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Abstract

A suitable small animal model may help in the screening and evaluation of new drugs, especially those from natural
products, which can be administered at lower dosages, fulfilling an urgent worldwide need. In this study, we explore
whether zebrafish could be a model organism for carrageenan-induced abdominal edema. The research results showed that
intraperitoneal (i.p.) administration of 1.5% l-carrageenan in a volume of 20 mL significantly increased abdominal edema in
adult zebrafish. Levels of the proinflammatory proteins tumor necrosis factor-a (TNF-a) and inducible nitric oxide synthase
(iNOS) were increased in carrageenan-injected adult zebrafish during the development of abdominal edema. An associated
enhancement was also observed in the leukocyte marker, myeloperoxidase (MPO). To support these results, we further
observed that i.p. methylprednisolone (MP; 1 mg), a positive control, significantly inhibited carrageenan-induced
inflammation 24 h after carrageenan administration. Furthermore, i.p. pretreatment with either an anti-TNF-a antibody
(1:5 dilution in a volume of 20 mL) or the iNOS-selective inhibitor aminoguanidine (AG; 1 mg) inhibited carrageenan-induced
abdominal edema in adult zebrafish. This new animal model is uncomplicated, easy to develop, and involves a
straightforward inducement of inflammatory edema for the evaluation of small volumes of drugs or test compounds.
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Introduction

Inflammation, a complex reaction of the immune system, is

caused by multiple biological responses in tissues and can occur in

all types of tissue during injury. This process is part of the non-

specific immune response. Certain physiological symptoms, such

as increased blood flow, elevated cellular metabolism, vasodilata-

tion, the release of soluble mediators, the accumulation of fluid,

and cellular influx are the hallmarks of an inflammatory response.

However, in some disorders, the normal inflammatory process is

prolonged and contributes to the development of chronic

inflammatory diseases [1]. Inflammatory cells are recruited to

the site of inflammation by proinflammatory mediators such as

cytokines, chemokines, etc. [2]. Edema, an abnormal accumula-

tion of fluid in the tissue, may develop due to inflammation. It may

occur in specific organs or in any part of the body. Abdominal

edema is a common form of inflammation that occurs in the

abdomen and causes inflammatory swelling. Without proper

treatment, the situation can become severe and may even cause

death [3]. The cellular basis of abdominal edema and its molecular

mechanisms are not fully understood. Therefore, it is necessary to

study the molecular and cellular causes of abdominal edema and

examine the underlying inflammatory mechanisms.

Starting in 1962, a rat-based inflammatory model, in which

carrageenan was injected into a rat’s paw, was developed to study

inflammatory mechanisms. This classical inflammatory animal

model has helped to investigate both inflammatory mechanisms
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and the anti-inflammatory activities of drugs [4–7]. Subsequently,

a carrageenan-injected mouse model was developed to study the

inflammatory process of paw edema [5,8], followed by a guinea

pig model [9–12]. However, it can be difficult to investigate anti-

inflammatory drugs using these animal models because milligram

amounts are needed to test the anti-inflammatory activity in vivo
via systemic injection, especially in rodents [6,7], and often there is

not enough of the compounds left after screening with in vitro
systems to examine bioactivity in vivo. It can be even more

difficult to obtain sufficient quantities of the compounds for in vivo
tests if the compounds have been derived from natural products.

However, this problem can be solved using a zebrafish (Danio
rerio) animal model. The use of zebrafish as an animal model has

fewer limitations than the use of rodents, in terms of breeding,

economy, efficiency, and low dosage [13,14]. The size of the adult

zebrafish is very small (approximately 4 cm in length); therefore, it

also has a very low body weight. As a result, the amount of test

compound required (which is calculated per gram body weight) is

considerably lower than that required for other animal models,

which is one of the most significant advantages of using zebrafish

to screen new anti-inflammatory drugs.

Of late, the zebrafish is increasingly used in research, and has

become a valuable animal model for drug discovery and

development. Zebrafish have been used to screen bioactive

compounds [15] and also in a wide variety of experimental

studies to understand the pathogenic process underlying several

immunological diseases [16], including the molecular mechanisms

[13,14,17]. There have also been some studies in which the

development of a zebrafish model of inflammation was attempted

[14,18–25]. However, the existing zebrafish inflammation model is

still inadequate for the evaluation of bioactive compounds for 2

main reasons: First, no previous studies have assessed the typical

external symptoms of inflammation, such as swelling, in zebrafish.

Second, only a few previous studies have examined the

modulatory effect of clinical agents with anti-inflammatory

properties, such as steroids, on the inflammatory mediators in

zebrafish during inflammation [14,22,25–27].

Tumor necrosis factor-a (TNF-a) and inducible nitric oxide

synthase (iNOS) have been reported to play key roles in the

edematous process and the inflammatory response. However, very

few studies have demonstrated elevated protein expression of

TNF-a and iNOS in carrageenan-induced inflamed paws in

rodents [7,28–30]. Using mouse or rat models, the roles of

antibody-mediated TNF-a blockade and iNOS inhibition (using

N-iminoethyl-L-lysine and aminoguanidine (AG)) in the inflam-

matory process have been understood [28–31], and thus far, no

study has used a zebrafish model to evaluate carrageenan-induced

inflammatory process.

