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Abstract

Immune cells in rainbow trout Oncorhynchus mykiss comprise granulocytes (neutrophils, baso-
phils and eosinophils), macrophages/monocytes and lymphocytes (B- and T-cells). These cellu-
lar elements occur early during the ontogenetic development of trout and allow both innate and
adaptive responses towards an antigen to be initiated even in fry. The number of leukocytes in
individual fish at different developmental stages is likely to influence the capacity of the fish to
respond simultaneously to several antigens (pathogens and vaccine components). This parame-
ter may therefore be crucial for both wild and cultured fish and we show that the size of the
leukocyte population increases exponentially with body size of rainbow trout. Four groups (5
fish/group) of naive rainbow trout (Oncorhynchus mykiss) with a mean body weight of 2 - 4 g
(group 1), 4 - 6 g (group II), 25 - 30 g (group III), and 650 - 780 g (group IV) were investigated.
The number of lymphocytes was generally higher in head kidney compared to blood and spleen
but they dominated in all samples (blood, head kidney and spleen) and their numbers increased
exponentially with fish size. Percentages of lymphocytes in relation to neutrophils and macro-
phages were higher in spleen (98% - 99%) compared to blood and head kidney in all groups.
Fish fry is therefore equipped to respond specifically against one or a few vaccine antigens, but
the capacity to raise protective responses against a repertoire of pathogens may be limited until
the larger fingerling stage has been reached. The implications for vaccination of early fry are
discussed.
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1. Introduction

The ontogenetic development of immune cells and organs in fish provides the ability of even fry to respond to
pathogens [1]-[4]. Central lymphoid organs comprising thymus, kidney (pro-and mesonephros) and spleen are
developed sequentially in salmonids [5] [6] and the haematopoitic tissue in kidney is present in these fishes
producing erythrocytes and granulocytes before hatching [7]. Yolksac larvae seem to rely on mostly innate res-
ponses, but fry of around 0.5 to 0.7 g activates a series of adaptive elements when responding to pathogen ex-
posure [1]-[3]. Commercial vaccines are generally applied when the fish reaches at least 5 g body weight (im-
mersion vaccines) [8] or even later (injection vaccines) [9], but recent trends aim at vaccination at earlier time
points [10] [11]. The immune system in fish is composed of innate and adaptive elements, and both systems
comprise cellular and humoral factors involved in protection against pathogens [12]. Leukocytes including gra-
nulocytes (neutrophils, basophils and eosinophils), macrophages/monocytes, lymphocytes (B- and T-cells) are
the main players of the cell-mediated immune responses [13] [14] and their role in the early onset of immunity
in rainbow trout (Oncorhynchus mykiss) has been treated in a series of papers [1] [2] [5] [6] [15] [16]. Rainbow
trout eggs exhibit low expression of several immune genes (IgM, IgT, MHCII, C3, CD4, CDS§, TCR and SAA),
but expression increases significantly during and after hatching concomitant with the appearance of effector
molecules (MHCII, IgT, CD8 and SAA) in tissues of the fish fry [1] [2] [5] [6] [15] [16]. Rainbow trout IgM
positive cells may occur as early as 8 days before hatch [16] but become more prevalent 4 - 5 days after hatching
[15]. During subsequent growth and development of the fish, the number of leukocytes may increase as indi-
cated by studies where immune cells are harvested for in vitro purposes [17] [18]. However, a precise enumera-
tion of leukocyte populations in rainbow trout during its development from fry to adult is not available. The
present study, based on microscopical techniques for differential leukocyte counts, describes the number of dif-
ferent leukocyte types including lymphocytes in peripheral blood and central immune organs (head kidney and
spleen) in rainbow trout during its development from fry to market size fish.

2. Materials and Methods
2.1.Fish

Rainbow trout were reared at the Bornholm Salmon Hatchery, Nexe, Denmark, which is a pathogen free recir-
culated rearing facility supplied with municipal freshwater (see details for securing pathogen free status in Xu-
eqin et al. [19]). Fish were hatched (at 7°C) from disinfected eyed eggs originating from Fousing Trout Farm
(Jutland, Denmark). Fish were kept (12°C - 13°C) on a restricted diet (1.0% biomass per day) (pelleted trout feed,
Biomar, Brande, Denmark). When reaching a mean body weight of 2 -4 g, 4 - 6 g, 25 - 30 g, and 650 - 780 g
fish were transported to the fish keeping facility at the University of Copenhagen (Frederiksberg, Denmark) for
acclimatization and sampling in a thermostat controlled fish tank room at 15°C. At arrival the pathogen free sta-
tus of fish was confirmed by examining two fish from each group by standard bacteriological and parasitological
examination [20].

