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ABSTRACT 

Marine pollution has been a global issue as most marine ecosystems are affected by 

anthropogenic pollutants. Some common pollutants such as persistent organic pollutants 

(POPs) and heavy metals have become a widespread concern to environment and public 

health due to their toxicity, persistence and bioaccumulation. Environmental monitoring 

programs need to detect potential harmful effects of these pollutants before they affect high 

levels of biological organization such as population or ecosystem. This can be done using 

biomarkers in appropriate indicator species. Shorthorn sculpin (Myoxocephalus scorpius) 

has been used in this project as an indicator species for environmental studies in Greenland 

because the fish is abundant, easy to sample, benthic, sedentary and long-lived. Although 

sculpins have been used extensively in environmental monitoring programs in Greenland, 

most studies focused on increased concentrations of trace elements in various organs and 

some histopathology in fishes caught from polluted areas. Most significant histological 

alterations, in particular, melanomacrophage centers (MMCs) or mucus cells (MCs) were 

evaluated using qualitative or semi-quantitative methods.  

The overall aims of this thesis were to study MMCs and MCs in shorthorn sculpins and 

evaluate their biomarker potential for pollutant exposure. These were achieved by pursuing 

the following specific aims: 

a) Investigate MMCs in various organs of shorthorn sculpins and assess the biomarker 

potential of the splenic and renal MMC populations, and 

b) Investigate the MCs in the gills and skin of shorthorn sculpins using different 

quantification methods and examined their biomarker potential for pollutant exposure 

This study characterised MMCs in all main organs including the gills, liver, spleen, kidney 

and pancreas of shorthorn sculpins. The variations in morphology, density, size, area, 

distribution, pigments and response to pathogens of the MMC populations in these organs 
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were described and can be used as baselines for future monitoring studies. The biomarker 

potential of splenic and renal MMCs, the two most numerous and largest MMC populations 

in shorthorn sculpins, was evaluated. Splenic MMCs may have a biomarker potential for 

POPs chronic exposure. This was, however, not the case for renal MMCs. Effects of body 

size on the splenic and renal MMCs responses were confirmed and this factor needs to be 

considered if MMCs are used as biomarkers.  

This study developed a novel method to reconstruct 3D structure of splenic MMCs from 

histological samples. This method can be applied to reconstruct any structures or organs of 

interest from histological samples. The 3D structure of splenic MMCs was reported for the 

first time and showed spherical shape and limited variation in sizes. These characteristics 

were critical to develop a proper quantification for MMCs. An investigation into 3D splenic 

MMCs revealed that 97% of examined splenic MMCs were closely associated with blood 

vessels in the spleen of shorthorn sculpins. This study also indicated the presence of 

pheomelanin in MMCs of a fish species for the first time.  

Responses of MCs in the gills and skin of shorthorn sculpin were investigated using 16 

mucosal indices generated by both mucosal mapping and histological methods. Three 

mucosal indices including size of skin MCs, density of lamellar MCs (mucosal mapping) 

and number of MCs per interlamellar unit (ILU, traditional methods) had biomarker 

potential for heavy metal exposure. Size of skin MCs (mucosal mapping) were significantly 

smallest in the least polluted station whereas the gill filament MCs were largest and most 

dense in the fishes from the most contaminated site. Density of the gill lamellar MCs 

followed a toxicity gradient and was highest at the most polluted site and lowest at the least 

polluted site. A strong positive correlation between hepatic Pb level and size of filament 

MCs, suggested the role of filament MCs in reducing the somatic Pb in sculpins. The 

biomarker potential of MC responses was also uncovered using traditional quantification 
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as number of MCs per ILU was significantly different in fishes from sites with different 

levels of pollutants.  

This study investigated MC responses using two different quantification methods. Overall, 

both traditional methods and mucosal mapping were able to detect the biomarker potential 

of MC responses to pollutants and their links to parasitic infection. MCs quantified by 

traditional methods were related to body size of fishes whereas MCs quantified by mucosal 

mapping were linked to levels of Pb in the liver of fishes. Both methods detected the 

differences between the skin and gill MCs and only mucosal mapping distinguished the 

differences between filaments and lamellar MCs. Results of this study were valuable for 

environmental monitoring programs in the Northern Hemisphere where shorthorn sculpins 

are naturally distributed. 
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1.1 MARINE POLLUTION 

Water covers approximately 70% of the Earth surface, with oceans representing more than 

96% of all Earth’s water (1). Most marine ecosystems are affected by pollutants and over 

a third (41%) of the global oceans are strongly affected by multiple anthropogenic drivers 

(2). Oceans have been polluted with a number of contaminants such as fertilizers, 

pesticides, agrochemicals, domestic waste, sewage sludge, oils, heavy metals, trace 

elements, organic compounds and plastics (3). These pollutants are often emitted from 

agricultural activities, industrial developments, urbanization, human settlement, tourism, 

resource uses and interventions including construction, infrastructure developments and 

international trade (3).   Persistent organic pollutants (POPs) and heavy metals are the two 

contaminant groups of growing concern because they can severely affect environment and 

human health (3).  

Persistent organic pollutants belong to a group of chemicals that perseveres in the 

environment for extended periods of time because they are environmentally stable and 

resistant to biological, photolytic and chemical degradation (4). POPs have been reported 

in almost every part of the marine environment from the abyssal to the intertidal, and from 

the Antarctic to the Arctic (3,5). POPs can be released from industrial processes (such as 

incinerating plants, heating and power stations, household furnaces and transportation) or 

formed un-intentionally (such as the use or incomplete combustion of petrogenic and 

organic materials) (4,5). POPs enter the marine environment from atmospheric deposition, 

oil spills, industrial and domestic effluents and agricultural runoff (4,5). Some POPs have 

been linked to a number of diseases in humans including obesity, diabetes, endocrine 

disturbance, cardiovascular and cancer problems (6,7).  
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Heavy metals naturally exist in the marine environment, usually at very low levels. 

Anthropogenic activities such as gas and oil exploration, mining, agricultural runoff, 

industrial (such as textiles, leather, fertilizers, pesticides, paint and pharmaceuticals) and 

domestic effluents increase concentrations of heavy metals in natural water bodies (8,9). 

Heavy metals are common contaminants in coastal areas and marine waters worldwide 

(9,10). Toxicity of heavy metals to aquatic organisms includes carcinogenesis, 

immunotoxicity, DNA damage, lipid peroxidation and protein alterations (11–13).  

One issue of serious concern is that POPs and heavy metals can accumulate and magnify 

in the food chains (5,9,14–19). For animals at the top of the food chains, such as carnivorous 

fishes, seabirds, marine mammals or terrestrial animals, the potential of accumulating 

pollutants in their body is much greater than those at lower positions of the food chains 

(20–23). For example, in areas polluted with some POPs, concentrations of these 

substances in both marine and terrestrial animals were 1,000 to 100,000 times greater than 

those in water (5,17–19). Due to the toxicity, persistence and bio-accumulation, POPs and 

heavy metals  are a concern as environmental pollutants and public health risks (5,8). 

 

1.2 POLLUTION IN GREENLAND 

Greenland is the world’s largest island located between the Arctic and Atlantic oceans (Fig. 

1. 1). With a total area of over 2 million km2 (24) and a population of 56,751 people (2020 

as shown at https://www.worldometers.info/world-population/greenland-population/) 

Greenland has a very low population density of 0.028/km2. Greenland is a well-documented 

example of how a remote area with a small population can be considerably affected by 

pollution, and in particular has been susceptible to heavy metal and POP contamination 

(25–35).  

https://www.worldometers.info/world-population/greenland-population/
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Figure 1. 1 Map of Greenland with active ports and mines (adapted from Bureau of 

Minerals and Petroleum and http://www.worldportsource.com/ports/GRL.php) 

Greenland has a huge potential for mining industry because it owns large deposits of 

mineral belts such as gold (Au), copper (Cu), lead (Pb), zinc (Zn), platinum (Pt) group 

http://www.worldportsource.com/ports/GRL.php
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elements, molybdenum (Mo), diamonds and rare earth elements (36). Systematic 

exploitation of natural resources in Greenland started in the mid-1800s (27) and number of 

exploitation licences has been increasing (Fig. 1. 1) (37). During the operation and even 

after the closure of these mines, a large number of toxic elements, including Pb, Zn, Cu and 

arsenic (As), was found to be leaking from tailings and spilling from concentrated ore into 

the environment at Ivittuut, Maarmorilik and Mestersvig (27,30,33,38). For example, in 

Mestersvig, east Greenland, 400,000 tons of tailings (account for over 75% of exploited 

ore) from the Blyklippen Pb – Zn mine were discharged onto nearby mountain slopes. Over 

a period of 16 years, 84% of the original amount of these tailings  had slid to a nearby river 

and subsequently polluted the surrounding marine environment (39). Similarly, the Black 

Angel Pb – Zn mine in the west of Greenland discharged several million tons of waste rocks 

and tailings onto nearby mountain slopes and fiord from 1973 to 1990 resulting in high 

levels of Pb (440 ug/L) and Zn (790 ug/L) in the seawater near the mine (40–42).  

Activities of ports and harbors are another source of pollution in Greenland. With a limited 

transport infrastructure, consisting of no railway, 37 helistops, 7 heliports and 14 airports, 

harbors in 60 settlements and ports in 16 towns (24), maritime trade and transportation play 

important roles in Greenlandic economy. The majority of these ports are located in the west 

and south of Greenland and very close to mining areas (Fig. 1. 1). The activities of 

commercial vessels, fishing and leisure boats within harbors discharged a number of POPs 

such as tributyltin (TBT, an anti-fouling agent used on sub-surface areas of ships), 

polychlorinated biphenyls (PCBs, extensively applied in sealants and paints) and 

polycyclic aromatic hydrocarbon (PAHs, unintentionally formed from the use of oil and 

gas) to the marine environment in the vicinity of these harbors  (43–45). As these pollutants 

are used extensively on shipbuilding and transportation, they are often reported in main 

harbors, shipyards and shipping facilities such as in Nuuk, Greenland.  Inside the Nuuk 
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harbor, TBT was found at high levels (171 ± 32 µg/kg dry weight (dw)) in marine 

sediments, whereas the levels of TBT in sediments collected 4 km away from the harbor 

were lower than the detection limit for marine sediments (1 µg/kg dw) (45).  

Due to bioaccumulation, high levels of heavy metals and POPs in Greenlandic marine 

environment subsequently resulted in elevated concentrations of these substances in 

surrounding aquatic organisms (39,46–48). For example, high levels of PCBs (84 ng/g dw) 

and PAHs (3683 ng/g dw) were reported in mussel (Mytilus edulis L.)  around Nuuk while 

other sites in Greenland showed background levels of these contaminants (about 1 ng/g dw 

PCBs and 300 ng/g dw PAHs) (43). Greenlandic residents maintain a close relationship 

with nature as they hunt and eat variety of local animals such as mussel, capelin (Mallotus 

villosus), cod (Gadus ogac), Arctic char (Salvelinus alpinus), sculpin (Myoxocephalus 

spp.), seal (Phoca hispida), polar bear (Ursus maritimus), beluga whale (Delphinapterus 

leucas) and narwhale (Monodon monoceros) (33). This means they are exposed to 

contaminants via the food chains and this may subsequently result in poor health and/or 

diseases (9,14,49). Additionally, the economy of Greenland greatly depends on the fishing 

industry which accounts for more than 92% of Greenland’s export revenue (Statistics 

Greenland, 2017). Greenland’s economy is, therefore, vulnerable to environmental changes 

and pollution (24).  

In the context of increasing investment in the mining industry and associated activities such 

as expansion of ports in Greenland (33,50,51), the question about health status of local 

species, especially those  consumed by humans, needs to be addressed. At the same time, 

the knowledge of potential biomarkers for pollutant exposure is important to environmental 

monitoring programs and law-making, which subsequently build up an environmentally 

and friendly exploitation of mineral resources and sustainable fishing industry in 

Greenland. 
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1.3 BIOINDICATOR SPECIES AND BIOMARKERS 

Indicator species are often used in environmental monitoring programs to indicate effects 

of pollution on biota. Indicator species have been defined as organisms that are capable of 

providing information about the condition of their habitat (52). An appropriate indicator 

species must be relatively abundant, susceptible to pollutants, demersal and stationary (53). 

A number of marine organisms such as seaweeds, bivalves, gastropods and fishes can be 

employed in marine monitoring programs. These organisms accumulate contaminants in 

their bodies and subsequently reflect bioavailability of these contaminants in the 

surrounding environment (27).  Among all potential indicator species, fishes are common 

and feasible organisms for environmental monitoring as they are abundant in the aquatic 

environment. Additionally, fishes play critical roles within the aquatic food-webs as they 

transfer energy through various trophic levels and are more relevant to ecological impacts 

(54,55).   

Biomarkers are defined as measurable biological responses of organisms exposed to 

contaminants (56). In environmental monitoring studies, biomarkers are often employed 

because they can detect early warning biological impacts of pollutant exposure before those 

contaminants affect higher levels of biological organization. Biological responses of 

aquatic animals to environmental pollutants range from molecular, sub-cellular, cellular, 

tissue, organ, organism, population and community levels (Fig. 1. 2). Overall, responses at 

low levels of biological organization such as molecular (gene expression) or sub-cellular 

responses (biochemical) are often more specific, sensitive, reproducible and easy to 

determine but may not be ecologically relevant (Fig. 1. 2) (57). By contrast, responses at 

high levels of biological organization (such as population) directly indicate the health of 

ecosystems but are less specific, difficult to determine and are only expressed at late stages 

when the damage to the environment has already occurred and contamination is harder to 
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mitigate (Fig. 1. 2) (57,58). Biomarkers at organ, tissue and cellular levels such as 

histological biomarkers have advantages of being relatively sensitive, easy to determine 

and able to  indicate the health of individuals, which in turn allow to extrapolate effects of 

pollutants on population or community (58–60).   

 

Figure 1. 2 Aquatic animals respond to pollutant exposure at various levels of biological 

organization. Histological biomarkers which examine responses at cellular and tissue levels 

have advantages of relative sensitivity and ecological relevance (adapted from (52,57,61) 

Histological changes in fish organs can be used as biomarkers to detect exposure to or 

effects of environmental stressors (62). Histopathology of several organs such as the liver 

(foci of cellular alterations, neoplasms, megalocytic hepatosis, hydropic vacuolations, bile 

duct proliferation, hepatocellular nuclear pleomorphism and melanomacrophage centers), 
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gills (epithelial hypertrophy, epithelial hyperplasia, epithelial desquamation, lamellar 

fusion, edema, telangiectasis and mucus cell hyperplasia) and kidney (tubular dilation, 

degeneration of tubular epithelia, proteinaceous material in tubules, tubular necrosis, 

necrotic areas in hematopoietic tissues) has been included in a number of environmental 

monitoring programs worldwide  (58,62). In field studies, histopathology has some 

advantages, because it is a routine, quick and easily applicable method to investigate effects 

of pollutants on a number of cells, tissues and organs (62). Additionally, histological 

biomarkers can generate quantitative data which in turn can be integrated with other data 

to investigate dose-response relationships, a very important criterion of any biomarkers for 

use in environmental monitoring studies (62). 

