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A B S T R A C T

New Zealand Chinook salmon (Oncorhynchus tshawytscha) industry has great potential for growth and expansion.
While production is relatively free of health problems, there is limited literature on haematology, and im-
munological tools to safeguard against possible future health threats. The current study aim was to characterise
New Zealand farmed O. tshawytscha peripheral blood cellular composition, develop a micro-volume method to
isolate peripheral blood mononuclear cells (PBMCs) and validate a microcapillary flow cytometry assay kit for
PBMC cell count and viability assessment. We used light microscopy to characterise peripheral blood and PBMC
cellular composition in combination with a flow cytometer Sysmex XT 2000i Haematology Analyser. ImageJ
version 1.52 was used for cell size characterisation of freshly stained blood. The stability of PBMCs stained with
the Muse® Cell Count and Viability Assay Kit and the Trypan blue assay stains were studied at 4 °C and 21 °C for
60min; while the Muse® Cell Count and Viability Assay Kit was validated against the Trypan blue assay hae-
mocytometer chamber to assess PBMC count and viability. Findings showed that O. tshawytscha smolt yearlings
had total blood cell counts in the range of 1.9–2.7× 106 μL−1. Differential cell counts revealed five cell types,
comprising 97.18% erythrocytes, 2.03% lymphocytes, 0.67% thrombocytes, 0.09% monocytes, and un-
quantifiable neutrophils. Using micro-volumes of blood and Lymphoprep™, we successfully isolated fish PBMCs.
Significantly, stained PBMCs remained stable for up to 45min at 4 °C and 21 °C; while validation of the Muse®

protocol showed that this microfluidic instrument delivered more accurate and precise viability results than the
haemocytometer. The Muse® protocol is rapid, easy to use, has quick calibration steps, and is suitable for field
use to facilitate onsite sample processing. These findings pave the way for future assessments of fish health and in
vitro immunological studies in O. tshawytscha.

1. Introduction

Immunity is an integrated physiological and barrier system that
protects animals from threats posed by pathogens [1,2]. The vertebrate
immune machinery consists of the innate and adaptive immune sys-
tems; and teleosts are the only vertebrate ancestral group that possess
both systems [3]. The innate immune response consists of physical
barriers (e.g. the skin, scales, gut mucosa and gill epithelia), humoral
and cellular components. This system acts as the first line of defence
against pathogens. The humoral component includes complement

proteins, lysozymes, proteases, esterases, antimicrobial peptides
(AMPs) and immunoglobulins, like IgM, IgD and IgT or IgZ [4,5]. The
cellular immune constituents include leucocytes, such as T and B lym-
phocytes, neutrophils, eosinophils, basophils, thrombocytes, cytotoxic
cells (natural killer cells), mast cells (MCs), dendritic cells (DCs),
macrophages and their precursor monocytes [6,7]. Neutrophils, eosi-
nophils and basophils have a granulated cytoplasm, thus called gran-
ulocytes [8]. Macrophages and neutrophils are professional phagocytes
[9,10] with a high phagocytic ability and capacity [10]. These cells
produce antimicrobial nitrogen and oxygen products, cytokines, and
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ingest a wide range of particle sizes [11].
When the physical barriers fail to prevent pathogen attacks and

entry, other innate immune components become involved through
pattern recognition receptors (PRRs) on cell surfaces, which recognise
common conserved pathogen-associated molecular patterns (PAMPs)
not expressed in multicellular organisms [6,12]. These PAMPs include
viral RNA and bacterial DNA, fungal β1,3-glucans, bacterial cell wall
peptidoglycans, polysaccharides and lipopolysaccharides (LPS) [12].
The recognition of PAMPs initiates cellular responses designed to kill
and eliminate microbial pathogens [13] via phagocytosis and exocy-
tosis [14]. Phagocytosis initiates release of cytokines, followed by an-
tigen presentation through the major histocompatibility complex
(MHC), resulting in the development of adaptive immunity [15].
Overall, the adaptive immune component relies on the humoral (anti-
body) and cellular responses, and is characterised by specific antigen
recognition, which invokes a quick and strong secondary pathogen-
specific response [15].

In aquaculture, disease outbreaks caused by viruses, bacteria, and
parasites, routinely lead to heavy industry losses [reviewed in Ref.
[16]]. Amidst these challenges, aquaculture has gained significant
progress, and is presently recognised as one of the fastest growing food
production sectors worldwide [17]. To keep up with demand, aqua-
culture farms aim to produce high quantity, of healthy and fast-growing
fish, under optimal husbandry and management practices. Combined
with other diagnostic tools, fish haematology can reveal important in-
formation on fish physiology and health, with high application poten-
tial to investigate and monitor stress responses, diagnose diseases and
identify nutritional problems [reviewed in Ref. [16]]. For instance,
haematology combined with humoral, cellular immune parameters and
gene expression have been employed in several fish species to demon-
strate immunomodulatory effects of: dietary supplements [18,19]; im-
munostimulants and pathogen challenge [20–23]; temperature pertur-
bations [24–26]; and hypoxia [27]. Furthermore, salinity stress [28];
crowding stress [29]; heavy metals [30,31]; hormonal components
[32]; and melatonin [33] have been shown to induce dramatic changes
in leucocyte counts.