2.2. Sampling

Fish were euthanized by an overdose (300 mg/L) of MS-222 (Tricaine methane sulphonate, Sigma-Aldrich,
Denmark). Blood, head kidney and spleen were sampled from 5 fish per group of the different fish size classes.
Weight data for spleen and head kidney were recorded and organs kept in L-15 medium on ice until use. Blood
samples from the caudal vessel were collected from small fish by using heparinized 10, 25 and 50 pL micropi-
pettes (Hirschmann®; Laborgerate, Germany) and from larger fish by heparinized syringes. Blood samples were
kept on ice until use.

2.3. Preparation of Leukocytes

Leukocytes were collected from blood, head kidney and spleen. Blood was transferred into a tube containing 10
ml of L-15 medium (#11415049, Life Technologies, Denmark) with 2.5% fetal bovine serum (#10082139, Life
technologies, Denmark), heparin (10 U/ml, #Vnr585679, LEO Pharma, Denmark), penicillin (100 U/ml) and
streptomycin (100 pg/ml) (#15240062, Life Technologies, Denmark). A known amount of head kidney and
spleen tissue from each fish was placed in a Petri dish containing 5 ml of L-15 medium. Head kidney and spleen
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cell suspensions were obtained by gently forcing the small pieces of tissue, using a syringe plunger, through a
100 pm cell strainer into cold wash medium. The cell suspensions were centrifuged (400x g for 10 min at 4°C),
the supernatant discarded and a known volume of medium added to the cell pellet. Then 1 ml of the cell suspen-
sion from each sample was individually transferred into a new tube for first counting (named before Percoll
treatment). Peripheral blood leukocytes (PBL), head kidney leukocytes (HKL), and spleen leukocytes (SPL)
were isolated by centrifugation on a 51% Percoll (#P1644-1L, Sigma-Aldrich, Denmark) /PBS gradient. A vo-
lume of 3 ml Percoll was gently overlaid by the cell suspension and centrifuged 30 min at 400x g at 4°C. The
leukocytes including lymphocyte layer was collected and washed twice with L-15 medium (400x g for 10 min at
4°C). Cell viability was determined with the trypan blue exclusion by using FastRead 102™ disposable plastic
counting slides (#13P1025021, Immune system, UK).

2.4. Cytospin Preparation

Cytospin slides were prepared by centrifugation (400x g for 5 min at 4°C) of 100 pl of the leukocyte suspension
(1 x 10° cells/ml) at 500 rpm, medium acceleration for 5 min, using a Shandon Cytospin 3 cytocentrifuge
(Shandon Scientific Ltd, Runcorn, UK). The cytospin slides were subsequently air dried for 3 min by using a
hair dryer machine.

2.5. Cell Staining and Counting (Microscopy)

Cytospin slides were fixed in 99 % methanol for 1 min at room temperature, stained with Mayer’s hematoxylin
(DAKO, Denmark) for 6 minutes, rinsed under running tap water for 10 minutes and dehydrated in series of
graded ethanol (70%, 96% x 2 and 99.9% and xylene x 2) (1 minute for each step). The slides were mounted in
mounting medium DPX (Sigma, Denmark) and read in a compound microscope (Leica DM5000B, Leica Mi-
crosystems, Denmark). Cells were counted in three randomly selected zones (visual field 0.19625 mm?) from
each fish and the total number of cells in a volume of 100 pl cell suspension was calculated. The total number of
cells in the individual fish was then calculated. The cell populations in the total blood volume of the individual
fish were estimated based on the assumption that the blood volume in the organism corresponds to 3% of the
fish body weight [21].

2.6. Microscopy and Image Processing

Cytospin slides were examined by bright-field using a compound microscope (Leica DM5000B, Leica Micro-
systems, Denmark) and digital images created using a Leica MC170 HD camera, Germany. For differential in-
terference contrast microscopy and fluorescence microscopy, the slides were examined with a Fluorescence mi-
croscope (Leica DMRHC, Leica Microsystems, Denmark) with a polarisator and analysator filter. The filter A
was applied for DAPI (a blue fluorescent DNA stain); the excitation light filter was BP 340 - 380 nm with beam
splitting 400 nm, and a barrier filter LP 425 nm.

