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This study aims to demonstrate the applicability and importance of zebrafish (Danio rerio) model to study acute
and chronic inflammatory responses induced by different stimuli: carrageenan phlogogen (nonimmune); acute
infection by bacteria (immune); foreign body reaction (chronic inflammation by round glass coverslip implan
tation); reaction induced by xenotransplantation. In addition to the advantages of presenting low breeding cost,
high prolificity, transparent embryos, high number of individuals belonging to the same spawning and high
genetic similarity that favor translational responses to vertebrate organisms like humans, zebrafish proved to be
an excellent tool, allowing the evaluation of edema formation, accumulation of inflammatory cells in the
exudate, mediators, signaling pathways, gene expression and production of specific proteins. Our studies
demonstrated the versatility of fish models to investigate the inflammatory response and its pathophysiology,
essential for the successful development of studies to discover innovative pharmacological strategies.

1. Introduction
Inflammation is an essential body defense mechanism involved in
tissue restoration. This mechanism is composed of signaling molecules,
defense, and repair cells, with the objective of restoring the physiolog
ical balance, being an essential response for the body [1]. Although it is a
defense mechanism, the inflammatory response, when excessive, pro
longed, and uncontrolled, causes tissue damage and contributes to the
pathogenesis of acute and chronic inflammatory diseases such as rheu
matoid arthritis, multiple sclerosis, systemic lupus erythematosus and
stroke [2].
Advances in research in the medical field depend on studies

involving experimental animal models, and about 95% of the studies
carried out involve the use of mice and rats. Animal models are widely
used to understand the pathophysiological mechanisms in the inflam
matory process, the agents involved in diseases associated with
inflammation and, therefore, to investigate new drugs and therapies [3].
In this context, the zebrafish (Danio rerio) has demonstrated several
advantages over other species and may be an alternative to the use of
rodents or provide additional information when used as a model for
studies of inflammatory diseases [4–7], pharmacological and toxico
logical studies [8–12] and even the study of new drugs [13,14].
Among the advantages of using zebrafish for the development of
drugs, it is worth highlighting the reproductive capacity of these animals
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Fig. 1. Time curve of the phlogogenic effect induced by intracoelomatic injection of different concentrations of carrageenan (Cg), on the total number of leukocytes.
Each symbol represents the mean ± S.E.M. of the number of leukocytes counted in Neubauer’s chamber. * * p < 0.01 compared to the control group, * ** p < 0.001
compared to the control group (vehicle, sterile saline solution); ### p < 0.001 compared to the Cg treatment 1.75% (v / v).

resulting in a high number of individuals belonging to the same
spawning, transparent embryos, low cost of breeding and high genetic
similarity that favor translational responses to vertebrate organisms like
humans [15]. Zebrafish genome has been completely sequenced, sharing
high similarity with the human genome [16]. Recently, Forn-Cuní et al.
[5] demonstrated that the zebrafish inflammatory response can effec
tively reproduce the inflammatory process in a mammal. In addition, the
authors provided evidence that immune signaling pathways and gene
expression are well conserved throughout evolution. In research, just
like any animal, it is necessary to first understand its biology, physiology
and how the organism responds to pathological induction. Therefore, a
study on inflammation or on any subject postulates the standardization
of an animal model with controlled and reproducible parameters [17].
For the induction of inflammation in rodents, the administration of
carrageenan (Cg) is commonly used. Several animal studies have shown
that exposure to Cg causes inflammation, characterized by increased
vascular permeability, which leads to extravasation of plasma fluids and
migration of leukocytes to the inflammatory focus [18,19].
Classic experimental models in mammals have been used for decades
to study the evolution of the inflammatory response in both acute and
chronic phases. Some of these protocols have been successfully adapted

in fish and have served as an important way to assess the response of
teleosts during the evolution of the inflammatory reaction [20]. Among
them, there is the aerocystitis model, which mimics the pleurisy tech
nique in rodents, proving to be extremely effective for the study of acute
inflammation, as the swim bladder is a cavity organ, delimited, with
terminal circulation, easily accessible for inoculation of phlogogens and
collection of exudates to assess cellular components and fluids accu
mulated in the inflammatory focus, in addition to not having resident
leukocytes [21,22]. Another important model is the implantation of
glass coverslips in the coelomic cavity of fish, which induces a foreign
body-type chronic inflammatory response, resulting in the accumulation
of macrophages and the formation of multinucleated cells, called giant
cells [23,24].
Based on the importance of establishing new experimental models
and on the advantages of using zebrafish, associated with the experience
of our research group with the use of fish as biomodels, this study aims to
demonstrate the applicability and importance of this tool to study acute
and chronic inflammatory responses induced by different stimuli:
carrageenan phlogogen (nonimmune); acute inflammatory reaction
through aerocystitis induced by bacteria (Aeromonas hydrophila);
foreign body reaction (chronic inflammation by glass coverslip
Fig. 2. a) Time curve of the phlogogenic effect
induced by the intracoelomatic injection of
different concentrations of carrageenan (Cg) on
the enzymatic activity of n-acetyl-β-D-glucosa
minidase (NAG). Each symbol represents the
mean ± S.E.M. of NAG enzymatic activity
measured by optical density on weight in grams
(dO / g). * P < 0.05 compared to the control
group (vehicle, sterile saline solution);
* ** p < 0.001 relative to the control group
(vehicle, sterile saline); # p < 0.05 relative to
the Cg group 1.75% (v / v). ### p < 0.001
compared to treatment with Cg 1.75% (v / v).
b) Time curve of the phlogogenic effect induced
by the intracoelomatic injection of different
concentrations of carrageenan (Cg) on the
enzymatic activity of myeloperoxidase (MPO).
Each symbol represents the mean ± S.E.M. of
the MPO enzymatic activity measured by opti
cal density on weight in grams (dO / g).
* p < 0.05 compared to the control group
(vehicle, sterile saline); * ** p < 0.001 relative
to the control group (vehicle, sterile saline);
### p < 0.001 compared to treatment with Cg

1.75% (v / v).
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Fig. 3. Histological sections of liver injected
with saline (control; A) and carrageenan at
concentrations: 0.875% (B), 1.75% and (C) and
3.5% (D). In A the liver is observed with
eosinophilic cells, with central nuclei, under
physiological conditions. From B to D cells are
observed to be numb and vacuolated, with
some nuclei displaced to the periphery. In B,
mononuclear cells are seen inside the blood
vessel. In B and D mononucleated cells are
observed in the tissues. Caption: blue arrow:
cellular numbness followed by nuclear disloca
tion to the periphery; yellow arrowhead: tissue
leucocytes infiltrates; green ray: hypermyosia of
sinusoidal vessels. Sections stained with
hematoxylin-eosin. Objectives of 40 x; projec
tive 2 x. Bar = 80 µm.