However, most fish immunology studies are conducted in vivo,
which can be time consuming, costly, and often involve fish euthanasia.
Thus, there is a need for alternative models that are less invasive, can be
performed under controlled in vitro environments, with nominal bio-
fluid or tissue requirements, and which are less time consuming and
more affordable. To perform in vitro immunological studies, fish im-
mune cells are sourced from the thymus, kidney, spleen, or peripheral
blood [34]. These cells can be isolated from lymphoid tissues and blood
by either hypotonic lysis or density gradient centrifugation [35,36].
Indeed, isolated peripheral blood mononuclear cells (PBMCs) composed
of suspended lymphocytes and adherent monocytes have been pre-
viously used to investigate immunomodulatory effects of: dietary sup-
plements and disease resistance [18,37]; pathogen challenge [22,38],
and vaccine efficacy [23,39,40], among others. Thus, fish PBMCs pre-
sent an important opportunity to model several biological variables via
integrated techniques, including microscopy, flow cytometry, RT-qPCR,
spectrophotometry, western blotting, among others.

Specifically, flow cytometry has been used to characterise fish
PBMCs in rainbow trout (Oncorhynchus mykiss) [35], sea bass (Dicen-
trarchus labrax) [41], striped catfish (Pangasius hypothalamus), and
European eel (Anguilla anguilla) [36]. Flow cytometry has also been
used to assess PBMCs for: production of reactive oxygen species (ROS)
[22,42]; antibody detection [43,44]; phagocytosis [26,42,45,46] and
natural cytotoxicity [47]. Consequently, flow cytometry tools such as
the Muse® Cell Analyser, offer accurate and fast quantitative assessment
of single cells compared to traditional methods. Fortunately, the Muse®

Cell Analyser has been successfully used in our laboratory to char-
acterise haemocytes in black-footed abalone (Haliotis iris) [48,49]; to
study immune responses of shellfish to pathogen infections [50]; T. V.
[51]; T. V [50–52]. and stressors [53]; T. [53,54]; and to assess the

immune status of spiny lobster (Jasus edwardsii) with tail fan necrosis
[55].

While the Muse® Cell Analyser has been shown to work well with
shellfish haemolymph, the platform has not yet been used on fish blood,
which first requires isolation of PBMCs to exclude nucleated ery-
throcytes. Fish PBMCs have previously been isolated for immunological
investigations in Atlantic salmon (Salmo salar) [43,45], and in Chinook
salmon (Oncorhynchus tshawytscha) in Oregon state USA [56], but this
information is still lacking for cultured O. tshawytscha in New Zealand.
This presents an opportunity to incorporate the Muse® Cell Analyser as a
fish health assessment tool for the aquaculture industry and other re-
search-based applications.

The New Zealand aquaculture sector was valued at over US$ 800
million in 2016 of which O. tshawytscha contributed 22% and 12% by
value and production volume respectively [57]. The species is the
second most important aquaculture product after the Greenshell™
mussel (Perna canaliculus), making New Zealand, a global leader in
production and supply. Despite the economic importance of O. tsha-
wytscha, there is a lack of literature on haematological and im-
munological aspects of this species. Continued growth of the salmon
industry will necessitate species-specific immunological information
and development of tools to monitor and assess fish health. Thus, the
present study characterised the cellular composition of O. tshawytscha
peripheral blood, and developed a micro-volume method to isolate fish
PBMCs. We also characterised isolated PBMCs and used them to vali-
date a commercial cell count and viability assay kit using the Muse® Cell
Analyser.

2. Materials and methods

2.1. Fish samples

Nineteen yearling smolts (weight= 317.2–544.5 g; total
length=23.7–28.0 cm) were obtained from the Nelson Marlborough
Institute of Technology (NMIT) aquaculture facility (Glenduan, Nelson,
New Zealand). Fish had been maintained on a saltwater recirculating
system (temp=14.26 ± 0.35 °C; DO=7.30 ± 0.11 mgL−1;
pH=8.12 ± 0.21; NH4

−=0.14 ± 0.13 mgL−1; NO2
−

=0.28 ± 1.12 mgL−1), and they were fed to satiation daily with
EWOS Microboost 2.2 mm commercial diet (Cargill) with 50% crude
protein and 22% lipid. Ethical approval was obtained from the NMIT
Animal Ethics Committee (NMIT-AEC-2017-NMIT-01).

