLV-induced changes in the expression of genes involved in antiviral response.
(A) Normalized copy numbers of TiLV RNA in heads and bodies of TiLV-infected zebrafish larvae (n = 6–8). Zebrafish larvae were infected at the age of 54 hpf. The
data are shown as box and whisker plots indicating the range of 25%–75% in the box and maximum and minimum values by whiskers. The line in the middle of the
box is plotted at the median. The differences in viral load were analyzed using two-tailed nonparametric Mann-Whitney U test. Zebrafish larvae scheme was obtained
from scidraw.io (doi.org/10.5281/zenodo.3925957). (B) Transmission electron micrographs of the brain from TiLV-infected zebrafish larvae showing cytoplasmic viral
particles (white arrows) at low (B1) and high (B2) magnification. n, nucleus. (C) Expression of rig-I, ifnf1, and mxa in heads and bodies of zebrafish larvae. The gene
expression is normalized against the housekeeping gene rps11. Changes in gene expression of TiLV-infected larvae (black bars) are shown as x-fold increase
compared with mock-infected larvae (white bars) at each time point. The symbol (*) indicates significant differences between the mock-infected and TiLV-infected
larvae at each time point as revealed by two-way ANOVA followed by a Bonferroni test (*p ≤ 0.05; ***p ≤ 0.001; ****p < 0.0001). Each bar represents the mean + SD
of n = 6–8 samples derived from two independent experiments.
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change in the morphology of microglia was present
[Figures 6A1, A2 (mock-infected) and B1, B2 (TiLV-
infected)]. However, at 48 hpi microglia clearly changed the
shape from a resting ramified state in mock-infected
(Figures 6C1, C2) to a highly ameboid active state in TiLV-
infected larvae (Figures 6D1, D2). Quantification of the changes
of microglia shape was performed by evaluation the circularity
index. This analysis revealed no significant changes between
mock-infected and TiLV-infected larvae at 24 hpi (Figure 6E),
although the differences were statistically significant at 48 hpi
(Figure 6F). Furthermore, gene expression studies revealed
upregulation of the expression of the gfap and apoeb but not
csf1r and cd64, at 48 hpi in the heads of zebrafish larvae
(Figure 6G). These data demonstrated microglia activation
during TiLV infection of zebrafish.
4 DISCUSSION

Recent studies using molecular biology and genetic approaches
demonstrated the role of viral infection in the development of
Frontiers in Immunology | www.frontiersin.org 9
neurobehavioral disorders and its broad impact on human and
animal health and well-being. Moreover, these studies confirmed
that the virus-induced changes in the nervous system might be
induced by the virus itself or viral products; however, such
changes may also be the result of the action of immune
mediators produced in the brain during the antiviral response.
In the present study, we prove that mechanisms involved in
virus-induced immune response and sickness behavior are
evolutionary conserved and fully operating already in the
earliest vertebrates—fish. Using TiLV-zebrafish infection
models (27, 28), we showed that TiLV exhibits neurotropism,
remains at a high level in the brain for at least 3 months, and
induces the type I IFN-dependent and inflammatory response in
the CNS. Subsequently, in infected fish, we observed microglia
activation and profound changes in the locomotor and
feeding behavior.

Zebrafish is a laboratory model organism used in different
areas of biological research, including studies of immune
response and host-pathogen interactions. It has also been
intensively used to study neurodevelopmental processes and
neurodegenerative diseases (34), since its brain shows
FIGURE 5 | TiLV-induced histpathological changes in the brain of zebrafish larvae. The cross-sectioned head and brain sections of mock-infected (A1–C1) and TiLV-
infected (A2–C3) zebrafish larvae at 48 hpi (102 hpf) stained with methylene blue/azur II. The solid lines with an arrow (A1–C1) show tight adhesion between brain and
braincase. The dotted lines with an arrow (A2–C2) show enlarged free spaces (oedema) between the brain and braincase. (A3–C3) Higher magnification of the brain
structure of TiLV-infected larvae with free alvealor spaces in the area of neuropil (arrowheads) and irregular distribution of nerve cell bodies. Ne, neuropil; Pe, perikarya.
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similarity to the mammalian brain both in general organization
and cellular composition (35). However, little is known about
zebrafish brain immune response during viral infection and the
correlation between viral infection of the central nervous system
and sickness behavior.

Previously, antiviral immune response in the brain was
observed in fish (15, 16) and TiLV-induced changes in the
brain were, to a limited extent, observed in infected Nile tilapia
(26). In tilapia, it has been reported that during TiLV infection,
viral titer in the brain is gradually increasing up to 17 dpi and
remained high on 34 dpi (last studied time point). Moreover, ISH
Frontiers in Immunology | www.frontiersin.org 10
analysis revealed that TiLV was widely distributed in various
parts of the tilapia brain, with the strongest signal observed in the
forebrain (involved in learning and regulation of food intake)
and the hindbrain (responsible for controlling locomotion and
basal physiology) (36). In our study, the molecular analysis did
not reveal any differences in the viral load in a specific part of the
brain (forebrain, midbrain, and hindbrain) of adult zebrafish,
while TEM analysis confirmed the presence of the virions in all
three parts of the brain.