In this study, we use a zebrafish model of carrageenan-induced

inflammation to understand the inflammatory responses culmi-

nating in abdominal edema and the possible underlying mecha-

nisms, and also examine the proinflammatory proteins released

during the inflammation. We evaluated abdominal edema and

proinflammatory proteins (TNF-a and iNOS) after intraperitoneal

(i.p.) administration of carrageenan in adult zebrafish. We also

measured myeloperoxidase (MPO), a leukocyte marker [32–34],

to assess the level of tissue inflammation. In order to test the

feasibility of using carrageenan-injected adult zebrafish as an

inflammation model, we investigated the effects of the systemic

administration of methylprednisolone (MP) (the positive control),

an anti-TNF-a antibody, and AG on carrageenan-induced

inflammatory responses.

Materials and Methods

1. Chemicals
We obtained MS-222 (Tricaine), l-carrageenan, MP, and AG

from Sigma Co., Ltd. (St Louis, MO, USA).

2. Fish and Ethical Statement
Male AB strain adult zebrafish were obtained from Taiwan

(Taikong Co., Taiwan), and the fish were housed within a

temperature-controlled (2861uC) laboratory aquarium system

(Taikong Co., Taiwan) on a 14 h/10 h light/dark schedule as

described by Westerfield [35]. All the experimental protocols were

reviewed and approved by National Sun Yat-sen University

Animal Care and Use Committee. We followed the Guiding

Principles in the Care and Use of Animals of the American

Physiology Society during zebrafish maintenance and experimen-

tation. We also followed international laws and regulations for

experiments in which live animals were used. All measurements

were performed under anesthesia. The experimental design and

execution was optimized to minimize the number of adult

zebrafish used and their suffering.

3. Carrageenan injection in adult zebrafish and edema
analysis

To induce inflammation in adult zebrafish, carrageenan was i.p.

injected in a volume of 20 mL in phosphate-buffered saline (PBS)

under MS-222 (168 ppm) anesthesia.
(1) Rat paw volume meter method. We used the modified

method described in our previous studies [6,7]. After anesthesia,

water was quickly removed from the body surface with a cotton

swab. We measured zebrafish whole-body volume using a rat paw

volume meter (plethysmometer; Singa Technology Corporation,

Taiwan) and calculated changes in whole-body volume after

carrageenan injection by subtracting the basal whole-body volume

(before i.p. carrageenan injection) from the whole-body volume

measured at each time point after injection. The graphical

representation of abdominal edema versus time (Fig. 1B) was

computed by the trapezoidal method [36] from 0 to 8 h after i.p.

injection of vehicle (PBS) or carrageenan.
(2) Photographic image analysis method. After anesthe-

sia, to examine the gross pathology, abdominal imaging of adult

zebrafish was conducted using a Leica Z16 APO macroscope

(Leica Instruments Inc., Wetzlar, Germany) combined with a

SPOT digital camera system (Idea 5 MP CMOS; SPOT Imaging

Solutions, a division of Diagnostic Instruments, Inc., Sterling

Heights, MI, USA). The lateral area (mm2) of the abdominal

region was measured using SPOT Imaging software (SPOT

Imaging Solutions, a division of Diagnostic Instruments, Inc.,

Sterling Heights, MI, USA) and defined by the following criterion:

a straight line was drawn from the starting point at the base of the

anal fin toward the lateral line, then along the lateral line until the

operculum, then toward the abdomen, and then along the

abdominal edge until the starting point (example shown in

Fig. 2A). Changes in the lateral area of the abdominal region

were calculated by subtracting the basal lateral area of the

abdomen (before i.p. carrageenan injection) from the lateral area

of abdomen measured at each time point after i.p. carrageenan

injection.

4. Histopathology
For histopathological studies, adult zebrafish were first fixed in

10% neutral buffered formalin, soaked in decalcifying solution for

48 h, and then stocked in 10% formalin. For dehydration,

clearing, and infiltration, abdominal tissues were placed in
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embedding cassettes using an automatic tissue processor (Tissue-

Tek, Sakura Finetek Japan Co., Ltd, Japan), then embedded into

paraffin blocks with a tissue embedding center (EC780-1; EC780-

2, CSA). Finally, the tissue was cut into 2 mm sections using a

rotary microtome (HM340E, Microm). For histopathological

examination, abdominal sections were stained using hematoxylin

and eosin (H&E) and then analyzed using a Leica DM-6000 CS

microscope (Leica Instruments Inc., Wetzlar, Germany) and a

microscope digital camera system (SPOT Idea 5 MP CMOS

scientific color digital camera system, Diagnostic Instruments, Inc.,

Sterling Heights, MI, USA).