2.2. Fish blood sampling

Fish were captured by scoop net, individually anaesthetised with
AQUI-S® (25 mgL−1 of culture water for 2–3min), and length/weight
measurements quickly recorded. Approximately 1.4mL of peripheral
blood was withdrawn via caudal vein puncture using a non-heparinised
3.0 mL syringe attached to a 20 gauge Terumo needle. Each sample was
quickly distributed into three 400 μL BD Microtainer® Lithium Heparin
tubes (Becton Dickinson, USA). Blood was mixed by inverting the tube
10 times, as per the manufacturer's recommendations, kept chilled at
4 °C, and processed within 5–10min for PBMC isolation.

2.2.1. Peripheral blood total cell count
Serial dilutions of 1 in 20 were made by adding 10 μL of peripheral

blood into 190 μL of diluting fluid in an Eppendorf tube to a final di-
lution of 8000. At each dilution, the suspension was mixed by vortexing
for 20 s. Subsequently, a haemocytometer chamber was filled with
10 μL using a micropipette and cells counted at 400x magnification, and
recorded. Two replicate counts were conducted for each blood sample,
and total cell counts were estimated for 10 individuals according to the
formula:
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=Count per Litre Number counted Volume L x Dilution Factor
x

[( )/( (µ )]
1,000,000

2.2.2. Isolation of fish PBMCs
Fish PBMCs were isolated using a modified protocol by Ref. [36]

with minor modifications. Briefly, all buffers and solutions were kept
chilled at 4 °C during isolations. A micro-heparinised blood volume of
284 μL was quickly diluted 1:1 with sterile filtered (40 μm) phosphate-
buffered saline (PBS), pH 7.4. PBMCs were obtained by centrifuging
(Heraeus Labofuge 200; Thermo Scientific) the mixture at 3000 rpm
(971 g) for 20min over a layer of 682 μL Lymphoprep™ (1.077 gmL−1)
(Stemcell Technologies, Australia) in a 1.5mL Eppendorf tube. Cells at
the interface were aspirated with a pipette and washed twice in 500 μL
of sterile filtered PBS by centrifuging at 2500 rpm (674 g) for 7min. The
resulting cell pellet was re-suspended to a final cell concentration of 105

- 106 cells mL−1 in sterile filtered PBS supplemented with 2% fetal calf
serum (FCS) and kept at 4 °C for further analysis.

2.2.3. Peripheral blood and PBMC slide smear preparation
To prepare fresh peripheral blood smears, approximately 10 μL of

fresh non-heparinised sample were transferred to glass slides im-
mediately after withdrawal; smears were made, and quickly stained
with modified Giemsa Differential Quick Stain (Polysciences, Inc.).
Briefly, slides were fixed by dipping in methanol for 10 s, quickly
dipped five times in stain 1 (orange) and stain 2 (blue), immediately
washed with distilled water and mounted with coverslips. Images were
taken with a Nikon Digital Sight DS-Fi1camera (Nikon Corporation,
Japan) attached to an inverted Nikon Eclipse TS100 microscope using
NIS-Elements software at 400x magnification. Cell and nuclear size
parameters (μm) were measured using an ImageJ version 1.52a Java
application for cell size characterisation [58]. For differential cell
counts, 10 μL of fresh heparinised blood was used to prepare slide
smears, while isolated PBMC slides were prepared by adhering a
monolayer of 10 μL cell suspension on glass slides. Slides were left to air
dry overnight, fixed with methanol, and were subsequently stained with
Giemsa. Peripheral blood stained slides were observed under a micro-
scope at1000x magnification with oil immersion for white blood and
red blood cell counts. Peripheral blood and PBMC slides were also
observed, and targeted photographs taken under a 1000x magnification
with oil immersion using an optical microscope (Leica ICC50 HD). In
addition, the cellular composition of isolated PBMCs was compared
with peripheral blood haematograms, using the Sysmex XT 2000i
haematology analyser following the manufacturer's protocol.

2.3. Stability of stained PBMCs

The stability of isolated PBMCs stained with the Muse® Count and
Viability Assay Kit stain (Merck KGaA, Darmstadt, Germany) and 0.4%
Trypan blue (TB) assay stain (Sigma-Aldrich, New Zealand) [59] was
assessed over 1-h at room temperature (21 °C). Fish PBMC suspensions
at 106 cells mL−1 in sterile filtered PBS with 2% FCS from five biolo-
gical replicates were separated into paired samples, and repeatedly
measured for viability using the Muse® Cell Analyser and the haemo-
cytometer chamber at 5, 15, 30, 45 and 60min. Duplicate measure-
ments (technical replicates) for each sample were taken. This protocol
was repeated to determine the stability of fish PBMCs kept at 4 °C using
the Muse® Count and Viability Assay Kit only, with five additional
PMBC samples. Repeated-measures ANOVA was performed for each
time-series dataset to determine approximate limits for PBMC stability
using Minitab 16 statistical software at α=0.05.

