
fishes

Article

Morphology, Transcriptomics and In Vitro Model of
Skin from Polar Cod (Boreogadus Saida) and Atlantic
Cod (Gadus Morhua)

Elisabeth Ytteborg 1,* , Øyvind Johannes Hansen 1, Vibeke Høst 1, Sergey Afanasyev 2 ,
Ireen Vieweg 3, Jasmine Nahrgang 3 and Aleksei Krasnov 1

1 Nofima, Muninbakken 9–13, Breivika, 9019 Tromsø, Norway; Oyvind.J.Hansen@Nofima.no (Ø.J.H.);
Vibeke.Host@Nofima.no (V.H.); Aleksei.Krasnov@Nofima.no (A.K.)

2 Sechenov Institute of Evolutionary Physiology and Biochemistry Russian Academy of Sciences, Torez 44,
194223 Saint-Petersburg, Russia; afanserg@mail.ru

3 Department of Arctic and Marine Biology, UiT The Arctic University of Norway, Tromsø PO Box 6050,
N-9037 Langnes, Norway; ireen.vieweg@uit.no (I.V.); jasmine.m.nahrgang@uit.no (J.N.)

* Correspondence: elisabeth.ytteborg@nofima.no

Received: 12 October 2020; Accepted: 28 October 2020; Published: 4 November 2020
����������
�������

Abstract: Fish skin is a multifunctional barrier tissue with high regeneration capacity that interacts
with the surrounding environment and provides protection. Functional importance, high complexity
and activity make skin an attractive tissue for studying the effects of environmental challenges
and chemical stressors in fish. The aim of this work was to characterize skin from polar cod
(Boreogadus saida) and Atlantic cod (Gadus morhua), and to test cod skin as an in vitro model in
exposure studies. Both species have similar skin structures including epidermis, mucous cells,
club cells and scales. However, microarchitectural differences were detected; Atlantic cod has a
smooth epidermal surface and overlapping scales, whereas polar cod has a folded outer surface
and discontinuous scales. Genome-wide microarray found 6.5k genes with expression differences,
which suggested more active turnover of proteins, proliferation and motility of cells in skin of polar
cod. Hydrogen peroxide (H2O2) was used to examine skin responses. Transcriptome response was
stronger in the skin of polar cod, with 155 differentially expressed genes. The skin from Atlantic cod
was further used to develop a cell culture. H2O2 decreased the cell migration rate in a dose-dependent
manner, which could indicate reduced skin healing capacity. The results revealed novel skin structures
and confirmed that the skin from cod is a promising tissue for evaluation of stressors.
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1. Introduction

Insight into the molecular, cellular and physiological responses to environmental challenges
is vital for sustainable growth of aquaculture and preservation of wild populations. Atlantic cod
(Gadus morhua) and polar cod (Boreogadus saida) are gadoid species which differ in habitat, lifestyle and
many biological characteristics. Atlantic cod is of great importance for commercial fisheries in the
North Atlantic, and polar cod is a key species in the Arctic food web [1,2]. Atlantic cod catches and
spawning stock biomass have been declining over the last several decades, and fisheries of cod may
further reduce due to climate change and increased oil drilling activity [3,4]. A predicted decline
in the availability of wild cod in the near future has renewed interest in cod farming in Norway [5].
Polar cod is not commercially exploited. However, this sentinel Arctic fish occurring in large numbers
directly underneath the Arctic sea ice [6,7] is used in numerous environmental studies with a focus
on pollution and thermal stress [8–10]. The decrease of wild populations, growing potential for cod
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farming, exposure to pollutant and climate change stimulate interest in cod research, which will grow
in the future. Development of specific and reliable biological markers, in vitro systems for diagnostics
of adverse conditions, better understanding of biological processes and monitoring of health in fish are
among the research priorities.