5. Western blot analysis for MPO, TNF-a, and iNOS
For western blot analysis, abdominal samples (all abdominal

organs) from adult zebrafish were collected at specific time points,

washed with ice-cold PBS, and homogenized in ice-cold lysis

buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1 mg/mL aprotinin,

1% Triton X-100, 100 mg/mL phenylmethylsulfonyl fluoride)

with a Bertin Precellys 24 homogenizer (Bertin Technologies, Aix-

en-Provence, France) at 5500 rpm for 4 times for 20 s at 4uC.

Then, samples were centrifuged at 20,0006 g at 4uC for 60 min.

We collected the supernatants for western blot analysis of MPO,

TNF-a, and iNOS. For protein measurement, we used a

modification of the method described by Lowry et al. [37], and

protein concentrations in the supernatants were determined using

the DC protein assay kit (Bio-Rad, Hercules, CA, USA). An equal

volume of sample buffer (2% sodium dodecyl sulfate (SDS), 10%

glycerol, 0.1% bromophenol blue, 50 mM Tris–HCl, pH 7.2, and

2% 2-mercaptoethanol) was added to each supernatant, which was

then electrophoresed through a tricine SDS-polyacrylamide gel at

150 V for 90 min. We transferred the proteins in the gel (125 mA

overnight at 4uC) to a polyvinylidene difluoride membrane (PVDF

membrane; Immobilon-P, Millipore, 0.45-mM pore size) in a

transfer buffer (380 mM glycine, 50 mM Tris–HCl, 20% meth-

anol, 1% SDS). After blocking for 1 h at room temperature with

5% non-fat dry milk in Tris-buffered saline (TTBS; 137 mM

NaCl, 20 mM Tris–HCl, 0.1% Tween 20, pH 7.4), the PVDF

membrane was then incubated for 180 min with polyclonal rabbit

antibodies raised against MPO (1:1000 dilution; Abcam, Cam-

bridge, UK; catalog no. ab9535), TNF-a (1:1000 dilution;

AnaSpec, San Jose, CA, USA; catalog no. 55383), or iNOS

(1:1000 dilution; BD Pharmingen, San Diego, CA, USA; catalog

no. 610332) proteins at room temperature. The MPO, TNF-a,

and iNOS antibodies recognized bands at ,84, ,40, and

,130 kDa, respectively. Immunoreactive bands of protein were

visualized by enhanced chemiluminescence (ECL kit; Millipore),

and images were acquired using the UVP BioChemi imaging

system (UVP LLC, Upland, CA, USA). The relative densitometric

quantification of the immunoreactive bands of MPO, TNF-a, and

iNOS proteins was performed using LabWorks 4.0 software (UVP

LLC, Upland, CA, USA). At the end, the PVDF membranes were

reprobed with an anti-b-actin antibody (1:2500 dilution; GeneTex,

San Antonio, TX, USA; catalog no. GTX124500; polyclonal

rabbit antibody). The relative variation between the bands in the

vehicle and treatment group samples was calculated using the

same image.

6. Data and statistical analysis
All data are represented as mean 6 standard error of the mean

(SEM). For statistical analysis, we calculated differences between

the experimental groups using a one-way analysis of variance

(ANOVA) followed by the Student-Newman-Keuls post-hoc test.

We defined P,0.05 as the threshold for statistical significance.

Figure 1. The dose responses for the whole-body edematous effects of carrageenan in adult zebrafish. Time course and the percentage
change of whole-body volume induced by i.p. injection of vehicle (PBS) or carrageenan in adult zebrafish (A), using a rat paw volume meter. The basal
whole-body volume of each adult zebrafish before i.p. injection of vehicle or carrageenan injection was considered as 100%, and the increase in
whole-body volume is presented as a percentage change from the basal values by subtracting the basal whole-body volume from the whole-body
volume measured at each time point. The absolute basal whole-body volume of adult zebrafish before the injection of vehicle or carrageenan is
593.9649.3 mL (n = 36). The area under the abdominal-edematous-effect time curve (B), which was calculated from Figure A, for i.p. vehicle or
carrageenan (0.75%, 1.5%, and 3%) injection extended from 0 to 8 h after i.p. carrageenan injection and showed that i.p. 0.75–3% carrageenan
induced a significant increase in the whole-body volume in adult zebrafish. Each point or bar in all figures represents the mean 6 SEM of 9 adult
zebrafish per group. AUC: area under the curve; 0.75% Ca: 0.75% carrageenan; 1.5% Ca: 1.5% carrageenan; 3% Ca: 3% carrageenan; *P,0.05
compared with the same time points after i.p. injection of the vehicle (PBS) group; +P,0.05 compared with the same time points after i.p. injection of
the carrageenan (0.75%) group; #P,0.05 compared with the same time points after i.p. injection of the carrageenan (1.5%) group.
doi:10.1371/journal.pone.0104414.g001
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Results