2.4. Positive control for setting Muse® gate parameters

2.4.1. Procedure for dead/live cell positive controls
To establish correct Muse® gating parameters, fish PBMCs at

1×106 cells mL−1 from one fish were used. Dead cells were prepared
via thermal stress induction at 100 °C for 5min, to obtain assay cell
suspensions at high and low viability. The high and low viability cell
samples were used to set the viability profile and gates for the Muse®

Cell Analyser, Cell Count and Viability assay Kit. The haemocytometer
chamber was used to verify the cell counts and viability profile of the
two sample preparations at high and low viability.

2.4.1.1. Estimating method accuracies. Cell viability and cell count data
obtained using the Muse® Cell Analyser and haemocytometer chamber
were compared to determine congruence. A series of 57 PBMC samples
at low, medium and high viability were prepared from 19 fish using
proportions (100%, 50% and 0%) of heat-killed cells at 100 °C for 5min
from each individual. Duplicate measurements were taken for each
method and data for mean cell viability and cell count for the
haemocytometer chamber was plotted against data for the Muse® Cell
Analyser. A scatter plot was generated with a line of best fit, and the R2

value was determined; while regression equations were established, and
regression were tested for significance at α=0.01.

2.4.1.2. Method repeatability (assessing intra-assay precisions). Cell count
and viability data obtained from 57 PBMC suspensions at low, medium
and high viability from 19 fish were measured in duplicates using the
Muse® Cell Analyser and the Trypan blue haemocytometer chamber
technique. To assess intra-assay precisions, scatter plots of individual
duplicate measurements for cell viability and live cell counts obtained
at low, medium and high viability were produced separately for the two
methods. A line of best fit was plotted, linear equations and R2 values
were determined. The Muse® instrument specificity was tested by
running blank sterile filtered PBS with 2% FCS. In addition, method
repeatability was assessed by determining the percentage coefficients of
variation using the mean cell count and viability data at low, medium,
and high viability profiles for both methods.

3. Results

3.1. Peripheral blood cellular characterisation

Five types of cells in Giemsa-stained peripheral blood were identi-
fied, comprising erythrocytes, lymphocytes, thrombocytes, monocytes
and neutrophils. Neutrophils were observed, but not sufficiently
quantifiable. Generally, erythrocytes dominated cell composition
(Fig. 1). The high dominance of erythrocytes was also confirmed via
differential cell counts where total leucocytes accounted for less than
3%, and majority were lymphocytes (Table 1).

Erythrocytes were the largest cells with ellipsoid, round to oval
shape, and had the lowest nuclear to cytoplasmic (N: C) ratio (Table 1;
Figs. 1–2). Immature erythrocytes were more rounded with a larger
circular nucleus, while mature cells were more ellipsoidal, with a
centrally located round to ellipsoid nucleus that stained deep blue
(basophilic) against a pinkish (eosinophilic) cytoplasm. Ellipsoid ery-
throcytes were the most common cell type in salmon peripheral blood.

Thrombocytes were the second largest cells. They were ellipsoidal,
spindle to oval, usually with a spine-like structure at one end of the cell.
Ellipsoid and spike shaped thrombocytes were the most common in
salmon blood. They had the second lowest N: C ratio after erythrocytes
(Table 1). Like erythrocytes, the nucleus varied in shape from ellipsoid
to oval, and stained basophilic, while the cytoplasm stained eosino-
philic.

Monocytes were the third largest blood cells and possessed an ir-
regular macrophage-like structure and a kidney shaped nucleus that sits
on one side of the cell. The nucleus stained basophilic with a violent
blue cytoplasm and had a moderate to high N: C ratio after thrombo-
cytes. Small and large monocytes were observed, with cell surfaces
exhibiting cytoplasmic extensions or pseudopodia-like structures.

Although lymphocytes were the most numerous of the leucocytes
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observed in peripheral blood, they were the smallest cells, had a cir-
cular or bell shaped structure, with a very thin cytoplasmic rim.
Lymphocytes stained deeply basophilic and presented with the highest
N: C ratio in most of the cells and commonly stained basophilic with a
thin violent blue cytoplasm (Figs. 1–2). By size, small and large cells
were clearly visible in peripheral blood.

Isolated PBMCs were predominantly composed of lymphocytes and
monocytes (Fig. 3), with the composition being confirmed with a
Sysmex XT 2000i haematology analyser scattergrams (Fig. 4). Specifi-
cally, nucleated fish peripheral blood cells (Fig. 4A) presented as a
cluster of varying cellular complexity, while isolated PBMCs appeared
in scattergrams as two populations composed of smaller and less com-
plex lymphocytes (pink) and more complex monocytes (green) as in-
dicated by side scatter (SSC) (internal organelles and granularity) on
the x-axis vs. side fluorescence (SFL) (DNA/RNA) on y-axis (Fig. 4B).
Blue dots on the PBMC scattergram represent cellular debris or ghost
cells.