 

1.4 SHORTHORN SCULPIN  

Shorthorn sculpin or common sculpin (Myoxocephalus scorpius, Fig. 1. 3) is a species 

belonging to the Cottidae family that is naturally distributed in Greenland’s coastal areas 

and fiords (63–66). The fish is a benthic species which lives close to the seabed and prefer 

muddy, sandy or seaweed-covered bottoms (65,67). As sculpins do not have a swim 

bladder, its movement is limited within short distances (68–70). This species prefers living 

in cold and shallow waters (0 – 451 m in depth) with a stable salinity (32 - 33 ppt) (63–65). 

Shorthorn sculpins eat a range of marine organisms including mackerels, sand lances, 

herrings, smelts, shrimps, crabs, sea urchins, mollusks and worms (63,67,71,72). The fish 

sexually matures at 2 – 3 years and can live up to 15 years (73,74). Shorthorn sculpin has 

been considered as a good indicator species for environmental studies in the Northern 

Hemisphere because the fish is abundant, easy to sample, benthic, sedentary and long-lived 

(30,64,75–77).  
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Figure 1. 3 Shorthorn sculpin (photo credit: Khattapan Jantawongsri) 

Shorthorn sculpin has been used as an indicator species for some contaminants in a number 

of countries in the Northern Hemisphere. For example, shorthorn sculpins caught from 

mining polluted areas in Maarmorilik, Greenland displayed significant increases in levels 

of Pb, As and mercury (Hg) in their livers (30). Higher activities of detoxification enzymes 

such as catalase, glutathione peroxidase and cytochrome P4501A were reported in 

shorthorn sculpins from polluted harbors in Iceland (75). Significant decreases in organ 

indices, condition index, lymphocyte and haemoglobin levels were reported in shorthorn 

sculpins from PCB polluted areas in Canada (78). Histological changes in the livers (bile 

duct proliferation, blood vessel fibrosis, inflammation, necrosis and multifocal 

hemosiderosis) and the gills (epithelial lifting, hyperplasia, interlamellar thickening, fusion, 

telangiectasis and mononuclear infiltration) were reported in shorthorn sculpins from areas 

polluted with heavy metals and paper mill effluent in Greenland and Canada (30,79). These 

results suggest that shorthorn sculpins can be a good indicator species for environmental 

monitoring of pollutants in areas where they are naturally distributed. 
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1.5 MELANOMACROPHAGE CENTERS 

Melanomacrophage centers (MMCs) are distinctive aggregations of pigment-containing 

cells in internal organs of some vertebrates such as reptiles, amphibians and fishes (80–82). 

In fishes, MMCs are located within the spleen, kidney and liver and can sometimes be 

found in the thymus, intestinal submucosa, gills, brain, gonad and pancreas (80–87). MMCs 

have been considered as metabolic dumps (which contain both endogenous and exogenous 

materials including antigens) and biomarkers for exposure to various anthropogenic 

stressors (80). The changes in either number, density, size, occupied area, shape, 

macrophage activities or pigment accumulations of MMCs have been reported as MMC 

responses to environmental toxicants. Additionally, stereology and total spleen volume 

were utilized to assess MMC responses and the variation between these quantification 

methods was reported in striped bass Morone saxatilis and white perch M. americana (88). 

Increases in number, size or surface area of MMCs have been observed in a number of fish 

species exposed to various pollutants in both laboratory and field conditions (Table 1. 1). 

In contrast, reductions in number or size of MMCs after exposure to contaminants such as 

fuel oil and hydrocarbon contaminated sediments were observed in other species including 

thick lip grey mullet (Chelon labrosus) and flounder (Pseudopleuronectes americanus), 

(89,90) and these changes were not commonly reported (Table 1. 1). The increases or 

decreases in size, surface area or number of MMCs have been reported in association with 

a number of factors such as toxicant exposure, infections, stressors and even physiology 

(Table 1. 1). Therefore, MMCs are often used as general biomarkers for environmental 

stressors. MMC responses varied depending on types and levels of stimuli (Table 1. 1). 

MMCs in different organs can respond differently to the same types and levels of pollutants 

(Table 1. 1).  
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Table 1. 1 Examples of responses of melanomacrophage centers (MMCs) in various organs from a range of fish species to heavy metals and 

persistent organic pollutants in both experimental and field conditions 

Anthropogenic stressors Species Organ Quantitative 

methods 

Responses of MMCs Lab/field References 

Groups Stressors 

Heavy 

metals 

Hg Landlocked 

Arctic char 

Salvelinus 

alpinus 

Liver Number MMCs/ 

field of view 

positive correlations:  

MMC number & hepatic Hg 

level (3 less polluted lakes) 

MMC number & hepatic Fe 

level (all lakes) 

Field: 4 lakes along a 

gradient 

(91) 

Hg Pike Esox lucius Spleen  

Kidney 

Liver 

Size MMCs 

Number MMCs/ 

mm2 

 

positive correlations: Hg levels 

& MMCs (size & number) in 

all organs  

Field:  the Oder river, 

Germany 

(92) 

HgCl2 Carp Cyprinus 

carpio 

Kidney Number 

MMCs/mm2 

Significant ↑ number renal 

MMCs in treated groups 

Lab exposure to 

0ppm, 0.01 ppm, 

0.05ppm and 0.1ppm 

(93) 
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Anthropogenic stressors Species Organ Quantitative 

methods 

Responses of MMCs Lab/field References 

Groups Stressors 

Heavy 

metals 
Methyl mercury 

MeHg:[CH3Hg]+ 

Neotropical 

fish 

Hoplias 

malabaricus 

Head 

kidney 

Liver 

Number 

MMCs/mm2 

↑ number MMCs in all 

organs 

Lab: long term (70 

days) feeding 

contaminated prey 

(0.075 µg/g MeHg)  

(94)  

 HgCl2 

NiCl2 

ZnSO4 

CuSO4 

Asian 

seabass 

Lates 

calcarifer 

Kidney 

 

Number 

MMCs/mm2 

↑ levels of toxicants: ↑ 

number MMCs 

Levels of MMC response 

depend on types of toxicants 

(HgCl2 > NiCl2 > CuSO4 > 

ZnSO4) 

Lab: short-term 

exposure (24, 48 & 72 

h) to different levels 

(2, 4 & 6mg/kg) of 

each substance 

(95) 

 Cd European sea 

bass 

Dicentrachus 

labrax (L.) 

Spleen 

Head 

kidney 

 

Number & area 

MMCs  

MMC number: ↑ in spleen & 

kidney of treated fishes 

MMC area: splenic MMCs 

different at 48 h (not 24 h), 

renal MMCs no different 

Lab: short-term 

exposure (24 & 48 h) 

to different Cd levels 

(4.47, 5.63, 7.08 & 

8.91 mg/L) 

(96)  
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Anthropogenic stressors Species Organ Quantitative 

methods 

Responses of MMCs Lab/field References 

Groups Stressors 

Heavy 

metals 
Cadmium 

chloride (CdCl2) 

Tilapia Tilapia 

mossambica 

Spleen 

Kidney 

Liver 

 

Number MMCs/ 

organ 

Size MMC (µm) 

 

↑ number & size MMCs in 

treated groups 

Lipofuscin: absent 

Lab: short term 

exposure (120 h) to 

median lethal level of 

CdCl2 (209.34mg/L) 

(97)  

 
Silver 

nanoparticles 

African 

catfish 

Clarias 

gariepinus 

Spleen 

Kidney 

Liver 

Number & size 

MMCs/ cm2 

↑ number & size 

MMCs/cm2 in all examined 

organs of treated groups 

Lab: exposure to 

silver nanoparticles 

25mg/L, 50mg/L & 

75 mg/L for 2 weeks 

(98,99)  

 
Cu, Fe, Zn 

Gilthead sea 

bream 

Sparus aurata Spleen 

 

Number MMCs/ 

mm2 

Cu enriched diet: ↑ MMC 

number 

Zn & Fe enriched diet: ↓ 

MMC number 

Lab: oral Cu (20 

mg/kg), Fe (100 

mg/kg) & Zn (300 

mg/kg) enriched diets 

(81)  

 
Se 

Yellowtail 

kingfish 

Seriola 

lalandi 

Spleen Number MMCs 

/sections 

Se (< 3mg/kg): ↓ number 

splenic MMCs 

Se (increased gradually up 

to 20.87 mg/kg): ↑ number 

splenic MMCs  

Lab: oral different Se 

levels & challenged 

with bacteria 

(100)  



15 
 

Anthropogenic stressors Species Organ Quantitative 

methods 

Responses of MMCs Lab/field References 

Groups Stressors 

Heavy 

metals 
Hg, Se, Ni, Cd, 

Cu, Zn 

Yellow eye 

rockfish 

Sebastes 

ruberrimus 

 

Spleen 

Liver 

MMC area 

Metals levels in 

MMCs 

positive correlation:  

inorganic Hg levels & 

splenic/hepatic MMC area.  

Field: coast of 

Princes of Wales 

island, Alaska, USA 

(101)  

 Pb 

TBT 

Trahira Hoplias 

malabaricus 

Kidney Number MMCs 

& MMs/mm2 

Pb (II) diet: ↓ number free 

MMs, ↑number MMCs 

TBT diet: no difference 

Lab: fishes were fed 

21 µgPb/g or 0.3 µg 

TBT/g (14 doses, 5-

day interval) 

(102)  

Persistent 

organic 

pollutants 

and mixed 

contaminants  

Metals (Cd, Hg, 

Zn, As, Pb, Cu) 

PAHs; PCBs 

Total 

hydrocarbon 

Dab Limanda 

limanda 

Spleen Percentage of 

hemosiderin area 

(only measured 

MMCs with 

diameters > 3µm) 

Hemosiderin pigment 

lowest in fishes from the 

most & least polluted 

stations 

No correlation: hemosiderin 

area & hepatic PCB level 

Field: fishes 

collected along 

pollution gradients in 

the German Bight 

(103,104)  

 Chlorinated 

pesticides 

PCB 

Trahira Hoplias 

malabaricus 

Liver Number MMCs 

&MMs/ mm2 

No MMCs or free MMs was 

detected sampled fishes 

(n=10) 

Field: the Ponta 

Grossa lake, Brazil 

(105)  
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Anthropogenic stressors Species Organ Quantitative 

methods 

Responses of MMCs Lab/field References 

Groups Stressors 

Persistent 

organic 

pollutants 

and mixed 

contaminants 

Metals: As, Hg, 

Cd, Cr, Ni 

Organic 

chemicals: 

HCBD, HCB 

Gar 

 

Lepisosteus 

oculatus 

L. platostomus 

L. osseus 

Liver Percent area 

covered by 

MMCs & 

different 

pigments 

Number MMCs 

Fishes from polluted site: 

larger & darker MMCs, 

higher iron component, 

similar level of other 

pigments (ceroid and 

melanin) 

Number MMCs: same in 

fishes from both sites 

Field: the polluted 

wetlands of 

Mississippi river 

basin, USA 

(106)  

 
Metals, PAH, 

PCB, pesticides, 

TBT, hypoxic 

conditions 

Brown 

bullhead 

Catfish 

Pinfish 

Spotfish 

Atlantic 

croaker 

Ameiurus sp. 

Ictalurus sp. 

Lagodon sp. 

Leiostomus sp. 

Micropogonia 

sp. 

Spleen Number & mean 

size MMCs/mm2 

positive correlation: MMCs 

densities (>40/mm2) & 

exposure to 

contaminated/hypoxic 

conditions 

MMCs at density of 

>40/mm2 indicates an 

exposure to contaminants 

Field: investigated 

983 fishes from 266 

stations located 

across the coast of 

the Gulf of Mexico 

(107)  
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Anthropogenic stressors Species Organ Quantitative 

methods 

Responses of MMCs Lab/field References 

Groups Stressors 

Persistent 

organic 

pollutants 

and mixed 

contaminants 

Oil exposure 
Sea trout 

Gulf killifish 

Fundulus 

grandis 

Spleen Number/field of 

view 

Size (diameter) 

↑ significantly in number of 

splenic MMCs of both 

species 

↑ significantly in size of 

splenic MMCs of sea trout 

Field: exposure to the 

Macondo 252 

petroleum oil spill at 

Gulf of Mexico 

(108)  

 
PAH 

Flounder Pseudopleur-

onectes 

americanus 

Liver Number 

MMC/mm2 

Lower number MMC in 

fishes exposed to PAH 

(>25ppm) 

Lab: 4 months 

exposure to sediment 

contaminated with 

crude oil 

(89) 

 
Tributyltin 

chloride 

(TBTCl) 

Leaping 

mullet 

Liza saliens All 

organs 

Observation MMCs: only presence in 

TBT-treated liver & spleen 

Lab: short term (3-4h 

in 10-7 M TBTCl) & 

long term (15 days in 

10-9 M TBTCl) 

exposure 

(109)  
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Anthropogenic stressors Species Organ Quantitative 

methods 

Responses of MMCs Lab/field References 

Groups Stressors 

Persistent 

organic 

pollutants 

and mixed 

contaminants 

PCB 

Chlordane  

Paddle fish Polyodon 

spathula  

Spleen 

Kidney 

Liver 

Estimate 

hemosiderin 

levels (0: no 

pigment; 2: mild 

pigment; 3: 

moderate; 4: 

severe) on Perl’s 

stained section 

No MMC in spleen & 

kidney 

Control: MMC contains 

low to moderate (1.9 ± 0.7) 

amount of hemosiderin 

Polluted: MMC contains 

moderate to large amount 

of hemosiderin (3.1 ± 0.7 - 

3.2 ± 0.9) 

Field: Ohio river 

basin, USA 

(110)  

Tributylin (TBT); hexachlorobutadiene (HCBD); hexachlorobenzene (HCB); polycyclic aromatic hydrocarbons (PAHs); polychlorinated biphenyl (PCBs);  
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In sculpins, splenic and hepatic MMCs were used as biomarkers for pollutant exposure in 

environmental monitoring programs in Newfoundland, Canada. A significant reduction in 

the number of splenic MMCs was reported in longhorn sculpins (M. quadricornis) after a 

chronic exposure to oil contaminated sediments (111). Both longhorn and shorthorn 

sculpins showed more numerous and larger MMCs in the spleen after being exposed to 

pulp and paper mill effluents (79,112). A significant increase in levels of multifocal 

hemosiderosis was reported in the spleen of sculpins following an exposure to oil and pulp 

and paper mill effluents (79,113).  No information on MMCs in the kidney of sculpins is 

available.  

 

1.6 MUCUS CELLS 

Mucosal epithelia are thin layers covering the whole surface areas of fishes including the 

skin, gills and gut and act as the first barrier of fishes to environmental challenges (114–

116). In addition, the gill mucosal epithelia are important for a number of critical 

physiological processes including respiration, waste excretion and respiration (117). These 

mucosal epithelia are filled with a number of goblet or mucus cells (MCs) that produce 

mucus which contains several immune substances including haemolysin, esterase, 

antimicrobial peptides, proteolytic enzymes, lysozyme, immunoglobulin and lectins 

(118,119). Mucus is continuously secreted by goblet cells and subsequently released to the 

environment to slough-off irritants and pathogens  (116,119). Mucosal barriers work as  

biochemical interfaces to separate fishes and their surrounding environment and, therefore, 

mucosal epithelia of fishes are very interesting areas to investigate the interactions between 

fishes and environmental challenges (115).  