Skin is a barrier tissue that interacts directly with the environment, provides protection against
external agents and has a high capacity for healing and regeneration (reviewed in [11]). It is involved
in numerous physiological processes, including sensory perception, concealment, epithelial transport
and swimming [12–15]. Fish skin consists of four main parts: an outer mucous layer, which lubricates
and protects the epithelial surface, the epidermis consisting of live epithelial cells (keratocytes) that
cover and seal the surface, the dermal layer and the hypodermis, which provides vascularization,
pigmentation and mechanical strength. Other structures, such as strength-increasing scales [16]
and taste buds, the latter of which are involved in chemoreception [17], are found in many species.
Taste buds, or sensory cells, are secondary epidermal cells with a single apical microvillus that protrudes
between the cells of the superficial layer of epidermis (reviewed in [18]). Club cells are also common
in fish skin. They are located in the deeper epidermis and are regarded as alarm cells, releasing
chemical substances that evoke an antipredator responses to nearby shoal mates [19]. Club cells are
also suggested to be involved in immune response and epidermal regeneration [20]. The keratocytes in
the epidermis are highly active cells that respond to changes in environment, toxic substances and to
ectoparasites [21–25]. Parasite infection and wounds rapidly induce extremely complex transcriptional
responses [26,27], and large-scale changes that are also associated with environmental and seasonal
conditions [28,29]. These properties make fish skin an attractive tissue for studying responses to
environmental changes, external stimuli and chemical stressors.

Unlike mammalian skin, teleost skin is a non-keratinized tegument with living cells that continue
their activity several hours after the fish has been killed. It is therefore possible to conduct exposure
trials on dead fish and further grow keratocytes and perform functional studies directly from the
scales [28,29], making these cells appropriate for developing in vitro models. For Atlantic salmon
(Salmo salar), semi-in vivo techniques [30] and in vitro cell cultures [26] have been developed and
have shown mirror effects observed in vivo. These methods make observation of acute responses
and long-term effects on morphology and performance of cultivated skin cells possible. Taking into
account interspecific variation [31,32], a different model is required for each species. No such system is
currently available for cod keratocytes, and only a few papers describe cod skin in general [33,34].

In this study, we characterized skin from two cod species (farmed Atlantic cod and wild polar
cod) and tested an in vitro approach to use of Atlantic cod skin as a model for exposure to stressors.
The presented study includes a description of skin morphology based on histology and scanning
electron microscopy (SEM), comparison of the transcriptomes with use of a genome-wide microarray
and development of a primary in vitro culture of Atlantic cod keratocytes as a tool to follow cell
responses. Cultures were exposed to hydrogen peroxide (H2O2), a compound with a rapid oxidizing
effect with the potential of disrupting membrane properties [35]. H2O2 is commonly used in salmon
farming as a treatment for salmon lice (Lepeophtheirus salmonis) [36] and previously tested as a stressor
in a similar studies with Atlantic salmon.

2. Results

2.1. Characterization of Skin

The micro-architectures of skin from Atlantic cod (n = 9) and polar cod (n = 6) were characterized
using Alcian Blue/Periodic Acid - Schiff (AB/PAS) -stained sections (Figure 1). Skin from both species
has an overall similar structure, including epidermis, mucous cells, club cells, scales and dermis.
In addition, both species have sensory cells in epidermis (Figure 1B). Some specific features were found.
Polar cod has disjointed scales and bony plates located mostly in the dermis which do not extend
into the epidermis, unlike the scales in Atlantic cod (Figure 1A,C). In Atlantic cod, the overlapping
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scales extend into the loose connective tissue, influencing the structure of club cells in the epidermis.
Polar cod has scales only in the dense connective tissue, which explains its more compact appearance
in comparison with Atlantic cod. Polar cod also has more mucous cells (3.77 ± 0.02) than Atlantic cod
(0.27 ± 0.07) (mean mucous cell number/100 µm of skin ± standard deviation (STD).

Figure 1. Alcian Blue/Periodic Acid - Schiff (AB/PAS)-stained sections of skin from Atlantic cod and
polar cod. (A) Atlantic cod showing the main components in fish skin: epidermis, scales, club cells,
dense and loose dermis. Scales extend into the epidermal layers. (B) Enlarged image of epidermis
showing a sensory cell (arrow). (C) Polar cod skin differs from the Atlantic cod skin in that it has bony
plates. Scales do not extend into the epidermis. (D) Enlarged image of polar cod epidermis, showing
more mucous cells (arrows) compared to Atlantic cod. Scale bar = 500 µm (A,C) and 100 µm (B,D).