3.2. Stability of stained PBMCs

Regarding the stability of stained PBMCs, repeated measures
ANOVA revealed approximate limits for PBMC stability at 45min with
the Muse® Count and Viability Assay Kit stain at 21 °C and 4 °C; while
the Trypan blue assay stain showed stability limit up to 30min of in-
cubation at 21 °C (Table 2).

3.3. Estimating method accuracies

The accuracy of the Muse® Count and Viability Assay Kit was
benchmarked against the traditional haemocytometer chamber with the
Trypan blue exclusion assay. A linear regression model across a wide
range of measurements, revealed that comparative method accuracies

were good for cell viability (R2= 0.87; p < 0.01), and reasonable for
cell count (R2= 0.74; p < 0.01) (Fig. 5).

3.4. Method precision using intra-assay plots

The ability of the Muse® Cell Analyser to consistently produce re-
sults was also assessed against the haemocytometer chamber over a
wide range of viability profiles. Results of a linear intra assay regression

Fig. 1. Giemsa stained O. tshawytscha yearling smolt heparinised peripheral blood cells taken with a Leica ICC50 HD camera attached to a Leica binocular at 1000x
magnification. (A) thrombocyte, (B1-B2) lymphocytes, (C1-C2) mature nucleated erythrocytes, and (D) monocyte. [1.5].

Table 1
Cellular profile of healthy O. tshawytscha smolt peripheral blood (mean ± SD; n= 10).

Parameters Erythrocytes Thrombocytes Lymphocytes Monocytes

Composition (%) 97.18 ± 1.67 0.67 ± 0.92 2.03 ± 1.36 0.09 ± 0.29
Cells μL−1 2,254,132 ± 6,785 15,463 ± 3,762 47,093 ± 5,526 2,109 ± 1,188
Total cell count μL−1 2,319,500 ± 407,041
Cell length (μm) 11.45 ± 1.01 11.74 ± 0.95 6.48 ± 0.76 7.07 ± 0.50
Cell width (μm) 6.44 ± 0.51 4.39 ± 0.49 6.12 ± 0.86 5.51 ± 0.79
Nuclear length (μm) 5.92 ± 0.67 7.08 ± 0.74 5.01 ± 0.83 5.96 ± 0.60
Nuclear width (μm) 2.80 ± 0.34 2.97 ± 0.36 4.36 ± 0.85 3.50 ± 0.90
Nuclear: Cytoplasm (N:C) ratio 0.21–0.24 0.39–0.42 0.49–0.60 0.45–0.61

Fig. 2. Modified Giemsa differential quick stained O. tshawytscha yearling smolt
fresh un-heparinised blood cells, taken with a Nikon Digital Sight DS-Fi1camera
attached to an inverted Nikon Eclipse TS100 microscope at 400x magnification.
(A1-A3) thrombocytes, (B1-B3) lymphocytes, (C1-C3) mature erythrocytes, (D)
monocyte, and (E1-E2) immature erythrocytes. This picture was specifically
used to determine cell size. [Single].
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revealed that the Muse® protocol performed with slightly better preci-
sion than the haemocytometer method in giving consistent results, as
indicated by the higher R2 range of 0.85–0.92 compared to 0.71–0.85,
respectively (Fig. 6).

The slightly better precision of the Muse® Cell Analyser in estimating
cell viability in comparison to the haemocytometer chamber is further
revealed by low % CV among results obtained with the Muse® Cell
Analyser in comparison to the haemocytometer chamber (Table 3).

On the other hand, observations of cell counts at different viability
profiles revealed that the Muse® Cell Analyser is comparable to the
haemocytometer chamber in consistency as revealed with R2 range of
0.84–0.99 for the Muse® and to 0.88–0.98 for the haemocytometer
chamber (Fig. 7).

Comparing method repeatability in estimating live cell counts, re-
sults obtained with the Muse® Cell Analyser showed closer grand mean
% CV to that obtained with the haemocytometer chamber results
(Table 4).

4. Discussion

In this study, we characterised peripheral blood cells in O. tsha-
wytscha yearling smolts using light microscopy and flow cytometry, we
successfully established a micro blood volume (< 300 μL) density gra-
dient centrifugation method to isolate and purify PBMCs, and validated
an efficient assay kit to assess PBMC count and viability using a

portable flow cytometry platform, the Muse® Cell Analyser. Differential
cell count revealed five types of peripheral blood cells, consisting of
erythrocytes, lymphocytes, thrombocytes, monocytes and neutrophils,
which is consistent with previous reports in juvenile O. tshawytscha
from British Columbia, Canada [60]. Since healthy fish were used in our
study, neutrophils were observed, but were not quantifiable in per-
ipheral blood as their presence in circulation has been associated with
immunological response [10]. Overall, erythrocytes were the most
abundant cell types in peripheral blood, similar to previous reports in
juvenile O. tshawytscha [60] and S. salar [2,61]. The observed ery-
throcyte population in this study is within the range of 106 cells μL−1

for healthy S. salar [2,62] and O. mykiss [63,64]; although lower
numbers of erythrocytes were observed in O. tshawytscha [60]. Scien-
tific evidence shows that fish erythrocyte counts can be influenced by
several extrinsic factors (e.g., temperature, oxygen, salinity, pH, season,
culture system, diet) and intrinsic ones like age, sex, maturity, ploidy
and metabolic activity [reviewed in Ref. [65]].