Mucus cells were studied on a number of farmed fish species such as Atlantic salmon 

(Salmo salar), rainbow trout (Oncorhynchus mykiss) and sea bass (Dicentrarchus labrax) 
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to assess their responses to infections (caused for example by parasites such as 

monogenean, amoeba, sea lice, copepod or pathogenic bacteria) (120–125), treatments 

(hydrogen peroxide, peracetic acid, formalin, chloramine-T, dexamethasone and freshwater 

bathing) (120,126–130), diet (dietary manna oligosaccharides and fish oil) (131) and stress 

in aquaculture (handling, high nitrate, high ammonia, low oxygen, temperature, hypo- and 

hyper-osmotic ion stress) (132–135). The use of MC responses in environmental 

monitoring is still limited but shows some promising results. For example, brown trout 

(Salmo trutta fario) kept in acidic streams (aluminium (Al) from 203 to 250 µm/L, pH from 

4.9 to 5.4) displayed decreases in number and size of the gill MCs indicating an exhausted 

status (after a vast mucus release). On the skin of these fishes, the number of MCs was 

slightly decreased whereas the size of these cells significantly increased (136). These 

results suggested that MC responses have good biomarker potential for environmental 

monitoring purposes.   

In sculpins from central east Greenland, MC hyperplasia (as indicated by semi-

quantification) was associated with higher levels of cadmium (Cd) and Cu in the gills (137). 

Shorthorn sculpins from a Pb and Zn polluted station in Mestersvig, Greenland displayed 

significantly greater numbers of total and neutral MCs per interlamellar unit (ILU) in the 

gills compared to those from a reference site (32). The total number of MCs per ILU in the 

gills of shorthorn sculpins negatively correlated with levels of Cu, iron (Fe), cobalt (Co) 

and silver (Ag) in the liver of these fishes and positively correlate with level of hepatic Pb 

and selenium (Se) (32). There is a gap in our knowledge of how different mucosal epithelia 

of shorthorn sculpins respond to environmental challenges such as pollutants and parasites.  
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1.7 RESEARCH RATIONALE, AIMS AND OBJECTIVES 

Although sculpins have been used extensively in environmental monitoring programs in 

Greenland, more information is needed on the effects of accumulated contaminants on the 

Greenlandic sculpins. Currently, most studies reported on concentrations of trace elements 

in various organs including the liver, gills and muscles (138,139). The first effort to 

investigate the effects of pollutants on shorthorn sculpins using histology was carried out 

at the Black Angel Pb – Zn mine in Maarmorilik, West Greenland in 2012. Based on high 

levels of histopathology (telangiectasis, hypertrophic hepatocytes, hepatic necrosis and 

hepatic mononuclear cell infiltrates) and gill parasites in fishes from contaminated sites, 

the study suggested the use of the gill and liver histopathology as fish health indicators 

(30). Subsequently, in 2014, an environmental monitoring study at the Blyklippen Pb – Zn 

mine in Mestersvig, east Greenland reported significant increases in prevalence of 

inflammation and hyperplastic epithelia in the liver and gills, in number of neutral MCs 

and total MCs, number of chloride cells and  in levels of colonial Peritricha infection on 

shorthorn sculpins from the polluted site (32). A systematic histological guide for 

identification and quantification of histological changes in shorthorn sculpins was 

constructed for environmental monitoring programs in Greenland and Arctic areas (140). 

The main two disadvantages of the system are: (i.) it is relatively cumbersome with 50 

histological alterations being examined per sample; and (ii.) it is a semiquantitative method 

which is relatively arbitrary and potentially biased. Therefore, the use of quantitative 

methods on specific histological biomarkers such as MMCs or MCs is required for future 

assessment of pollutant exposure on shorthorn sculpins in Greenland.  

The overall aims of this thesis were to study MMCs and MCs in shorthorn sculpins and 

assess their biomarker potential for pollutant exposure in Greenland. To address the overall 

aims, this study had the following specific aims: 
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a) Investigate MMCs in various organs of shorthorn sculpins and assess the biomarker 

potential of the splenic and renal MMC populations 

b) Investigate the MCs in the gills and skin of shorthorn sculpins using different 

quantification methods and examine their biomarker potential for pollutant 

exposure 

 

1.8 THESIS STRUCTURE 

This thesis contains 6 chapters which are constructed as follows:  

Chapter 1 (this chapter) is a general introduction to marine and Greenlandic pollution, the 

use of biomarkers and indicator species in environmental monitoring programs and 

rationale of studying MMCs and MCs in shorthorn sculpins from Greenland. 

Chapter 2 describes and characterises MMCs from various organs including the spleen, 

kidney, liver, pancreas and gills of shorthorn sculpins. 3D structure of splenic MMCs, the 

most numerous and largest MMC population in shorthorn sculpins was reconstructed for 

development of quantification methods for these MMCs. 

Chapter 3 describes responses of splenic and renal MMCs in shorthorn sculpins from Nuuk, 

Greenland. 

Chapter 4 describes MC responses to pollutants and parasites in shorthorn sculpins from a 

former Pb - Zn mine in west Greenland. 

Chapter 5 compares MC responses using multiple quantification methods in shorthorn 

sculpins. 

Chapter 6 summarises of the project findings and potential impacts, limitations of this study 

and directions for future studies.
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CHAPTER 2  
 

CHARACTERISATION AND 3D STRUCTURE OF 
MELANOMACROPHAGE CENTERS IN SHORTHORN SCULPINS 

(Myoxocephalus scorpius) 
 

 

Published as: 

Dang, M., Nowell, C., Nguyen, T., Bach, L., Sonne, C., Nørregaard, R., Stride, M., Nowak, 

B., 2019. Characterisation and 3D structure of melanomacrophage centers in shorthorn 

sculpins (Myoxocephalus scorpius). Tissue Cell 57, 34–41. 
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2.1 ABSTRACT 

Melanomacrophage centers (MMCs) are distinct aggregations of pigment-containing cells 

in internal organs of fishes, amphibians and reptiles. Although MMCs are commonly used 

as biomarkers for anthropogenic exposure in many environmental monitoring programs, a 

substantial knowledge on characteristics of MMCs is required prior to the assessment of 

MMC responses. The present study was the first to determine the 3D structure of splenic 

MMCs of a fish species from a number of consecutive histology sections by the use of the 

Fiji and AutoCad software. Most splenic MMCs of shorthorn sculpins (Myoxocephalus 

scorpius) had spherical shape and limited variation in size (maximum diameter). We 

confirmed the close relationship between MMCs and blood vessels in spleen of shorthorn 

sculpins as 97% of investigated MMCs (60 whole MMCs over 510 µm thickness of the 

samples) were closely associated with splenic blood capillaries (mainly ellipsoids) at least 

once in a set of consecutive sections. In this paper, we describe variations in morphology, 

density, size, area, distribution, pigments and response to pathogens of MMC populations 

from different organs (spleen, kidney, liver, pancreas and gills). Additionally, we provide 

evidence suggesting the presence and dominance of pheomelanin in MMCs of shorthorn 

sculpins.  

 

2.2 INTRODUCTION 

Melanomacrophage centers (MMCs) are distinct aggregations of pigment-containing cells 

within organs of fishes, amphibians and reptiles (80). In advanced bony fishes, MMCs are 

normally distributed in reticulo-endothelial matrix of haematopoietic organs (spleen and 

kidney); and in Agnatha, Chondrichthyes and primitive teleosts, they are often observed in 

the liver (82). While MMCs are reported from the spleen, anterior kidney and liver in 

healthy fishes, their presence in other organs can be pathological (141,142).  
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In teleosts, MMCs have physiological (metabolic dumps) and possibly immune (equivalent 

to germinal centers in higher vertebrates) functions and it has been suggested that MMCs 

may play different roles in different organs (80,82,83,143,144). MMCs have been 

suggested as biomarkers for environmental monitoring programs as they change after 

exposure to environmental stressors, including pollutants (80). Most environmental 

monitoring programs assess MMC responses by their number, size and/or area quantified 

from one histological section (91,94,102,107,145–148). These methods may not be precise 

because MMCs have 3D structure, but they are evaluated using 2-dimensional histological 

sections. Stereology was applied to quantify MMCs in some fish species such as ohrid trout 

(Salmo letnica), channel catfish (Ictalurus punctatus), and platyfish (Xiphophorus 

maculatus) (149–151) but a few assumptions about the shape still had to be made. 

Substantial knowledge of baseline characteristics of MMCs is required prior to the 

assessment of MMC responses. 

The shorthorn sculpins (Myoxocephalus scorpius) is an endemic species in the Northern 

Hemisphere including the Western Atlantic (James Bay in Canada to New York, USA) and 

Eastern Atlantic Oceans (south-eastern coasts of Greenland, Jan Mayen Island, Iceland to 

British Isles and southward to Bay of Biscay, North Sea, Baltic, Spitsbergen and southern 

part of Barents Sea) (66). Shorthorn sculpin is considered a key species for environmental 

monitoring programs in these areas because it is abundant, easy to sample, benthic, has 

long life expectancy, is highly tolerant of water quality variation and is relatively sedentary 

(63,65,73,75,76,152).  

Here we describe variations in morphology, density, size, area, distribution, pigments and 

response to pathogens among MMC populations from different organs (spleen, kidney, 

liver, pancreas and gills) and 3D structure of splenic MMCs, the most numerous and largest 

MMC population in shorthorn sculpins. 
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2.3 MATERIALS AND METHODS 

2.3.1 Fishes 

Shorthorn sculpins (n=34) were collected around Nuuk, Greenland (GPS: 64°12´15.38"N 

51°55´32.49"W; 64°07´58.89"N 52°02´52.06"W and 64°40´55.08"N 51°18´09.09"W) in 

September and October 2016. Fishes were caught using a fishing rod, then transferred to a 

holding tank containing seawater and transported to the research station. After landing, the 

fishes were handled and processed following Greenland regulation. Average sizes of these 

fishes (mean ± SE) were 31.1 ± 1.0 cm in length, 414 ± 51 g in weight and 16.3 ± 2.0 g in 

liver weight. The kidney, spleen, liver, pancreas and gills were collected and fixed for 

histology in 4% neutral buffered formalin. 

 

2.3.2 Histology 

Fixed samples were processed using routine histology (one paraffin embedded block per 

organ). Four serial sections (4 µm in thickness) were cut from each block and mounted on 

glass slides for different staining methods. Hematoxylin and eosin (HE) was considered a 

standard staining method to assess morphology, cell types, distribution patterns, 

quantification, 3D structure of MMCs and to assess histopathology of the fishes. Other 

stains were used to identify pigments: Perl’s Prussian Blue for hemosiderin; Sudan Black 

B for lipofuscin; and Fontana-Masson for melanin (153). Sections for Sudan Black stain 

and negative control for Fontana-Masson stain were previously bleached for melanin 

pigment  by use of hydrogen peroxide (153). MMC areas displaying black color in Sudan 

Black B stained sections were defined as lipofuscin and those which were black in Fontana-

Masson stained sections were considered melanin positive regions. Section areas stained 

blue in Perl’s Prussian Blue were determined to be hemosiderin positive areas. 
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2.3.3 Variation in abundance of MMCs among organs: quantification of MMCs 

MMCs in the spleen, kidney, liver, pancreas and gills of sculpin were quantified using 

density (number/surface area) and by measuring percentage surface area from HE stained 

sections. Estimation of MMCs was conducted from 5 images captured from each section. 

Areas subjected to quantification were randomly selected on the section without looking 

under a microscope. Five photos were taken under the 10x objective of a light microscope 

(Nikon Eclipse Ni-U). Between image capture, the slide section was moved without the use 

of eyepieces to eliminate section bias. The number of MMCs per photo was counted and 

the MMC size and covered area was measured using Fiji (154) after calibration.  

 

2.3.4 3D structure of splenic MMCs 

2.3.4.1  Histological preparation and image capture 

Splenic MMCs were chosen for the 3D reconstruction because MMCs were much more 

abundant in the spleen than in the kidney, liver and other organs. Paraffin-embedded blocks 

of selected spleen samples that clearly showed the presence of MMCs were re-embedded. 

This step was done to trim sample to create a square angle which would be used as a 

Cartesian coordinate system to orientate the section at the later stages. A sequence of 120 

consecutive sections (5 µm each) was cut from the selected block. The order of sequence 

was carefully monitored at all stages. All sections were collected on histology slides 

following the same orientation, then stained with HE.  

The camera was adjusted such that the width border of the photos was parallel to the X axis 

and height border of the photos was parallel to the Y axis of the coordinate systems to make 

sure that the direction of taken photos was consistent. All images were captured under the 

same objective by use of a digital camera connected to a microscope (Nikon Eclipse Ni-
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U). The images were saved with numerical names following the sectioning order (sequence 

order). 

 

2.3.4.2 Alignment of images and extraction of morphology features of splenic MMCs 

An image sequence was imported into Fiji (154) to create a stack. Linear Stack Alignment 

with SIFT function was used to align all images in the sequence based on thousands of 

similar points. The Cartesian coordinate system was used to visually check whether the 

alignment was done properly. After being aligned properly, the stack was cropped to 

remove unexpected regions for reconstruction (including mismatched edges and the 

coordinate system) using rectangle ROI function. 

All images in the stack were separated (choosing Voxel depth) with a distance of 5 µm 

after the scale was calibrated. The features of splenic MMCs were extracted using Filtering 

and Thresholds function. A small group of splenic MMCs was observed by applying 3D 

Viewer plugins (resampling factor 1), Image J on extracted features of MMCs).  

An individual MMC that presented the whole center over the image sequence, was selected 

for a detailed reconstruction using AutoCad (Autodesk AutoCAD 2017) software. 

Morphology of the selected MMC was delineated from extracted features of MMCs 

(achieved previously) using Spline Fit function and assembled using 3D Views function of 

AutoCad. A Surface Loft was used to create the best fit surface between two cross sections. 

 

2.3.5 Data analysis 

Variation of MMCs in different organs (spleen, kidney, liver, pancreas and gills) was 

assessed using prevalence and density data. Prevalence of MMCs in each organ was 

assessed by “present” or “absent”. Density was estimated by number of MMCs per cm2 

area of section and percentage of area covered by MMCs.  



29 
 

Differences between male and female in MMC distribution (density and area) were 

investigated by an Independent T test. Data of MMC density and area was tested for 

equality of variances by the use of Levene’s test. Pearson correlation analysis (IBM SPSS 

statistic 22) was applied to detect potential association between MMCs number/area and 

body size. p < 0.05 was considered statistically significant. All statistical analyses were run 

using IBM SPSS statistic 22. 

 

2.4 RESULTS 

2.4.1 Shape 

MMCs displayed round, oval or polymorphic shapes and highly varied sizes in all 

examined organs (Fig. 2. 1). 3D structure of splenic MMCs (Fig. 2. 2A) revealed that most 

splenic MMCs had mostly spherical shape and limited variation in size (maximum 

diameter). Due to the position of MMCs where the sections run through, the same MMCs 

could be seen as small centers clustering from several MMs (top or bottom ends) or 

medium/big center (middle position) (Fig. 2. 2B-D). When the section was in an area of 

blood capillaries, the MMC could appear as 2 separate centers (Fig. 2. 2B-C). Furthermore, 

closely aggregated MMCs could form large areas of polymorphic shapes (Fig. 2. 1A - B).  

