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Abstract Compromised skin integrity of farmed
Atlantic salmon, commonly occurring under low
temperature and stressful conditions, has major
impacts on animal welfare and economic productivity.
Even fish with minimal scale loss and minor wounds
can suffer from secondary infections, causing down-
grading and mortalities. Wound healing is a complex
process, where water temperature and nutrition play
key roles. In this study, Atlantic salmon (260 g) were
held at different water temperatures (4 or 12 °C) and
fed three different diets for 10 weeks, before artificial
wounds were inflicted and the wound healing process
monitored for 2 weeks. The fish were fed either a
control diet, a diet supplemented with zinc (Zn) or a
diet containing a combination of functional ingredi-
ents in addition to Zn. The effect of diet was assessed
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through subjective and quantitative skin histology and
the transcription of skin-associated chemokines. His-
tology confirmed that wound healing was faster at
12 °C. The epidermis was more organised, and image
analyses of digitised skin slides showed that fish fed
diets with added Zn had a significantly larger area of
the epidermis covered by mucous cells in the deeper
layers after 2 weeks, representing more advanced
healing progression. Constitutive levels of the newly
described chemokines, herein named CK 11A, B and
C, confirmed their preferential expression in skin
compared to other tissues. Contrasting modulation
profiles at 4 and 12 °C were seen for all three
chemokines during the wound healing time course,
while the Zn-supplemented diets significantly
increased the expression of CK 11A and B during
the first 24 h of the healing phase.

Keywords Chemokine - Wound healing - Atlantic
salmon - Mucous cells - Quantitative histology

Introduction

Impaired skin integrity is common in Atlantic salmon
(Salmo salar L.) farming, especially during transfer to
seawater and at low water temperatures. In addition to
alterations in environmental conditions, intensively
farmed fish are inevitably exposed to a variety of
stressors including transportation, grading, vaccina-
tion and infectious agents that can potentially
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traumatise the integument. This can have a negative
impact on fish welfare and the economical aspect of
farming. At low temperatures, salmon are more
susceptible to skin lesions, such as winter ulcers
associated with infection of Moritella viscosa
(Benediktsdottir et al. 1998; Lgvoll et al. 2009) and
other pathogens. Red mark syndrome, also known as
cold water strawberry disease, causes skin problems in
rainbow trout (Oncorhynchus mykiss) at low temper-
atures (Metselaar et al. 2010; Verner-Jeffreys et al.
2008).

Open wounds can act as portals of entry for
pathogens, with fast closure being of importance to
avoid secondary infections. Detachment of scales
further impairs the integrity of the epidermal and the
superficial dermal layers. Small wounds and scale loss
are common in fish skin and can heal rapidly under
good conditions. It has been proposed that constant
exposure to water has necessitated teleosts to develop
a more efficient wound healing process than terrestrial
animals (Quilhac and Sire 1999). Small wounds are
quickly covered by a layer of mucus, while re-
epithelisation originating from the wound margins
occurs within a few hours in warm water species
(Quilhac and Sire 1999). Temperature has a funda-
mental effect on animal physiology, especially in
poikilothermic animals such as fish. Low temperatures
adversely affect both cellular and humoral specific
immune response, and the non-permissive lower water
temperature in salmonids has been established at 4 °C
(Bly and Clem 1992). Low temperatures adversely
affect both cellular and humoral specific immune
responses, with negative consequences on the healing
rate (Bowden 2008). A rapid wound closure, even at
low temperatures, confers major advantages in the
aqueous environment because the sealing of the
integument helps prevent secondary infections and
allows the fish to maintain homoeostasis.

Skin wound healing can be divided into a sequence
of overlapping events; haemostasis, inflammation,
proliferation and remodelling (Diegelmann and Evans
2004). In higher vertebrates, the innate immune
system is fundamental in the initial phase of the
wound response, but information on wound healing
mechanisms of salmon is scarce.

Optimal nutrition plays a major role in maintaining
normal skin physiology and repair mechanisms fol-
lowing injury. Micro-nutrients such as vitamin C and
zinc (Zn) are known to fulfil roles as structural
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components, enzyme co-factors or physiological
mediators in human nutrition (Lansdown 2004). As
vitamin C cannot be synthesised by fish (Maland and
Waagbg 1998), tissue levels depend exclusively on
dietary supplementation. It is essential for the synthe-
sis of collagen by the hydroxylation of pro-collagen
(Tsao 1997), as also verified in Atlantic salmon with
vitamin C deficiency (Sandnes et al. 1992). Vitamin C
also acts as a strong reducing agent and is involved in
several physiological processes including growth,
reproduction, wound healing, immune function and
response to stress and infectious agents (Wahli et al.
2003, Lall 2000; Waagbg 2006).

Trace elements are required as co-enzymes and are
vital for maintenance of the immune system in higher
vertebrates (Lall 2000). Zn is an important trace
element in fish nutrition (Fountoulaki et al. 2010), and
it is known to exert a beneficial effect on wound
healing by modulating inflammation and speeding up
the re-epithelialisation process. It stimulates the
proliferation of keratinocytes and fibroblasts in
wounds and increases collagen synthesis (Tenaud
et al. 2000). Zn deficiency has been associated with
delayed wound healing and erosion of fins and skin
(Ogino and Yang 1979, Hughes 1985). Yeast-sourced
B-glucans are the mostly used immunostimulants in
aquaculture, and their immunomodulatory effects
have been described in numerous fish species (Ringg
et al. 2012; Dalmo and Bggwald 2008). B-Glucans
have also been shown to accelerate the wound healing
process in mammals (Berdal et al. 2007; Vetvicka and
Vetvickova 2011) and fish (Przybylska-Diaz et al.
2013).