We have previously shown that zebrafish larvae appear to be
more susceptible to TiLV as compared with adult fish, with high
G

E F

FIGURE 6 | TiLV-induced microglia activation in zebrafish larvae. (A–D) Representative confocal images of microglia in the midbrain of transgenic Tg(mpeg1.1:
mCherryF)ump2 zebrafish larvae mock-infected at 24 hpi (A1, A2) and 48 hpi (C1, C2) or TiLV-infected at 24 hpi (B1, B2) and 48 hpi (D1, D2). Zebrafish larvae
were infected at the age of 54 hpf. Scale bar, 10 µm. The data are representative of two independent experiments. (E, F) Circularity index of microglia of zebrafish
larvae at 24 hpi (E) (n = 8 larvae) and 48 hpi (F) (n = 15 larvae). Each dot represents a single microglia cell, and each color represents all microglia cells from single
larvae. The symbol (*) indicates significant differences between the mock-infected and TiLV-infected zebrafish larvae as revealed by two-tailed nonparametric Mann-
Whitney U test. The data derived from two independent experiments. (G) Expression of genes encoded astrocytes and microglia/macrophage markers in the heads
of zebrafish larvae. The gene expression is normalized against the housekeeping gene rps11. Changes in gene expression of TiLV-infected larvae (black bars) are
shown as x-fold increase compared with mock-infected larvae (white bars) at each time point. The symbol (*) indicates significant differences between the mock-
infected and TiLV-infected larvae at each time point as revealed by two-way ANOVA followed by a Bonferroni test (*p ≤ 0.05; ***p ≤ 0.001; ****p < 0.0001; ns, not
significant). Each bar represents the mean + SD of n = 6–8 samples derived from two independent experiments.
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mortality observed already at 4–5 dpi (28). Using the zebrafish
larvae infection model, we noticed viral replication in both the
head and body of zebrafish larvae. However, we did not observe
any differences in viral load between the head and body of the
larvae at the studied time points (24 and 48 hpi). Although it is
well known that young fish are more susceptible to virus
infections as compared with adults (37), the future studies are
required to determine whether TiLV also persist in the brain of
surviving larvae and for how long it can be detected.
Histopathological analysis of the brain showed clear
pathological changes in the TiLV-infected larvae, including the
degeneration in the neuropil and disintegration of the perikarya.
Similarly, dissociation and degeneration within the infected sites
of the brain of TiLV-infected tilapia has also been demonstrated
(36). In adult zebrafish, we only observed enlarged blood vessels
in the brain of TiLV-infected fish (14 dpi; data not shown).
However, as we described previously (27), TiLV infection in
adult zebrafish is less severe than that in tilapia and induces
smaller histopathological changes in studied organs and very low
mortality. Necrotic changes in the brain of adult zebrafish
have been reported during infection with two neurotropic
viruses: SVCV and NNV, which induce mortality of adult
zebrafish (15, 16, 38). Moreover, NNV infection leads to
extensive brain cell vacuolation in larvae of Asian seabass
(Lates calcarifer) (39).

As mentioned before, the presence of TiLV in the brain of
infected zebrafish induces neuroinflammation. In the brain of
TiLV-infected zebrafish, we observed high upregulation of the
expression of genes involved in type I IFN-dependent response
and genes encoding proinflammatory mediators. In line with our
results, upregulation of the expression of tlr3, ifn-b, andmx genes
in the brain of TiLV-infected Nile tilapia has been demonstrated
(26). Interestingly, TiLV downplayed innate immune response
during early stage of infection in tilapia (26), which was not
observed in our study. Such differences could be partly explained
by the different animal species used for TiLV study. Previous
reports have revealed the activation of type I IFN-dependent
response and induction of inflammation in zebrafish brain upon
infection with NNV and SVCV (15, 16) and during nodavirus
infections of sea bream (Sparus aurata) and sea bass
(Dicentrarchus labrax) (40).

Both “brain-borne” and circulating proinflammatory
cytokines may act at the level of CNS and induce sickness
behavior (4, 5, 41). Previous studies have demonstrated that
TiLV-infected tilapia displays a loss of appetite, lethargy, erratic
swimming, loss of balance, swimming at the water surface,
stoppage of schooling, or swirling (24, 29, 36, 42). Here, we
demonstrated that zebrafish infected with TiLV had reduced
velocity, shortened travelled distance, reduced time in-motion,
and increased time spent at the bottom zone of aquaria. This
indicates that TiLV induces a clear sickness behavior of zebrafish.
Previously, sickness behavior in zebrafish has also been observed
during an inflammatory response induced by the inoculation of
formalin-inactivated Aeromonas hydrophila (43). Fish with an
induced immune response showed reduced locomotor activity,
changes in their social preference, and exploratory behavior
Frontiers in Immunology | www.frontiersin.org 11
toward a new object compared with control fish (43).
Furthermore, we found a correlation between progression of
TiLV infection and weight loss of zebrafish. As in mammals, food
intake in fish is under the control of the feeding system, located
in the brain, and is regulated by several specific protein molecules
including neuropeptides, gastrointestinal peptides, hormones,
and blood metabolites (44). Reduced food intake is a common
feature of sick fish and cytokines appear to be involved in this
process (45). After examining a broad panel of genes involved in
the control of food intake in fish, we found TiLV-induced
downregulat ion of npy , which encodes orexigenic
neuropeptide Y.