2.4.2 Cellular composition 

Melanomacrophages (MMs) were the most dominant cells in MMCs. Most MMs found 

inside MMCs of the spleen, pancreas and gills were full of pigment and sometimes it was 

hard to differentiate nuclei from the pigment mass (Fig. 2. 1A-D, I-J). MMs in MMCs of 

kidney and liver had clear nuclei, eosinophilic cytoplasm and contained less pigment (Fig. 

2. 1E-G). Intact red blood cells were commonly seen in splenic and renal MMCs where 

these centers meet blood capillaries. Lymphoid tissue/lymphocytes were present in several 

splenic MMCs (Fig. 2. 1C). 
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Figure 2. 1 MMC characteristics varied among different organs of shorthorn sculpin. A. 

Splenic MMCs (arrows) had round and polymorphic shapes with pale yellowish color and 

varied in size (HE). B. Serial sections of Fig. 2. 1A showed melanin in splenic MMCs 

(arrows, Fontana Masson). C. Macrophage (thin arrow) and lymphocyte (thick arrow) in 

splenic MMCs (HE). D. High number of MMCs (arrows) closely associated with blood 

vessels (HE). E. Renal MMCs appeared pale eosinophilic (HE). F. Serial section of figure 

1E displayed melanin in renal MMCs (Fontana Masson). G. A hepatic MMC (thick arrow) 

with pale pinkish color and clear vascular space among MM cells closely associate with 

numerous bile ducts and blood vessels (HE). H. An inset of Fig. 2. 1G showing numerous 

bile ducts (thin arrows) and blood vessels (arrow heads) associated with hepatic MMC 

(HE). I. MMC (arrow) located among pancreatic acinar cells and containing hemosiderin 

pigment (blue) (Perl’s Prussian Blue). J. MMC distributed in connective tissue of gill 
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filaments, displayed pale yellowish color (arrow, HE). K. MMC in gills (arrow) showing 

lipofuscin pigments (Sudan Black). L. Hepatic MMC captured spores of a protozoan 

(arrow, HE). 

 

 

Figure 2. 2 3D structure of splenic MMCs reconstructed from delineations of MMCs in 

multiple consecutive sections. A. A small group of MMCs with mostly spherical shape and 

not much variation in size. B. The side/front view of one single MMC showing space 

(arrow) where a blood vessel running through the MMC. Different colors (yellow and blue) 

were used to distinguish between consecutive sections. C. The top view of one single MMC 

with blood space (arrow). D. The bottom view of one single MMC.  
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2.4.3 Size 

On average, splenic MMCs were larger than those in other organs. MMCs in head kidney, 

liver and gills were of similar size. MMCs in pancreas varied much in size (Table 2. 1). 

 

2.4.4 Membrane and structure 

MMCs were basically classified into well-structured or un-structured based on the presence 

or absence of a membrane which was a thin single layer of flattened cells forming a barrier 

or lining the MMC.  

In spleen, well-structured MMCs (Fig. 2. 1A-D) were often seen in the fishes that had a 

high number of MMCs while un-structured MMCs were common in in spleen of fishes 

with low intensity of MMCs. In kidneys, most MMCs appeared as unstructured centers 

(Fig. 2. 1E-F). MMCs in liver, pancreas and gills were commonly observed as well-

structure center with a clearly defined membrane though MMCs was found in low number 

in these organs (Fig. 2. 1G, I-K).
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Table 2. 1 Variation among melanomacrophage center (MMC) populations in different organs of shorthorn sculpins.  

 Spleen Anterior kidney Liver Pancreas Gills 
Number of fishes 35  35 35  25 35  
Morphology Shape Round, oval or 

polymorphic 
Round, oval, 
polymorphic 

Polymorphic Polymorphic 
 

Oval or like-oval 

Cell types MMs  
Lymphocytes 
RBC 

MMs  
RBC 

MMs MMs MMs 

Size (area, µm2, n) 4213 ± 281 (173) 1193 ± 76 (121) 1526 ± 147 (11) 2711 ± 1212 (5) 1264 ± 66 (3) 
Color (HE) Pale yellowish 

(majority) or pale 
yellow-pinkish, small 
black dot points 
sometimes seen 

Pale yellow-pinkish. 
Black centers were 
rarely seen 

Pale yellow-pinkish Pale yellowish Pale yellowish 

Structure Well structured 
Partially structured 

Partially structured Well structured Well structured Well structured 

Membrane Yes No Yes Yes Yes 
Distribution Interstitial tissue, 

close to blood 
vessels, inflammation 
area 

Haematopoietic 
interstitial tissue, 
close to blood 
capillaries 

Embedded in the wall 
of blood vessels, 
inflammation area 

Among pancreatic 
acinar cells  

Central of 
filaments & 
lamellae 
 

Abundance (assessed 
5 images/section) 

Prevalence (% of fish 
population) 

100 89 20 8 3 

Number 2858/cm2 1221/cm2 46/cm2 41/cm2 2/cm2 

MMC covered area (% 
section area) 

12.3 1.7 0.06 3 0.04 
 

Prevalence of fishes 
with pigments (%) 
(assessed the whole 
section) 

Hemosiderin (PP) 73 32 24 8 5 
Lipofuscin (SB) 73 81 30 0 3 
Melanin (FM) 81 73 43 12 9 

Pathogen observed in MMCs No Yes Yes No No 
HE: hematoxylin and eosin. MMs: melano macrophages, RBC: Red blood cells, PP: Perl’s Prussian Blue, SB: Sudan Black, FM: Fontana Masson 
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2.4.5 Distribution 

2.4.5.1 Spleen 

In the spleen, MMCs were located in haematopoietic interstitial tissue and closely 

associated with blood vessels (Fig. 2. 1D). Often, large aggregations of MMCs were 

observed in a high number around ellipsoid matrix but did not form capsules to separate 

themselves from surrounding cells. Sometimes MMCs found in the lumen of splenic vein 

were clearly covered by a thin layer of endothelial/fibrillary plate. 

A total of 60 whole MMCs, which were captured in 94 consecutive sections, were 

examined for the spatial distribution of splenic blood vessels. Ninety-seven percent of these 

MMCs met splenic blood capillaries at least once. It was common (60%) to see two or three 

blood capillaries running through a MMC. Four or five blood capillaries (17%) went 

through or were closely associated with a MMC. Majority of blood capillaries associated 

MMCs were splenic ellipsoids. Other associated blood vessels included arteries, veins and 

normal capillaries.  

 

2.4.5.2 Other organs 

Renal MMCs were located in interstitial tissue and did not seem to have any distribution 

pattern. These centers were often small and rarely separated from the interstitial tissue.  

Most hepatic MMCs were closely associated with or even embedded in the wall of blood 

vessels or numerous bile ducts or necrotic areas. MMCs which were embedded in the blood 

vessels wall or associated with numerous bile ducts showed a distinctive way of 

aggregating free MMs with clear vascular space in these centers (Fig. 2. 1G, H). 

Sometimes, MMCs aggregated next to inflamed or necrotic areas.  

In pancreas, MMCs were located among pancreatic acinar cells whereas in the gills these 

centers were distributed in the connective tissue of the filaments (Fig. 2. 1I-J). MMCs in 
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these organs looked similar to splenic MMCs but their density was lower and the membrane 

(either single or multiple-cell layer) was always evident.  

 

2.4.6 Variation in abundance  

MMCs were observed in all examined organs including spleen, kidney, liver, pancreas and 

gills at a decreasing order of prevalence. At least 89% of the examined fishes had MMCs 

in their spleen and kidney. MMCs were not common in liver with only 20% of the examined 

fishes showing evidence of MMCs in liver parenchyma. MMCs were rare in the pancreas 

(8%) or gills (3%) (Table 2. 1).  

Density of splenic MMCs was at least 2 folds higher than renal MMCs. Density of MMCs 

was very low in the liver, pancreas and gills. Splenic MMCs occupied largest organ area 

with 12.3% of splenic area covered. This was 7 times higher than those in kidney and 205 

times greater than those in the liver (Table 2. 1).  

 

2.4.7 Pigments  

Most MMCs in spleen, pancreas and gills displayed pale yellowish color while most MMCs 

in kidney and liver were pale yellow-pinkish color and sometimes difficult to recognise 

(Fig. 2. 1A, C-E, G and J). Black pigment was sometimes observed only in several single 

cells in splenic and renal MMCs. Three types of pigments including hemosiderin, 

lipofuscin and melanin were evident in MMCs from all organs of varying prevalence (Table 

2. 1). Overall, MMs with hemosiderin and lipofuscin tended to be homogenously 

distributed while melanin containing MMs formed clumps within MMCs.  

The Fontana Masson (FM) method which specifically stains for melanin (153) showed that 

melanin was abundant in MMCs (Fig. 2. 1B, F). The FM stained sections showed negative 

results if these sections were bleached with hydrogen peroxide (H2O2) prior to FM 
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processing. In HE stained sections, MMCs with melanin pigments (proved by FM stain, 

Fig. 2. 1A, E) rarely showed brown/dark/black colors. Instead, most melanin positive 

MMCs displayed yellowish or pinkish color (Fig. 2. 1A, C, D, G and J) or even almost no 

distinguishable color in HE stained sections (Fig. 2. 1E). 

 

2.4.8 Variation with sex and body size 

There were significant differences between male and female fishes with regard to the 

number, size and percentage of splenic MMCs covered area (p < 0.001). Generally, males 

had 1.5 times more MMCs and they were 2 times larger in size in comparison to those of 

female. In females, there were significant positive correlation between splenic MMC 

responses (number, size and area) and body size (length and weight) (p < 0.05). 

 

2.4.9 MMCs in relation to pathogen/inflammation 

 Pathogens or inflammation was sometimes associated with MMCs. For example, a number 

of parasites (spores of protozoa) was trapped in hepatic MMCs (Fig. 2. 1L). These MMCs 

did not show pigments with distinguishable color in HE stained sections (displayed 

hemosiderin and melanin in alternative stains) but still displayed typical structure of MMCs 

with active MMs. Clear MMC membrane to isolate the parasite from surrounding hepatic 

parenchyma may or may not be evident.  

Free MMs which were located around necrotic areas included two types, one contained 

more pigments (melanin, lipofuscin and hemosiderin) than the other MMCs not associated 

with necrosis. MMs which belonged to the same type tended to aggregate together rather 

than with the other types. MMCs associated with inflamed areas dispersed among 

inflammatory cells and did not form a capsule to cover the centers.  
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2.5 DISCUSSION 

2.5.1 3D structure and quantification 

To the best of our knowledge the 3D reconstruction of splenic MMC in shorthorn sculpin 

is the first effort to visualize MMCs in internal organs of fishes. MMCs are populations of 

the mostly spherical centers in the spleen of shorthorn sculpin and therefore, the size or 

number of MMC would vary due to position of the sections. Several efforts to classify 

MMCs into different types of structure (81) or mature/incipient (155) based on variation in 

the number of MM or the diameter of MMC has been questioned. At the same time, the 3D 

structure suggested that most contemporary quantification methods for MMCs based on 

their count or measurement of their size, often as surface area in single section/samples 

(91,95,97,101,106,145,146) should be interpreted with caution. 

Quantification of MMCs from a number of sections rather than single 2D section was 

conducted for other fish species. In a study on catfish (Heteropneustes fossilis), renal 

MMCs were counted in a set of serial sections (from 192 to 224 sections) including the 

whole anterior kidney of each sampled fishes. The number of MMCs was determined in all 

sections using a diagram of each section to avoid repetitive counting (156). Though this 

method provided a good estimation of MMCs in the whole organs, it is very time 

consuming and therefore very difficult to apply to a big number of samples. Another 

promising option is measuring volume of MMCs from single 2D section using stereological 

methods (157). Such quantification of MMCs may provide a more accurate estimation of 

MMC response and are less time consuming than reconstruction of 3D structure.  

 

2.5.2 Melanin 

Fontana-Masson technique was previously thought to be specific for neuromelanin. 

However, due to its strong argentaffin reactive, it also stained for lipofuscins (158). Based 
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on histochemical properties of lipofuscin and neuromelanin, Barden (1969) claimed that 

“neuromelanin is melanized lipofuscin” (158). Therefore, the application of Fontana-

Masson technique on nervous tissue such as brain may result positive for both melanin and 

lipofuscin.  

In this study, Fontana Masson was used on spleen, kidney, liver, gills and pancreas so the 

presence of neuromelanin is unlikely. This also mean that it is unlikely for lipofuscin being 

stained using Fontana-Masson in this study. Some samples were positive in Fontana 

Masson and negative in Sudan Black B (as shown in below photos). This evidence indicated 

that, in this study, Fontana-Masson is most likely staining melanin, not lipofuscin. 

The shorthorn sculpin MMC’s color appearance in HE staining of MMCs and the positive 

results for melanin in FM staining suggested that these centers may contain mainly 

pheomelanin. Pheomelanin has yellow to reddish color so it can be hardly recognised as a 

pigment in HE stained section whereas eumelanin can be easily recognised as it is brown 

or black in HE (159). In fishes, the presence of melanin in MMCs of fishes is well 

documented (80,106,149,160–163). However, limited information is available about the 

types of melanin accumulation in these centers. It is still unclear whether fishes can produce 

pheomelanin pigment or not (164–166).  

The first and only report about presence of pheomelanin in fishes is from catfish 

(Heteropneustes fossilis) (156,167). In these studies, pheomelanin was quantified from 

head kidney and ovary of catfish using a spectrophotometric method that was originally 

developed to quantify pheomelanin in hair samples of mice and alpaca (168,169). The use 

of a quantitative method on hair samples (which is commonly known as containing 

pheomelanin and eumelanin) instead of a qualitative method to confirm the presence of 

pheomelanin in fishes (which is still not clear whether fishes have pheomelanin or not) may 

not be sufficient. The presence of pheomelanin in MMCs of fishes needs to be confirmed 



40 
 

by more analytical evidence (qualitative method). High-performance liquid 

chromatography (HPLC) is considered to be the most reliable method for quantification of 

pheomelanin and eumelanin in biological samples (164,165). Up to now, most studies of 

melanin synthesis in fishes have focused on pigment cells (melanocytes) in the integument.  

Studies of cells in MMCs are needed given there is some evidence that cells associated with 

MMCs in certain fish species can synthesize melanin (170,171). For examples, studies 

attempted to detect pheomelanin in epidermis and dermis of seabream using the HPLC 

method could not identify any pheomelanin (172,173). Based on evidence of the presence 

of pheomelanin in MMCs of shorthorn sculpin observed in this present study, future 

research will use the HPLC method to confirm the presence of pheomelanin from MMCs 

of internal organs. 

2.5.3 Close association between MMCs and blood vessels 

The close association between MMCs and blood vessels has been well documented (80–

82,174) but how often MMCs situated near these vessels has not been investigated in detail. 

In this study, we showed that 97% of splenic MMCs in shorthorn sculpin were associated 

with at least one blood vessel. These results suggested that blood vessels (or free MMs in 

the lumen of blood vessels to be more specific) may have direct links to the formation of 

splenic MMCs. In teleost, it is commonly known that MMCs are formed by an aggregation 

of free macrophages (80). In plaice (Pleuronectes platessa), it was suggested that 

macrophage forming MMCs originated from circulating monocytes (175).  