Inflammatory cytokines and a number of chemoki-
nes are up-regulated in the early stages of wound
healing and play important roles in attracting leuco-
cytes and regulating cell proliferation and differenti-
ation (Gharaee-Kermani and Phan 2001). The
expression profiles of specific cytokines and their
receptors in the skin of several fish species have been
reviewed by Esteban (2012), having shown that some
of them are up-regulated by infection or mechanical
injury to the skin. Among these cytokines, an up-
regulation of the CXCa chemokine (also referred to as
interleukin 8, IL8) and its receptor, CXCR1 was
demonstrated in response to wounding in carp (Gon-
zalez et al. 2007). Chemokines mediate a rapid
recruitment of leucocytes, not only as immunological
effector cells, but also as an important source of
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inflammatory and growth promoting cytokines.
Although the ascription of true orthologues between
fish and mammalian CC chemokines has been a
difficult task due to the expansion that this chemokine
family has experienced in many fish species, Peatman
and Liu (2007) through an extensive phylogenetic
analysis classified fish CC chemokines into seven
groups according to their relation to mammalian
chemokines. These groups are the CCL19/21/25
group, the CCL20 group, the CCL27/28 group, the
CCL17/22 group, the MIP group, and the MCP group
and a fish-specific group. In mammals, CCL27, a skin-
associated CC chemokine, is a major regulator in
wound healing involved in the migration of ker-
atinocyte precursor cells from bone marrow into the
skin (Inokuma et al. 2006). According to the classi-
fication made by Peatman and Liu (2007), rainbow
trout CK11 and four Atlantic salmon chemokine genes
with GenBank accession numbers DY728991 (re-
ferred as CK11A in this paper), EG818960 (referred as
CK11B in this paper), EG940598 (referred as CK11C
in this paper) and EG766286 (referred as CK11D in
this paper) can also be ascribed within the CCL27/28
group. In rainbow trout, CK11 also seems to be
preferentially expressed in skin, as its mammalian
homologue, and also in gills (Montero et al. 2011).

In the current work we first determined if salmon
CK11A-D were preferentially expressed in salmon
skin, and then determined if their transcription levels
were modulated by mechanically inflicted wounds,
temperature and diet. The effect of temperature and
functional ingredients on the healing process was
also assessed through subjective and quantitative
histology.

Materials and methods
Feed and fish

Three diets were produced at Skretting Feed Technol-
ogy Plant, Stavanger, Norway as 4.5 mm extruded
sinking pellets, one control diet (Control), a diet with
additional organic zinc (Zn) and a diet with a mix of
additives (Zn+). All diets were formulated with the
control diet (Control) as a base (Table 1), and
functional ingredients were added on top. The Zn
and the Zn+ diets were supplemented with organic Zn
(Optimin Zn, Selko Feed Additives©, Tilburg, The

Table 1 Ingredients and composition of the control diet

Raw material (g kg~") Control diet

Wheat 138
Wheat gluten 214
Soya protein concentrate 215
Fish meal 150
Fish oil 251
Premix® 32

# Include vitamins and minerals (Trouw Nutrition, Putten, the
Netherlands). Proprietary composition Skretting ARC

Netherlands) to reach a total diet level of 250 mg Zn/
kg. The Zn+ diet was in addition supplemented with a
1.5 ¢ mixture of natural identical compounds
(Lucta®, Barcelona, Spain), 1.0 g B-glucans
(MacroGard®, Biorigin©, Sao Paulo, Brasil) and
vitamin C and E (Trouw Nutrition, Putten, The
Netherlands), both to reach target levels of 700 mg/
kg feed.

The experiment was performed at Lerang Research
Station (Stavanger, Norway). Atlantic salmon eggs
from Erfjord stamfisk were hatched and offspring
reared in house to an average fish weight of 262 g. At
the start of the experiment, 120 fish were randomly
distributed into twelve 1-m tanks. All tanks were
supplied with flow through seawater at 8 °C and 33 %o
salinity. The fish were adapted to the tanks for
2 weeks. During this period, all fish were fed a
standard diet. After the adaptation period, six tanks
were switched to 4 °C and the other six tanks to 12 °C
overnight. Within each temperature three diets were
randomly assigned to duplicate tanks. Fish in all tanks
were fed the experimental diets for 10 weeks after
changing temperature, before punch biopsies of the
skin were performed. Dissolved oxygen levels and
water temperature were measured daily, and feed
intake was monitored by recording feeding and
collecting waste feed. After 8 weeks, the fish were
weighed to control growth and then allowed to recover
from handling for 2 weeks before the biopsy.

Skin biopsy and sampling

Before sampling all fish were anaesthetised with
Finquel MS-222 (Sigma). A skin biopsy punch was
taken from both sides of the fish, between the dorsal fin
and the lateral line (Fig. 1), of twelve fish per tank.
Disposable 5-mm-diameter biopsy punches (Miltex,
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Inc., USA) were used to mechanically remove stan-
dardised pieces of skin and muscle. After wound
infliction, the fish were returned to their respective
tanks.

Control samples (time point 0) were taken from two
fish in each tank at the same time as the biopsy was
performed. The fish were then sampled at 6 h, 24 h,
72 h, 7 days and 16 days after the biopsies. A total of
24 fish were sampled per time point (two fish per tank
or four per treatment). From 6 h onward, an area of
1.5 x 1.5 cm around the left side wound was dis-
sected out with a scalpel and stored in 4 % buffered
formalin for histological assessment. Around the
wound on the right side an area of 1 x 1 cm was
dissected out and the muscle removed from the skin
before the sample was fixed in RNAlater (Sigma-
Aldrich). These samples were stored overnight at 4 °C
and then kept frozen at —80 °C until further analyses
of chemokine expression. The experiment was con-
ducted according to Norwegian legislation and
approved by The Norwegian Animal Research
Authority (NARA/FDU). All samplings were per-
formed by scientists accredited by the Federation of
Laboratory Animal Science Associations (FELASA).