implantation); inflammatory response induced by xenotransplantation.
2. Results
2.1. Experiment I. Inflammation induced by Carrageenan (Cg)
In this study, we injected carrageenan as a phlogogenic agent in the
coelomic cavity and the exudate was evaluated. It was observed that in
the concentrations of 3.5% and 1.75% there was a significant increase in
the number of total leukocytes compared to the control group. At the
concentration of 3.5% there was an extremely significant increase (p <
0.001) at all times compared to the control. The concentration of 1.75%
brought a significant increase at 3, 4 and 5 h after administration and the
concentration of 0.875% did not demonstrate a significant leukocyte
recruitment when compared to the control group. There was a difference
between the concentrations of 1.75% and 3.5% at all times, and the
concentration of 3.5% was able to induce a greater accumulation of
leukocytes in the coelomic cavity (Fig. 1). It is also possible to notice that
there was a peak of the inflammatory effect within 4 h after
administration.
In order to analyze the macrophage infiltrate, the activity of the NAG
enzyme (N-Acetylglicosaminidase) (Fig. 2a) was evaluated. It was
observed that the curves obtained with Cg at the different concentra
tions did not present a similar profile among themselves. At the 3.5%
concentration, NAG activity is greatly increased at 1, 2, 4, 5 and 6 h after
stimulation compared to the group receiving vehicle. It is possible to
notice that there was a peak of NAG dosage 1 h after its administration,
decreasing subsequently until the third hour, and increasing soon
thereafter. There were no differences in the treatments with Cg 0.875%
and Cg 1.75% in any of the times compared to the group that received
vehicle. There was a significant difference between treatments of 1.75%
and 3.5% at all times, and the concentration of 3.5% was able to induce a
greater activity of NAG.
Next, the activity of the MPO enzyme (Myeloperoxidase) was eval
uated to verify the neutrophil infiltrate (Fig. 2b). It was observed that
the curves presented a similar profile over time. The results show that
the MPO activity of the treatment that received 3.5% Cg is significantly

Fig. 4. Liver morphometric data 4 h after intracoelomatic injection of different
concentrations of carrageenan (Cg). The frequency of hepatocyte numbness (A)
and the frequency of leukocyte infiltrate (B) were qualitatively evaluated.

increased at all times compared to the vehicle receiving group, with a
peak of MPO activity 1 h after its administration, decreasing in the
second hour, increasing again in the third hour, and reducing soon
thereafter. No difference was observed in the treatment of 0.875% over
3
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Fig. 5. Histological sections of mesentery injected with saline (control; A) and carrageenan at concentrations: 0.875% (B), Cg 1.75% and (C) and Cg 3.5% (D). In A it
is observed mesentery with adipose cells and normal pancreatic tissue, absent of mononuclear cells in the conjunctive part. From B to D, leukocyte infiltrates are
observed. In D there are numerous leukocyte infiltrates in the adjacent musculature. Caption: yellow arrowhead: leukocyte infiltrates in the tissues, either in the
muscle or between the adipocytes in the connective portion. Sections stained with hematoxylin-eosin. Objectives of 40 x; projective 2 x. Bar = 80 µm.

time compared to the group that received vehicle, but there was an in
crease in the first hour with the concentration of 1.75%. Except for the
fifth hour, there was a significant difference between the concentrations
of 1.75% and 3.5% at all times, with the concentration of 3.5% inducing
a higher MPO activity.
In order to evaluate microleaks in the organs, once the experiments
with the Neubauer chamber identified the leukocyte peak in the fourth

hour post stimulus, histological slides of 4 animals were performed for
histological and morphometric analysis of the liver, intestine and mes
entery at this peak time.
We observed the characteristic of the hepatic parenchyma in or
ganisms injected with vehicle, and with Cg in the concentrations of
0.875%, 1.75% and 3.5% (Fig. 3). The livers of animals injected with the
vehicle alone had hepatocytes presenting polygonal shape with

Fig. 6. Morphometric data of the mesentery 4 h after intracoelomatic injection of different concentrations of carrageenan (Cg). The frequency of fields with
leukocyte infiltrate were morphometrically evaluated. Each symbol represents the mean ± S.E.M. of the observed frequency. * * p < 0.01 relative to the control
group (vehicle, sterile saline).
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Fig. 7. Kinetics of immune response in carrageenan 3,5% (CG) stimulated zebrafish (Danio rerio) tissues and gene expression. (A) carrageenan injection site. (B)
Representative images of fish expression gene of NRF2, Interleukin 1β (IL-1β), Tumor necrosis factor α (TNF-α) and nitric oxide synthase (iNOS) times after of
induction. (C) Representative images of fish tissues stimulated after 4 h with 3.5% GC and MHC class II positive immune stained (MHC II), Interleukin 1β (IL-1β),
Tumor necrosis factor α (TNF-α) and nitric oxide synthase (iNOS) and morphometric analysis of immunoblotted positive cells with the aforementioned markers.
Staining: Brown: DAB (3,3-diaminobenzidine) and Harris Hematoxylin. Bar 50 µm.

intensely eosinophilic cytoplasm and purplish, spherical, and central
nucleus (Fig. 3A). It was observed a low frequency (or absence) of
numbness and minimal presence of leukocyte infiltrates (Fig. 3 B, C and
D). These findings are similar to those described by Goessling & Sadler
(2015) in normal zebrafish and described by Honorato et al., 2014 for
other teleosteal fishes.
In animals injected with Cg, it is noticed that as the concentration
increases, the frequency of hepatocytes with a characteristic cyto
plasmic vacuolation is increased, followed by numbness (Fig. 4A). There
is a decrease in eosinophilia observed in animals treated with Cg at
concentrations of 1.75% and 3.5%. The nuclei presented displacement
to the periphery mainly in the concentrations of 1.75% and 3.5%

(Fig. 3C and D). At the concentration of 0.875%, there is an infiltrate of
mononuclear cells near the vascular endothelium. By the morphometry
performed, an index of extreme leukocyte infiltrates was observed in
half of the animals treated with Cg at concentrations of 1.75% and 3.5%
and in one third of the animals treated with Cg at concentrations of
0.875% (Fig. 4B). At the concentration of 3.5%, there is obliteration of
the sinusoidal blood vessels present in the liver (Fig. 3D).
The mesentery present in the coelomic cavity of the vehicle receiving
group showed connective tissue rich in adipose cells and dispersed
pancreatic acini clusters (Fig. 5A) and low frequency of infiltrated leu
cocyte cells observed (Fig. 6). All these characteristics are in accordance
with the literature described in physiological conditions for zebrafish

Table 1
Mean values and ANOVA1 Total and diferential leucocytes counts of Danio rerio challenged by Aeromonas hydrophila in different times.
Period
(HPI)

2

6
12
18
24
36
48
F value
Pr > F3
110.57

Leukocytes

Thrombocytes
3

Lymphocytes
4

Neutrophils
4

Monocytes

3

10 /μL

10 /μL

R

A

R

A

R

A

14.05B
53.62 A
9.38B
71.73 A
54.69 A
49.68 A
5.61
0.0004
110.58

45.44 A
35.17AB
19.38B
46.11 A
51.19 A
52.79 A
2.30
0.0586
110.59

47.55 C
83.50AB
71.00B
85.85AB
88.63 A
88.09 A
9.21
< .0001
110.60

7160B
37229AB
5620B
44582 A
47507 A
43983 A
7.20
< .0001
110.61

45.55 A
13.83BC
26.66B
12.14BC
9.54 C
8.27 C
7.58
< .0001
110.63

5874.44 A
8361.60 A
3586.66A
7447.00 A
6377.63 A
4122.90 A
0.45
0.8111
110.64

6.88 A
2.66B
2.33B
2.00B
1.81B
3.63B
2.53
0.0414
110.66

1021.11AB
1276.66 AB
182.22B
1387.71 A
812.63AB
1580.63 A
1.79
0.1339
110.67

110.62

1

Means (n = 10) followed by the same letters in the column do not differ by the t-test (p < 0.05).
HPI = Hours post-infection.
3
Pr>F: probability of significance of F; CV: Coefficient of variation.
4
R- Relative percentage values; A – Absolute cell counts.
2

5

110.65
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Table 2
Mean values and ANOVA1 Total and differential counts of inflammatory cells present in the swim bladder of Danio rerio challenged by Aeromonas hydrophila in different
times.
Period

Total

Lymphocytes

(HPI) 2

Cells

R4

A4

Granulocytes
R

A

Macrophages
R

A

Thrombocytes
R

A

6
12
18
24
36
48
F value
3
Pr > F
3
C. V.