The skin surfaces from Atlantic cod (n = 9) and polar cod (n = 6) were characterized using
SEM (Figure 2). The keratocytes make up a continuous layer of cells attached to each other, sealing
the outer epidermal border. SEM showed a smooth outer appearance of Atlantic cod keratocytes
(Figure 2A). Polar cod has more grooves and folds (Figure 2E) and the abundance of mucous cells is
higher (Figure 2B,F). Both species have characteristic structures on the keratocyte surface facing the
outer environment called microridges (Figure 2B,F), which are typical for fish [11]. Sensory cells were
found in the epidermis of both species, and had the morphology resembling the pores of external taste
buds (Figure 2C,D,G,H).

Figure 2. Scanning electron microscopy (SEM) analyses of Atlantic cod and polar cod. (A) Skin surface
of Atlantic cod with microridges at the surface of the keratocytes, enlarged in (B), showing details of the
microridges and a mucous cell (arrow); (C) sensory cells in the skin, enlarged in (D); (E) polar cod has
more grooves and folded skin structure and more mucous cells, enlarged in (F), showing keratocytes
with microridges and mucous cells (arrows); (G) sensory cell; squared box enlarged in (H) showing the
microvilli receptors of the sensory cell.
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2.2. Skin Transcriptome

Comparison of transcriptomes (n = 6 in polar cod, n = 9 in Atlantic cod) found 6546 genes with
differential expression between two species (Supplementary Materials S1). Differentially expressed
genes (DEG) from several functional groups showed similar expression profiles (Figure 3A). Differences
suggested more active proliferation of cells, turnover of proteins, energy metabolism and motility of
cells in skin of polar cod. All functional groups with higher expression in Atlantic cod belonged to the
immune system, the greatest difference observed in immunoglobulins. Figure 3B presents genes with
diverse immune roles known for strong responses to pathogens and inflammatory agents. Several
immune genes showed higher expression in polar cod (e.g., tlr9 and interferon gamma, il-8), but many
more immune genes were characterized with higher activity in Atlantic cod, especially genes related to
adaptive responses (e.g., bruton tyrosine kinase and tnfr superfamily member 14).

Figure 3. Microarrays, comparison of Atlantic cod and polar cod. Positive and negative values mean
higher and lower expression in Atlantic cod to polar cod. (A) Functional groups with significant
differences between species (t-test, p < 0.05). Numbers of differentially expressed genes are indicated in
brackets; (B) Differentially expressed immune genes between the two species, shades of color indicate
different grade of up-regulation (red) or down-regulation (green). Data are log2-ER.
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2.3. Effects of Hydrogen Peroxide Exposure on Skin

Morphological changes in skin were revealed after 20 min of exposure to H2O2. Both species
had a rougher outer border of keratocytes compared to the control (Figure 4). The number of mucous
cells increased after exposure in a dose-dependent manner in Atlantic cod, being most pronounced
after exposure to the high concentration. In polar cod, mucous cells increased at both the dorsal and
the ventral side (Figure 4G,H). The responses were different between species: in polar cod, mucous
cells tended to accumulate in the outermost epidermal layer (Figure 4F), whereas in Atlantic cod,
the recruited mucous cells were distributed more evenly in the epidermis.

The histological findings were confirmed with SEM (Figure 5). Exposed keratocytes from both
species had reduced microridges and more cracks and crazing in the continuous epidermal layer,
which could be due to cells falling off, dying or shrinking, as shown in Figure 5B. This was more
apparent in Atlantic cod, but crazing and reduced microridges could also be observed in polar cod
(Figure 5C,D). SEM confirmed the increased number of mucous cells on the skin surface of polar cod
(Figure 5D).