1. The effect of an i.p. injection of carrageenan on the
adult zebrafish

The common intraplantar dosage of carrageenan in the rat

model ranges between 1% and 2% in 100 mL [6,7,28,38–41]. In

the present study using the zebrafish model, we selected a dosage

range from 0.75–3% carrageenan (in a volume of 20 mL) that was

based on our previous practical experience (1.5% carrageenan) in

the rat model [6,7]. We divided the adult zebrafish into 4 groups

based on the concentration of carrageenan injected; i) i.p. injection

with vehicle (i.e., PBS; control group); ii) i.p. injection with 0.75%

carrageenan; iii) i.p. injection with 1.5% carrageenan; and iv) i.p.

injection with 3% carrageenan. When we measured whole-body

volume, we found that i.p. injection with vehicle did not cause

significant changes in volume at any of the time points examined

(up to 8 h after injection) (Fig. 1A). To simplify data analysis for

statistical purposes, we calculated the area under the curve (AUC)

of the whole-body-edematous effect-time curve (Fig. 1B) by the

trapezoidal method [36]. AUC analysis showed that i.p. injection

of 0.75–3% carrageenan induced a significant increase in the

whole-body volume in adult zebrafish (Fig. 1B).

As a methodological improvement for measuring edema in

carrageenan-injected adult zebrafish, we next used photographic

image analysis (instead of the rat paw volume meter method) so

that we were able to focus on changes in abdominal size, in order

to minimize the stress within the measuring process. The

photographic image analysis method was then used to determine

the time course of increase in the lateral area of the abdomen

induced by i.p. injection of 1.5% carrageenan. In this experiment,

we divided adult zebrafish into the following 6 groups: i) i.p.

injection of vehicle (PBS) at 8 h; ii) i.p. injection of vehicle at 16 h;

Figure 2. The time course for the abdominal-edematous effects of i.p. carrageenan (1.5%) in adult zebrafish. The photographic images
show the gross pathology of the abdomen in the lateral view following i.p. injection of vehicle (PBS) plus i.p. injection vehicle (PBS) (A and E) and i.p.
injection vehicle plus i.p. injection of 1.5% carrageenan at each time point (B–D and F–H). Images A–D were taken at 0 h after i.p. injection of vehicle
or 1.5% carrageenan; images E, F, G, and H were taken at 24 h after i.p. injection of vehicle and 8, 16, and 24 h after 1.5% carrageenan injection. Scale
bars: 5 mm for images A–H. The increase of the lateral area of the abdomen was given as a difference change from the basal values by subtracting
the basal lateral area from the lateral area measured at each time point. Time course of change of the lateral area of abdomen induced by i.p.
injection of vehicle (PBS) or carrageenan in adult zebrafish using a photographic image analysis system (I). Compared with the i.p. vehicle groups, the
lateral area of abdomen increased progressively in the i.p. 1.5% carrageenan groups until 24 h. Sections (2 mm) of zebrafish abdominal tissues at 24 h
after an i.p. injection of vehicle (J) or carrageenan (K). I.p. carrageenan dramatically induced leukocyte infiltration (arrows) in the intestine. Scale bars:
100 mm for images (J) and (K). Each bar in Figure (I) represents the mean 6 SEM of 9 adult zebrafish per group. *P,0.05 compared with the same
time points in the i.p. vehicle (PBS) group.
doi:10.1371/journal.pone.0104414.g002
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iii) i.p. injection of PBS at 24 h; iv) i.p. injection of 1.5%

carrageenan at 8 h, v) i.p. injection of 1.5% carrageenan at 16 h;

and vi) i.p. injection of 1.5% carrageenan at 24 h. Among these

groups, the first 3 were used as control groups and the other

groups as the treatment groups. We found that there were no

significant differences in the lateral area of abdomen induction

after vehicle injection at 8 h, 16 h, and 24 h (Fig. 2). Conversely,

the lateral area of the abdomen increased progressively and

significantly in the carrageenan-treated groups after 24 h com-

pared with the vehicle-treated groups (Fig. 2). At 24 h, i.p.

carrageenan (Fig. 2K) markedly increased leukocyte infiltration in

the abdominal tissues of zebrafish compared with the vehicle-

treated group (Fig. 2J). Based on these results, we chose 24 h after

i.p. injection as the time point for further experiments to

investigate the anti-edematous effect of MP, which served as the

positive control to control inflammation in the carrageenan-

injected adult zebrafish.

2. The effect of an i.p. injection of MP on carrageenan-
induced inflammation in adult zebrafish

To evaluate the anti-edematous effects of an i.p. injection of MP

on carrageenan-injected adult zebrafish, we used the following 3

groups: i) i.p. injection with vehicle (PBS) plus a second i.p.

injection with vehicle (PBS; control group); ii) i.p. injection with

vehicle plus i.p. injection with 1.5% carrageenan; and iii) i.p.

injection with MP (1 mg) plus i.p. injection of 1.5% carrageenan.