Research in mammals suggests that, although peripherally
produced cytokines may cross the blood-brain barrier, the main
source of these molecules in the brain are activated glial cells
(microglia and astrocytes) (46). In addition, these cells are
involved in the neuroinflammatory processes that can lead to
brain pathologies (47, 48). On the other hand, a mouse model of
acute viral encephalitis suggests the protective role of microglia
in the virus-driven pathogenic neuroinflammation and indicates
the role of these cells in the limiting of viral replication (11). Still,
little is known regarding the microglial activation during viral
infection in fish. In zebrafish, microglia activation was mainly
studied in the context of developmental and regeneration
processes including phagocytosis of dying neurons (49).
Moreover, an interesting response of microglia during bacterial
infection with Mycobacterium marinum was reported in
zebrafish larvae (50). The authors suggested that microglia
were able to reverse migrate to join infection foci in the body
and to combat the M. marinum infection together with
peripheral macrophages. Conversely, the early larval hindbrain
injection with bacteria mobilized peripheral macrophages into
the infection site (50). Chiang and coworkers demonstrated that
NNV infection of the primary culture of brain cells from giant
grouper (Epinephelus lanceolatus) activates microglial cell
proliferation and secretion of proinflammatory cytokines (IL-
1b and TNF-a) and subsequently the neural cell death (51).
Involvement of microglia in neuroinflammation in fish upon
bacterial infection with Weissella cibaria has also been described
in vitro using microglia cultures isolated from the brain of Nile
tilapia (52).

To understand the dynamics of the processes of microglia
activation during infection/inflammation, it is necessary to
observe them in a broader context of CNS in the living
organism. Zebrafish is an excellent model for such studies as
microglia can be visualised in vivo using transgenic zebrafish-
expressing fluorescent proteins driven by promoters of
microglia/macrophage-specific genes such as mpeg1 (53), apoe
(54), or microglia-specific purinergic receptor p2y12 (55). These
studies have been mainly performed using zebrafish larvae model
due to its transparency, which allows to observe microglia in
their natural environment under very rapid changes. In contrast,
most of the experimental approach using adult zebrafish include
brain fixation. The experimental data show that methods based
on ex vivo analysis of brain samples after different ways of
fixation can greatly affect the microglial morphology due to
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even small ischemic conditions upon preparations (56).
Therefore, in this case, methodology can artificially affect the
conclusions of the immune status of these highly dynamic cells.
Methods like live, real-time imaging on adult zebrafish brain has
been described (57); however, it is rarely used due to technical
challenges such as demand for a custom-built point-scanning
upright microscope (57). Therefore, in the present studies, we
decided to use well-described protocol (53) of in vivo microglia
observation in transgenic Tg(mpeg1.1:mCherryF)ump2 zebrafish
larvae. It has to be mentioned that primitive macrophages from
the yolk sac colonize the zebrafish brain from 48 hpf and rapidly
differentiate over the next 24 h (58). In the process of maturation,
larval microglia significantly upregulate the expression of
microglial core genes such as apoeb, p2ry12, hexb, and csf1r
(59) and downregulate the expression of lcp1 (L-plastin) (60).
Even though the core microglia genes and their expression
during microglia maturation have been studied in fish, little is
known regarding the markers that indicate their activation
during infection. Here, we demonstrated that TiLV infection
induces an upregulation of the expression of microglia/
macrophage markers csf1r and cd68 in the brain of adult fish
and apoeb in the larvae as well as the astrocyte marker gfap in the
larvae. In mammals, the activation of microglia during neuronal
death, injury, or infection, leads to the changes of the expression
of genes encoding specific cell markers but also to the change of
their morphology. Activated microglia have a circular, highly
motile, and phagocytic phenotype (61). In fish, microglia
activation has been investigated mainly during brain injury
(62). Here, we demonstrated for the first time the activation of
microglia during viral infection. TiLV-activated microglia
changed their shape from highly ramified cells present in
control larvae, to ameboid, spherical morphology. Similar
phenotype of activated microglia has been reported in
zebrafish due to phagocytosis of neurons (54) or bacteria (63).
It remains to be determined whether the activated microglia
observed in our study are also involved in the process of
phagocytosis brain cells possibly damaged by TiLV.

In conclusion, this is the first study presenting a
comprehensive analysis of the brain immune response
connected with microglia activation and subsequent sickness
behavior during systemic viral infection of zebrafish. We believe
that the extended knowledge of evolutionary conservation of
important ligands and receptors involved in the regulation of the
immune response within the nervous system and in inducing
behavioral changes will support the hypothesis regarding the
functional importance of these. In this context, zebrafish forms a
perfect model to identify fundamental ligands and receptors and
their evolutionary relationships.
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