2.7. Statistical Analysis

Sigma Stat version 11 (USA) was used for conducting normality test (Shapiro-Wilk) for evaluation of the nor-
mal distribution of data within each group. The software GraphPad Prism 4 was used for creating graphs and
other statistical analysis. Parametric data were tested using Student’s z-test and one way ANOVA with Tukey’s
post hoc test. For nonparametric data the Mann-Whitney U test and Kruskal-Wallis one-way ANOVA were
performed with the Dunn multiple-comparison test to compare quantitative data. Groups were considered sig-
nificantly different when P < 0.05. Exponential correlation between fish size and cell populations was estab-
lished by regression analysis using the exponential growth equation method.

3. Results

The microscopical analysis showed that heterogeneous cell populations occurred in blood, head kidney and
spleen. Monocytes/macrophages (m), neutrophils (n), lymphocytes (1), thrombocytes (t), erythrocytes (), blast
cells (b) were characterized by nuclear morphology and presence of granules in cytoplasm (Figure 1(A), Figure
1(C) and Figure 1(F)). The total number of different leukocytes in an individual fish (neutrophil-like cells,
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Figure 1. Light microscopy of Percoll non-treated cell populations isolated from whole blood (A and B), head kidney (C-E)
and spleen (F-H). (A, C and F) bright field images stained with Mayer’s hematoxylin. (B, D and G) differential interference
contrast pictures. (E and H) fluorescence microscopy pictures stained with DAPI. All pictures are captured by a Leica
MC170 HD camera under 40x objective. Scale bars indicate 50 pm. Erythrocytes (E), Blast cells (B), Granulocyte (G),
Monocytes/Macrophages (M), Neutrophils (N), Lymphocytes (L), Thrombocytes (T) were shown with arrows.

monocyte/macrophage-like cells, and lymphocyte-like cells) in whole blood and organs (head kidney and
spleen) was estimated for each fish by this method. Total cell counts from five rainbow trout in a given size
group were presented and the percentages of different leukocyte types calculated. The total cell counts were es-
timated before and after Percoll treatment for both head kidney and spleen (Table 1, Supplementary Table 1).
With regard to blood the cell counts were obtained after Percoll treatment only due to the confounding effect of
numerous erythrocytes present before Percoll treatment (Figure 1(A) and Figure 1(B)). Lymphocytes dominat-
ed in all samples (blood, head kidney, and spleen) and their numbers were significantly correlated to fish size
(Figure 2). The number of lymphocytes was significantly higher in head kidney compared to blood and spleen
in all groups except of group I (Supplementary Table 2). Mean percentages of lymphocytes in relation to neu-
trophils and macrophages were higher in spleen (98% - 99%) compared to blood and head kidney in all groups
(Table 1). Neutrophil-like cell rates were more or less similar in blood and head kidney of group I, II, and III.
The number of neutrophils and macrophages in head kidney and spleen was correlated to fish size
(Supplementary Table 1). Occurrence of neutrophils and macrophages in head kidney was significantly higher
compared to blood and spleen in both group I and IV (Supplementary Table 2). The mean percentages of these
cells in relation to all three types of cells were higher in blood and head kidney compared to spleen (Table 1).

4. Discussion

The size of the leukocyte population increases exponentially with fish size as based on this enumeration of cells
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Table 1. Mean number with standard error (SEM) and mean percentages of different leukocyte populations (macrophage,
neutrophil and lymphocyte like-cells) isolated from blood, head kidney and spleen before Percoll treatment determined by
light microscopy. Mean number represent 5 rainbow trout per group. Mean percentage in relation to all three types of cells.

Groups Macrophages Neutrophils Lymphocytes
Mean + SEM % Mean + SEM % Mean + SEM %

1:2-4¢g

Head kidney 4x10°+1x 10° 4% 1x10*+4 x 10° 10% 7 x 10*+2 x 10* 86%
Spleen 5x10%+£5x%10° 1% 1 x10°+6 %10 2% 5x10*+2 x 10* 98%
IH:4-6¢

Head kidney 2x10*+9 x 10° 5% 1x10*+7 x 10° 5% 4x10°+1x10° 90%
Spleen 2x10°+2 x 10° 1% 0 0% 2x10°+£7x10* 99%

m:25-30¢g

Head kidney 2x10°+£9x10° 2% 0 0% 1x106+2x10° 98%
Spleen 2x10°+2x 107 0% 0 0% 4x10°£1x10° 100%