The volume of both injections was 20 mL, and the first injection of

vehicle or MP was given 1 h before the second injection of vehicle

or carrageenan. As expected, injection with vehicle followed by

carrageenan (Fig. 3B and 3E) produced significant abdominal

edema at 24 h compared to injection with vehicle followed by a

second injection with vehicle (Fig. 3A and 3D). Compared to

injection with vehicle plus injection with carrageenan (Fig. 3B and

3E), injection of MP before the carrageenan injection significantly

inhibited carrageenan-induced abdominal edema (Fig. 3C and

3F). Measurements of the lateral area of the abdomen also

indicated that MP exerted anti-edematous effects in the carra-

geenan-injected adult zebrafish (Fig. 3G). We then investigated

whether carrageenan and MP affect levels of the leukocyte marker

MPO and the proinflammatory proteins TNF-a and iNOS in a

manner that would be consistent with the observed edematous

effects of carrageenan and the anti-edematous effects of MP.

Western blots were performed with the abdominal tissue

homogenate; the results showed that injection with carrageenan

significantly upregulated the expression of MPO, TNF-a, and

iNOS proteins at 24 h compared with that of the control group

(injection with vehicle followed by a second injection with vehicle)

(Fig. 4A). Moreover, MP administration prior to carrageenan

injection significantly reduced the levels of MPO, TNF-a, and

iNOS to 59.6965.09% (Fig. 4B), 65.2964.54% (Fig. 4C), and

40.9563.16% (Fig. 4D), respectively, of the levels seen in the

vehicle plus carrageenan group. In addition, we confirmed the

molecular specificity of the Abcam MPO antibody # ab9535 for

western blot analysis (Fig. S1).

3. The effect of i.p. administration of an anti-TNF-a
antibody and AG on carrageenan-injected adult zebrafish

The western blot results for TNF-a and iNOS from carrageen-

an-injected adult zebrafish were consistent with previous reports

on carrageenan-induced inflamed paws in rodents [7,28–30]; and

it has been reported that systemic injection of anti-TNF-a
antibody and the iNOS-selective inhibitor AG inhibited carra-

geenan-induced paw edema in rodents [28–31]. Therefore, we

predicted that both the anti-TNF-a antibody and AG would

produce similar anti-edematous effects in carrageenan-injected

adult zebrafish. To test our hypothesis, we used the following 4

groups: i) i.p. injection with vehicle (PBS) followed by a second i.p.

injection with vehicle (control group); ii) i.p. injection with vehicle

followed by i.p. injection with 1.5% carrageenan; iii) i.p. injection

with the anti-TNF-a antibody (1:5 dilution in a volume of 20 ml)

followed by i.p. injection with 1.5% carrageenan; and iv) i.p.

injection with AG (1 mg) followed by i.p. injection with 1.5%

carrageenan. Compared to injection with vehicle followed by

injection with carrageenan (Fig. 5B and 5F), anti-TNF-a antibody

(Fig. 5C and 5G) or AG (Fig. 5D and 5H) administered 1 h before

carrageenan injection markedly reduced the carrageenan-induced

abdominal edema. Measurements of the lateral abdominal area

also showed the anti-edematous effects of the anti-TNF-a antibody

and AG in carrageenan-injected adult zebrafish (Fig. 5I).

Discussion

1. Summary of our findings
The optimization of the concentration of an induction

compound is very important for the development of a successful

animal model [42,43]. In this present study, we tested different

concentrations of carrageenan (0.75%, 1.5%, and 3.0%) to

determine the optimum dosage. In these experiments, we used

the paw volume meter to simply the measurement of zebrafish

body volume. Based on these preliminary experiments, we decided

to use 1.5% carrageenan to elicit edematous responses in

subsequent experiments, in which we measured body edema

using an image analysis method instead of the paw volume meter.

In this study, we observed that i.p. injection of carrageenan

produced typical symptoms of inflammation in zebrafish, such as

swelling, and upregulated MPO, a leukocyte marker, as well as the

proinflammatory proteins TNF-a and iNOS. Furthermore, we

also demonstrated that during carrageenan-evoked edema, MPO,

TNF-a, and iNOS were significantly inhibited by i.p. pretreatment

with MP. Moreover, i.p. injection pretreatment with anti-TNF-a
antibody or AG, an iNOS-selective inhibitor, also inhibited

carrageenan-induced edema. Therefore, we conclude that the

inflammatory responses of carrageenan-injected adult zebrafish

can be modulated by known compounds with anti-inflammatory

properties.

2. The proinflammatory properties of carrageenan in fish
To develop this novel inflammatory edema model using

zebrafish, the gastrointestinal inflammatory compound carrageen-

an was used [44]. This compound was first obtained from the red

alga Chondrus crispus in 1862 and is a high-molecular-weight

sulfated polysaccharide with 3 main types of structures: i, k, and l
[5]. To date, very little information are available about the