Histology processing
The fixed skin samples were carefully dissected,

orientated and placed in histo-cassettes (ChemiTe-
knikk, Norway). To decalcify the skin samples, each

Fig. 1 Wound site of Atlantic salmon, between the dorsal fin
and the lateral line. Photo is taken at time point 0, directly after
the punch biopsy
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was incubated in EDTA (ChemiTeknikk, Norway)
solution, pH 7, for 2 days. EDTA was dissolved in
buffered 4 % formalin and pH adjusted with sodium
hydroxide (ChemiTeknikk, Norway). Tissue process-
ing was performed using an automated Tissue Pro-
cessor (Leica, Shandon Excelsior), fat program. The
tissue samples were dehydrated through 100 % alco-
hol and then a clearent Xylene bath before infiltration
in melted 60 °C paraffin (Histowax, Sweden). Paraf-
fin-embedded tissue samples were cut by a semi-
automated Microtome (Leica). Paraffin sections of
3 um thickness were mounted onto Superfrost Plus
slides (Menzel, Braunschweig, Germany) and dried
overnight at 37 °C. The sections were deparaffinised,
rehydrated and special staining was performed using
Bench Mark automated special stainer (Roche,
France). Sections were stained by ABPAS ready-to-
use special staining kit (Roche, France). Acidic
mucosubstances was stained blue by incubating sec-
tions in PAS Alcian Blue for 8 min, while neutral
mucosubstances stained magenta red by incubating
sections in PAS Period Acid for 4 min following by
PAS Schiff’s for 12 min. Cell nuclei were stained by
PAS haematoxylin. Sections were dehydrated and
cover slipped by using automated stainer Symphony
(Roche, France), choosing program Special Stains
Coverslip.

Subjective and quantitative histology assessments

Stained sections were digitally scanned, employing a
Zeiss Mirax scanner (Carl Zeiss, GmbH, Germany).
Subjective assessments were made of all fish from the
6-, 24- and 72-h samplings. After 6 h, there was
minimal epidermal regrowth, and these slides were
assessed to describe different type of wounds. All
samples from 24 and 72 h were subjectively assessed
for closure of the wound, epidermal growth, develop-
ment of the basal layer and the infiltration of
inflammatory cells. At these time points, it was not
possible to separate dietary treatments, so only
temperature differences were assessed. For the wound
healing after 1 and 2 weeks, brief assessments were
also made for each temperature, with the quantitative
assessments only comparing dietary treatments.

The scanned images from first and second weeks
post-wounding were quantitatively assessed by image
analysis using Visiomorph module (VIS 4.6 software,
Visiopharm, Denmark). Regions of interest (ROI’s)
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were manually drawn around the epidermis in the
wound area, covering as much epidermis as possible,
avoiding only the tip of the scales and areas where
tissue structure had been compromised during pro-
cessing. Two protocols were performed in Visiomorph
(200x magnification) in order to assess mucous cells
and epidermal thickness.

In the first protocol, custom-made colour de-
convolutions were used to pre-process the image,
before applying a Bayesian classifier. A series of post-
processing steps were then performed to remove noise
and to individually separate the mucous cells in the
epidermis according to their distance to the skin
surface. The mucous cell area percentage, of either all
mucous cells or only mucous cells within a certain
threshold distance from the surface, could then be
calculated as the epidermal area comprising mucous
cells relative to the entire ROI epidermal area.

The second protocol for calculation of epidermal
thickness was based on the classified image after the
post-processing from the first protocol. Using further
post-processing steps, the mucous cells were unified
with the remainder of the epidermal area, thus creating
an interface shared only by the epidermal area and the
skin outside. The length of this interface estimated the
length of the epidermal ROI. The average epidermal
thickness was then calculated by dividing the epider-
mal area by its length.

Identification of skin chemokines

Primers for real-time analysis were designed from
GenBank sequences available of salmon chemokines
ascribed in the CCL27/28 group and referred to as
CK11A-D because of their close homology with
rainbow trout CK11 (Table 2). As a first step, we
analysed the transcription of these chemokines in
different tissues obtained from naive fish. For this,
salmon were killed by an overdose of anaesthetics
(Tricaine, Pharmaq AS), and skin, muscle, gill, spleen,
head kidney and intestine removed and placed in
RNAlater at —80 °C until used.

Analysis of chemokine transcription

Total RNA was extracted from tissue samples using a
combination of Trizol (Invitrogen) and RNAeasy Mini
kit (Qiagen). In summary, samples were transferred
from RNAlater to 1 ml of Trizol and mechanically

disrupted using a disruption pestle. Then, 200 pl of
chloroform were added and the suspension centrifuged
at 12,000xg for 15 min. The clear upper phase was
recovered, mixed with an equal volume of 100 %
ethanol and immediately transferred to RNeasy Mini
kit columns. The procedure was then continued
following manufacturer’s instructions, performing
on-column DNase treatment. Finally, RNA pellets
were eluted from the columns in RNase-free water and
stored at —80 °C until used. Two micrograms of RNA
was used to obtain cDNA in each sample using the
Bioscript reverse transcriptase (Bioline Reagents Ltd)
and oligo (dT)i,_1g (0.5 pg/ml) following manufac-
turer’s instructions. The resulting cDNA was diluted
in a 1:5 proportion with water and stored at —20 °C.