Microarray analyses also revealed marked differences of responses to H2O2 in the two cod species.
The effects of treatment on skin of Atlantic cod was minor: only one DEG at low dose and 21 DEG
at high dose (Supplementary Materials S1). Thirteen DEG belonged to different functional groups,
and the rest had unknown roles. In polar cod, 46 and 108 genes were respectively upregulated and
downregulated. Decreased expression of diverse immune genes, components of the extracellular
matrix and modifying enzymes were observed (Table 1). Downregulation was shown by three genes
for laminin, the main component of basal membrane, and five genes encoding transglutaminases.

Figure 4. Histological evaluation of Atlantic cod and polar cod. Skin from Atlantic cod (A) control
fish showing normal histology with a smooth outer epidermis and mucous cell (arrow). Exposure
to low (B) and high (C) doses of H2O2 increased the number of mucous cells (arrows) and the outer
border became rougher. Skin from polar cod (D) control fish showed a rougher outer border and
more mucous cells (arrow) compared to Atlantic cod. (E) Exposed fish had more mucous cells and
rougher outer borders compared to control. Abundance of mucous cells increased in both species
after exposure (F,G). Numbers are mucous cells per 100 µm ± SD. Different letters mark significance
(p ≤ 0.05). Sections were stained with AB/PAS. Scale bar = 100 µm.
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Figure 5. SEM images of Atlantic cod and polar cod skin after exposure to the high dose of H2O2.
Exposed skin from Atlantic cod showed (A) cranks in the skin structure (arrows); enlarged in (B),
showing lost cells (white arrow), loose cells (black arrow) and reduced microridges (hollow arrow);
(C) exposed skin from polar cod had cranks (white arrow) and increased number of mucous cells at
the surface; square enlarged in (D) showing mucous cells (white arrow) and reduced microridges
(hollow arrow).

Table 1. Microarray results. Genes that responded to H2O2 exposure in the skin of polar cod. Data are
ratio of exposed to control skin (fold change) (Supplementary Materials S1).

Gene Fold
Natterin −2.8

Leukocyte cell-derived chemotaxin 2 −1.8
Myeloid-specific peroxidase −2.0
Matrix metalloproteinase 13 −3.2
Matrix metalloproteinase 13a −4.6

Claudin g −4.8
Transglutaminase 2, like −18.7

Laminin gamma_3 −7.3
Laminin subunit beta-1 −13.9

2.4. Primary Cell Culture of Atlantic Cod Keratocytes

To assess effects of H2O2 on keratocytes, their migration from Atlantic cod scales was analyzed.
Cultured keratocytes migrate from scales onto the bottom of the plate, making confluent cell sheets,
and reduced motility may reflect impaired performance of these cells [37]. There was no migration from
the scales on the first day after any of the treatments, but movement was observed the following days
(Figure 6). Sheets of keratocytes spread out from the scales, and individually migrating keratocytes
were also observed. Seven days after isolation, cells migrated from 50% of the scales from control fish
(Figure 6A–C), but only from 20% and from less than 15% of scales from fish exposed to low and high
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doses of H2O2, respectively. Appearance of cells in cultures from the control group was typical for fish
keratocytes, with a main core and a lamellipodium defining the direction of movement [38]. In wells
with scales from fish exposed to H2O2, keratocytes had a rounder and more condensed appearance
(Figure 6D,E). The experiment was terminated at day 10 when ~80% of the control scales, ~30% of the
scales from the fish exposed to the low dose and ~10% of the scales from the fish exposed to the high
dose had migrating cells (Figure 6K). In wells with cells from the high dose exposed fish, few cells
could be detected at this time point (Figure 6J); the remaining cells had a condensed and rounded
shape. Melanocytes were found on top of the scales (Figure 6L) and the scales had mineralized ring
shaped structures (Figure 6M) as previously described [31].

Figure 6. Primary culture of Atlantic cod keratocytes. (A–C) Control cultures after 7 days. Arrows point
at keratocytes. Cultures exposed to (D) low H2O2 and (E) high H2O2. Notice more rounded and
contracted shape of cells in exposed cultures and less confluent cell sheets. Cultures examined after
10 days, (F–H) control. White arrows point at keratocytes and the black arrow at the lamellipodium.
(I) Low H2O2 and (J) high H2O2. Few cells are left in both exposed cultures. Arrows point at keratocytes;
notice the altered cell morphology with increasing H2O2 concentrations. (K) Percentage of scales with
migrating keratocytes from all treatments, n = 27 scales per treatment, ± standard deviation (STD).
(L) Melanocytes in cod skin. (M) Mineralized ring-shaped structure in cod scales.