Kumar et al., (2016) suggested a direct migration of free MMs to MMCs through 

hematopoietic tissue based on a closely spatial distribution of MMs and MMCs in a set of 

serial sections in catfish (Heteropneustes fossilis). Based on similar TEM structure of free 

MMs and MMC macrophages in sea bass (Sicentrarchus labrax) and gilthead seabream 

(Sparus aurata), MMCs were proposed to form from monocytes, which after ingestion of 
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melanin, migrated and passed through lympho-haematopoietic tissues and then clustered 

and formed MMCs (176). Eventually, the MMCs were encapsulated by reticular cells 

(176).  

In the present study, most hepatic MMCs were closely associated with or even embedded 

in the wall of blood vessels or numerous bile ducts or necrotic or inflamed areas. This 

observation was similar to hepatic MMCs of roach (Rutilus rutilus) during the Haff disease 

outbreak (147). In liver of roach, MMCs were found in a direct contact with blood 

capillaries (147). In the liver of guppy (Poecilia reticulata), the close association between 

MMCs and intrahepatic vascular-biliary tracts was confirmed in a set of serial sections (600 

– 900 sections) capturing the entire liver (174). The migration of free macrophages from 

portal vessels to hepatic parenchyma was described in Atlantic Bluefin tuna (Thunus 

thynnus) (177). The mechanism facilitating these movement and aggregation is still 

unknown.  

 

2.5.4 Effect of sex & body size on MMC responses 

In this study, there were significant differences in the number, size and area of splenic 

MMCs between male and female of shorthorn sculpins. Effect of sex on MMC responses 

were also reported in other fish species. In northern pike (Esox lucius), males and females 

had significant different splenic MMC number and percentage of cover of area but not size 

(178). Similarly, hepatic MMCs displayed different level of response between male and 

female platyfish (Xiphophorus maculatus) (151). These variations suggested that it is 

crucial to consider the effect of sex on MMCs when studying effects of pollutants on MMCs 

responses. 

Generally, MMCs increase in number and size once fishes become bigger and older 

(80,179,180). In this study we found positive correlation between body size (length and 
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weight) and the MMC number, size and area in females. Therefore, it is important to 

consider effect of sex, body size or age on MMC responses before using these responses to 

assess pollutant exposure.  

 

2.5.5 Variation in abundance in different organs 

Variation in MMC abundance in different organs has been well documented (80,82–

84,181). This present study is the first effort to provide a quantitative comparison in 

prevalence and density of MMCs among multiple organs of shorthorn sculpin. In this 

species, MMCs were most abundant in spleen and kidney, and less common in liver, 

pancreas and gills. The larger and more dominant of MMCs in spleen and kidney has also 

been reported in other fish species such as yellow rockfish (Sebastes ruberrimus) (101), 

brook trout (Salvelinus fontinalis) and rainbow trout (Oncorhynchus mykiss) (161). The 

variation in prevalence and intensity of MMCs in different organs (spleen, kidney and liver) 

may be species specific (82,144) and suggested that these MMCs may play alternative 

functions in different organs (80). Presence of MMCs in other organs may be a sign of the 

organ damage or inflammation as has been shown in other fish species 

(80,141,142,182,183).  

In this study, the rare presence of MMCs in pancreas and gills of shorthorn sculpins may 

be related to parasitic infection by Trichodina spp. in these fishes (184). In coral trout 

(Plectropomus leopardus) and other serranid fishes, the presence of MMCs in heart was 

reported as an immune response to blood flukes (Pearsonellum corventum) (141). 

Similarly, MMCs were observed in the chronic inflammation and granulomatous areas 

caused by vaccine administration, tissue damage and infection (such as lymphocystis, 

Ichthyophorus, Edwardsiella ictalurid, Francisella spp. and Myxobolus pseudodispar) in 

Atlantic salmon (Salmo salar) and hybrid red tilapia (Oreochromis sp.) (80,142,182,183). 
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2.5.6 MMC responses to infection  

It is well documented that MMCs have a function in the immune reactions and isolation of 

persistent pathogens such as spores from parasites or bacteria (80,143,182,183). In this 

study, both hepatic and renal MMCs showed responses to parasitic infection whereas there 

was no evidence of a response to pathogen or trapping of pathogen inside MMCs from 

spleen, pancreas or gills. These observations were consistent with the fact that liver and 

kidney MMCs contained less pigments than those from spleen, pancreas and gills. MMs 

full of pigments were suggested to be as functionally exhausted cells and sparely 

demonstrating their capacity in antibacterial phagocytosis (185,186).  

 

2.6 CONCLUSION 

Most splenic MMCs of shorthorn sculpins had spherical shape and limited variation in size. 

Morphology, abundance, density, distribution and response to pathogens among MMC 

populations varied among spleen, kidney, liver, pancreas and gills. We confirmed the close 

relationship between MMCs and blood vessels in spleen of shorthorn sculpins and provided 

some evidence of the presence of pheomelanin pigment in MMCs of these fishes. The 

findings on 3D structure of MMCs and presence of pheomelanin are novel for fishes in 

general and shorthorn sculpins specifically. 
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3.1 ABSTRACT 

The Nuuk harbor is the largest industrial port in Greenland being polluted by a number of 

contaminants including tributyltin (TBT), polychlorinated biphenyls (PCBs) and 

polycyclic aromatic hydrocarbons (PAHs). Here we analyzed melanomacrophage centers 

(MMCs) in the spleen and kidney of shorthorn sculpins from the harbor and three reference 

sites in Nuuk, West Greenland.  The number and area of splenic MMCs in fishes from the 

most polluted station were significantly lower than those from the less polluted stations (p 

< 0.01). This suggests that the immune responses and potentially infection patterns in the 

fishes from the contaminated site differed from those from the reference sites indicating 

that splenic MMCs of shorthorn sculpins could have a biomarker potential for pollutant 

exposure. This was, however, not the case for renal MMCs. In addition, this study showed 

that there were effects of body size on the splenic and renal MMC responses. Therefore, in 

future studies, body size of shorthorn sculpins needs to be considered if investigating 

splenic and renal MMC responses.  

 

3.2 INTRODUCTION 

Marine pollution is a global problem potentially leading to health problems in wildlife as 

well as human populations (187). Pollutants are typically produced and emitted from 

human settlements, mining, industrial developments,  tourism, urbanization, agricultural 

activities, resource uses and interventions including construction, infrastructure 

development and international trade (187). For example, port activities discharge a number 

of contaminants such as tributyltin (TBT) – an anti-fouling agent used on sub-surface area 

of ships, polychlorinated biphenyls (PCBs) – which were extensively applied in sealants 

and paints as well as polycyclic aromatic hydrocarbons (PAHs) – being unintentionally 

discharged from the use of oil and gas (188–190). As these compounds are used extensively 
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in shipbuilding and transport, they are often reported in main harbors, shipyards, and 

shipping facilities such as in Nuuk, Greenland.  

Nuuk is the capital and the largest economic center of Greenland with the biggest harbor 

and associated facilities (45,191). The operation of commercial vessels, fishing and leisure 

boats within the Nuuk harbor discharged TBT, PCBs and PAHs to the marine environment 

in the vicinity of the harbor and subsequently caused pollution in this area (43–45). For 

example, in the Nuuk harbor, TBT was at high levels (254 ng/g wet weight (ww) in mussels 

(Mytilus edulis), while low levels of TBT (1.2 ng/g ww) were found in the same species 

collected 4 km away from the harbor. Concentrations of TBT in mussels from an open 

water area (5-10 km way from the harbor) were lower than the detection limit (0.5 ng/kg 

ww) (44).  

Monitoring programs are required to detect and assess the exposure to these pollutants 

before population level changes occur. A common tool in environmental monitoring 

programs is the use of biomarkers, defined as measurable biological responses at sub-

organismic levels including molecular, sub-cellular, cellular, tissue and organ levels of 

animals exposed to contaminants (57). Biomarkers provide early warning signals of 

biological effects from environmental pollution as they reflect biological responses at sub-

organism levels that precede those at the organisms, population, community and ecosystem 

levels (56). In fishes, melanomacrophage centers (MMCs) are aggregations of pigment 

containing cells located in several internal organs (80,192). MMCs have been suggested as 

biomarkers of exposure to pollutants in environmental biomonitoring programs as they 

respond to a number of pollutants including heavy metals and chemicals from industrial, 

agriculture and sewage effluents (107,145,192–196). For example, MMCs of African sharp 

tooth catfish (Clarias gariepinus) were also suggested as good immunological biomarkers 
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for 4-nonylphenol and silver nanoparticle toxicity as these centers significantly increased 

in number and size after an in vitro exposure (98,99,194).  

Shorthorn sculpin (Myoxocephalus scorpius) is an endemic fish species located in the 

Arctic, western and eastern Atlantic Oceans (66). Shorthorn sculpin has been recommended 

as a good indicator species for environmental monitoring programs (30,32,139,197) 

because this species is abundant, easy to sample, long lived and  relatively stationary 

(63,65). Effects of contaminants on MMC responses were reported in other sculpin species 

such as longhorn sculpins (M. octodecemspinosus) and shorthead sculpins (Cottus 

confuses) (79,193). The aim of this study was to assess the effect of pollution levels on 

splenic and renal MMCs, the most two dominant MMC populations of shorthorn sculpins 

from the vicinity of Nuuk in Greenland.  

 

3.3 MATERIALS AND METHODS 

3.3.1 Study area and sample collection 

Fishes were caught from four stations around Nuuk, Greenland from 20th Sep 2016 to 10th 

Oct 2016. Station 1 (n = 13) was inside the Nuuk harbor where TBT was found at high 

levels (171 ± 32µg/kg dry weight (dw)) in marine sediment samples collected inside the 

harbor (45). Levels of TBT in sediment collected 4 km away from the harbor were lower 

than the detection limit for marine sediment (1 µg/kg dw) (45). Also, high levels of PCBs 

(84 ng/g dw and PAHs (3683 ng/g dw) were reported in mussels around Nuuk while other 

sites in Greenland showed background levels of these contaminants (about 1 ng/g dw PCBs 

and 300 ng/g dw PAHs) (43).  Stations 2, 3 and 4 were located along a distance gradient 

from the station 1 - Nuuk harbor (Table 3. 1).  No ports, shipping facilities, residential areas 

or industry infrastructure were located near station 2, 3 and 4 and they were considered 

reference sites (Fig. 3. 1 and Table 3. 1).  
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Figure 3. 1 Map of sampling stations in the vicinity of Nuuk, Greenland.  

Table 3. 1 Body size (mean ± SE) and sex ratio in shorthorn sculpins (n = 44) caught from 

the Nuuk area.  

Stations GPS 
positions 

Distance to station 1  
(km) 

n Sex Length 
(cm) 

Weight 
(g) 

1 64°10'16.52"N 
51°43'25.13"W 

0 11 F 30.6 ± 2.1 525.2 ± 118.8  
  2 M 33.0 ± 4.0 242.0 ± 112.0 
       
2 64°12´15.38"N 

51°55´32.49"W 
11 4 F 32.4 ± 0.9 442.5 ± 25.5 

  14 M 27.1 ± 0.5 234.5 ± 12.3 
       
3 64°07´58.89"N 

52°02´52.06"W 
16 6 F 32.8 ± 2.4 463.8 ± 100.4 

  0 M NA NA 
       
4 64°40´55.08"N 

51°18´09.09"W 
60 6 F 37.2 ± 3.2 745.8 ± 195.1 

  1 M 27.5 271.0 
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The wild shorthorn sculpins were collected using fishing rod at each station. Captured 

fishes were kept in a holding tank with an attached air pump and seawater was replaced 

regularly to maintain good conditions for the fishes during transportation to research station 

(approximately 2.5 h). The fishes were then euthanised and handled according to the 

Greenland regulations by a Federation of European Laboratory Animal Science 

Associations (FELASA) certificated member (FELASA accreditation No 32/10/288). 

Body length (cm), body weight (g), liver weight (g) and sex were recorded for each fish 

(Table 3. 1). Small samples (1 cm x 1.5 cm x 0.5 cm) of the spleen, kidney and liver were 

collected for histology and fixed in 10 % neutral buffered formalin.  

 

3.3.2 Sample processing and data collection 

Fixed samples were transferred to 70% ethanol after 48 h of fixation. Samples were 

processed for routine histology including dehydration with series of ethanol, infiltration 

with paraffin, embedding and sectioning at 4 µm. One histological section from each organ 

of each fish was stained with haematoxylin and eosin (HE). MMCs in the spleen, kidney 

and liver were quantified from HE stained section using image analysis. Five photos (10x 

objective) were taken from the center, top, bottom, left and right of each histological section 

from each organ per fish using a light microscope (Nikon Eclipse Ni-U) connected to a 

camera (NIS-Elements). MMC responses were assessed using MMC indices including 

number, size (area of individual MMC) and area (percentage of MMC covered area) of 

MMCs. Number, size and total surface area of MMCs in each photo were counted and 

measured using Image J software after calibrating the scale. MMC area was calculated 

using the following formula.  

MMC area = total surface area of MMCs * 100/surface area of fish tissue 
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3.3.3 Data analysis 

Hepatic MMCs were only present in 1 female and 5 male shorthorn sculpins (out of 44 

fishes in total), and these MMCs were subsequently excluded from statistical analysis. 

Because the number of males was insufficient for statistical analysis, only female shorthorn 

sculpins were included in the comparison of MMC responses (number, size and area) 

between the fishes from the four stations using a nested ANOVA (IBM SPSS statistic 22) 

with MMC responses nested within each fish within each location. To compare MMC 

responses between two organs (the spleen and kidney), paired T-test was used on fish of 

both sexes. Pearson correlation analyses (IBM SPSS statistic 22) were used to investigate 

the associations between body length, body weight, liver weight and number, size and area 

of MMCs in the spleen and kidney of shorthorn sculpins. For all analyses p < 0.05 was 

considered as a significant difference.  

 

3.4 RESULTS  

3.4.1 Fish size and sex 

The numbers of males and females collected at each sampling station were different (Table 

3. 1). At stations 1, 3 and 4, females were dominant whereas at station 2, males were 

dominant. There were no significant differences in body length (F = 1.31, df = 3, 23, p = 

0.295), body weight (F = 0.836, df = 3, 23, p = 0.488) and liver weight (F = 0.461, df = 3, 

23, p = 0.713) among females sampled from the four stations. There were strong positive 

correlations between body length and body weight (p < 0.001), body length and liver weight 

(p < 0.001), and body weight and liver weight (p < 0.001) in fishes of both sexes.  

 

3.4.2 Splenic MMC responses 

3.4.2.1 Effects of exposure to pollutants on splenic MMCs 
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Variation of splenic MMCs in female shorthorn sculpins from station 1 to 4 is illustrated in 

Fig. 3. 2. Overall, female fishes from station 1 (the polluted site) showed a reduction of 

splenic MMC responses with the smallest number (F = 4.91, df = 3, 23, p = 0.009) and area 

(F = 5.08, df = 3, 23, p = 0.008) of splenic MMCs. The number and area of splenic MMCs 

increased in females from stations 2 and 3 then peaked at station 4 (reference site).  On 

average, the spleen of females from station 4 had 6.5 ± 0.4 MMCs/cm2. This was 2.7-fold 

higher than those from station 1 and 1.3 times greater than those from station 2 and 3 (Fig. 