To evaluate the levels of transcription of the
different chemokine genes, real-time PCR was per-
formed in a LightCycler® 96 System instrument
(Roche) using SYBR Green PCR core Reagents
(Applied Biosystems) and specific primers (Table 2).
The efficiency of the amplification was determined for
each primer pair using serial tenfold dilutions of
pooled cDNA, and only primer pairs with efficiencies
between 1.95 and 2 were used. Each sample was
measured in duplicate under the following conditions:
10 min at 95 °C, followed by 45 amplification cycles
(15 sat 95 °C and 1 min at 60 °C). The expression of
individual genes was normalised to relative expression
of salmon EF-lo, and the expression levels were
calculated using the 274 method, where ACt is
determined by subtracting the EF-1a value from the
target Ct. Negative controls with no template were
included in all the experiments. A melting curve for
each PCR was determined by reading fluorescence
every degree between 60 and 95 °C to ensure only a
single product had been amplified.

Statistical analysis

Differences in initial weight and growth were analysed
using the general linear model procedure in Unistat
versus 6.0 (UNISTAT Ltd, London, UK), and Stu-
dent—-Newman—Keuls multiple comparison test was
used to determine significance between treatments
(UNISTAT Ltd, London, UK). Statistical analysis of
quantitative histology measurements were performed
in MATLAB and Statistics Toolbox, Release 2013a
(The MathWorks Inc., Natick, Massachusetts, US),
using two-way ANOVA with interaction at
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Table 2 Primer sequences used for chemokine analysis

Chemokine gene GenBank Acc. number

Primer name

Sequence (5'-3')

CK11A DY728991
CK11B EG818960
CK11C EG940598
CK11D EG766286
EF-1a NM_001173976.1

rt-CK11A-F TCTATCCCAAGAAACCAGTCTTCAC
rt-CK11A-R AAAAGATCCACTTCAGATGTCGTGT
rt-CK11B-F GGGACATAGATCTAAAGCAACCAAA
rt-CK11B-R AGTAGATGGTGAGACACAGCACAAA
rt-CK11C-F AGTCATGTCGGAGGATAAGAAGGAT
rt-CK11C-R TGACAATAATTCTCCTTCTGTGGTAAG
rt-CK11D-F TTAGTTCTCTGTGGAGTGAGGGAAC
rt-CK11D-F AAAATGTTTGCATTATTTGGTCAGGT
rt-ss-EF-F AGTTCGCTGAACTGAAGGAGAAGAT
rt-ss-EF-R ACTCAGAGAAGCTCTCCACACACAT

significance level of 0.05. Data handling, analyses and
graphic representation of chemokine transcription levels
were performed using Microsoft Office Excel 2010.
Statistical analyses were performed using two-tailed
unpaired 7 Student’s tests. Means =+ standard deviation
of the mean (SD) for each group were calculated.

Results
Feed and fish

All diets were produced in accordance with nutritional
formulation, without any significant deviations in
anticipated proximate composition (Table 3). Levels
of Zn and vitamin C in the control feed were 92 and
38 mg kg~ ', respectively, originating from the premix
and the raw materials (Table 3).

There was no difference in initial weight
(p > 0.05). After 8 weeks of feeding the experimental
diets, the fish grew from 263 + 5 g to 352 £ 4 g at
4 °C and 420 £+ 7 g at 12°. Final weight, specific
growth rate (SGR) and food conversion ratio (FCR)
were all higher in the fish kept 12 °C than fish kept at
4 °C (p <0.01) (Table 4). There were no growth
differences between the different dietary groups
within each temperature.

Histology
General description of wounds

The biopsy punch created a sharp cut through the
dermis, giving a clear definition of the wound area in
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Table 3 Proximate composition and analysed level of zinc
and vitamin C and E in feeds

Control Zn Zn+
Protein (%) 432 433 43.7
Fat (%) 30.0 29.7 29.1
Moisture (%) 7.0 6.3 6.6
Ash (%) 49 4.8 4.8
Zn (mg kg™ ") 92 241 251
Vit C (mg kg™") 38 35 697
Vit E (mg kg™ ") 215 218 697

all fish. None of the wounds expanded after the biopsy.
In the underlying tissue, extended haemorrhages and
oedema were present. Non-structured material and
myolytic fractions showed that the muscle tissue had
been affected.

The biopsy punch method gave a consistent diameter
of wounds in all fish, but there was still some variation in
the depth of the wounds. The different types of wounds
are shown in Fig. 2. The most common type was where
all the epidermis and the dermis was removed, leaving a
smooth muscle surface for the regrowth of the epidermis
(Fig. 2a). In some wounds, the dermis was lifted up with
the biopsy punch, leaving a bulging appearance of the
wound area (Fig. 2b). In Fig. 2c, d, all the tissue from
the biopsy was completely removed, leaving an opening
in the epidermis and the dermis to be covered by new
growth. Within some wounds debris of the epidermal
material like scales made it more difficult for the wound
to be closed (Fig. 2d).

In some fish, the epidermis, dermis and a part of the
underlying muscle tissue were removed. In others,
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Table 4 Initial and final weight, specific growth rate (SGR) and feed conversion rate (FCR) with standard deviations of all diets at 4

and 12 °C

Diet Temp (°C) Initial weight (g) Final weight (g) SGR (%) FCR (%)
Control 4 262 + 7 347 + 18° 0.63 £ 0.06° 0.67 £ 0.02°
Zn 4 265+ 5 353 + 10° 0.64 £ 0.02° 0.69 £ 0.03*
Zn+ 4 260 + 9 354 + 7° 0.69 £ 0.04% 0.62 £ 0.02°
Control 12 262 + 7 414 + 33° 1.02 £+ 0.12° 0.79 £ 0.07°
Zn 12 265 + 7 428 + 15° 1.07 £ 0.14° 0.73 £+ 0.07°
Zn+ 12 267 + 1 421 + 19° 1.01 £ 0.09° 0.76 + 0.04°

Superscripts denote statistical differences (p < 0.05)

only the epidermis was removed, while the underlying
tissue was cut through with the biopsy punch, and then
lifted up into the wound, resulting in new epidermis
growing directly on top of the muscle. Most fish had
also suffered by the pressure exerted through the
biopsy punch, which contributed to the haemorrhages
and myolytic fractions.