On the other hand, total leucocytes comprised around 3% and
mostly consisted of lymphocytes, as previously reported in O. mykiss
[35] and other teleosts [22,36]. Salmonid peripheral blood cellular
profile has been reported to vary with species, age, season, photo-
period, sexual maturity and diet [44,66–72]; Jiřı.́ Overall, lower leu-
cocyte counts are an excellent indicator of depressed immunity, while
variations in circulating leucocyte to erythrocyte levels have been used
to assess stress and disease susceptibility [60]. For example, total leu-
cocyte counts have been used to assess immune effects caused by
physical [24–29]; and chemical [30–33,73] stressors. Furthermore,
haematological parameters combined with humoral, cellular immune
responses and molecular techniques are routinely used to assess im-
munomodulatory effects of dietary supplements and immunostimulants

Fig. 3. Giemsa stained O. tshawytscha smolt isolated PBMCs taken with a Leica
ICC50 HD camera attached to a Leica binocular microscope at1000x magnifi-
cation. [Single].

Fig. 4. Sysmex XT 2000i differential scattergrams of fish
peripheral blood, showing whole peripheral blood nu-
cleated cells (A) and differential scattergrams of isolated
fish PBMCs (B), lymphocytes are orange, monocytes are
green, and blue are cellular debris or ghost cells. SFL: side
fluorescence; SSC: side scatter; and DIFF: differential.
[1.5]. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web ver-
sion of this article.)

Table 2
Percent viability of stained PBMCs over time at 21 °C and 4 °C (data points are
shown as mean ± SD, n= 5 fish). Repeated measures ANOVA tests were
performed at α= 0.05. Values with the same superscript in a column are not
significantly different. Values are an average of duplicate readings for both
viability assessment techniques.

Time (min) Muse® Count and
Viability stain 21 °C

Trypan blue stain
21 °C

Muse® Count and
Viability stain 4 °C

5 92.07 ± 4.16a 92.59 ± 3.65a 88.40 ± 5.44a

15 90.66 ± 5.58a 87.16 ± 8.30ab 86.86 ± 5.72a

30 88.99 ± 5.27a 85.54 ± 7.18ab 85.15 ± 4.86a

45 86.50 ± 4.20ab 82.41 ± 7.43b 82.00 ± 4.99ab

60 82.50 ± 5.30b 81.44 ± 8.77b 77.57 ± 6.19b

F-value 5.85 3.69 6.22
p-value 0.001 0.011 0.000
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in farmed fish [18,19,21,37,74,75]. This integrated approach has also
been applied to investigate immunological effects of pathogen chal-
lenges and vaccine efficacy in aquaculture [22,23,39,40].

For erythrocytes, mature and immature (erythroblasts) cells are
observed with varied shapes, lowest N: C ratios, deeply basophilic nu-
clei and eosinophilic cytoplasm. A deeply basophilic nucleus is sug-
gestive of chromatin richness, while an eosinophilic cytoplasm has been
associated with haemoglobin richness in fish, and variations in mor-
phology are associated with extrinsic and intrinsic factors [reviewed in
Ref. [76]]. Although erythrocytes are respiratory cells with a primary
gas-transport role, evidence of immunological function is accumulating.
For example, expression of immune genes for toll-like receptors and/or
interferon regulatory factors have been reported in Nile tilapia (Or-
eochromis niloticus) [23], S. salar [77] and O. mykiss [78]. In addition,
fish erythrocytes appear to contain high numbers of lysosomes and

Fig. 5. Linear regression of mean duplicate cell % viability (left) and viable cell count (right) profiles obtained via the haemocytometer chamber and Muse® Cell
Analyser at low, medium and high viability cell suspensions (data comes from 57 samples and n=19 fish). [2.0].

Fig. 6. Regression profiles of duplicate cell viability assessed by the haemocytometer chamber and Muse® Cell Analyser, at three target viabilities (high, medium and
low, n= 19). Panel A–C are viability results with the Muse® Cell Analyser at (A) high viability, (B) medium viability, (C) low viability. Panel D–F are viability results
with the haemocytometer chamber at (D) high viability, (E) medium viability, and (F) low viability. [2.0].

Table 3
Precision of haemocytometer chamber and Muse® Cell Analyser in assessing
PBMC viability at low, medium and high viability samples (data are grand mean
from duplicate readings from 19 fish).