29318.18B
78333.33AB
128727.27 A
17045.40B
24363.62B
29000.08B
7.39
< .0001
162.88

37.62AB
29.16B
40.04AB
37.45AB
48.45 A
51.70 A
1.91
0.1082
40.61

11023.63B
22841.99B
51542.39 A
6383.50B
11804.17B
14993.04B
11.70
< .0001
134.92

30.98B
33.33B
47.66AB
53.00 A
41.18AB
31.70B
3.50
0.0082
39.19

9076.90B
26108.49B
61351.41 A
9034.06B
10032.93B
9193.02B
6.59
< .0001
195.86

14.70B
35.83 A
6.87B
5.45B
7.27B
14.70B
6.89
< .0001
93.39

4309.77B
28066.83 A
8843.56B
928.97B
1771.23B
4263.01B
2.82
0.0245
430.27

16.74 A
1.66B
5.40B
4.09B
3.09B
1.90B
7.20
< .0001
116.22

4907.86AB
1300.33B
6951.27 A
697.15B
752.83B
551.00B
3.51
0.0080
245.47

1

Means (n = 10) followed by the same letters in the column do not differ by the t-test (p < 0.05).
HPI = Hours post-infection.
3
Pr>F: probability of significance of F; CV: Coefficient of variation.
4
R- Relative percentage values; A – Absolute cell counts.
2

Mononuclear cells were observed in the conjunctival portion at higher
frequency in Cg treated animals (Fig. 5 B, C, D and Fig. 6). At the con
centration of 3.5% (Fig. 5 D), cellular infiltrate can also be seen in the
adjacent muscle.
Then, the expression of the inflammatory genes induced by carra
geenan was investigated in a zebrafish model with a concentration of
3.5% (Fig. 7B). Tumor necrosis factor-α, (TNF-α) mRNA expression at
the injection site increased 1 h after carrageenan inoculation and slowly
decreased over the subsequent hours. However, it was still detected after
4 h (Fig. 7B). In addition, nuclear factor 2 related to erythroid factor 2
(NRF2) and inducible nitric oxide synthase mRNA (iNOS) showed
moderate expression 1 h after challenge (Fig. 7B). On the other hand,
the expression of the interleukin 1-beta (IL-1β) gene had a transient
reduction in the first two hours, and after the third hour of challenge,
there was a significant expression of mRNA. To confirm the gene
expression data, liver, spleen, and kidney were evaluated for the
expression of TNF-α, IL-1β, iNOS and MHC II proteins. Corroborating
gene expression, injection of 3.5% carrageenan increased the production
of IL-1β, TNF-α and iNOS in liver, spleen and kidney (Fig. 7C). In the
kidney, renal tubules and vascular endothelium were immunoreactive
for IL-1β and iNOS, results already expected due to the physiological
production of inflammatory mediators in this area. There was also a
significant increase in MHC class II positive cells compared to the control
group (Fig. 7B and C).

times. After the challenge we observed a significant decrease (p < 0.05)
in total leukocyte counts during acute aerocystitis with 6 and 18 h after
challenge. However, the lowest counts were observed with 18 h after
challenge (Table 1), marked by a significant decrease (p < 0.05) in the
number of lymphocytes and monocytes.
In D. rerio swim bladder exudate, there was a significant increase
(p < 0.05) in the recruitment of leukocytes over time and macrophages
12 h after challenge, both in relative percentage values and in absolute
counts (Table 2). In addition, D. rerio exudate showed a significant in
crease in thrombocytes in relative percentage values (p < 0.05) and in
absolute counts in the most acute phase with 6 h after challenge. There
were no significant variations (p > 0.05) in absolute neutrophil counts
in all periods observed.
2.3. Experiment III. Foreign body reaction (Chronic inflammation
induced by a glass coverslip)
In this study, we implanted a 3 mm round glass coverslip as an in
flammatory agent in the coelomic cavity and characterized for the first
time in zebrafish the chronic inflammatory response. In this assay, after
a coverslip implantation, we evaluated the total white blood cell count
present in the blood at different times and inflammatory cells in the glass
coverslip.
In the hematological analysis (Fig. 8) no significant erythrocyte and
thrombocytic differences were observed between the periods, but in the
evaluation of the white blood cell count (Fig. 9) it was possible to see
higher values of the total number of leukocytes in the first two periods
followed by a fall, with its peak in 48 h; intermittent values of fall in the
periods of 72, 96 and 120 h, and elevation in 48 and 96 h of lymphocytes
and monocytes and elevated counts of neutrophils in the first period of

2.2. Experiment II. Inflammation induced by a bacterial agent
In this assay, we injected a bacterial agent into the swim bladder and
evaluated the total and differential leukocyte counts present in the blood
and exudate of zebrafish challenged by Aeromonas hydrophila at different

Fig. 8. – Mean values ( ± S.E.) for total Erythrocytes (A) and Thrombocytic cells (B) in different times. ANOVA is represented in small letters and differente letters
show significant difference t-test (p < 0.05).
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Fig. 9. Mean values ( ± SD) for total leukocyte counts (A) and relative (red) and absolute (black) differential count of monocytes (B), neutrophils (C) and lym
phocytes (D) at different times. The analysis of variance is represented by lowercase letters for comparison between treatments and different letters indicate a
significant difference by the t-test (p < 0.05).

the experiment, preceeded by a fall.
Then, we evaluated the accumulation of macrophages present on the
coverslips at different periods. After implantation there was an increase
in the accumulation of macrophages over time after implantation, as
shown in Fig. 10. Such differences were evidenced, mainly, in the
accumulation macrophages (1 nucleus) in the first two periods, followed
by a decrease, and with a new increase in the period of 96 h; 3–4 and ≥ 5
nuclei were observed only in periods of 48 and 96 h. Upon analyzing the
slides, the formation of a multinucleated giant Langerhans cell (LGC)
96 h after implantation was observed.

response. In these studies, the inflammatory response was characterized
by the formation of edema in the abdominal region and accumulation of
inflammatory cells in the exudate both in the phlogogen model and in
the bacterium-induced model, gene expression and production of pro
teins associated with the inflammatory process. Furthermore, the find
ings reported here foreign body reaction are pioneering, as we describe a
new and useful zebrafish model to investigate the inflammatory
response and possible use to study drugs and discover new innovative
pharmacological tools.
In the first trial, a peak of leukocyte accumulation in zebrafish
occurred after 4 h of Cg 3.5% injection corroborating the findings of [7,
25]. These findings are relevant when considering the search for new
substances with anti-inflammatory potential.
Both Cg concentration of 1.75% and 3.5% demonstrated the 4 h
peak. This 4 h interval is also observed in rodents. There is an increase in
white blood cells, nitric oxide products (nitrites and nitrates), myelo
peroxidase, interleukin-1 (IL-1) and local and systemic exsudate [26].
Ekambaram et al. [25] reported an increase in abdominal volume, TNF-α
and iNOS and in cellular infiltrate in the abdominal muscle after 4 h of
3.5% Cg injection.
N-Acetylglicosaminidase (NAG) is a hydrophilic lysosomal enzyme
responsible for breaking chemical bonds of glycosides that form struc
tural components in many tissues. It is responsible for eliminating
cellular waste, including the cell membrane. Its release probably occurs
by lysosomal exocytosis [27]. It is produced by macrophages [28], that
also release pro-inflammatory interleukins and chemokines, ROS and
reactive nitrogen intermediates, such as nitric oxide in the inflammatory
process. Its activity is related to a variety of pathologies associated with
macrophage-mediated inflammation, such as diabetes, systemic lupus
erythematosus, microangiopathies and neoplasms, stomach, liver,
breast and pancreas cancer [29]. NAG is commonly measured and is an
indicator of damage to the tubular epithelium [29]. Therefore,
measuring NAG activity is an indirect indicator of the presence or acti
vation of macrophages in tissue during the inflammatory process [28].
In this study, 3.5% Cg initially increased NAG activity in the first two