proinflammatory properties of carrageenan in fish compared with

rodents. Much of the information on this topic concerns the

immunostimulant properties of i-carrageenan or k-carrageenan in

teleost fish against bacterial infections [45–47]. In contrast, local

injection of l-carrageenan into soft tissues in rodents induces acute

inflammation [48]; and our previous studies on acute inflamma-

tion in the rat [6,7] corroborate our present findings in zebrafish

(Figs. 1, 2, and 4). Surprisingly, in an earlier study to understand

macrophage variation in Streptococcus pyogenes virulence, in an

attempt to establish zebrafish as an infectious disease model, when

carrageenan was i.p. injected into adult zebrafish, a reduction in

macrophage count was found [49]. In addition, in 1977,

intramuscular injection of carrageenan was reported to induce

only granuloma, a histopathological inflammatory response, in the
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teleost fish, plaice (Pleuronectes platessa) [50]. Nonetheless, these

studies show that carrageenan injection can influence the immune

system in fish [45–47,49,50]. Until today, no study has used

carrageenan to investigate the inflammation using zebrafish. We

are the first research group to explore the proinflammatory

properties of carrageenan in zebrafish.

3. The characteristics of i.p. carrageenan in zebrafish
In this study, the inflammatory response is characterized by

edema in the abdominal region. Edema formation is a result of the

upregulation of proinflammatory proteins and the accumulation of

leukocytes at the inflammatory site [5,51]. At 24 h, histopathology

also revealed that i.p. carrageenan induced leukocyte infiltration in

the abdominal tissues of zebrafish (Fig. 2K). However, up until

now, there was no information available about the expression of

the leukocyte marker MPO [52–54] and the proinflammatory

Figure 3. The anti-edematous effects of i.p. MP in carrageenan-injected adult zebrafish. The photographic images show the gross
pathology of the abdomen in the lateral view from the i.p. injection vehicle (PBS) plus i.p. injection vehicle group (A and D), the i.p. injection vehicle
plus i.p. injection 1.5% carrageenan group (B and E), and the i.p. injection MP plus i.p. 1.5% carrageenan group (C and F). Images A–C were taken at
0 h after the second injection (as well as 1 h after the first injection); images D–F were taken at 24 h after the second injection (as well as 25 h after
the first vehicle or MP injection). Scale bars: 5 mm (for all images). Quantification of the lateral area of abdomen induced by i.p. injection of vehicle or
carrageenan in adult zebrafish using a photographic image analysis system (G). We used 1 mg MP as a positive control. MP administered by i.p.
injection 1 h before carrageenan injection significantly inhibited carrageenan-induced abdominal edema. Each bar in Figure G represents the mean
6 SEM of 9 adult zebrafish per group. MP: methylprednisolone. *P,0.05 compared with the i.p. vehicle plus i.p. vehicle group; #P,0.05 compared
with the i.p. vehicle plus i.p. 1.5% carrageenan group.
doi:10.1371/journal.pone.0104414.g003
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proteins TNF-a and iNOS [55] during inflammatory conditions in

a zebrafish model. We found that abdominal edema accompanied

the upregulation of MPO, TNF-a, and iNOS in adult zebrafish at

24 h after i.p. injection with 1.5% carrageenan (Fig. 4), which is

consistent with above-mentioned characteristics of the inflamma-

tory response. In addition, immunohistochemistry showed that i.p.

carrageenan markedly increased iNOS immunoreactivity in the

abdominal tissues of zebrafish, especially in the intestine (Fig. S2).

Moreover, i.p. pretreatment with anti-TNF-a antibody or the

iNOS-selective inhibitor AG inhibited carrageenan-induced ab-

dominal edema in adult zebrafish (Fig. 5). The anti-edematous

effects of anti-TNF-a antibody and AG on carrageenan-injected

adult zebrafish, which are similar with their anti-edematous effects

in carrageenan-induced paw edema in rodents [28–31], suggest

that TNF-a and iNOS play key roles in the edematous process in

carrageenan-injected adult zebrafish. In the current study, we used

commercial antibodies for zebrafish, although antibody tools for

zebrafish are still insufficient compared with the complete

antibody system for rodent model [56]. Therefore, we also hope

that our present study will remind scientists and commercial

antibody companies to pay more attention to the development of

antibody tools for zebrafish, which will inspire researchers to

perform further studies in the field of immunology using this

valuable model organism.