IV: 650 - 780 g

Head kidney 1x10°+4 x 10° 7% 5x10°£2x10° 5% 1x107+2 % 10° 88%
Spleen 3x10°+2x10* 1% 3x10°+2x10* 1% 5x10°+9 x 10° 98%

in peripheral blood, head kidney and spleen. This will reflect that larger fish has the potential to respond—both
by innate and adaptive responses—to a higher number of antigens than smaller fish. During the ontogenetic de-
velopment of trout a series of physiological factors change [1] [2] and the total cell number seems to follow this
process. The volume of trout also increases significantly with body length and the present data do therefore not
shown a higher cell density in larger fish. The rainbow trout used for this experiment were all taken from the
same pathogen-free facility and it cannot be excluded that fish from other facilities—facing other temperature
regimens and infective status-may differ slightly from the present results. It was seen that the total number of
leukocytes was higher in head kidney compared to spleen and blood at all size stages. This has previously been
observed in Atlantic salmon (Salmo salar L.) where IgM" cells were more predominant in head kidney than
spleen [22] [23] and will emphasize the general and important role of the kidney as a central immune organ. The
investigated fish in the present work were non-immunized naive fish and our data represent a baseline. Howev-
er, differential involvement of different immune organs and modifications of the leukocyte population may re-
sult from infection or stress and it is known that expression of immune related genes and cellular reactions may
more prominent in spleen and liver compared to head kidney following vaccination or infection of rainbow trout
[9] [24]. The calculated total leukocyte numbers including the lymphocytes in the present work are estimations
and may be influenced by various factors. Blood leukocytes were collected and evaluated from the primary vas-
cular system (blood circulation). It is known that the vascular system in fish is divided into two systems, the
primary and the secondary vascular system [25]. The latter compartment may have a higher density of putative
CDS8" T cells and IgT" B cells compared to the former [26]. Furthermore, the number of lymphocytes in an or-
ganism possessing an adaptive immune response, such as the rainbow trout, will be a limiting factor for the
maximum number of lymphocyte clones the animal can establish and thereby also a limit for the number of an-
tigen reactivities to be raised. In the present work, the total number of lymphocytes (blood, head kidney and
spleen) in group I, II, III, and IV, respectively was 4 x 104, 4x10°,6 x 10°, and 6 x 10°. However, it should be
noted that other organs, including thymus, gills, gastrointestinal tract, liver and skin, may contribute to the total
pool of lymphocytes in the individual fish-with a number of potential lymphocyte clones [24] [27]-[30] as well.
Therefore, the presented counts in this work should be regarded minimum values and future studies should in-
vestigate the relative occurrence of cells in different organs. A part of these clones are believed to give rise to
memory cells as it has been shown that rainbow trout develops specific immunity, as characterized by antigen
specificity and immunological memory [9] [24] [31] [32]. It is hypothesized that fish memory cells are long-
lived lymphocytes persisting after infection or vaccination [33] [34] and future work should estimate population
sizes of memory cells which may be important knowledge for developing vaccination strategies for fish at dif-
ferent ages. In this context, it should be noted that the immune capacity of a fish to react against different anti-
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Figure 2. Leukocyte distribution and fish size. The number of macrophage, neutrophil and
lymphocyte like-cells in head kidney, blood and spleen determined by light microscopy of
cytospin preparations. Regression analysis towards exponential growth curves showed sig-
nificant correlation between fish size and the cell population size in all cases except of ma-
crophage like-cells in spleen. The squared regression coefficient is indicated as R*.

gens within a certain time period may be limited by the leukocyte population size. As a consequence hereof vac-
cination of very young fry may exhaust the leukocyte pool, and thereby leave vaccinates more vulnerable to
secondary infections. However, this notion needs further elucidation.

5. Conclusion

The results provide insights to the occurrence of different leukocyte cells in blood and central immune organs
(head kidney and spleen) at different size stages of rainbow trout with an exponential increase of immune cells
with fish size. The results showed that lymphocytes dominated in blood, head kidney and spleen when compared
to other leukocytes. It is well known that fish possesses immunological memory even in fry. This is the basis for
a widely applied vaccination strategy in aquaculture enterprises but the capacity of fry to handle several patho-
gens at the same time may be limited. Therefore, further studies should not only shed light on characterization,
localization and function of memory-B and memory-T cells in different size classes of fish, but also focus on the
capacity of a certain leukocyte pool to respond to several antigens.
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Appendix

Supplementary Table 1. Mean number with standard error (SEM) and mean percentages of different leukocyte cells (ma-
crophage, neutrophil, and lymphocyte like-cells) from blood, head kidney, and spleen determined by light microscopy after
gradient centrifugation on Percoll. Mean number represent 5 rainbow trout per group. Mean percentage in relation to all three
types of cells.