2.4. Experiment IV. Inflammation induced by xenotransplant
In this experiment, we performed a xenotransplantation of human
breast tumor cells into the zebrafish coelomic cavity and analyzed the
inflammatory response and non-invasive tumor development analyzed
in 3 times over 21 days (T7 days, T14 days and T21 days). The xeno
transplantation assay of tumor cells in adult zebrafish revealed that,
regardless of the time evaluated, all animals showed cell fluorescence in
the same region where the tumor cells were injected after 14 and 21 days
after implant. Over time, measurement of the fluorescence area indi
cated an increase of tumor proliferation (Figs. 11 and 12). Histological
results confirmed the presence of tumor cells in addition to an inflam
matory response with tumor capsule formation (Fig. 11). In the liver,
melanomacrophagic centers were observed and increased vasculariza
tion and pigmentation change around its capsule showing an increased
inflammatory infiltrate, demonstrating a response of the immune system
(Fig. 11).
3. Discussion
We demonstrated in a series of sequential experiments a model of
inflammatory response (acute and chronic) in zebrafish. Therefore, we
performed numerous experiments to understand the mediators and
cellular responses involved in the acute and chronic inflammatory
7
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Fig. 10. Mean values ( ± SE) transformed into (Log x + 1) for total and differential counts of macrophages fixed and polykarions on the implanted glass coverslip in
Danio rerio at different times. The analysis of variance is represented by lowercase letters for comparison between treatments and different letters indicate a sig
nificant difference by the t-test (p < 0.05). Photomicrograph of macrophages, giant cells, and Langhans-type multinucleated giant cell (LGC) observed under a 400x
optical microscope and stained with Hematoxylin & Eosin.

hours, falling within 3 h and returning within 4 h. This first "wave" may
be the number of macrophages activated, as suggested earlier, to help
signal inflammation. The second "wave" would represent the activity of
macrophages during tissue repair. This confirms previous data demon
strating that an increase in NAG is part of the inflammatory process, and
our results are in agreement with those reported in the literature [28,
29].
Myeloperoxidase (MPO) is a cationic enzyme composed of two
identical dimers connected by a bisulfite bridge, with functionally
identical heme groups. It is predominantly found in neutrophils, repre
senting more than 5% of the cell’s total protein content. It is released
from neutrophil azurophil granules, by different agonists, contributing
to the body’s innate immune response to infections [30]. MPO catalyzes
H2O2 formed during oxidative metabolism, as well as chloride ions (Cl-)
to generate hypochlorous acid (HOCl), a more potent cytotoxic oxidant.
This enzyme also catalyzes the formation of hypothiocyanate, oxidizes
phenols and anilines. This is an important defense mechanism.
However, this substance also promotes oxidative damage to the host
tissue, enzyme inactivation, protein crosslinking, amino acid oxidation
and, consequently, causes tissue damage at sites of inflammation [30,
31]. MPO activity is related to several pathological conditions associated
with neutrophil-mediated inflammation, such as atherosclerosis, rheu
matoid arthritis, asthma, cancer, endothelial dysfunction, coronary ar
tery disease, and inflammatory bowel disease [30,31]. Injection of Cg
resulted in a concentration-dependent increase in MPO enzyme levels. It

was observed an increase in MPO activity 1 h after administration of the
treatments, decreasing slightly in the second hour and rising again in the
third hour, decreasing immediately thereafter. The MPO activity of
animals that received Cg at a concentration of 3.5% was significantly
increased at all times compared to the group that received vehicle, and
at a concentration of 1.75%, a significant increase was observed only in
the first hour. This shows that the effects of the 3.5% concentration are
more intense, triggering a more pronounced inflammation, which can be
observed and corroborated by the results with the Neubauer chamber
experiment. As neutrophils are one of the first groups of defense cells to
migrate to the inflamed site, this finding is in agreement with what has
been reported in the literature [32].
Subsequently, the histological observations of the images that
received Cg in different concentrations showed a worsening of the
morphology of the organs, in addition to intense changes evaluated
morphometrically. These findings are similar to those described by Prata
et al. [7] in zebrafish.
The alterations observed with the use of Cg, such as cell dormancy,
cytoplasmic vacuolization, and nuclear displacement in the liver. Ac
cording to Gayão et al. [33], the displacement of the nucleus to the
periphery is an indication that the cell has altered metabolic activity.
Numbness of hepatocytes and vacuolization within the cytoplasm
resulted in obliteration of hepatic vessels, nuclear displacement, and
decreased eosinophilia. Cytoplasmic vacuolization indicates the exis
tence of regions with a probable concentration of glycogen and lipids, or
8
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Fig. 11. Xenotransplant of the breast cancer cells (MDA-MB-231) GFP positives and injected into the celomic cavity of the fish (20 μL containing 2000 cells).
Xenotransplantation of MDA-MB-231. Fluorescence area measurements demonstrated tumor cells.

the association of toxic agents with intracytoplasmic lipids. Lipid
accumulation and decreased glycogen can impair the metabolic activ
ities of hepatocytes and trigger hepatotoxicity [33]. Fish liver is sus
ceptible to chemicals due to slow blood flow relative to the cardiac
output. In fact, the biliary excretion of fish is about 50 times slower than
that of mammals, making the elimination of toxic products more
time-consuming. Toxic substances such as Cg, which reach the liver
through the bloodstream, exert their effects on hepatocytes for a longer
period than in mammals, directly modifying their morphology and
physiological functions [34]. Due to the aggressive condition, leukocyte
infiltrates were observed in vessels and tissues, which, according to the
literature, is characteristic of an inflammatory process [34].
The mesentery is a fan-shaped organ composed of dense connective
tissue, blood and lymph vessels, adipose tissue, and nerves. It helps
support the intestine in the abdominal cavity [35]. It is common in fish
for the pancreas to be very close to the liver and, in the case of zebrafish,
in the mesentery [35]. With the use of Cg, a greater number of mono
nuclear cells in the connective tissue was observed. It is reported in the
literature that mesenteric lymph nodes regulate the migration of leu
kocytes such as B, T, NK (natural killer) and dendritic cells close to the
intestinal mucosa through stimuli, although these mechanisms have not
yet been fully elucidated [35]. This could be a hypothesis to justify the
increase in mononuclear cells with the injection of the phlogogenic
agent Cg. Consistent with the results obtained in the count of inflam
matory cells in the Neubauer chamber, when the peak of action was
found 4 h after inflammatory stimulation, there was at this period a