Subjective assessment of wound healing at 4
and 12 °C

6 h post-wounding At 4 °C there was no evidence
for initiation of recovery 6 h post-wounding. This may
be due to processing, as any growth of new epidermal
cells would have been delicate and possibly destroyed
during processing. At 12 °C small areas of new
epithelial cells could already be seen at the edge of
the wound site (Fig. 3).

24 h post-wounding At 4 °C there was a noticeable
onset of epidermal growth, but only visible on the
empty scale pockets close to the wound. Epidermal
growth was less than at 12 °C, and no inflammation
was seen in the tissue. At 12 °C a new epidermis with
rounded epithelial cells was under development
(Fig. 3). On the empty scale pockets close to the
wound, the epidermis was new. Epidermal cells
started to cover the wound, and the first signs of
inflammation could be seen.

72 h post-wounding 1In fish kept at 4 °C the wound
was closed, but the epidermis showed more
vacuolisation, less organisation and had a less
pronounced basal layer compared to fish kept at
12 °C, suggesting delay of healing processes. The
basal lamina was only visible towards the edges of the

wound, where the general organisation of the
epidermis was most advanced. Some inflammatory
cells were visible in the epidermis, but less than at
12 °C.

At 12 °C, the wound was closed after 72 h, and the
epidermis constituted several cell layers, relatively
good structure and a well-organised basal cell layer. In
wounds where the wound bed was fluid, the surface of
the epidermis and basal layer was uneven. Some
inflammation was present, and the basal lamina could
be recognised (Fig. 4).

1 week post-wounding After 1 week there were still
more haemorrhages in the wound area, and
considerably less inflammatory cells in fish kept at
4 °C than at 12 °C. The new tissue was highly
vacuolated, and the superficial cell layer was weak.
Mucous cells were present in the superficial layer,
mainly in the wound edges. Organisation of the basal
layer was more developed along the wound
boundaries, and less organised in the wound centre
and where the foundation was fluid. The development
at both temperatures at 72 h, 1 and 2 weeks are shown
in Fig. 4.

At 12 °C less haemorrhage could be seen in the
tissue, and more inflammatory cells were present.
There were also more vacuoles in the new epidermis
than what could be seen at 72 h. The most superficial
cell layers mainly consisted of mucous cells, but no
mucous cells were present in the deeper layer. In areas
where the epidermis were most structured and well
organised, the outer layers of epidermal cells showed a
flattened and more elongated shape. In thicker and
more vascularised areas, the cells were more rounded
and became elongated at a later stage. There were no
signs of any fibrous tissue at this sampling point.
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Fig. 2 Images of the biopsy area in four Atlantic salmon
displaying different types of wounds. a simple wound with
smooth muscle base, b wound with muscle tissue protruding the

2 weeks post-wounding At 4 °C there was still a
high level of inflammation after 2 weeks. The
epidermis lacked organisation and a lot of
vacuolisations was seen. The epidermal cells were
more rounded than elongated, and the basal line was
less defined. Mucous cells were mainly present in
superficial layers. No fibrous tissue could be seen in
any of the samples from 4 °C.
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surface, c all tissue removed leaving a deep wound d deep wound
with scale and debris caught in the wound area

At 12 °C there was less inflammation, but the
epidermis was still far from normalised. In areas where
there was no support from muscle tissue underneath,
the epidermis was very thick and the basal line was
uneven. In areas with sufficient support under the new
tissue, the organisation started normalising. Mucous
cells were visible throughout the epidermis and not
just in the superficial layers. There was also a clear
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Fig. 3 Image of the wound
area of Atlantic salmon at 6
and 24 h post-wounding at
12 °C

100pm

6h 12°C

100 pm
— e

72h, 4°C

i, -
s . . 3
i e By
s

72h, 12°C

1 week, 12°C

Fig. 4 Development of the healing process after mechanical wound infliction in Atlantic salmon after 72 h, 1 and 2 weeks at two

temperatures, 4 and 12 °C

start of fibrous tissue production in the deep area of the
wound and along the wound edges.

Quantitative assessment of wound healing at 4
and 12 °C

Epidermal thickness was significantly lower at 4 °C
than at 12 °C 1 week post-wounding when comparing
the average of all fish within each temperature;
98 &+ 21 and 135 £ 25 pm, respectively (ANOVA,

p < 0.01) (Table 5). In the fish fed, the control diet the
epidermal thickness varied from 85 + 24 um at 4 °C
to 150 & 33 umat 12 °C (p < 0.05), while the Zn and
Zn+ fed groups showed less variation (Table 5). After
2 weeks the epidermal thickness had increased at
both temperatures, to 135 + 40 um at 4 °C and
165 &+ 51 °C at 12° (ANOVA, p < 0.05) (Table 5).
Total area of epidermis comprising mucous cells was
not significantly different (p > 0.05) and constituted
in average 5.0 and 5.3 % after 1 week, and more than
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97 % of the mucous area was dispersed in the most
superficial epidermal region, from 0 to 30 um. Two
weeks into the healing process the total mucous area
was 3.4 % in average at 4 °C and 3.6 % at 12 °C. At
4 °C the outermost epidermal region comprised
98.1 + 1.8 % of the mucous cell area, while at
12 °C only 84.4 £ 8.9 % of the mucous area was
found in the outer region from 0 to 30 um (Fig. 5).
From 30 to 70 pm and >70 um the mucous cell area
was 7.9 + 3.8 and 7.7 & 7.2 %, respectively. In the
epidermal layers deeper than 70 pum, the Zn and Zn+
diets had a relatively larger mucous area than the
control group, 12 and 8 % respectively, compared to
4 % in the control group. These results were not
significant (p > 0.05), due to the large individual
variation.