3. Discussion

Understanding responses of marine species to contaminants and environmental variables is
essential to assess impacts and to predict consequences of future changes in the oceans with respect
to conservation of wild fish stocks, management of fisheries and development of aquaculture.
Common tests of chemical and environmental stressors are expensive and require live animals.
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Ethical and cost constraints drive development of methods that can mimic the in vivo situations with a
smaller number of animals without the need to expose fish. We have developed tools and models for
evaluation of Atlantic salmon skin that have been used to study effects of pH, temperature and toxic
compounds [30,39,40]. In the present study, we characterized skin from Atlantic cod and polar cod
and showed how cod skin from can be used in vitro for evaluation of chemical stressors.

3.1. Polar Cod and Atlantic Skin Differ in Skin Micro-Architecture

Polar cod and Atlantic cod have the four characteristics layers of skin. In addition, they have scales,
club cells and sensory cells. Fish scales are common in fish skin, and are shields of armor to protect
the animal against predators, enhance swimming and to serve as reservoirs for minerals [16,41–43].
Club cells and sensory cells in the epidermal layer of cod have previously been described [44]. Fish and
other vertebrates use their taste bud cells to sample potential food and to either select or reject substances
according to their edibility [45]. However, their exact role in cod need to be further elaborated.

A few differences in the skin micro-architectural structures were observed between the two cod
species, such as the placement of scales, the number of mucous cells and the difference in folding
of the epidermis. Since all skin samples were collected from mature individuals and at the same
locations, the observed differences could reflect the different environments that the species live in
and the different environmental challenges that they face. The higher number of mucous cells and
the more folded structure of the skin surface in polar cod could function for better isolation and
reflect an adaptation strategy to colder temperatures. For adaptation to the aquatic environment,
fish skin is covered by mucous that serves to maintain health, homeostasis and integrity of the skin
(reviewed in [11]). The superficial keratocytes in the epidermis are flat and display elevated structures
called microridges [46], a pattern that provides a larger epidermal surface which is suggested to be
involved in mucous retention [47]. Similar functions may apply for a more folded structure of the skin,
where mucous and water may be captured in between the folds. However, differences between farmed
and wild cod and adaptation to indoor research conditions must also be taken into consideration.

Polar cod has smaller scales compared to Atlantic cod; those smaller scales are embedded in
the skin. They are placed deeper in the skin’s layers, do not overlap and the protection of the scales,
therefore, is not continuous [31]. Polar cod also have bony plates which can be beneficial in periods
with restricted availability of food [43]. Scales grows one ring at a time through coordinated processes
of matrix production and bone mineralization [48,49]. Through dissolution by the bone resorptive cells,
the osteoclasts, scales may act as a reservoir for calcium and phosphorus [50–52]. Similar functions
may apply for the bone plates in polar cod. Since polar cod are strongly associated with the sea ice
habitat, harsh conditions and periods with severe food restriction are probable [1,6].

Transcriptome analyses revealed major differences between the two species. Polar cod had a
marked upregulation of genes encoding myofiber proteins, genes involved in DNA replication and
cell cycle, protein turnover (proteasomes) and energy metabolism (mitochondria). These results may
indicate greater motility and faster renovation of polar cod skin, as shown for zebrafish keratocytes [53].
Cell localization of myofiber proteins is still unknown, but they are likely to be expressed in highly
motile keratocytes. Most genes and functional groups with higher expression in Atlantic cod have
immune roles. Of note are genes related to adaptive responses, such as bruton tyrosine kinase, a master
regulator of B cells development [54], and tnfr superfamily member 14, essential for differentiation of B
and T cells [55]. These differences could be due to domestication and breeding, which gives advantage
to the individuals with better ability to resist infections at high stocking densities. It is also possible
that pathogen pressure is substantially lower in the habitat of polar cod, and a high activity of the
defence system is not required. In future trials, it will be interesting to compare wild fish of both
species and to perform common garden trials with Atlantic and polar cod.
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3.2. Exposure to Hydrogen Peroxide