leukocyte increases as well as significant lesion in the organs of the
coelom cavity, dose dependent.
In experiment II, we observed a decrease in circulating leukocytes.
These results in zebrafish are different from those observed in other
teleosts submitted to this same experimental assay (aerocystitis), as both
pacu (Piaractus mesopotamicus) and Nile tilapia (Oreochromis niloticus)
that showed a peak cell accumulation in the inflamed focus within 24 h
[23,24]. In the inflammatory reaction of mammals and teleost fish, large
amounts of macrophages migrate to the inflamed focus later, and these
cells are the object of chronic inflammatory processes studies such as
foreign body and granulomatous inflammation [23,36].
In acute aerocystitis, it is possible to detect real-time leukocyte
recruitment at the inflammatory site after bacterial infection, with a
significant increase in leukocytes and thrombocytes in the exudate.
Likewise, circulating leukocytes and thrombocytes had the lowest
counts 18 h after challenge, corroborating the findings of the exudate
which, in this period, had the highest values, suggesting the occurrence
of diapedesis and cell migration to the inflamed focus. Reque et al. [21]
and Claudiano et al. [22] found similar results in tilapia and pacus,
respectively, clearly demonstrating the importance of thrombocytes in
the initial phase of the inflammatory response. According to these au
thors, unlike platelets in mammals, thrombocytes from teleost fishes, in
addition to their activity in the blood coagulation process, play an
important role in innate immunity. Despite the controversy in the
literature, some authors believe that the thrombocytes of teleost fish
even have phagocytic capacity [37], although in the most acute phase
9
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Fig. 12. Light microscopy of H&E-stained zebrafish histological sections. In A, B, C and D, we observe at different magnifications, a cell mass (highlighted in red and
blue) with typical characteristics of tumor cells (14 days). In D, at higher magnification, we observe that the mass of cells with tumor characteristics show red
fluorescence from the Cell Mask. The xenograft was performed with human breast cancer cells (MGSO-3) labbed by Cell Mask. Sp – spleen, Li – liver, In – intestine, Pa
– pancreas.

found that macrophage fusion required mannose receptors (MR) that are
highly stimulated by IL-4, as well as the participation of the macrophage
endoplasmic reticulum during the cell fusion process, after approxima
tion of these structures to the mannose receptors. Such coupling mech
anism presents characteristics similar to those observed in the
phagocytosis process [47,48]. According to McNally and Anderson [49],
Langhans giant cells (LGC) with circular or semi-circular nuclei
arrangement are induced by IFN-γ in the presence of a macrophage
maturation factor, such as GM-CSF, M -CSF or IL-3. The antioxidant
vitamin E (90% α-tocopherol) induced macrophage fusion and increases
IL-4-induced FBGC formation [49]. Similar responses were observed in
fish, Belo et al. [50] demonstrated increase in macrophage accumulation
and giant cell formation in pacus supplemented with vitamin E.
As observed in mammals, fish showed the same kinetics of macro
phage accumulation and cell fusion to form multinucleated cells. In the
initial phase of the process, few macrophages attach to the coverslip,
with the course of inflammation the accumulation increases and starts
the formation of multinucleated cells, which become giants in later
phases. In this experimental trial carried out for the first time in
zebrafish, it was possible to observe the same kinetics os cell accumu
lation on the glass coverslip, but it is noteworthy that the course of the
inflammatory process was shorter and resulted in the formation of FBGC
and Langhans Giant Cells (LGC) within 96 h (4 days) when compared to
8 days observed in tilapia (Oreochromis niloticus) [24,51,52] and 15 days
in pacus (Piaractus mesopotamicus) [44,45,50]. A hypothesis to justify
such findings assumes that these fish taxonomically belong to distinct
families, and they are on different phylogenetic scales.
In zebrafish, the absence of macrophages observed in the last period
can be explained by the high healing stimulus found at the coverslip
implant site, causing the influx of neutrophils and macrophages to this
region to increase the demand for oxygen, with a consequent increase in
the concentrations of lactic acid and pH drop. This combination of
hypoxia, low pH and high concentrations of lactic acid activates the

there was an increase in the relative percentage values of neutrophils
and these values were decreasing with the evolution of the inflammatory
process. These granulocytes play an important role in acute inflamma
tion [38,39].
Neutrophils are the earliest present leukocyte cells in the injured
sites [3,40]. Thus, a high concentration of granulocytic cells represents a
transition from its acute phase to a chronification of the inflammatory
process.
In experiment III, the presence of a foreign body, in this case a round
glass coverslips implanted inside the coelomic cavity, causes macro
phages, besides being involved in normal healing, be also responsible to
the recognition of foreign surfaces [41]. Coverslip implantation in lab
oratory animals causes multinucleated giant cells by the fusion of the
cell membranes of macrophages derived from monocytes originated in
the bloodstream [42]. The implantation of glass coverslips in the sub
cutaneous tissue or in the peritoneal cavity of rodents became a classic
model for studying foreign body inflammation, as macrophages adhere
to glass coverslips, even allowing the observation of giant cell formation
[43]. In the early 2000 s, this model was successfully adapted to fish by
our research group [44,45], since fish macrophages also attach to cov
erslips, allowing us to assess in vivo the kinetics of cellular accumula
tion, as well as the formation of foreing body giant cells (FBGCs).
Studies of chronic inflammation during foreign body reactions
describe the presence of macrophages and formation of multinucleated
giant cells at the interface of an implanted medical device, prostheses
and biomaterials (Anderson et al., 2008). In human medicine, this de
fense response can impact the biocompatibility of implanted devices in
tissue engineering and regenerative medicine, needing to clearly
establish the pathophysiological mechanisms, which depend on the
nature of the implanted biomaterials [41].
McNally and Anderson [46] demonstrated the formation of giant
cells by the fusion of macrophages derived from human monocytes after
induction with IL-4 and IL-13. In subsequent studies, these authors
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synthesis of an important stimulator of extracellular matrix such as TGFα by macrophages and fibroblast proliferation [52]. These findings
suggest that the implant site may have influenced the progression of the
foreign body response as well as the beginning of a healing response.
This fact can be seen in the large amount of fibrin present in the 120 h
cover slips, making cell quantification impossible.
The rate of macrophage migration to the implanted glass coverslip
depends on the nature of the inflammatory reaction and the connective
tissue surrounding it. As demonstrated by [43], the inoculation of live
BCG (Bacille Calmette-Guerin, Moreaux strain) at the coverslip implant
site causes a drastic reduction in the formation of giant cells, reduction
in the number of nuclei/giant cell and blockade the Langhans giant cell
formation. This phenomenon can be explained by the induction of the
inflammatory process caused by live BCG being of high turnover. The
opposite occurs with the inoculation of carrageenan, as this substance
induces the formation of granuloma with low renewal. Studies per
formed by our research group described and characterized the kinect of
cellular accumulation, as well as cellular components during the evo
lution of chronic granulomatous inflammation in the teleost fish pacus
(P. mesopotamicus) induced by BCG, revealing with the use of cell
markers S-100, iNOS and cytokeratin that fish granuloma presents the
same cell organization observed in mammals (Manrique et al., 2015;
2017).
Exploiting multiple pharmacological inhibitors, [49] studied the
participation of phospholipase A2, cyclooxygenase, or lipoxygenase in
the mechanism of vacuolar-type ATPase, microtubules and the endo
plasmic reticulum (ER) in macrophage fusion, and they confirmed the
calcium-independent phospholipase A2 (iPLA2) expression in macro
phages/FBGCs. In the teleost fish pacu, the glucocorticoid effect exerted
by high circulating cortisol levels resulted in a significant decrease in
macrophage accumulation on glass coverslips, as well as in the forma
tion of FBGCs [45,50], and the treatment with dexamethasone demon
strated the same suppressive effect in tilapia [54]. Our research group
has been studying the participation of zafirlukast (cysteinyl leukotriene
receptor antagonist) and celecoxib (cyclooxygenase-2 inhibitor) in the
formation of FBGCs during a foreign body reaction in fish. Preliminary
results demonstrate the participation of both drugs in the kinetics of cell
accumulation and formation of multinucleated cells (unpublished data).
The treatment with cyclophosphamide modulated acute phase proteins
and suppressed macrophage accumulation, as well as polykarion for
mation on glass coverslips during foreign body reaction in the teleost
fish tilapia [24]. On the other hand, tilapia treated with levamisole
presented increase in the macrophage accumulation and giant cell for
mation on the glass coverslips [54].
The results observed in this study with zebrafish are very promising,
and we believe that significant progress can be made using fish model in
determining macrophage fusion factors, signaling pathways, adhesion
receptors/proteins, and fusion mechanisms for FBGC formation. Thus,
becoming an important alternative tool for studying the foreign body
reaction.
In Experiment IV, the use of zebrafish provides a precision to assess
the inflammatory response that is of utmost importance in oncology
both for evaluating the effectiveness of a treatment and for recognizing
the specific clinical, genetic, and molecular inflammatory characteristics
of each patient. It provides some advantages such as non-invasive im
aging, transgenesis and high-throughput mutagenic assays [54,55].
The zebrafish response to xenotransplantation allows experiments to
be of low cost, small size, and because of embryo transparency and rapid
external development makes studies completed in days to weeks rather
than weeks to months, as is often the case with mammal models [16,44,
46,57,58].
In this context, the zebrafish has shown several advantages over
other species, such as rodents or provide additional information when
used as a model for cancer studies. Interestingly, each fish became a tiny
AVATAR model of a patient’s cancer [58]. Similar cancer avatars have
been created with mice, but the fish approach may be faster and