Method Target
Viability (%)

Grand mean measured
viability (%)

Standard
deviation

% CV/
RSD

Haemocytometer 100.00 91.87 1.25 1.41
50.00 56.31 3.09 5.82
0.00 7.90 1.43 21.24

Average 9.49
Muse® 100.00 93.27 0.81 0.87

50.00 38.99 1.90 6.14
0.00 6.53 0.82 12.60

Average 6.53
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mitochondria [23], which further supports evidence of immunological
function.

Thrombocytes facilitate fast blood clotting after injury and control
fluid loss [76]. Elevated thrombocyte counts in fish have been asso-
ciated with high clotting capacity and chronic stress [79]. Their ob-
served cellular and nuclear shapes have been previously reported in
several teleosts [reviewed in Ref. [76]] and D. labrax [41,80–82]. Si-
milar to the current study, thrombocyte cell widths of 3.0–4.5 μm have
been reported in goldfish (Carassius auratus) [83]. Furthermore, spindle
and spike shaped cells were the most frequent thrombocytes in the
current study as previously reported in D. labrax [41], while spherical
cells were the most common in C. auratus [83]. The observed throm-
bocyte shapes in O.tshawytscha suggest possession of marginal micro-
tubules and a surface canalicular system previously reported in other
fish species [41,84,85], and has been associated with cell shape main-
tenance [84].

Morphological characteristics of monocytes or macrophages in our
study have previously been noted in a review for teleost fishes by Ref.
[76]; irregular cell surfaces with protrusions or ridges reported in D.
labrax [41] and C. auratus [83]. Macrophages are a central component
of the innate and adaptive immune responses in teleosts [86].

Macrophages are professional phagocytes, and have the potential to kill
bacteria and protozoans via production of toxic reactive oxygen species
and nitrogen intermediaries, lytic enzymes, and antimicrobial peptides
[10]. The production of cytotoxic compounds is facilitated via re-
spiratory bursts [22,87] and phagocytosis [37,75,88].

The dominance of the leucocyte population by lymphocytes, and
their small size range was previously reported in coho salmon
(Oncorhynchus kisutch) [89]. A large nucleus that stains basophilic, with
a thin cytoplasmic rim and an amoeboid cell shape have also been re-
ported in several fish species [41,80]. In the current study, we also
observed small and large lymphocytes in O. tshawytscha, indicative of T
and B cells, respectively. While B lymphocytes with surface im-
munoglobulins have previously been reported in salmonids [43,56];
non-immunoglobulin producing T lymphocytes were reported in S.
salar [90]. Additionally, some lymphocytes exhibit exterior cytoplasmic
protrusions, an indicator of phagocytic capability, while their baso-
philic cytoplasm and nucleus stain uptake suggests acidic content.
Generally, lymphocytes serve immunological functions and can triple
their size (plasma cells) following activation in response to antigens
[76,91].

Slide smears of purified PBMCs in O. tshawytscha confirmed that
cells were dominated by lymphocytes, which is consistent with PBMC
composition previously reported in several salmonids and other fish
species [89,92–94]. Isolated PBMC composition was also confirmed by
peripheral blood and PBMC scattergram comparisons for which SSC,
clearly illustrated two populations, consistent with results reported in
several studies [35,36,41]. PBMC haematograms suggested that
monocytes are more complex in structure, possibly due to higher nu-
clear protein content and presence of cytoplasmic organelles, as they
emitted more fluorescence compared to the less complex lymphocytes.

In Giemsa-stained PBMCs, monocyte and lymphocyte nuclei stained
deeply basophilic, probably due to chromatin richness, which has been
associated with innate immune responses in previous studies among
salmonids [89,95–98] and other fish species [22,36,40,99]. To the best
of our knowledge, the present contribution is the first to report on the

Fig. 7. Regression profiles of duplicate viable cell counts assessed by haemocytometer chamber and Muse® Cell Analyser, at three target viabilities (high, medium and
low, n=19). Panel A–C are live cell count results with the Muse® at (A) high viability, (B) medium viability, (C) low viability. Panel D–F are count results with the
haemocytometer at (D) high viability, (E) medium viability, (F) low viability. [2.0].

Table 4
Repeatability of haemocytometer chamber and Muse® Cell Analyser in assessing
PBMC cell counts (n= 19).

Method Cells mL−1 Mean cells
mL−1

Standard
deviation

% CV/
RSD

Haemocytometer 1,200,000 1,199,605 104,019 7.69
600,000 624,868 48,939 10.85
72,000 60,394 7,629 12.12

Average 10.22
Muse® 1,200,000 1,389,038 116,941 7.69

600,000 676,804 41,624 7.59
72,000 93,782 16,845 19.34

Average 11.40
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isolation of O. tshawytscha PBMCs for characterisation, which is the first
step towards effective in vitro immunological and physiological studies.