3. 3A). Similarly, MMC area was largest in females from station 4 (25815 ± 2448 µm2) 

and it was higher than those in females from the other stations (Fig. 3. 3C). Number (F = 

4.91, df = 3, 23, p = 0.009) and area (F = 5.08, df = 3, 23, p = 0.008) were significantly 

different between splenic MMCs of females from station 1 and  those from station 2 and 3, 

whereas size of MMCs did not differ between station 1 and the other two stations (F = 5.08, 

df = 3, 23, p = 0.059) (Fig. 3. 3B). All MMC indices (number, size and area) for female 

sculpins from station 4 differed from those for female sculpins from the other stations.   
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Figure 3. 2 Variation in number, size and area of splenic MMCs (arrows) of shorthorn 

sculpins caught from different stations around the Nuuk harbor, West Greenland. A. Fishes 

from station 1 showed a low number of small splenic MMCs. B and C. Fishes from station 

2 and 3 with a moderate number of medium size MMCs in the spleen. D. Fishes from 

station 4 displayed a moderate number of large splenic MMCs.
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Figure 3. 3 MMC responses in the spleen and kidney of female shorthorn sculpins caught from Nuuk, West Greenland. A. Number of splenic 

MMCs. B. Average size of splenic MMCs. C. Splenic MMC area. D. Number of renal MMCs. E. Average size of renal MMCs. F. Renal MMC 

area. Means with different letters are significantly different from each other (p < 0.05). 
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3.4.2.2 Effects of body size on splenic MMCs 

In females, moderate positive correlations were detected between all MMC indices with 

body length and body weight but there were no correlations between any MMC indices and 

liver weight, condition factor or hepatosomatic index (Table 3. 2). In males, no significant 

correlation was found between MMC responses and body size.  

 

Table 3. 2 Correlations between MMC indices and body size of female shorthorn sculpins 

(n = 26). CF: condition factor. HIS: hepatosomatic index. R: correlation coefficient. P: 

probability value. * indicates statistically differences (<0.05) 

 

3.4.3 Renal MMC responses 

3.4.3.1 Effects of exposure to pollutants on renal MMCs 

  Spleen  Kidney 
 

  Number 
 

Size Area  Number Size Area 

Length 
 
 
 

R 0.52 
 

0.51 0.55  0.55 -0.25 0.51 

P < 0.01* <0.01* <0.01*  < 0.01* 0.23 <0.01* 

Weight 
 
 
 

R 0.43 
 

0.49 0.50  0.44 -0.07 0.41 

P 0.03* 0.01* 0.01*  0.03* 0.74 0.04* 

CF 
 
 
 

R 0.06 
 

0.31 0.10  -0.06 0.21 -0.03 

P 0.77 0.13 0.62  0.78 0.31 0.88 

Liver weight 
 
 
 

R 0.26 
 

0.31 0.28  0.32 -0.04 0.33 

P 0.21 0.13 0.17  0.11 0.84 0.10 

HSI 
 
 

R -0.09 
 

0.02 -0.04  0.10 -0.22 0.14 

P 0.66 0.92 0.86  0.63 0.28 0.49 
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There was no significant difference in number, size or area of renal MMCs in female 

shorthorn sculpins from the different stations (all p > 0.05, Fig. 3. 3 D – F). 

 

3.4.3.2 Effects of body size on renal MMCs 

In females, the number and the area of renal MMCs positively correlated with body length 

and body weight but did not correlate with liver weight, condition factor and hepatosomatic 

index. Size of renal MMCs was not correlated with any body size indices (Table 3. 2). For 

males, there was a positive correlation between number of renal MMCs/cm2 and length of 

the fishes (R = 0.55, n = 17, p = 0.02).  

 

3.4.4 Splenic MMCs vs renal MMCs 

Significant differences were evident between splenic and renal MMC responses. Splenic 

MMCs were greater in number (t = 7.39, df = 42, p < 0.001), size (t = 3.31, df = 42, p = 

0.002) and surface area (t = 5.99, df = 42, p < 0.001) than renal MMCs. Number of MMCs 

in the spleen was positively correlated with the number of MMCs in the kidney (R = 0.51, 

n = 26, p = 0.008). Similarly, positive correlation was evident between area of MMCs in 

spleen and kidney MMCs (R = 0.54, n = 26, p = 0.004). There was no correlation between 

the size of MMCs in the spleen and kidney (p = 0.82).  

 

3.5 DISCUSSION 

3.5.1 Reduction of MMC responses 

In this study, number and area of splenic MMCs in fishes from the Nuuk harbor (station 1) 

were smaller than those from nearby sites (stations 2 and 3) and the reference site (station 

4). In fishes, MMCs are considered as metabolic dumps where effete or damaged materials 

are destroyed, detoxified and recycled (80). While increases in MMCs number, size and 
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area have been observed in a number of fish species exposed to pollutants (99,194–

196,198–200), lower number and smaller size or even disappearance of MMCs have also 

been reported in some species after exposure to contaminants such as hydrocarbon 

contaminated sediments or organochlorine pesticide endosulfan (89,201,202). It was 

hypothesised that at low pollution levels, macrophages are still able to remove cellular 

debris and exogenous materials, so increases in phagocytic activities lead to increases in 

MMC responses (number, size or area). However, at high levels of pollution, the cellular 

defense may be impaired resulting in reductions in MMCs responses (203). For example, 

in the livers of wild African sharp tooth catfish and redbreast tilapia (Coptodon rendalli) 

exposed to the organochlorine pesticide endosulfan, MMCs disappeared and could not be 

detected until 6 months after the exposure (202). Therefore, significant decreases in MMC 

responses observed in shorthorn sculpins around the Nuuk harbor in this study may indicate 

an exhaustion or impaired cellular defense in the exposed fishes. If this was the case and 

low pollutant concentration would activate of MMC responses, then higher values of MMC 

responses would be expected at station 2 and 3. However, in this study, MMC responses of 

fish from station 2 and 3 were still significantly lower than those of fish from station 4. It 

was possible that the levels of pollutants in station 2 and 3 were still suppressing the 

sculpin’s immune systems. Or the decrease could have been due to a toxic mechanism 

shown by a particular toxicant present at those sites.  

As an expansion of the Nuuk harbor and associated facilities is planned in agreement with 

the Greenland’s oil and mineral exploitation scheme (50,51), an increase in levels of port 

associated contaminants and their detrimental impacts on marine biota in Nuuk need to be 

frequently monitored. We suggest that if splenic MMCs of shorthorn sculpins were to be 

used their biomarker potential needs to be evaluated further in laboratory experiments 

before they can be used in future environmental monitoring programs in this area.  

http://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatget.asp?genid=2156
http://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatget.asp?spid=
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It has previously been established that TBT, PCBs and PAHs were the main contaminants 

in the Nuuk harbor (43–45). The reduction in the number and area of MMCs observed in 

the spleen of shorthorn sculpins in this study might be specific for these pollutants or may 

result from a combination of these pollutants and duration of exposure. For example, 

MMCs  disappeared from the liver of trahira (Hoplias malabaricus) caught from Ponta 

Grossa lake (Brazil) contaminated with PCBs and organochlorine pesticides (105) whereas 

these centers were reported in the same fish species in other studies (94,102). Reduction in 

prevalence of MMCs was observed in the liver of thick lip grey mullets (Chelon labrosus) 

exposed to Prestige-like heavy fuel oil (PAH 97.18 ppm) for 16 days (90). Four months 

experimental exposure to sediment contaminated with crude oil (PAH 25 – 50 µg/g (ppm) 

resulted in significantly lower numbers of MMC/mm2 in the liver of flounder 

(Pseudopleuronectes americanus)  (89).   

The reduction in number and area of splenic MMCs in this study might relate to a reduction 

in macrophage activities. Because MMCs are aggregations of free macrophages (80), a 

downgrade in number, chemotactic activities, engulfment or digestion of free macrophages 

could lead to a reduction in MMC responses (204). The downregulation of macrophage 

activities after exposure to pollutants was evident in a number of fish species. Chemotactic 

activity of macrophages of spot (Leistomus xanthurus) and hogchoker (Trinectes 

maculatus) decreased significantly after exposure to PAH polluted sediments (205). 

Similarly, a downregulation in macrophage activities was observed in platyfish 

(Xiphophorus maculatus) after exposure to ethynylestradiol (75 ng/L) (151) and in magur 

(Clarias batrachus) exposed to arsenic (As, 0.5 µM equivalence to 1/848 of LD50) 

(206,207). To confirm this hypothesis studies of phagocytic capability or chemotactic 

activity of free macrophages in shorthorn sculpins from this area are recommended.  
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In this study, the alterations in the number and area of splenic MMCs were evident for 

females from different stations but there was no effect on the size of MMCs. This is similar 

to the results for plaice (Pleuronectes platessa) experimentally exposed to potassium 

dichromate K2Cr2O7 for a duration of 27 days, the number of splenic MMCs increased three 

times whereas their average size decreased to one third (201). As a result, the percentage 

of splenic MMC surface area did not change (201). An increase in the number of MMCs 

but a decrease in their size could probably be linked to impaired chemotaxis of 

macrophages (204). Additionally, the differences in sensitivity between number, area and 

size of MMCs may be related to the quantification method. As MMCs exist as the whole 

3D centers in the spleen of shorthorn sculpins, individual size (rather than number or total 

area) of MMCs in 2D histological sections greatly depended on the orientation and depth 

of sections (38). Stereology has been suggested as a better quantification method for MMCs 

as it reduced the variation caused by 2D measurement and increases in spleen volume 

(38,88).  

 

3.5.2 Variation between splenic and renal MMC responses 

In this study, splenic MMCs displayed some differences compared to renal MMCs. Overall, 

splenic MMCs were more numerous, bigger individual size and larger total area than renal 

MMCs and this was consistent with other fish species such as African sharp tooth catfish, 

brown bullhead (Ameiurus nebulosus), golden shiner (Notemigonus crysoleucas) and 

banded killifish (Fundulus diaphanus)  (99,145). In contrast to renal MMCs, number and 

area of splenic MMCs were significantly different in fishes from various stations. These 

results supported the hypothesis that MMCs in different organs play different functions 

(208). In turbot (Scophthalmus maximus), cells which were positive to antibodies against 

the parasite  Enteromyxum scophthalmi were closely associated with splenic MMCs but 

http://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatget.asp?genid=703
http://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatget.asp?spid=7547
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there were no antibody positive cells associated with renal MMCs (209). Similarly, splenic 

MMCs of Senegalese sole (Solea senegalensis), Argentine silverside (Odontesthes 

bonariensis) and common carp (Cyprinus carpio) were positive to antibody against human 

follicular dendritic cells (FDCs) but renal MMCs were not (155). In gilthead seabream 

(Sparus aurata), aluminium adjuvant induced a strong cell depletion in splenic MMCs but 

not in renal or hepatic MMCs (210). Splenic and hepatic MMCs of curimatá-pacu 

(Prochilodus argenteus) displayed differences in chemical composition, morphological 

characteristics and pigment-containing granules suggesting some metabolic differences. 

Splenic MMCs were suggested to reflect immune responses whereas hepatic MMCs 

represented metabolic status such as cell turn-over and storage process (208).  

In this study, number and area of splenic MMCs significantly decreased in fishes from 

polluted stations, suggesting that those changes may relate to pollution levels. This 

indicates that splenic MMCs of female shorthorn sculpins could be a useful biomarker for 

pollutant exposure (TBT, PCBs and PABs) in the Arctic. Similarly, control and Cd exposed 

groups (4.47 – 8.91 mg/L) of European seabass (Dicentrarchus labrax) could be 

distinguished based on the area of splenic MMCs but not the area of renal MMCs (96). 

Area of splenic MMCs of southern bluefin tuna (Thunnus maccoyii) increased over the later 

stages of ranching whereas area of renal MMCs was not affected (146). Splenic MMCs 

were a reliable biomarker for hypoxic or sediment contaminations (metals and organics) in 

an extensive study which was conducted in a number of fish species (brown bullhead, blue 

catfish (Ictalurus furcatus), hardhead catfish (Arius felis), gaff-topsail catfish (Bagre 

marinus), pinfish (Lagodon rhomboides) and Atlantic croaker (Micropogonias undulatus)) 

collected from 266 stations within the coastal estuaries of the Gulf of Mexico (107). 

Similarly, only splenic MMCs (not renal or hepatic MMCs) were used to assess effects of 

various stressors such as pollutants (81,178,211). Additionally, the alterations in histology 
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of the kidney including renal MMCs showed low sensitivity and are therefore less 

commonly applied as biomarkers for anthropogenic pollutants (58). This is consistent with 

the results in this study where we did not observe any differences in either number, size or 

area of renal MMCs of shorthorn sculpins from different sampling stations.  

 

3.5.3 Effects of body size on MMC responses  

Positive correlations between body size (body length, body weight and liver weight) and 

MMC indices found in this study were commonly reported in other fish species (212,213). 

In an extensive study conducted in 20 fish species, positive correlations between MMC 

responses and body size were evident in 10 species regardless of the ecology of species 

(continental platform or slope species) (212). Therefore, to avoid potential bias, it is 

important to consider size of shorthorn sculpins when MMC responses are used as 

biomarkers for environmental pollutant exposure. 

 

3.6 CONCLUSION 

MMCs in the spleen of shorthorn sculpins significantly decreased in number, size and area 

in the fishes sampled from a polluted harbor in comparision to those from less polluted 

stations in the Arctic. In contrast, renal MMCs were not altered in fishes from the polluted 

site. Therefore, splenic MMCs of shorthorn sculpins may have a biomarker potential for 

pollution exposure in the studied area.  Body size of shorthorn sculpins associated with 

number, size and area of splenic and renal MMCs. Body size, therefore, needs to be 

considered when MMCs are used as biomarkers in environmental monitoring programs for 

these pollutants. 
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CHAPTER 4  
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4.1 ABSTRACT 

Previous studies of sculpins from the former lead (Pb) - zinc (Zn) mine near Maarmorilik, 

West Greenland, have shown that these fishes are affected by heavy metal exposure from 

the mine. In this study, we applied mucosal mapping (a stereological method for mucosal 

quantification in fishes) to uncover interactions between the host, parasites and heavy metal 

exposure (Pb and Zn) in shorthorn sculpins from the Maarmorilik mining site at a gradient 

of 3 stations. Skin and gill mucosal epithelia of shorthorn sculpins were significantly 

affected and reflected the exposure to environmental heavy metals and parasites. Size of 

skin mucus cells were significantly lowest in the sculpin from the station 3 where heavy 

metal contamination was lowest and the skin parasite load was highest. Gill filament mucus 

cells were largest and densest in fishes from station 1 which was the most contaminated 

site. In gill lamellae the density of mucus cell followed a toxicity gradient and was 

significantly highest at the most contaminated station and significantly lowest at the least 

contaminated station. The persistent presence of toxic Pb and Zn levels in the sediment at 

the most contaminated station may have induced a small but measurable reduction in the 

surface area available for respiration and may have affected diffusion distance. The strong 

correlation between size of filamentous mucus cells and Pb concentrations in liver suggests 

that these cells can play an active role in reducing the somatic load of Pb in sculpin. We 

suggest that mucosal mapping can be used to assess effects of contaminant and parasite 

exposure in future environmental field studies.  