Constitutive expression of salmon chemokines
ascribed to the CCL27/28 group

As a first step towards the characterisation of the role
of salmon CC chemokines with homology to mam-
malian CCL27 in wound repair, we compared the
constitutive levels of transcription of these chemoki-
nes in different tissues. In the case of CK11A and
CK11B, constitutive transcription levels were higher
in the skin, followed by the muscle, the gill and the
intestine (Fig. 6). Lower CK11A and CK11B tran-
scription levels were detected in spleen and head
kidney. CK11C transcription levels were also higher
in skin than in the other tissues examined, but in this

case intermediate mRNA levels were observed in the
muscle, gill, spleen and head kidney, while lower
mRNA levels were observed in the intestine. CK11D
transcription levels always remained undetected; thus,
we did not further study these chemokine genes. The
results demonstrated that CK11A, CK11B and CK11C
are preferentially expressed in the skin under normal
physiological conditions.

Transcription of salmon chemokines ascribed
to the CCL27/28 group after skin wounding

Having established that salmon CK11A, CK11B and
CKI11C are strongly expressed in the skin, we wanted
to determine the levels of transcription of these
chemokines after wounding in fish kept at different
temperatures and having received different diets. At
4 °C, CKI11A transcription levels significantly
increased after 6 h when compared to unwounded
skin when fish were fed with the Zn and Zn+ diets,
whereas it was not until 24 h that these transcription
levels were significantly increased in fish fed the
control diets (Fig. 7a). At 12 °C, the levels of CK11A
transcription after 6 h decreased in comparison with
unwounded animals in fish fed the control and the Zn+
diets. After 24 h, the transcription levels increased in
comparison with unwounded animals in fish fed with
control and Zn diets. In the case of CKI1B, we
observed a significant up-regulation of its transcription
levels at 6 h for fish fed with all three diets, when
compared to the levels obtained in unwounded fish at

Table 5 Quantitative assessment of epidermal thickness and mucous cell (MC) area in salmon skin 1 and 2 weeks post-wounding

Diet 1 week

2 weeks

Epidermal thickness (pm)

Total MC area (%)

Epidermal thickness (pm) Total MC area (%)

Control 85.2 &+ 23.5% 6.8 £28
Zn 93.8 + 22.2° 48 +24
Zn+ 113.9 + 8.0°® 32404
Average 4 °C 98.0 + 21.3 5.0+25
Control 150.1 £ 32.8° 5.4 +3.7
Zn 138.4 & 0.1%° 35+20
Zn+ 119.1 &+ 9.8 62+ 1.1
Average 12 °C 135.4 £ 24.6 53+26

1354 £+ 10.6 15+ 1.1
1344 £ 345 45 £37
134.1 £+ 40.1 34+ 14
134.5 £+ 30.9 34+26
141.1 £ 409 46 £19
2159 £ 67.7 2.1+£05
150.0 £ 15.3 38+ 1.0
164.7 £+ 50.8 3.6 +1.6

Bold value indicates the average between temperatures, all diets included, and it will not be statistically correct to add significance

levels

Total MC area = % area of epidermis comprising mucous cells. Superscript letters denotes significant differences between groups

( < 0.05)
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Fig. 5 Quantitative assessment of mucous cell area in salmon
skin 1 and 2 weeks post-wounding. Bars expressing in which
region of the epidermis mucous cells are located; 0-30 pm,

4 °C (Fig. 7b). These up-regulations were further
increased after 24 h in fish fed the Zn and the Zn+
diets. On the other hand, at 12 °C, only a significant
down-regulation of CK11B transcription levels after
6 h was detected in response to wounding. No
significant modulations of CK11C transcription were
observed during the first 24 h in any of the fish studied
(Fig. 7c). From 72 h post-wounding, the levels of
transcription of all chemokines remained significantly
lower than those from unwounded fish for all diets at
both 4 and 12 °C.

Discussion

In the current study, the impact of temperature and diet
were investigated through subjective and quantitative
skin histology and expression of skin-associated
chemokines following mechanical skin damage in

Mucous cell area

Mucous cell area

12°C
100 % N 70-* pm
® 30-70 um
0,
95 % W 0-30 pm
90 %
85 %
80 %
75 %
70% T T ]
Control Zn Zn+
12°C

100 %

95 %

90 %

85%

80 %

75 %

70%

Control

30-70 pm and >70 pm. a 1 week, 4 °C b 1 week 12 °C,
¢ 2 weeks 4° and d 2 weeks 12 °C

Atlantic salmon. Overall, a clear progression in the
wound healing process was seen related to both
temperature and diet.