cheaper, making it accessible to more patients. Zebrafish may have a
unique niche in cancer treatment. We believe that the use of zebrafish
can improve advances in cancer treatment in humans and that Zebrafish
can be used in the near future to study new therapies in cancer
treatment.
Our four experimental designs presented with zebrafish demonstrate
the robustness and versatility of this biomodel to study acute and
chronic inflammation. According to Strange [59], zebrafish represents a
powerful tool for drug discovery, as they provide particularly unique
opportunities for identifying targets and leads discovery of drug candi
dates. Thus, drug discovery guided by the phenotype in the context of a
whole organism can be used to discover compounds that modify the
phenotype of the disease, regardless of the specific molecular target. It is
noteworthy that the development of many drugs in use today was guided
by the phenotype in whole organisms [4]. As an example of the enor
mous potential of zebrafish in drug development, 16,320 compounds
were screened in 16 weeks, around 1000 of compounds per week, in
embryos crb mutant which presented increased number of mitotic cells
and high rate of cancer [60]. Zanandrea et al. [61] in a comprehensive
and complete review strengthen that the Zebrafish models of inflam
mation and nociception are responsive to treatment with classical ste
roidal and nonsteroidal anti-inflammatory drugs (NSAIDs) such as
aspirin, emphasizing the applicability and the benefits of this organism
in inflammation research. A review by Xie et al. [62] shows a very useful
table of existing or clinically approved drugs (drug repositioning) that
were screened for their ability of suppressing neutrophil recruitment in
the zebrafish tail wounding assay. Natural products are also a rich
source for drug discovery such as extracts from the medicinal herb
ginseng (Panax ginseng) that have been shown to have an inhibitory
effect on the infiltration of leukocytes [63]. In addition the results of
Prata et al. [7] shows that the peltatoside extracted from a medicinal
plant had anti-inflammatory effects both in rodents and zebrafish.
All models (including mammals, non-mammals, cell and tissue cul
tures, and in vitro assays) have strengths and weaknesses for under
standing human disease and drug discovery. An interdisciplinary
approach involving different models can improve the understanding of a
disease, its therapeutic targets, mechanisms of action and toxicity,
reducing the probability of failure and minimizing the high costs for the
development of new drugs [59].
4. Conclusion
In addition to the advantages of presenting low production cost, high
prolificity and transparent embryos, zebrafish (Danio rerio) proved to be
an excellent experimental model for studies of acute and chronic
inflammation, allowing the evaluation of edema formation, accumula
tion of inflammatory cells in the exudate, mediators, signaling path
ways, gene expression and production of proteins associated with an
inflammatory reaction. Our studies demonstrated the versatility of fish
models to investigate the inflammatory response and its pathophysi
ology, essential tools for the successful development of studies to
discover innovative pharmacological strategies.
5. Material and methods
5.1. Zebrafish and conditioning
350 adult zebrafish (≥ 6 months), male and female, with an average
weight of 1.0 g ± 0.29 and from the same spawn were used. To this end,
the animals were randomly distributed in 4 trials (I-phlogogen, II bacteria, III- chronic and IV cancer) and allocated in 35 aquariums
(n = 10), with a capacity of 5 L of water each, supplied with running
water devoid of chlorine and belonging to the creation system of the
Pharmacology Laboratory, following the international maintenance
standards established by Westerfield [64]. The animals were kept in a
system with artificial aeration, with a water flow of 1 L min-1, controlled
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temperature of 27 ºC (12 h light:12 h dark photoperiod) and equipped
with an ultraviolet lamp. After being transported to the aquariums, the
fish were acclimated for 15 days so that the plasmatic concentration of
cortisol and osmolarity returned to basal levels. In the first three days of
acclimatization, the animals were bathed in a NaCl solution at a con
centration of 6.0 g L-1. The fish received pelleted commercial diet (32%
crude protein), twice a day, in the morning (8:00 am) and in the after
noon (6:00 pm), corresponding to 3% of the aquarium biomass. The
water quality remained within the parameters suitable for the comfort of
the species, according to Westerfield (2007), (OD = 6.0 ± 0.123 mgL-1:
pH = 7.2 ± 0.78 and electrical conductivity = 110.10 ± 10.30 μS cm1
).