Skin from both cod species had increased areas of keratocytes with reduced microridges and
increased crackings, indicating superficial damages to the skin after exposure to H2O2. As skin
serves as a continuous protection, a compound that disrupts the epidermis barrier properties or
regeneration capacity may threaten survival and health. H2O2 has a rapid oxidizing effect that
potentially disrupts membranes [35]. Several studies have shown that different stressors can affect skin
functions and morphology in a variety of fish species [56–59]. Chemicals, environmental conditions
or stress may induce small breaches and wounds to this layer, thus weakening the skin’s barrier
properties. Skin from carp (Cyprinus carpio) exposed to acidic water showed increased apoptosis in
the outermost keratocytes [59] and damaged microridges were detected in the epithelial cells in bleak
(Alburnus alburnus) after mercury exposure [58]. In Atlantic salmon, damaged outer epidermis has been
reported after stress induced by crowding [26]. In our study, downregulation of genes encoding laminin
and transglutaminases could reflect reduced strength in the epidermis. Laminins are a major part of
the basement membrane, and transglutaminases are enzymes that catalyze cross-linking of epidermal
cells [60]. Combined, these studies show that different stressors may induce structural damages to the
outer epidermal layer of keratocytes that ultimately may weaken the protective properties of the skin
as a barrier system.

The total mucous cell number increased after exposure to H2O2 in both species, indicating a
response in the barrier defense system [57,61]. This is similar to the response seen in Atlantic salmon,
where mucous cell numbers increased in skin after H2O2 exposure both in in vivo and in vitro trials.
Polar cod showed a different response, with mucous cells translocating to the outermost part of the
epidermis. This pattern of mucous cells has previously been reported in salmon exposed to chronic
stress [39]. Mucous cell distribution has been shown to be stress-sensitive in other species and with
other stressors, and both an increase and decrease in mucous cells have been reported [56,59]. In Arctic
char (Salvelinus alpinus L.) [62], and in sea bass (Dicentrarchus labrax L.) [63], stress increased the mucous
production. Difference in mucous cell response between the two cod species could indicate a higher
responsiveness to environmental stressors in polar cod and preference for a proactive fight-or-flight
response in wild fish.

Microarray analyses did not reveal a marked response to H2O2 in skin from Atlantic cod. In polar
cod, downregulation of several immune genes and genes involved in development of extracellular
matrix indicate that the chemical stressors may affect the protective and mechanical properties of skin.
The observed gene expression changes were relatively small, especially in comparison with other
interspecific differences. For salmon, documented treatment outcomes of H2O2 include oxidative and
respiratory stress, physiological stress, transcriptome modulation of the skin and mortality [64–66].
Small transcriptional differences in this study could be due to sampling time after exposure (20 min),
and other responses could possibly have been observed after longer exposure time and/or extended
period of recovery.

3.3. Keratocyte Cod Cell Culture is a Promising In Vitro Model

The in vitro trial showed that keratocytes from Atlantic cod can be cultured, and that the cells
are similar to those described for other fish species [11,38]. The keratocytes migrated from the fish
scale onto the surface of the culture plate, resulting in confluent cell sheets. Migration of keratocytes is
important for skin regeneration and wound healing, and reduced motility may delay the process [11,37].
The keratocytes from Atlantic cod responded to H2O2 in a dose-dependent manner, where the highest
dose caused highest reduction in motility. H2O2 exposure also resulted in cells with a rounder and more
condensed appearance, as described for retracting keratocytes in zebrafish (Danio rerio) [37]. Keratocyte
locomotion in cold water species occur at a slower rate compared to warm water species, and this
may influence and delay wound healing processes [67]. Our results show that additional exposure to
chemicals may further retard migration of keratocytes, thus challenging cod health. The keratocyte cell
culture represents a unique system where re-epithelialization, wound healing and effect of chemicals
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and environmental parameters may be studied in detail, similar to what has previously been described
for other species [38,39,68].