As subtle changes in wound pallor constituted the
sole gross sign of wound healing, other methods were
necessary to investigate the healing processes and
potentially discriminate between temperature and
dietary treatments. Due to the severity of the wounds
inflicted by the biopsy punch, and resultant variances
between individual wounds, it was difficult to assess
measurements by quantitative histology during the
first 72 h, necessitation subjective morphological
assessments during this phase. At 12 °C visible onset
of epidermal growth was evident even within 6 h post-
wounding. The delay of the first signs of healing at
4 °C as indicated by new epidermal cells at the wound
edge after 24 h demonstrated a clear temperature
effect. After 3 days, all of the examined wounds were
closed, but the epidermis was more structured at high
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Fig. 6 Constitutive levels of transcription of salmon chemoki-
nes within the CCL27/28 phylogenetic group in different
tissues. Data are shown as the mean gene expression relative
to the expression of endogenous control EF-1ae &= SD (N = 3)

temperature, showing greater organisation of the
epidermal basal layer cells. These results correlate to
a previous study where rainbow trout at 15 °C were
inflicted with similarly sized wounds; all of which
showed closure at the first sampling after 3 days
(Wahli et al. 2003). As poikilotherms, fish are dictated
by the surrounding water temperature, with the
metabolic rate decreasing rapidly at lower temperature
(Claireaux and Lagardere 1999). Low temperature

@ Springer

also affects the immune response (Bowden 2008; Bly
and Clem 1992), and temperature has been shown to
impact wound healing in both tropical and temperate
teleosts (Anderson and Roberts 1975). The healing
rate of small wounds on Atlantic salmon and white
mountain cloud minnow (Tanichthyes albonubes) was
significantly faster at high temperatures (23 vs 5 °C)
(Anderson and Roberts 1975). At 23 °C the wounds
were already closed after 4 h in both species, while the
process took 24 h at 5 °C.

Wounds heal through a highly regulated, self-
limited inflammatory response; however, precise
inflammatory mediators have not been fully delineated
(Ishida et al. 2008). Subjective and quantitative
histology both confirmed that temperature had a large
impact on the complex process of wound healing.
After 24 h, no sign of inflammation was present at
4 °C, while the first inflammatory cells could be seen
in fish at 12 °C. From 1 week post-wounding the
subjective data could be supported by quantitative
analyses, confirming that the epidermis was thicker at
12 °Cboth one and 2 weeks after wounding. This may
be related to the faster healing process at high
temperature and that a higher level of inflammation
is reached more rapidly. Wound healing is always
accompanied by an inflammatory reaction, which does
not subside with epithelialisation, but persists until the
tissue is remodelled (Gillitzer and Goebeler 2001).
The grade and cells in the inflammation changes
through the healing process, being responsible for
combating pathogens and cleaning the wound for cell
debris and foreign material (Medzhitov 2008).

The most significant quantifiable difference
between the two temperatures was the dispersal of
mucous cells. Total area of epidermis comprising
mucous cells was similar at 4 °C and 12 °C, but their
position in the epidermis differed. After 1 week, 98 %
of the mucous cells were seen in the outer 30 um of the
epidermis, and a similar result was seen after 2 weeks
at low temperature. However, mucous cells were seen
in the deeper layers of the epidermis, after 2 weeks in
fish reared at 12 °C, with approximately 15 % of the
mucous cells located deeper than 30 pm from the
surface. While epidermal cells are known to cover
wounds by migration from the surrounding tissue,
followed by proliferation, increases in intracellular
spaces, leading to epidermal thickening and hyper-
plasia (Iger and Abraham 1990; Bereiter-Hahn 1986;
Fast 2014), less is known about the mucous cell
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Fig. 7 Effect of the different diets on the levels of transcription
of the different chemokines in the skin of unhandled fish or
wounded fish after different times post-wounding. Fish were
kept at either 4 or 12 °C and within each temperature groups of
fish were fed with different diets for 10 weeks, before a punch
biopsy of the skin was performed. RNA was extracted from the
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wounded area at different times after the biopsy to analyse the
levels of transcription of the different chemokine genes. Data
are shown as the mean gene expression relative to the expression
of endogenous control EF-1a &= SD (N = 4 in each group).
*Transcription levels significantly different than those observed

at time O (p < 0.05) for each diet (different colour code)
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dynamics. It is known that stress leads to changes in
mucous cell production in teleost skin (Tacchi et al.
2015; Esteban 2012; Vatsos et al. 2010), and a
variation in mucous cell coverage in the epidermis
related to temperature has been described for salmon
(Jensen et al. 2014). Increased production and hyper-
trophy of mucous cells is also described as a response
to ecto-parasitism attacks in fish (Fast et al. 2002a;
Nolan et al. 1999). In mammals, mucous cell differ-
entiation and function are known to be affected by
mucosal immunity. In particular, growth factors,
antimicrobial peptides, cytokines, chemokines and
mucins play an important role in mucosal healing
(Neurath and Travis 2012). Mucins from carp has also
been described (Przybylska-Diaz et al. 2013; Marel
et al. 2012) and putatively found in salmon (Micallef
etal. 2012). Although the regulation of mucous cells in
fish warrants further investigation, the potential range
of roles and effect of mucus has been described by
many authors (Fast et al. 2002b; Shephard 1994;
Mustafa et al. 2005; Nigam et al. 2012; Subramanian
et al. 2007), and accelerated reinstatement of mucous
cells would strengthen teleost natural defence
mechanisms.

In addition to temperature, diet was also shown to
affect the wound healing process. Zn is known to exert
a beneficial effect on wound healing by modulating
inflammation and speeding up the re-epithelialisation
process (Tenaud et al. 2000). It stimulates the prolif-
eration of keratinocytes and fibroblasts in wounds and
increase collagen synthesis in humans. Although the
nature of the feedback mechanism regulating epider-
mal cell mitosis in humans is still not understood, there
are suggestions that gradients in calcium and/or zinc
may be contributory (Lansdown 2002). An inverse
relationship seems to exist whereby zinc promotes
mitosis and calcium suppresses it. In the current study,
due to individual variation, it was not possible to
determine any significant differences between diets
the first 72 h post-wounding by subjective histology.
After one and 2 weeks, quantitative measurements of
epidermal indices allowed discrimination between
diets. The finding of thicker epidermis at low temper-
ature after 1 week in fish fed Zn-supplemented diets
could represent enhanced recruitment of inflammatory
cells and increased proliferation of epithelial cells.