a 20 μL aliquot of the coelomate lavage was placed in a 2 mL capacity
microtube together with 180 μL of Turk’s solution and then a 20 μL
aliquot was removed and transferred to a Neubauer chamber for total
count of leukocytes under optical microscope in final magnification of
100x. Counting was performed in the four lateral quadrants. The mean
of the four counts was calculated and the number of leukocytes found
was expressed as cells per well x 104, corresponding to the dilution and
depth of the Neubauer chamber. This process was based on the meth
odology of Ferreira and collaborators [65].
5.3.4. Evaluation of the enzymatic activities of Myeloperoxidase (MPO)
and N-Acetylglicosaminidase (NAG)
For the verification of macrophages and neutrophils present in the
inflammatory process, MPO and NAG, which are enzymes released by
neutrophils and macrophages, respectively, were performed [28]. Each
animal was processed whole in a 15 mL capacity falcon tube together
with a cytokine extraction buffer (NaCl 23.4 g/L, Tween 20 in 500 μL/L,
BSA 5 g/L, PMSF 17 mg/L, benzalkonium chloride 44.8 mg/L, EDTA
372 mg/L, aprotinin 20 μL/L.; 1 mL for each 100 mg sample). They
were then centrifuged for 10 min at 4 ◦ C at 10,000 rpm. The supernatant
was discarded, and the pellet resuspended using Buffer 1 solution (0.1 M
NaCl, 0.02 M Na3PO4 and 0.015 M Na2 EDTA) in a ratio of 1.0 mL /
100 mg of tissue and centrifuged for 10 min at 4 ◦ C at 10,000 rpm. The
content of each sample was divided into 2 tubes, one for dosing of MPO
activity and one for dosing of NAG activity. Again, centrifugation was
carried out for 10 min at 4 ◦ C at 10,000 rpm.
For the evaluation of NAG, the supernatant was removed and the
pellet 0.9% saline / Triton x-100 [C14H22O (C2H4O) n] 0.1% resus
pended in the ratio of 1 mL per 100 mg of sample. It was centrifuged for
10 min at 4 ◦ C at 3000 rpm, and the supernatant was collected. A 100 μL
aliquot of each sample was pipetted into a 96-well plate in duplicate plus
100 μL of citrate / phosphate buffer (0.1 M citric acid and 0.1 M
Na2HPO4), two wells containing only the buffer citrate / phosphate,
corresponding to white. 100 μL of the substrate p-nitrophenyl-N-acetylβ-D-glucosaminide (0.767 mg / mL diluted in citrate / phosphate buffer)
was added, the plate incubated for 10 min at 37 ◦ C. Then, 100 μL of
glycine buffer (0.8 M glycine, 0.8 M NaCl and 0.8 M NaOH) was added
and the NAG activity was measured using the Biotek ELX800 plate
reader (BioTek Instrument) at 405 nm of absorbance, coupled to Gen 5
software (BioTekInstrument), for data analysis. The mean of the values
obtained from each duplicate for the dosage of enzyme activity was
used. Values were expressed as optical density per gram of proteins (dO/
g).
For determination of MPO activity, the supernatant was discarded,
and the remaining precipitate was resuspended with Buffer 2 (0.05 M
Na3PO4 and 0.5% w/v HETAB) in the ratio of 1 mL per 100 mg. The
samples were homogenized, frozen in liquid nitrogen and thawed in
water at room temperature, repeating this process 3 times for each
sample. It was centrifuged for 15 min at 4 ◦ C at 10,000 rpm and,
consequently, the supernatant was collected. 25 μL of each sample was
aliquoted into a 96-well plate, in duplicate plus 25 μL of Buffer 2 in each
well, two wells containing only Buffer 2, corresponding to white. 25 μL
of the 3,3 ’, 5,5’-tetramethylbenzidine substrate (1.6 mM TMB, diluted
in dimethyl sulfoxide) was added and incubated for 5 min at 37 ◦ C.
100 μL H2O2 (0.002% in buffer 2) was added and incubated again for
5 min at 37 ◦ C. 100 μL of H2SO4 (1 M) was added and the MPO activity
was determined using the same plate reader used for dosing NAG, with
reading at 450 nm of absorbance, coupled to Gen 5 software (Bio
TekInstrument), for data analysis. The mean of the values obtained from
each duplicate for the enzyme activity dosage was used, being expressed
in optical density / mg of proteins (dO / mg). The methodology of
Bradley et al. [66] was used.

5.2. Anesthesia of fish
Zebrafish were anesthetized by immersion in an aqueous solution of
benzocaine at a ratio of 1:10,000 for the administration of inoculum and
cover slip implantation and 1:500 at the time of euthanasia. Initially,
benzocaine was diluted in 92.8º alcohol (0.1 g/mL), completing the
volume to 1 L.
5.3. Acute inflammation with carrageenan assay
5.3.1. Experimental procedure
208 male and female fish with an average weight of 1.0 g All testing
procedures were in accordance with the general rules and regulations
imposed by the “Ethics Committee in Animal Experimentation at the
Federal University of Minas Gerais”, approved in 02/10/2017 (Protocol
number 248/2017). Carrageenan (Cg) λ type IV was purchased from
Sigma (USA) and sterile aqueous solution of sodium chloride (NaCl)
0.9% (sterile saline solution) at concentrations of 0.875%, 1.75% and
3.5%(v/v) was prepared in the laboratory. Drugs will be administered
intracelomatic from zebrafish in a volume of 20 μL for all drugs, a
method adapted from Huang et al. (2014) and Ekambaram et al. (2017)
using an Ultra-Fine ™ BD syringes (Becton, Dickinson and Company),
with 300 μL capacity, 6 mm (5/16 ") needle length and 0.25 mm (31 G)
caliber.
5.3.2. Experimental design
The animals were distributed in 4 aquariums, randomly divided into
four treatments, which were administered: vehicle (sterile saline, con
trol group), Cg at concentration 0.875% (v / v), Cg 1.75% / v) and Cg
3.5% (v / v), with Cg being the inducer of inflammation. After the
treatments were injected, the animals were euthanized every hour: 1, 2,
3, 4, 5 and 6 h. Each treatment contained 24 animals, and for each hour,
4 animals were used to perform washing in the coelomic cavity, per
forming a time-effect curve FOR A Neubauer´s chamber. That is, for these
two tests, 96 animals were used. Then, the same experimental design
was used for measuring the enzymatic activities of NAG and MPO. For
these two tests, a further 96 animals were used, distributed in the same 4
treatments. For the histopathological and morphometric analysis, the
animals were divided into the same four treatments previously
mentioned, with 4 animals each treatment. The histological slides were
performed only at a specific time, which was stipulated after the test in
the Neubauer chamber, to demonstrate microleads in the organs only at
the leukocyte peak. A total of 16 animals were used for histology and
morphometry´s tests.
5.3.3. Evaluation of inflammatory exudate in the peritoneal cavity
In order to collect the leukocytes, the animals were euthanized, and
two washes were performed in the coelomic cavity of each animal, using
100 μL of phosphate buffered saline solution (PBS) in each wash, con
taining 0.2% heparin, collected the volume with syringe, transferring it
to microtubes, with capacity for 2 mL. The lavage was centrifuged at
1200 rpm for 4 min in a refrigerated centrifuge at 4 ◦ C, the supernatant
was discarded, and the cells were resuspended with 200 μL of PBS. Then,

5.3.5. Histopathological study
To investigate the histopathological changes, the animals were fully
fixed in 10% buffered formalin for 24 h. After that period, they were cut
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Table 3
Gene submitted to PCR and sequence access in NCBI GenBank.
Gene

rDNA PCR amplificaton

16 S rRNA

Forward primer
Reverse primer

BLAST Details
AGA GTT TGA TCC TGG CTC AG
GGT TAC CTT GTT ACG ACT T

transversally, placed inside histological cassettes for successive dehy
dration in ethanol solutions with increasing concentrations (from 70%
to 100%) and clarified with xylol baths. Thereafter the animals were
embedded in paraffin and sections of 6 µm thick were made using a
model 820 (American optical company) rotary microtome, placed on
histological slides covered by a layer of albumin. The sections were
dewaxed in xylol and rehydrated with decreasing concentrations of
ethanol solutions (100–70%), stained with hematoxylin followed by
eosin. Subsequently the cuts were dehydrated, diaphanized and the
blades assembled for microscopic analysis. This methodology was
described by Luna et al. [67], and the liver, intestine and mesentery of
the animals were evaluated. The slides were recorded in a 40x objective
Olympus model BX51 (Olympus Corporation) microscope coupled to a
2-times projected Q Color 3 Olympus model U-PMTVC (Olympus Cor
poration). The program used for photographic records was the QCapture
(Q Imaging) image analysis program. Then, the images obtained were
treated for adjustment of contrast, brightness, and focus, as well as
mounted on planks and subtitled using the program Adobe Photoshop
CC 2017.