 

4.2 INTRODUCTION 

 Aquatic pollution has been a global concern because most waterways are, to some extent, 

contaminated which can subsequently cause human health problems (3,9,49). Waterways 

are polluted by a number of contaminants such as fertilizers, pesticides, agrochemicals, 
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domestic waste, sewage sludge, oils, heavy metals, trace elements, organic compounds, 

plastics, sediments, nutrients and biological pollution (3). Heavy metals are common 

anthropogenic contaminants in coastal areas and marine waters worldwide and elevated 

concentrations of these elements in the environment can be toxic to aquatic organisms 

(9,10,12).  

Contamination of the water and sediment around Maarmorilik, West Greenland with 

elements related  to the former Black Angel lead (Pb) and zinc (Zn) mine is well-

documented (30,40,42). During the operation period (1973 - 1990), the mine discharged 

several million tons of tailings and waste rock into the fiord and on nearby mountain slopes 

causing dispersion of heavy metals including Pb, Zn and cadmium (Cd) (40,41). 

Concentrations of dissolved metals in sea water near the mine peaked during the active 

mining period (Pb: 440 µg/L, Zn: 790 µg/L) and were reduced abruptly after closure (42). 

By 2008, the concentrations of dissolved Pb in the water were reduced to c. 1/1000 of peak 

contamination levels and dissolved Zn to c. 1/10 of peak levels (42). Nonetheless, Pb and 

Zn in bottom sediment near the mine remained high. In 2017, only moderately elevated 

levels of dissolved Pb and Zn in water were detected near the mine whereas levels of these 

metals in sediment were still at concentrations considered potentially highly toxic (214). 

In Maarmorilik, high levels of heavy metals (especially Pb and Zn) in the water and 

sediments are reflected in the bioaccumulation in marine biota including seaweed, mussels, 

sea snails and fishes such as shorthorn sculpins (Myoxocephalus scorpius) (40,42,215). The 

concentrations of Pb in liver samples of shorthorn sculpins caught near the mine were 

significantly higher than those collected up to 12 km away (30,139). However, the 

concentrations of Zn in the sculpin livers did not show a significant variation across stations 

(30). This variation in concentration patterns of elements in sculpins may be due to 
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differences in biological need, uptake, metabolism and excretion of these elements 

(216,217) 

Pb is a non-essential element with no biological function (218). Pb is taken up mainly via 

the mucosal epithelial barriers of gills, gut, and skin (218–220). Fishes have several routes 

to excrete Pb including the gills, kidney, liver and gut (218). There is evidence that fishes 

excrete Pb in mucus in both gills and gut (221). The sloughing of mucus represents the first 

response to exposure to Pb (222). In contrast to Pb, Zn is an essential element required for 

multiple biological processes such as active proliferation and differentiation of epidermal 

cells, stimulating re-epithelialization, modulating inflammation, stimulating wound healing 

and removal of cells afflicted by necrosis (223–226). In marine fishes, Zn uptake occurs 

mainly through gut and also gills (225). Some evidence of interactions between mucus cells 

responses and Zn uptake has been reported in the gut of rainbow trout but not in the gills 

(225). The excretion of Zn occurs via gills, liver, kidney, intestine and oocytes and may 

possibly not relate to mucus excretion (225).  

Mucosal barriers including skin, gills and guts are essential to ecotoxicological monitoring 

of fishes (133,204,227,228). Mucosal epithelia are the first immune barrier that confront 

environmental challenges such as pollutants and parasites and they respond constantly to 

these challenges (114,229,230). Fishes exposed to sub-lethal chemical stressors such as 

heavy metals, release large amounts of mucus to reinforce protective barriers, which delays 

the diffusion of chemicals (204,228,231). The mucus is able to bind organic and inorganic 

materials and to remove them with constant secretion to the environment. As a result, 

chronic exposure of the mucosal epithelial layer to toxins results in fewer mucus cells and 

thinner epithelium (228). When European sea bass (Dicentrarchus labrax) being fed with 

immunostimulating diet, the size of intestinal mucus cells were reduced while the density 

of these cells remained the same (131). When faced with parasitic challenges, fishes 
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commonly react with an increased secretion of mucus.  Skin and gill parasites, for example 

trichodinids, feed on mucins (232).  

Shorthorn sculpin is a heavily parasitized species (31,32,63) and sculpins caught in 

contaminated areas in Maarmorilik are well documented as being affected by heavy metal 

contaminants (30,40,42). To understand the interactions among parasites, pollutants and 

host mucosal responses, it is critical to properly quantify mucus cell populations in barrier 

tissues like skin and gill epithelia. Mucosal mapping method is a novel, quick and efficient 

method for stereological quantifying mucosal responses in fishes (131,233–235). In this 

study, we applied mucosal mapping to shorthorn sculpins caught near the former Pb-Zn 

mine in Maarmorilik, West Greenland, to uncover interactions between the host, parasites 

and element exposure (Pb and Zn). 

 

4.3 MATERIALS AND METHODS 

4.3.1  Study area 

Three stations representing different levels of Pb and Zn contamination were selected for 

this study (Fig. 4. 1). These stations were located along a distance gradient from the Black 

Angel mine in Maarmorilik, West Greenland. Fish and environmental samples were 

collected in August 2017.  

Station 1 was located near the mine and affected by leaching of heavy metals from tailings, 

waste rock and other remains from the mine resulting in significant Pb and Zn 

contamination (30,40,42,215). In 2017, levels of Pb in sediments were 22 and levels of and 

Zn were 6 fold greater than Probable Effect Levels (PELs) for these elements (236) (Table 

4. 1). Concentrations of  investigated elements (chromium (Cr), manganese (Mn), cobalt 

(Co), nickel (Ni), Zn, silver (Ag), cadmium (Cd) and Pb) in seawater were below guideline 

levels for protection of aquatic life (237–240).  
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Station 2 was located 5 km west of the mine and influenced by the mine with lower levels 

of Pb but highest level of Zn. Station 3 was situated 12 km from the mine and was 

considered unaffected or minimally affected by the mining pollution (30,42). In 2017, Pb 

and Zn in water and sediment were at background levels in station 3 and at or just above 

background level in station 2 (236,240) (Table 4. 1, (214)).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 1 Sampling stations near the former Black Angel lead-zinc mine in Maarmorilik, 

West Greenland. Station 1 (71°7’3.37” N; 51°15’6.15” W); station 2 (71°7’13.19” N; 

51°21’29.14” W); and station 3 (71°5’57.57” N; 51°34’14.03” W).

Station 1 

Station 2 

Station 3 

Former Black 

Angel Pb-Zn mine 

N 

5 km 
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Table 4. 1 Metal levels in sculpin liver (µg g-1 wet weight (w.w.)), sediment (µg g-1) and 

seawater (µg L-1 labile metal as measured by DGT) among three sampling stations.  

Liver Site n  Cr Mn Co Ni Zn Ag Cd Pb 
 1 5 Mean <d.l. 0.52 0.04 <d.l. 17.7 0.02 0.28 0.14 
   SE  0.08 0.01  1.21 0.01 0.08 0.06 

 2 5 Mean <d.l. 0.55 0.04 <d.l 24.9 0.02 0.42 0.04 
   SE  0.11 0.02  3.00 0.01 0.21 0.01 
 3 5 Mean <d.l. 0.40 0.04 <d.l. 22.4 0.04 0.32 0.02 
   SE  0.04 0.01  3.21 0.03 0.19 0.00 

 

Supporting data 

Sediment Site n Cr Mn Co Ni Zn Ag Cd Pb 
Probable 
effect levels   160a 8001b 24.51c 52d 271a 4d 10a 112a 

 1 1 61.8 600 13.1 39.1 1509 1.33 5.19 2497.6 
 2 1 57.5 418 10.4 36.1 161 0.03 0.47 73.8 
 3 1 40.6 299 6.3 22.1 58 0.01 0.15 15.3 

 
Seawater Site n Cr Mn Co Ni Zn Ag Cd Pb 
Water quality 
guidelines   3e 200b* 0.31c* 5e 10e 0.1 d* 0.2e 2e 

 1 1 <d.l. 0.54 <d.l. 0.21 0.85 <d.l. 0.02 0.11 
 2 1 <d.l. 0.41 <d.l. 0.24 1.48 <d.l. 0.02 0.06 
 3 1 <d.l. 0.40 <d.l. 0.30 0.54 <d.l. 0.01 0.02 

Red: above Probable effect levels (PELs); Green: below PELs or at background levels. Adapted from a: 

CCME, 2001; b: Howe et al., 2004; c: Nagpal et al., 2004; d: Simpson et al., 2013; e: Government of Greenland, 

2015; 1: ‘background levels’ (reported in several uncontaminated marine stations in Europe, Canada and 

Australia) were used as there was no available guideline for these elements. *: reference values do not specify 

whether labile or total concentrations are used.  

<d.l.: lower than detection limit 

 

4.3.2  Sampling 

Thirty shorthorn sculpins (Myoxocephalus scorpius) were collected and handled at the three 

stations according to permission granted by the Greenland Government to Jens 

Søndergaard and Lis Bach (Project no 771020). After being gently removed from the 
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fishing hook, the fishes were kept alive in 20L buckets with seawater until dissection. Water 

was renewed regularly to make sure that temperature and oxygen levels remained 

favourable for fish survival.  

After landing, total body weight (g) and length (cm) were measured and recorded for each 

fish (Table 4. 2). Collection of samples for mucosal mapping was conducted with minimum 

handling (i.e. particular care was taken so that the area for collection was not touched). A 

skin sample from the tail area and the second left gill arch were collected using scalpel and 

tweezers without touching the surface area or the soft tissue, then carefully placed into 

labelled histocassettes and fixed in 4% phosphate buffered formalin. The fishes then were 

dissected and sex was recorded. In every individual fish the same piece of the liver was 

collected and placed into pre-marked plastic zip lock bags and frozen until subsequent 

chemical analyses.  

 

Table 4. 2  Fish size (mean ± SE) of shorthorn sculpin from each station. * indicates a 

significant difference between male and female 

Site Sex n Weight* Length* Liver weight* 
g cm g 

1 Female 7 697 ± 90 36.8 ± 1.5 70.9 ± 13.2 
 Male 3 354 ± 50 29.7 ± 1.7 29.0 ± 6.1 
      
2 Female 7 506 ± 40 34.3 ± 1.0 43.0 ± 9.5 
 Male 3 305 ± 74 31.4 ± 4.0 26.0 ± 9.0 

 
3 Female 7 560 ± 40 35.3 ± 0.8 43.9 ± 2.6 
 Male 3 258 ± 7 27.0 ± 0.8 19.3 ± 3.3 

 

4.3.3  Sample processing and data collection  

4.3.3.1 Mucosal samples 

Mucosal epithelia were processed using routine histology with the exception of tangential 

embedding and sectioning rather than transverse, as described by Pittman et al. (2011) (Fig. 
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4. 2 A-B). 3µm sections were stained with Periodic Acid Schiff/Alcian Blue (PAS/AB) for 

visualization of mucus cells in skin and gills (Fig. 4. 2 D-F). Mucus samples were analyzed 

at the Quantidoc lab at the Department of Biology, University of Bergen, Norway, January 

2018, using the method described by Pittman et al. (233,235). Briefly, sections were 

analyzed using a Leica Axioskop microscope combined with a Prior Proscan digital stage 

and the Visiopharm Integrator System (VIS). At least 100 cells were measured (233). 

Mucus cell number, size and volumetric density in epithelia of skin, gill filament and gill 

lamellae gave three mucosal indexes:  

Mucus cell area (1) was the mean size of mucus cells in that individual’s tissue.  

Mucus cell density or % epithelium filled with mucus cells (2)  

= 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐 𝑎𝑎𝑎𝑎𝑐𝑐𝑎𝑎 𝑥𝑥 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐 𝑛𝑛𝑀𝑀𝑚𝑚𝑛𝑛𝑐𝑐𝑎𝑎
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸ℎ𝑐𝑐𝑐𝑐𝐸𝐸𝑎𝑎𝑐𝑐 𝑎𝑎𝑎𝑎𝑐𝑐𝑎𝑎

𝑥𝑥 100 

Barrier status (3) = 1
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐 𝑎𝑎𝑎𝑎𝑐𝑐𝑎𝑎/𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐 𝑑𝑑𝑐𝑐𝑛𝑛𝑀𝑀𝐸𝐸𝐸𝐸𝑑𝑑 

 𝑥𝑥 1000  

The same paraffin blocks of mucosal samples (the gills and skin) were tangentially 

sectioned at 3µm and stained with Haematoxylin and Eosin (HE) to determine presence of 

parasitic infections. Parasites on the gills were identified from histology. Morphology of 

the parasites (integument and attachment organs) in the skin was used for identification 

(241). Quantification of parasites was done using intensity criteria achieved from 

interpretation of histological sections of gills and skin. Briefly, intensity of parasites in skin 

was estimated by number of parasites per cm2 of surface area of histological sections. 

Surface areas were measured using Image J software after calibration. Intensity of gill 

parasites was the number of individuals per filament.  

 



70 
 

 

Figure 4. 2 Tangential sections of skin and gills of shorthorn sculpins from Maarmorilik, 

West Greenland were used for mucosal mapping (PAS/AB stain). A. A section of skin 

showing epithelial layer filled with mucus cells (arrows). B. Superficial layer of gills 

showing a number of mucus cells (arrows). C. Skin mucus cells (arrows). D. Filament 

mucus cells (arrows). E. Lamellar mucus cells (arrows). 

 

4.3.3.2 Liver samples 

For each station, livers from 5 fishes (total n = 15) were sampled to analyze for liver metal 

content following the protocol described in Sonne et al. (2014). Briefly, 1 g frozen tissue 

was subsampled from each liver and digested using 4 mL Merck Suprapur HNO3 and 4 mL 

mQ H2O in teflon bombs under pressure in a microwave oven (Anton Paar Multiwave 

3000). After digestion, all samples were transferred to polyethylene bottles and diluted with 

mQ H2O to reach a final solution of 60 mL, which was analyzed for geochemistry (Cr, Mn, 

Co, Ni, Zn, Ag, Cd, and Pb) using an Agilent 7900 ICP-MS at the trace element laboratory 

in Roskilde, Denmark. The data are shown in Table 4. 1 and is reported in µg g-1 wet weight 
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(w.w.). Analytical quality control was verified by including blanks, duplicates and certified 

reference materials (DOLT-4, DORM-4, TORT-2, MESS-4 and PACS-2) in the analyses. 

 

4.3.4  Data analysis 

Body size (body length, body weight, liver weight), level of metals in fish organs, mucus 

cell responses (mucus cell area, density and barrier status indexes) and parasite intensity 

were averaged and presented as mean ± standard error (SE) for each sampling site. Because 

only 5 liver samples were analyzed for metal levels at each station, all statistical tests using 

hepatic metal data (including variation in hepatic metals among stations, correlation 

between hepatic metals and mucus cells responses or parasitic infection) were based on 15 

individuals whereas the rest of statistical analyzes used the data from the total 30 fishes. 

The potential effect of station on each mucosal index was investigated using a one-way 

ANOVA (IBM SPSS statistic 22). Gender differences in pattern of mucosal responses were 

assessed by comparing males and females using an independent T-test (un-equal sample 

size, IBM SPSS statistic 22). A Levene test and histogram were used to check for 

assumption of equal variances and normal distribution prior to oneway ANOVA and 

independent T-test. Log transformation of data was made when the assumptions were 

violated.   