Relative distribution of mucous cells within the
epidermis was identified as a marker of healing
progression with a greater proportion in the deeper
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strata related to advanced healing. The enhancement
of healing at higher temperature and further potenti-
ation by supplemented dietary Zn as assessed early
during healing by chemokine expression was also
borne out by greater presence of mucous cells in the
deeper epidermal zones later in the process. As
previously mentioned, the regulation of mucous cell
differentiation needs more research, and it is likely
that Zn could play a role in the regulation. Zn is among
the most important trace elements in fish nutrition and
is involved in various metabolic pathways (Watanabe
et al. 1997). Although the mechanisms are not fully
understood, Zn deficiency has been associated with
delayed wound healing, eye lens cataract and erosions
of the fins and skin in fish (Fountoulaki et al. 2010;
Waagbg 2008; Ogino and Yang 1979; Hughes 1985).
The importance of Zn in the protection against auto
oxidation has been demonstrated in salmonids
(Kaushik 2001). Zn is an essential component of
several enzymes that are involved in the wound
healing process such as collagen synthesis and cell
division. The parameters studied in the current paper
revealed no clear benefit from the additional func-
tional ingredients in the Zn+ diet. Levels both of
vitamin C and Zn in the skin correlated with dietary
levels (results not shown), as previously described by
Wahli et al. (2003) and Fountoulaki et al. (2010).
Vitamin C has been shown to impact on wound
healing in salmonids, and fish presented diets with no
vitamin C completely failed to repair wounds (Halver
1972). It is involved in several physiological processes
and is essential for collagen formation as a cofactor for
hydroxylation of proline. Many of the parameters
shown to be affected by the vitamin C concentration
have been related to the formation of fibrous tissue,
particularly in the dermis (Wahli et al. 2003; Halver
1972). The lack of observed effect of vitamin C in the
current study may therefore be related to the fact that
epidermis was the main focus, and differences in the
dermis were not assessed by quantitative measures.
Dermal and collagen-related indices should be
assessed in future studies. The Zn+ diet was also
supplemented with higher levels of vitamin E, but the
level in the control diet was probably high enough to
maintain antioxidative capacity and immune function
(Hamre 2011; Lall 2000; NRC 2011).

The Zn+ diet was also supplemented with f-
glucans. Yeast B-glucans are probably the most
extensively investigated immunostimulants in fish
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feed, and immunomodulatory activity has been
reported for a range of species (Kiron 2012; Dalmo
and Bggwald 2008; Vetvicka and Vetvickova 2011).
Their effect has also been studied on the wound
healing process in common carp, describing a positive
impact on wound closure and cytokine expression
(Przybylska-Diaz et al. 2013). Chemokines, a super-
family of cytokines, are known to stimulate the
recruitment, activation and adhesion of cells to the
site of infections or injury (Whyte 2007). Although
several genes coding for salmon CC chemokines have
been reported in the databases, not many studies have
focused on establishing a role for each of these genes
or on studying their transcriptional regulation. In the
current work, an evaluation of the constitutive expres-
sion levels of several chemokine genes that previously
have been ascribed to the CCL27/28 group (Peatman
and Liu 2007) was evaluated. CCL27 is a skin-
associated chemokine in mammals, and it was con-
sidered of importance to determine whether these
chemokines were also expressed in salmon skin and
implicated in wound healing as CCL27. The results
demonstrated that CK11A, CK11B and CK11C were
preferentially expressed in the skin, in comparison
with other tissues, as its homologue in rainbow trout,
CK11 (Montero et al. 2011). Transcription of CK11D
was not detected, which might suggest that this is
actually a non-transcribed pseudogene. The analysed
levels of chemokine expression in the wound area,
demonstrated that CK11A, CK11B and CK11C were
modulated in response to wounding. In general, there
was an up-regulation at 6 h post-wounding, followed
by significant down-modulations from 72 h post-
wounding. The levels were still not recovered back to
constitutive levels after 2 weeks. Different modulation
profiles were seen between 4 and 12 °C for all three
chemokines, where the profiles at4 °C showed a clearer
up-regulation at both 6 and 24 h, while the profiles at
12 °C dropped at 6 h and increased again at 24 h.
Differences were also seen between diets. Zn-supple-
mented diets generally led to increased chemokine
expression during the first 24 h following wounding.
This could have affected early recruitment of immune
cells to the traumatised area during the critical first
phase of recovery, or influenced the initiation of cell
proliferation. Other potential roles of these described
chemokines warrants further investigation.

In conclusion, both temperature and dietary Zn had
an effect on the healing of mechanically inflicted

wounds in salmon. The work also demonstrated that
CK 11A-C were preferentially expressed in skin and
also modulated in reaction to skin damage. Quantita-
tive histology was demonstrated to be a valuable tool
in assessing changes in the epidermis, revealing an
effect of dietary Zn levels on the dispersal of mucous
cells 2 weeks post-wounding. The positive effects of
Zn seen with histology, correlated with the increase in
chemokine expression which was modulated during
the acute phase of wound closure. Future studies
focusing on optimising controlled skin trauma
approaches could employ the newly described quan-
titative methodologies to complement traditional
subjective appraisals and should also include gene
expression of established inflammatory markers, to
give more insight into healing processes of fish skin.
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