Organism

Nº Gen Bank

Query

Max InD

Aeromonas hydrophila

JN559379

1688

100%

5.3.8. Real-time quantitative PCR (qPCR) analysis
For quantitative real-time PCR (qPCR) analyses, RNA samples from
all abdominal organs collected at specific time points 1 and 5 h after
induction were isolated with Trizon (Sigma). cDNA was obtained using
qScript cDNA Supermix (Quanta BioSciences). qPCR was performed by
the system according to the manufacturer’s instructions. Each sample
was tested in duplicate. For each independent experiment, the expres
sion of elongation factor 1-α (ef1a) was scored for each population. The
signals detected for each transcript were normalized to beta actin, and
the data were analyzed by the ΔΔCt method according to the protocol
recommended by the manufacturer (Stratagene). Primers are listed in
the Supplemental Materials Table.
5.4. Experimental design for bacteria infection
In the aerocystitis model, fish (n = 60) were randomly distributed by
drawing into 6 aquariums of 100 L containing 10 animals each. To this
end, zebrafish were inoculated with A. hydrophila in the swim bladder.
The bacterial isolate was obtained from naturally infected fish, showing
lesions compatible with aeromonosis. To confirm the species, DNA
extraction and polymerase chain reaction were performed to amplify the
16S rDNA gene with subsequent sequencing. The sequences obtained
were visualized and manipulated in the Sequencer 5.0 program (Gene
Codes Corporation), Center for Biological Resources and Genomic
Biology – Crebio (UNESP Jaboticabal, SP, Table 3). With the BLASTn
tool, the fragment was compared with the sequences deposited in Gen
Bank. The sequencing result confirmed the Aeromonas hydrophila spe
cies. With the fish anesthetized, 20 μL of A. hydrophila inoculum was
injected according to the recommendations of [20] at a concentration of
3 × 109 CFU/mL in the swim bladder.

5.3.6. Morphometrical study
The histology slides prepared in the previous step were used to
evaluate histomorphological variables of the liver, intestine, and mes
entery. Nikon Eclipse E200 (Nikon) light microscopy was used with
100 mm graticule, with 100 fields, coupled to a 10 x eyepiece, with a 40
x objective lens. The liver was evaluated qualitatively by the level of
hepatocyte numbness and the level of the cellular infiltrate, being
considered the frequency of these parameters as: absent, when no such
changes were observed; present, when observed at low frequency; and
extreme, when it was predominant over organ morphology. For the
mesentery, the percentage of fields containing morphological changes
was evaluated: in the intestine, the percentage of fields with epithelial
displacement of the villi and the percentage of fields with goblet cells
present. In the mesentery was the percentage of fields that contained
present infiltrated leukocyte cells. The results were expressed as a per
centage in which we analyzed the minimum of 100 fields per animal of
each treatment. This methodology was based on the article by Kato et al.
[56] and adapted for the organs studied.

5.4.1. Leukocyte and thrombocyte counts
At the pre-established times of six, 12, 18, 24, 36 and 48 HPI, blood
aliquots were collected in capillaries containing 10 μL of 5000 IU hep
arin, in the caudal vessel after tail transection. The determination of the
global white cell count was carried out in a Neubauer chamber, using the
solution of Natt and Herrick with a 1:100 diluent. Differential leukocyte
counts were performed on blood smears with a count of 200 cells after
prior staining of the stents with May-Grünwald-Giensa-Wrigth [34].

5.3.7. Immunohistochemical evaluation
Immunohistochemistry (IHC) was performed according to Eto et al.
[68]. After tissue sections, groups of samples were deparaffinized and
hydrated, antigen recovery was performed under moist heat with citrate
buffer (pH 6.0) for 10 min. Then endogenous peroxidase and nonspecific
sites were blocked for 1 h. Primary and secondary antibody added ac
cording to the manufacturer’s instructions and carried out in a humid
chamber at room temperature (28 ºC). After incubating the tissue sam
ples with the appropriate antibodies, the IHC sample was washed and
incubated with the substrate diaminobenzidine (DAB, Sigma-Aldrich, St.
Louis, USA) was mounted and recorded using the same microscope
(Olympus BX56 series, Olympus Life Science, Center Valley, PA, USA).
Image Analysis: Digital images of five photomicrographs per fish (five
fish, n = 5) were captured with a digital camera (Olympus BX56 series,
Olympus Life Science, Center Valley, PA, USA). The IHC images used
were stained with DAB and hematoxylin. Cells positive for MHC class II
cells, IL-1β, TNF-α + and iNOS + were quantified using ImageJ.

5.4.2. Evaluation of induced exudate in the swim bladder
For the evaluation of total cell accumulation, at the end of the preestablished times of six, 12, 18, 24, 36 and 48 h after the administra
tion of the Aeromonas hydrophila inoculum in the swim bladder, 10 fish
per period were dissected by one cut longitudinal ventral from anus to
operculum: another from the anus to the head following the lateral line
and a third passing through the pectoral fin giving access to the swim
bladder. Then, it was carefully washed with 20 μL of ice-cold PBS so
lution containing 0.09% EDTA. The same injected volume was collected
with the aid of a single-channel micropipette (10–100 μL) and trans
ferred to eppendorf kept on ice. An aliquot of this volume was trans
ferred to a Neubauer chamber for counting the total inflammatory cells
under light microscopy, stained using the method of Reque et al. [21].
For the differential count of thrombocytes, lymphocytes, macrophages
and granulocytes, a drop of this exudate was placed on a histological
slide. After homogenization, the exudate was extended and the slide was
allowed to dry at room temperature for subsequent fixation with
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Fig. 13. (A) Incision to give access to the coelomic cavity (B) Coverslip implant (C) Closure of the cavity with Cyanoacrylate.

May-Grunwald-Giemsa-Wrigth dye [21] and counting in light micro
scopy of up to 200 cells, among the different types accumulated in the
inflammatory focus.

observation of general cell structures.

5.5. Experimental design for foreign body reaction (chronic inflammation
with round glass coverslip implantation)

Data normality was measured using the Shapiro-Wilk test. Data that
were not normal was transformed into log x + 1. After analysis of
normality, the experimental data were submitted to analysis of variance
through a completely randomized design in split plot in time “Split Plot
Design”, in two factors, using the statistical package of the SAS software.
Comparisons of means were measured by the t-test at a 5% significance
level.

5.7. Statistical analysis

The fish were randomly distributed by drawing into 7 aquariums of
100 L containing 10 animals each. After being anesthetized, they un
derwent implantation of a 3 mm-diameter round glass coverslip in the
coelomic cavity, following the technique described by Belo et al. [43].
With the aid of a scalpel, the scales around the implant were removed
and a small incision was made (Fig. 13 A). After opening the cavity, the
cover slip was implanted (Fig. 13B). Then, Glubran® GEM S.r.L-Italy
Cyanoacrylate was used for closure (Fig. 13 C). Thus, each fish had a
cover slip implanted in its coelomic cavity. After the experimental
handling, the animals returned to the aquariums with aeration and
continuous water flow again and were sampled in five periods: 24, 48,
72, 96 and 120 h after the implantation of the coverslips to evaluate the
cell migration response. Then, euthanasia was performed by immersion
in benzocaine diluted in water (1:500) and the coverslips were carefully
removed and washed with 0.9% saline solution. Then fixed in Bouin’s
solution for about a minute and stained in hematoxylin-eosin.
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