Figure 4. The effect of MP on protein expression of MPO, TNF-a, and iNOS in carrageenan-injected zebrafish. (A) Western blots for
MPO, TNF-a, iNOS, and b-actin proteins from adult zebrafish; (B) relative density of the MPO immunoblot; (C) relative density of the TNF-a
immunoblot; (D) relative density of the iNOS immunoblot. There are 3 groups: vehicle+vehicle: i.p. injection first vehicle (20 mL PBS) 1 h before i.p.
second vehicle (20 mL PBS); vehicle+carra: i.p. vehicle (20 mL PBS) 1 h before i.p. 1.5% carrageenan (20 mL); MP+carra: i.p. 1 mg MP (20 mL) 1 h before
i.p. 1.5% carrageenan (20 mL). The abdominal samples from adult zebrafish were collected at 24 h after the second injection (as well as 25 h after the
first injection). Relative intensity of the i.p. vehicle plus i.p. 1.5% carrageenan group was taken to be 100%. Band intensities of MPO, TNF-a, and iNOS
were quantified by densitometry and are indicated as a percentage change relative to that of the vehicle plus carrageenan group. Western blotting of
the abdominal tissue homogenate revealed that injection of carrageenan evoked significant upregulation of MPO, TNF-a, and iNOS proteins at 24 h
compared with that of the vehicle plus vehicle group. MP administered at a dose of 1 mg (i.p.) 1 h prior to i.p. 1.5% carrageenan significantly reduced
carrageenan-induced upregulation of MPO, TNF-a, and iNOS. Western blotting of b-actin was performed to verify that equivalent amounts of protein
were loaded in each lane. These experiments were repeated 3 times. Ca: carrageenan; MP: methylprednisolone; MPO: myeloperoxidase, TNF-a: tumor
necrosis factor-a; iNOS: inducible nitric oxide synthase. *P,0.05 compared with the i.p. vehicle plus i.p. vehicle group; #P,0.05 compared with the
i.p. vehicle plus i.p. 1.5% carrageenan group.
doi:10.1371/journal.pone.0104414.g004
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4. The possible molecular index for screening
compounds with anti-inflammatory activity in zebrafish

Several bioactive compounds or antibodies have been examined

in rodent models, but most of them have not been tested in the

zebrafish model yet. Like AG and the anti-TNF-a antibody [28–

31], systemic corticosteroids such as MP are known to be

inhibitors of carrageenan-induced rodent paw edema and

inflammation [57]. In addition, the anti-inflammatory effects of

corticosteroid (flumethasone) have been reported previously in a

zebrafish model of inflammation [22]. Our experimental results

showed that MP could inhibit carrageenan-induced abdominal

edema (Fig. 3) and downregulate MPO, TNF-a, and iNOS at the

protein level (Fig. 4), which is similar to the effect of MP in

carrageenan-induced paw edema in rodents [57]. Together, our

results showing the anti-edematous effects of MP, anti-TNF-a
antibody, and AG support the hypothesis that zebrafish and

rodents share basic inflammatory responses, which could be

modulated by bioactive compounds, and that therefore the

zebrafish model is suitable for use in the investigation of

biomedical issues, especially in immunology [13,14,17,22,24].

Moreover, this study also confirms the ability of this model to

identify anti-inflammatory compounds, and it would further be

expected that novel compounds might be identified via this

zebrafish model of inflammation. In summary, the upregulation of

TNF-a and iNOS after i.p. carrageenan injection appears to

reflect the level of tissue inflammatory response in adult zebrafish.

5. Advantages and novelty of carrageenan-injected adult
zebrafish as an inflammation model

Carrageenan-induced edema induced in the adult zebrafish

(Fig. 1 and 2) was found to follow a time pattern similar to that

seen in the rodents [4–12]. Our carrageenan-induced adult

zebrafish abdominal edema model offers several advantages over

equivalent rodent models (Table 1). With the zebrafish model, it is

Figure 5. The anti-edematous effects of i.p. anti-TNF-a antibody and AG in carrageenan-injected adult zebrafish. The photographic
images show the gross pathology of the abdomen in the lateral view in the i.p. vehicle (PBS) plus i.p. vehicle group (A and E), the i.p. vehicle plus i.p.
1.5% carrageenan group (B and F), the i.p. anti-TNF-a antibody (1:5 dilution in a volume of 20 mL) plus i.p. 1.5% carrageenan group (C and G), and the
i.p. AG (1 mg) plus i.p. 1.5% carrageenan group (D and H). Images A–D were taken at 0 h after the second injection of vehicle or carrageenan (as well
as 1 h after the first injection of vehicle, anti-TNF-a antibody, or AG); images E–H were taken at 24 h after the second injection of vehicle or
carrageenan (as well as 25 h after the first injection of vehicle, anti-TNF-a antibody, or AG injection). Scale bars: 5 mm for all images. Quantification of
the lateral area of the abdomen induced by the second injection of vehicle or carrageenan in adult zebrafish using a photographic image analysis
system (I). Anti-TNF-a antibody or AG administered 1 h before carrageenan injection markedly reduced carrageenan-induced abdominal edema. Each
bar in Figure (I) represents the mean 6 SEM of 9 adult zebrafish per group. anti-TNF: anti-TNF-a antibody; AG: aminoguanidine; Ca: carrageenan; *P,
0.05 compared with the i.p. injection of vehicle plus i.p. vehicle group; #P,0.05 compared with the i.p. vehicle plus i.p. 1.5% carrageenan group.
doi:10.1371/journal.pone.0104414.g005
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possible to screen anti-inflammatory compounds using lower