Despite the successful isolation of PBMCs, we experienced chal-
lenges, during preliminary laboratory work (results not shown) on
isolating fish PBMCs using anticoagulated blood couriered to our lab
and used 24 h after sampling. The aim was to isolate fish PBMCs by
density gradient centrifugation following the protocol by Ref. [36] and
the SepMate™ tubes (Stemcell Technologies, Australia). Overall, we
noted that anticoagulant-treated blood processed 24 h after sampling
failed to separate into PBMCs. Furthermore, anticoagulant treated fish
peripheral blood stored for an hour and samples with coagulation
particles also failed to isolate into PBMCs. Only freshly taken and
quickly heparinised or EDTA preserved blood successfully separated
into PBMCs without delay, hence the need to run samples as quickly as
possible following draw from fish. Using less than 300 μL of fish blood,
the technique enables collection of 1.0–1.5 mL of PBMCs at 105-
106 cells mL−1, sufficient to conduct common immunological assays,
e.g. phagocytosis, ROS and nitric oxide (NO) production. This is a huge
sampling advantage as it does not require fish euthanisation, and pre-
sents benefits for on-farm individual fish sampling for longitudinal
experiments.

With respect to PBMC stability, cells stained with the Muse® Count
and Viability Assay Kit stain remained significantly stable within
45min at 21 °C and 4 °C; while Trypan blue assay stained cells were
significantly stable within 30min at 21 °C. These findings provide im-
portant insights into practical handling of fish PBMCs during laboratory
assays, and reveal an important time range within which results can be
reliably obtained. Overall, reliable measurements of cell viability can be
obtained when working with fish PBMCs within the first 45min fol-
lowing staining, irrespective of storage conditions. However, it is highly
recommended that cell viability assessments are made on fresh samples
that have been stained for 10min when possible to minimise the po-
tential for compromising results.

Meanwhile, validation findings showed that the accuracy and pre-
cision of the semi-automated Muse® Count and Viability assay Kit was
similar or better than the manual Trypan blue and the haemocytometer
chamber method for fish PBMC viability and cell count analysis. These
results align with other validation studies using this platform and kit for
different cell types from humans, hamsters, insects, and microalgae
[100,101]. In the current study, lower grand mean % CV values for
viability results were obtained with the Muse® Cell Analyser in com-
parison to the improved haemocytometer, while cell count overall
mean % CV values were close for both methods. However, the Muse®

Cell Analyser is a portable and cost-effective bench top flow cytometer
engineered with a precise microcapillary system that uses fluorescence
to accurately, and precisely quantify multiple cell parameters at once,
helping to save time. The Muse® Cell Analyser also uses micro sample
volumes, requires minimal sample preparation, and works with ad-
herent and non-adherent cells over a wide size range from 2 to 60 μm
diameter. The instrument is very robust and has higher sample
throughput than using a traditional manual haemocytometer chamber
since it provides results and produces cell population profile plots in
only 1–2min, compared to 5–7min per sample for haemocytometer.
These findings underscore the strength of using the semi-automated
Muse® Cell Analyser to quickly process fish PBMC samples using only
20 μL of biofluid.

The use of fish PBMCs and the Muse® Cell Analyser provides a highly
improved method to elucidate immune responses in fish, and can be
easily deployed to the field for monitoring and performing health as-
sessments in farmed fish without killing stocks. The Muse® Cell Analyser
can be used with a range of cell health assessment kits, including the
Muse® Oxidative Stress Kit for quantification of ROS, the Muse® Nitric
Oxide Kit for intracellular NO activity, the Muse® MultiCaspase Assay
Kit for rapid and quantitative measurements of cell death, and the
Muse® MitoPotential Assay Kit for simultaneous measurement of
changes in mitochondrial potential and cell death. Other kits include

the Muse® Caspase-3/7 Kit to quantify cellular apoptosis and cellular
plasma membrane permeabilization, and the Muse® Annexin V and
Dead Cell Assay to quantify live cells, early and late apoptosis and cell
death. Some of these kits have been earmarked for further im-
munological studies with O. tshawytscha.

4.1. Conclusions and recommendations

In this study, we demonstrated that O. tshawytscha yearling smolts
peripheral blood is dominated by erythrocytes, while lymphocytes were
the most common leucocytes. In addition, differential cell count re-
vealed five cell types including erythrocytes, thrombocytes, lympho-
cytes, monocytes and unquantifiable neutrophils. The study also pro-
vides a micro-volume method to successfully isolate fish PBMCs
through density gradient centrifugation. Using the isolated PBMCs, we
validated a microcapillary flow cytometry Muse® Cell Count & Viability
Assay Kit against the traditional manual haemocytometer chamber
Trypan blue assay method for cell viability. We conclude that we suc-
cessfully characterised fish peripheral blood cellular composition; and
that the portable Muse® Cell Analyser can accurately and precisely be
used to assess O. tshawytscha PBMC health in field or laboratory con-
ditions. The protocol is easy-to-use, fast, cheap, and maybe used to
monitor fish health or assess physiological responses in vitro using a
high throughput Muse® Cell Analyser.
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