Combined, our studies show that skin from cod respond to stimuli in a way that may be assessed
and quantified with several different techniques. Histology, transcriptomics and migration capacity
can detect the immediate and long-term effects of exposures. Thus, fish skin from both Atlantic cod
and polar cod is a promising tissue for evaluation of different stressors on fish health, including acute
and prolonged effects.

4. Materials and Methods

4.1. Experimental Setup and Sampling

The experiments on Atlantic cod and polar cod were conducted at the Centre for Marine
Aquaculture and Tromsø Aquaculture research station, Tromsø, Norway, respectively. Atlantic cod,
with an average weight of 3 kg, were from the national breeding program for cod’s 2016 year-class
(fourth generation of selected cod). The polar cod, with an average weight of 200 g, were caught in
Southeastern Hinlopen in November 2017 (78◦55′ N, 23◦40′ E). Fish were kept in flow through indoor
tanks and continuously fed with natural food (Calanus sp. from CALANUS AS, Lofoten, Norway).
Polar cod were kept at 4 ◦C and Atlantic cod at 8 ◦C at the time of sampling.

Hydrogen peroxide (H2O2, Sigma-Aldrich, UK) was applied as a chemical stressor. Atlantic cod
(n = 3) were killed by blows to their heads. Exposure to high (1.15 g/L) and low (0.115 g/L) concentrations
of H2O2 diluted in saltwater, or to saltwater (control) was conducted using a system modified from
Karlsen and colleagues [30]. Cups were attached to the fish skin and sealed by elastic bands, as shown
in Figure 7A. The H2O2 solutions and saltwater were poured into separate cups on the same fish.
The high concentration of H2O2 was similar to what is used in Atlantic salmon farming for treatment
against lice [36]. Control and exposed skin biopsies were sampled (Figure 7B). Samples for SEM
and histology were fixed in formalin (CellstoreTM, CellPath, UK) and stored at 4 ◦C, and samples for
gene transcription analyses were stored in RNA-later (Ambion, Thermo Fisher, MA, USA) at −20 ◦C.
In addition, scales from control and exposed fish were sampled for in vitro studies (Figure 7C,D) as
described in the following sections.

Figure 7. Experimental setup. (A) The cup-based system used for exposure studies; (B) sampled skin
section for histology and SEM, approximately 1 × 0.5 cm; (C) plates used for cell cultures; (D) five
scales were placed in each well to study cell migration.
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Polar cod were killed by blows to their heads and were exposed to the high H2O2 concentration
(1.15 g/L) or kept in saltwater (control) for 20 min at 4 ◦C (n = 3 fish per treatment). Skin was sampled
in the same regions and with the same techniques as described for Atlantic cod. The small size of polar
cod allowed sampling skin sections containing both ventral and dorsal side in the same biopsy. Because
the deep position of scales in the skin of polar cod made them inaccessible, the in vitro cultivation of
keratocytes was not performed.

4.2. Histological Staining

Skin samples fixed in buffered 4% formalin (n = 3 per group), were carefully dissected, orientated
and placed in tissue embedding cassette (Simport, Quebec, Canada). To decalcify the skin, samples
were incubated in EDTA (Merck KGaA, Darmstadt, Germany), pH 7 for 4 days. The samples were
dehydrated through 100% alcohol and then in a clearent Xylene bath, using an automated tissue
processor (TP1020, Leica Biosystems, Nussloch GmbH, Germany), before they were infiltrated in
melted 60 ◦C paraffin (Merck KGaA, Darmstadt, Germany). Paraffin-embedded tissue samples were
cut in 5 µm sections using a Microtome (Leica RM 2165), mounted on polysin coated slides (VWR,
Avantor, PA, USA) and dried overnight at 37 ◦C. The sections were deparaffinized and rehydrated,
and staining was performed using an automated special stainer (Autostainer XL Leica Biosystems,
Nussloch GmbH, Germany). Paraffin sections were stained with Alcian Blue Periodic Acid Schiff
(AB/PAS, pH 2.5, Alcian Blue 8GX, Sigma Aldrich, Darmstadt, Germany). The slides were examined
by light microscope slide scanner and evaluated in Aperio Image Scope (Leica Microsystems, Wetzlar,
Germany) and statistical measures were calculated using the t-test (p < 0.05).