dosages than possible with the rodent model. For example, the

common systemic dosage required to obtain the anti-edematous

effects of MP and AG is at the mg level for a 300 g rat [28,57] but

is only at mg levels for an adult zebrafish. Another advantage of the

carrageenan-injected adult zebrafish model is that it is easier to

replicate experiments and more economical to evaluate the toxic

effects (swelling responses, death, or external side effects) of the

compound than when using a rodent model. The zebrafish model

that we have established here differs from the existing zebrafish

inflammation models in 3 important aspects. First, our model, with

adult zebrafish, is able to address both innate and adaptative

responses, whereas most of the other studies, with larvae or

embryos, deal with only one type of immune response (the innate

immune response) [13]. Second, we address the phenomenon of

‘‘swelling’’, a typical external symptom of inflammation, as an

assessment in a zebrafish model. The methodology of the

photographic image analysis method would be useful for studying

the edematous effects of bioactive compounds, if any, as part of

safety testing. And third, using our zebrafish model reduces the

difficulty of the experimental procedure itself, which is an

improvement in experimental design in general. However,

certainly, the existing inflammation models using the larval or

embryonic stages of zebrafish are more suitable for higher-

throughput screening than our model using adult zebrafish. The

present study provides a novel adult zebrafish abdominal edema

model that can be used as an ideal tool to bridge the gap between

the traditional in vitro systems or the existing in vivo zebrafish

inflammation models (using the larval or embryonic stages) and in
vivo rodent systems in basic research for identifying novel

therapeutics for inflammation-related diseases. A more refined

and precise experimental design of rodent studies can be achieved

on the basis of the in vivo data about edema obtained from

carrageenan-injected adult zebrafish.

6. Conclusions
Our results show that i.p. administration of carrageenan induces

significant abdominal edema, which is accompanied by changes in

the expression of MPO, TNF-a, and iNOS at the protein level and

which was significant inhibited by i.p. administration of MP. The

present study provides a novel in vivo zebrafish inflammatory

edema model for the screening of small volumes of drugs or

compounds with anti-inflammatory activity.

Supporting Information

Figure S1 The molecular specificity of the Abcam MPO
antibody #ab9535 for western blot analysis. We used

recombinant human MPO (R&D Systems, Minneapolis, MN,

USA; catalog no. 3174-MP) as the positive control. The

abdominal samples from adult zebrafish were collected at 24 h

after the second injection (as well as at 25 h after the first

injection). There are 3 groups: vehicle+vehicle: i.p. injection first

vehicle (20 mL PBS) 1 h before i.p. second vehicle (20 mL PBS);

recombinant human MPO; vehicle+carra: i.p. vehicle (20 mL PBS)

1 h before i.p. 1.5% carrageenan (20 mL). Western blotting

revealed that the Abcam MPO antibody #ab9535 could detect

recombinant human MPO-evoked as well as carrageenan-evoked

significant upregulation of MPO. These experiments were

repeated 3 times. Ca: carrageenan; MPO: myeloperoxidase.

(TIF)

Figure S2 Upregulatory effect of carrageenan on iNOS
protein expression in abdominal tissues of zebrafish. For

immunohistochemistry, after deparaffinization in xylene and

rehydration with a graded series of ethanol, endogenous

peroxidase activity of the abdominal sections was quenched using

0.3% H2O2 for 30 min. Then, the sections were permeabilized

with 0.1% Triton X-100 in PBS for 20 min. Following retrieval of

the antigen with proteinase K (20 mM; Sigma) in PBS for 20 min,

to decrease nonspecific adsorption we incubated the sections using

5% normal goat serum in PBS for 30 min. The sections were

incubated overnight at 4uC with anti-iNOS (1:100 dilution; BD

Pharmingen, San Diego, CA, USA; catalog no. 610332) antibody.

Finally, after incubation with biotin-conjugated anti-rabbit IgG

(1:200 dilution; Vector Laboratories Inc, Burlingame, CA, USA;

catalog no. BA-1100) for 30 min followed by avidin-biotin-

peroxidase complex for 30 min (Vectastain ABC kit; Vector

Laboratories Inc, Burlingame, CA, USA; catalog no. PK-6100),

the sections were incubated with 3,39-diaminobenzidine tetrahy-

drochloride (DAB) (Vectastain ABC kit; Vector Laboratories Inc,

Burlingame, CA, USA; catalog no. SK-4100) for 8 min. We

analyzed the all stained sections using a Leica DM-6000 CS

microscope (Leica Instruments Inc., Wetzlar, Germany) and a

microscope digital camera system (SPOT Idea 5 MP CMOS

scientific color digital camera system, Diagnostic Instruments, Inc.,

Sterling Heights, MI, USA). The sections (2 mm) at 24 h after an

i.p. injection of vehicle (A) or carrageenan (B). I.p. carrageenan

obviously increased iNOS immunoreactivity of the intestine. Scale

bars: 100 mm for all images.

(TIF)
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Table 1. Comparison of the carrageenan-injected adult zebrafish model to the carrageenan-injected rodent model.
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MPO q(Leukocyte marker) Yes Yes [6,7,54]

Upregulation of TNF-a at protein level Yes Yes [29,30]

Upregulation of iNOS at protein level Yes Yes [7,28]

Edema could be modulated by
bioactive compounds

Yes Yes [28–31,57]

The dosage to test compounds At mg level At mg level [28,57]
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