Groups Macrophages Neutrophils Lymphocytes
I:2-4¢g Mean + SEM % Mean + SEM % Mean = SEM %
Blood 1x10*£1x10? 3% 6x10°+1x10° 15% 3x10°+5x10° 82%
Head kidney 1x10°+6x 107 7% 3x10°+£2x10° 1% 1x10°+6 x 10° 82%
Spleen 5% 10"+5x% 10 1% 2x10'+£2x 10" 1% 4x10°+1x10° 98%
:4-6¢g
Blood 4x10*£3 x 10 3% 5x10°+3 x 107 4% 8 x10°+3x10° 93%
Head kidney 3x10%+1 % 10° 1% 2x10°+2 x 10° 2% 8 x 10*+1 x 10* 97%
Spleen 3x10°+2x 10 1% 2x10°+2x 107 1% 3x10*+6x10° 98%
I:25-30g
Blood 0 0% 6x10°+6x 107 0% 1x10°+1x10* 100%
Head kidney 4x10°+2x 10° 1% 1x10°+1x10° 0% 5x10°+1x10° 99%
Spleen 8 x 107+ 8 x 10 0% 7 x 10> £4 x 107 0% 2x10°+6x10* 99%
1V:650 -780 g
Blood 2x10°+£9x 10° 3% 3x10°+1x10* 5% 8x10°+2x10° 93%
Head kidney 6x10°+3 x 10° 9% 5x10°£2x10° 6% 6x10°+2 x 10° 85%
Spleen 2x10°+2x10* 1% 2x10°+2x10* 1% 2x10°+6 % 10° 98%

Supplementary Table 2. Comparative and quantitative data analysis of each leukocyte population isolated from blood, head
kidney and spleen. Student’s z-test and one way ANOV A with Tukey’s post hoc test for parametric data were used. For non-
parametric data Mann-Whitney U test and Kruskal-Wallis one-way ANOVA were performed with the Dunn multiple-com-
parison test were applied. Head kidney (HK), Spleen (SP), Blood (BL), Before Percoll (BP), After Percoll (AP).

Group: 2-4¢ Macrophages Neutrophils Lymphocytes
Statistical test HKBP  BLAPvs HKAPvs HKBPvs BLAPvs HKAPvs HKBPvs BLAPvs HKAPvs
vsSPBP SPAP SPBP SPAP SPBP SPAP
student #-test 0.06
Mann-Whitney U Test 0.10 0.01

One-way ANOVA with

Tukey’s post hoc test 0.09
KrusKal-Wallis one-way
ANOVA test 0.01 0.01
GroupIl: 4-6¢g Macrophages Neutrophils Lymphocytes
Statistical test HKBP BLAPvs HKAPvs HKBPvs BLAPvs HKAPvs HKBPvs BLAPvs HKAPvs
atistical tes vsSPBP SPAP SPBP SPAP SPBP SPAP

student #-test No-data

Mann-Whitney U Test 0.4 0.01
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Continued

One-way ANOVA with
Tukey’s post hoc test

KrusKal-Wallis one-way
ANOVA test

Group III: 25-30 g
Statistical test
student #-test

Mann-Whitney U Test

One-way ANOVA with
Tukey’s post hoc test

KrusKal-Wallis one-way
ANOVA test

Group IV: 650 - 780 g
Statistical test
student ¢-test

Mann-Whitney U Test
One-way ANOVA with
Tukey’s post hoc test

KrusKal-Wallis one-way
ANOVA test

0.8
Macrophages
HKBP  BLAPvs HKAPvs
vsSPBP SPAP
0.01
0.2
Macrophages
HKBP  BLAPvs HKAPvs
vsSPBP SPAP
0.01
0.01

0.9
Neutrophils
HKBPvs  BLAPvs HKAPvs
SPBP SPAP
No data
0.9
Neutrophils
HKBPvs  BLAPvs HKAPvs
SPBP SPAP
0.01
0.01

0.01
Lymphocytes
HKBPvs BLAPvs HKAPvs
SPBP SPAP
0.01
0.01
Lymphocytes
HKBPvs BLAPvs HKAPvs
SPBP SPAP
0.01
0.01
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