4.3. Scanning Electron Microscopy (SEM)

Skin samples for SEM were dehydrated from PBS to 100% EtOH and dried using a Critical Point
Dryer (CPD 030, Bal-tec AG, Schalksmühle, Germany) with liquid carbon dioxide as the transitional
fluid. The samples were then mounted on stubs with carbon tape and coated with gold–palladium
(Polaron Emitech SC7640 Sputter Coater, Quorum technologies, East Sussex, UK). Imaging was
performed at the Imaging Centre, Faculty of Biosciences, Norwegian University of Life Sciences (Zeiss
EVO-50–EP, Carl Zeiss SMT Ltd., 511 Coldhams Lane, Cambridge CB1 3JS, UK).

4.4. RNA Extraction

Skin sections in RNA-later (n = 3 per group) were transferred to 1 mL TRIzol™ (Thermo Fisher Scientific,
MA, USA) homogenized in a Precellys® 24 homogenizer. RNA was extracted from the
homogenized tissues using PureLink™ Pro 96 well purification kit (Thermo Fisher Scientific)
with on-column-DNase digestion (Qiagen, Hilden, Germany), according to the protocol for
TRIzol-homogenized samples. Total RNA concentration was measured with NanoDrop 1000
Spectrometer (Thermo Fisher Scientific) and RNA integrity was determined with Agilent 2100
Bioanalyzer with RNA Nano kits (Agilent Technologies, CA, USA). Samples with RNA integrity number
(RIN) of 8 or higher were accepted.

4.5. Microarray

Transcriptome analyses were performed using Nofima’s 44k genome-wide oligonucleotide Atlantic
cod microarray. Due to the high similarity of protein coding sequences, this platform works equally
well with both species [8,69]. Microarrays were manufactured by Agilent Technologies, and all reagents
and equipment were purchased from the same provider. Analyses included controls and skin of
fish exposed to low (Atlantic cod only) and high doses (both species) of H2O2. RNA amplification
and labeling were performed with a One-Color Quick Amp Labelling Kit, and a Gene Expression
Hybridization kit was used for fragmentation of labeled RNA. After overnight hybridization in an
oven (17 h, 65 ◦C, rotation speed 0.01 g), arrays were washed (Gene Expression Wash Buffers 1 and 2)
and scanned. Subsequent data analyses were performed with Nofima’s bioinformatic package STARS
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(Salmon and Trout Annotated Reference Sequences) [70]. Global normalization was performed by
equalizing the mean intensities of all microarrays. The individual values for each feature were divided
by the mean value of all samples producing expression ratios (ER). The log2-ER were calculated and
normalized with the locally weighted non-linear regression (Lowess). DEG were selected by criteria:
1.75-fold and p < 0.05. STARS annotations were used for comparisons of functional groups of genes.

4.6. In Vitro Primary Keratocyte Cell Culture

Atlantic cod keratocytes cultured from whole scale explants [30,39] were used to investigate the
effect of H2O2 on cell migration. Single scales were picked with forceps from the left side above the
lateral line and placed in 12 well tissue culture plates (Falcon Multiwell™ Becton Dickinson, NJ, USA),
5 scales per well, 3 wells per fish. Each well contained L-15 supplemented with fetal bovine serum (FBS)
10%, 25 µg amphotericin B, 10 mL/L antibiotics, antimycotics and 0.01 M HEPES (Sigma). Plates were
incubated at 8 ◦C in a cell incubator without CO2. After one, two, four, seven and ten days, cells were
microscopically analyzed (Zeiss, AxioVision, Germany). Cultures were compared by the percentage of
scales with migrating cells (defined as cells moving to the bottom of the well making a confluent cell
sheet surrounding the scales) to the total number of scales. Scales that loosened from the bottom were
not considered.

Supplementary Materials: The following are available online at http://www.mdpi.com/2410-3888/5/4/34/s1, S1:
Microarray data.
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