Associations between mucosal responses and metal accumulation level, body size or 

parasite intensity of individual fish from all locations were assessed using Pearson 

correlation analysis (IBM SPSS statistic 22). Level of significance was p < 0.05. A Chi-

square of independence was used to check for differences in prevalence of parasitic 

infections among stations.  
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4.4 RESULTS 

4.4.1 Fish size and sex ratio 

There was no significant difference in body length (33.6 ± 0.8 cm), body weight (503.2 ± 

36.7 g) or liver weight (44.2 ± 4.9 g) for sculpins between the 3 sites. Sex ratio was evenly 

distributed among group with 7 females: 3 males in each group (Table 4. 2).  

Body length was positively correlated with body weight (R = 0.87, n = 30, p < 0.001) and 

liver weight (R = 0.81, n = 30, p < 0.001). Body weight also correlated well with liver 

weight (R = 0.88, n = 30, p < 0.001) as expected. 

 

4.4.2 Metal levels in liver  

There were only small variations between stations in most of the investigated elements (Cr, 

Mn, Co, Ni, Ag and Cd). However, the average Pb concentration in the liver of fishes 

caught at Station 1 (0.14 µg g-1 w.w.) was about 3.5 fold higher than those at station 2 (0.04 

µg g-1 w.w.) and 7 fold greater than those at station 3 (0.02µg g-1 w.w., Table 4. 1). Average 

levels of Zn in livers were lowest at station 1 (17.7µg g-1 w.w.) and highest at station 2 

(24.9 µg g-1 w.w.).  

Significantly positive correlations were found between the levels of liver Ag, Mn and Cd 

with body length/weight and liver weight of shorthorn sculpin of both genders (Table 4. 3). 

When separating into sex, moderate correlations were detected in males between liver Pb 

and body size including body and liver weight (Table 4. 3). In females, length was 

positively correlated with hepatic levels of Mn, Co, Ni, Ag and Cd. A strong positive 

correlation between weight of female and level of Pb in the liver was evident (Table 4. 3). 
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Table 4. 3 Correlations between metal levels in the liver and body size of shorthorn sculpins 

from all sampled locations. * significant difference at p < 0.05; ** significant difference at 

p < 0.01. 

   Cr Mn Co Ni Zn Ag Cd Pb 
Both 
sex 
(n=15) 

Length R -.115 .637* .303 -.139 .393 .493 .605* .054 
p .682 .011 .273 .621 .147 .062 .017 .847 

Weight R -.039 .263 -.097 -.167 .086 .564* .303 .012 
p .891 .343 .732 .551 .760 .029 .272 .967 

Liver weight R .003 .438 -.090 -.217 -.133 .208 .162 .032 
p .991 .102 .750 .437 .637 .458 .563 .911 

Male 
(n=6) 

Length R .240 .305 -.021 -.507 .071 .582 .589 .620 
p .534 .425 .958 .164 .856 .100 .095 .075 

Weight R .372 .327 .036 -.420 .113 .629 .628 .710* 
p .324 .390 .927 .261 .773 .070 .070 .032 

Liver weight R .342 .573 -.231 -.376 -.431 .137 .136 .798** 
p .367 .106 .550 .319 .247 .726 .727 .010 

Female 
(n=9) 

Length R -.248 .944** .893* .833* .682 .823* .937** .442 
p .636 .005 .017 .039 .135 .044 .006 .381 

Weight R -.569 .306 .119 .018 -.259 .582 .260 .941** 

p .239 .555 .822 .973 .620 .226 .618 .005 
Liver weight R -.618 .724 .741 .661 .408 .618 .751 .492 

p .191 .104 .092 .153 .422 .191 .085 .322 
 

 

4.4.3 Parasite load 

In this study, the sampled fishes were heavily infected by a number of parasite species 

including the digeneans primarily in the skin and trichodinids on the gills. 

Metacercariae were observed in the dermis and the underlaying muscle of shorthorn sculpin 

(Fig. 4. 3A-B) despite only a small area (about 1cm2) being examined. The prevalence of 

infection of fishes from station 3 (50%) was higher than in other two stations (10 – 30%) 

(Fig. 4. 4A). Sculpins at station 3 were more infected by this parasite (2.1 ± 1.1 

digenea/cm2) than those in stations 1 and 2 (0.5 ± 0.3 and 0.2 ± 0.1 digenea/cm2, 

respectively). The maximum intensity of 10 digenea/cm2 was observed in a single fish from 

station 2 (Fig. 4. 4B).  
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Trichodinids were commonly found in histological sections of the gills of shorthorn sculpin 

(Fig. 4. 3C-D) with their prevalence reaching 70% in station 1, 60% in station 2 and 90% 

in station 3 (Fig. 4. 4A). The number of trichodinids per filament varied from 4.76 ± 3.22 

(station 1) and 5.15 ± 2.66 (station 2) to 8.66 ± 2.86 (station 3) again following the inverse 

environmental gradient (Fig. 4. 4B). In a heavily infected case, 33.19 trichodinids were 

observed per gill filament of shorthorn sculpin. 

 

  

Figure 4. 3 Parasites in shorthorn sculpins from Maarmorilik, West Greenland. A. 

Digeneans (arrows) located in dermis. B. A digenean (thick arrow) isolated by host 

response (fibrosis, thin arrow). C. Trichodinids (arrows) between gill lamellae of shorthorn 

sculpins. D. A trichodinid with a part of typical horseshoe shape macronucleus (thick 

arrow) and adhesive disc denticles (thin arrow).
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Figure 4. 4 Prevalence and intensity of infection with digeneans (skin) and with trichodinids 

(gills) of shorthorn sculpins from stations along a distance gradient near the former Pb-Zn 

mine at Maarmorilik, West-Greenland (from histological examination). A. Prevalence. B. 

Intensity (mean + SE). 

4.4.4 Variation of mucosal responses among stations  

4.4.4.1 Skin 

On average, mucus cells on the skin of fishes from station 3 were only 113.38 ± 13.09 µm2 

in size whereas those from station 1 and 2 were from 166.69 ± 30.34 to 186.49 ± 26.26 

µm2. The size of skin mucus cells from station 3, where Pb and Zn were at lowest level, 

was significantly smaller than those from station 2 (p = 0.017, Fig. 4. 5A). No difference 

was detected in skin mucus cell density, which varied around 4% of the epithelial volume 

(p = 0.469, Fig. 4. 5B), among the 3 stations. There was no significant effect of station on 

mean barrier status of the skin (p = 0.432, Fig. 4. 5C).  

 

4.4.4.2 Skin mucosa and hepatic metals 

The skin mucosal epithelium acts as the shielding barrier and may or may not be involved 

in excretion of heavy metals. In males, the size of skin mucus cells was positively correlated 

with hepatic level of Cr (R = 0.833, n = 6, p = 0.04).  
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4.4.4.3 Skin mucosa and parasite loads  

Skin mucosa responded to parasites. In both sexes, a weak positive correlation between 

skin barrier status and the density of digenea on the skin was evident (R = 0.56, n = 15, p 

= 0.029). For males, a strong positive correlation between barrier status and digenea 

infestation was seen (R = 0.91, n = 6, p = 0.012) as was the correlation between density of 

digenea and skin mucus cell density (R = 0.83, n = 6, p = 0.042). In females, no significant 

correlations were found (n = 9, p > 0.05).  

 

4.4.4.4 Gills 

On average, mucus cells in the gill filaments were 87.63 ± 5.75 µm2 in size and at a density 

of 3.01 ± 0.65 % of the volume of the epithelium layer giving a barrier status of 0.33 ± 

0.06. There was no significant difference in size (p = 0.33), density (p = 0.40) or barrier 

status (p = 0.36) of mucus cells on the filaments of shorthorn sculpin between the three 

stations (Fig. 4. 5D-F).  

Notably, the lamellar mucus cells showed a significant difference (p = 0.047; Fig. 4. 5 H) 

in volumetric density between fishes from station 1 (0.24% of epithelium layer) and those 

from station 3 (0.09%). Neither the size nor the barrier status of gill lamellar mucus cells 

varied significantly along the contamination gradient (p = 0.25 and 0.18, respectively, Fig. 

4. 5G, I). 
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Figure 4. 5 Maps of mucus cells (MCs) on the skin and gills of shorthorn sculpins (n=30) at the three stations. 

A. Size of skin MCs. B. Density of skin MCs. C. Barrier status of skin MCs. D. Size of filament MCs. E. Density of filament MCs.  F. 

Barrier status of filament MCs. G. Size of lamellar MCs. H. Density of lamellar MCs.  I. Barrier status of lamellar MCs.  Data are 

presented as Mean ± SE.  Means with different letters are significantly different from each other (p < 0.05). 
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4.4.4.5 Gill mucosa and hepatic metals 

The filament showed a significant positive correlation between the size of mucus cells and 

the concentration of Pb in liver of both sexes (R = 0.69, df = 15, p = 0.004). For males, gill 

filament mucus cell sizes and the liver Pb levels were significantly correlated (R = 0.92, df 

= 6, p = 0.009) whereas in females this correlation between filament cells and liver 

concentrations was absent (R = 0.65, df = 9, p = 0.06) (Fig. 4. 6). Instead, the lamellar 

mucus cell sizes in females showed a significant positive correlation with hepatic Pb level 

(R = 0.70, df = 9, p = 0.037).  

 

 

 

 

 

 

 

 

 

Figure 4. 6 Correlation between hepatic lead (Pb) level and size of filament mucus cells. 

4.4.4.6 Gill mucosa and parasite load 

Though a high level of parasitic infections was observed on the gills of sampled fishes, 

there was no correlation between any gill mucosal indices and parasite load (p > 0.05).  

 

4.5 DISCUSSION 

4.5.1 Interaction between fishes and metals 
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Almost three decades after the mine closure, sites near the Black Angel mine are still 

contaminated with heavy metals. This is shown by high levels of Pb (22 fold greater than 

PELs) and Zn (6 time greater than PELs) in bottom sediment and as dissolved labile metal 

in seawater (although less pronounced than for sediment) close to the mine (station 1) 

compared to 12 km away (station 3). Bottom dwelling stationary shorthorn sculpin are 

affected by local contaminants not only via direct exposure with contaminated sediment 

but also through diet (sediment-feeding worms, crabs, and other benthic organisms) (63). 

Because Pb and Zn have distinct differences in biological requirement, uptake, metabolism, 

excretion and regulation (216,217), shorthorn sculpins would respond differently to high 

levels of Pb than to Zn in sediment.   

Pb is a non-essential element which has no biological function in fishes and is passively 

taken up via gills, skin and intestine that are all covered by mucus barrier (218). An increase 

in production of mucus was a common response after exposure to Pb  (204,218). For 

example, when fishes (Carassius carassius and Leuciscus phoxinus) were exposed to lethal 

concentrations of Pb (20 – 100 mg/L), a thin coat of mucus covered the body and a thick 

pad of mucus was found within operculum (242). The mucus excretion could cause 

respiratory stress, irregular ventilation and swimming. Exposure to a moderate level of Pb 

also increased mucus excretion but the health effects are less severe (221,242–244). In the 

present study, the gill lamellae of sculpins at station 1 were distinct from those at the other 

stations by a higher mucus density. Because in fishes, the gill lamellae are the area for 

respiration (245), the statistically significant higher density of mucus cells on lamellae of 

fishes from station 1 could result in an increased respiratory diffusion distance and reduced 

area for contact between water containing oxygen and blood. By contrast, the gill filament 

cell populations displayed no difference to the environment as neither mucus cell areas, 

densities nor barrier status of gill filaments were significantly different between stations.  
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Furthermore, in our study, a significant positive correlation between level of Pb in liver and 

size of filamentous mucus cells was found. This means fishes with high level of Pb 

accumulated in liver tended to have larger filament mucus cells. Since the excretion of Pb 

can occur in gills (218) and there is some evidence that coho salmon (Oncorhynchus 

kisutch) excrete Pb within mucus (221), the larger filamentous mucus cells in fishes with 

high level of hepatic Pb can be an active way to reduce the somatic load of Pb in these 

fishes. Mucosal immunoglobulins were implicated in gill transport mechanisms from the 

epithelium to the blood capillaries of the gills in rainbow trout (Oncorhynchus mykiss) and 

the trout polymeric immunoglobulin receptor gene (tpIgR) was primarily expressed in the 

gill filament (246). Taken together the results imply a distinct function of the gill filament 

mucus cells in accumulation and transport of somatic toxins to the exterior, in addition to 

mucosal immunity.  

 

4.5.2 Interaction between parasites and metals 

Exposure to pollutants may either increase or decrease parasitism (247,248). Trichodina 

spp. did not proliferate in environment contaminated with Pb. A study conducted in tilapia 

(Oreochromis niloticus, n = 330) found that 65% of fishes caught from control site (Pb: 0 

ppm) were infected by trichodinids whereas only about 48% of the fishes from 

contaminated stations (Pb: 0.5 ppm) were infested (249). Similarly, lower levels of 

trichodinids infection were observed in catfish (Clarias gariepinus, n = 140) from sites 

with higher level of Pb in water (Pb 0.5 ppm) (249). A decrease in intensity and vitality of 

Trichodina sp. was reported in tilapia after 30 days of exposure to lead acetate (10.1 – 20.2 

ppm) (250). Hence, in our study, environmental Pb levels may play a role in reducing 

trichodinid parasitism at the most contaminated site. At the same time, it cannot be ignored 
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that this is a field study so a number of other factors (rather than just Pb) such as salinity, 

temperature, nutrition and oxygen deficiency can possibly affect trichodinid infection.  

Similar to trichodinid infection, both prevalence and intensity of digenean infection in 

sculpin from station 3 (the least polluted station) were higher than those in station 1 (the 

most polluted station). These results agreed with literature on interactions between 

pollution and parasites (247,248,251,252). Heteroxenous parasites with complex life cycles 

such as digeneans might be more vulnerable to an exposure to contaminants because of 

their dependency on intermediate and final hosts and their free-living life stages which may 

be susceptible to a changing environment (247,248,251,252). As a general rule, infection 

levels with endoparasitic helminths such as digeneans, cestodes and acanthocephalans 

decrease when the hosts are exposed to most types of pollution including heavy metals 

(247,248,252–254). Lower level of infection in fishes from station 2 may be related to 

highest level of Zn in water from this station (Table 4. 1). Zinc is an essential element and 

necessary for active proliferation and differentiation of epidermal cells as well as 

stimulating re-epithelialization, modulating inflammation, stimulating wound healing and 

removal of cells affected by necrosis (223,224,226). The improvement in these functions 

would benefit fishes in interaction with parasitic infection. 

 

4.5.3 Interaction between host and parasites 

4.5.3.1 Skin 

In this study, metacercariae were found in the underling muscle and dermal layer of skin. 

Digeneans (Derogenes varicus, Hemiurus levinseni, Podocotyle atomon, Steringophorus 

furciger, Cryptocotyle lingua, Phyllodistomum undulans, Crepidostomum cooperi, 

Crepidostomum farionis, Diplostomum spathaceum, Diplostomum sp., Neascus sp. and 

Tetracotyle sp.) were reported in a number of sculpin species including slimy sculpin 
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(Cottus cognatus), shorthorn sculpin, longhorn sculpin (M. octodecemspinosus) and 

mottled sculpin (Cottus bairdi) (78,79,255–258). In general, the life cycle of a digenean 

include: (1) egg, (2) miracidium, (3) sporocyst, (4) redia, (5) cercaria, (6) metacercaria and 

(7) adult. Fishes can be both intermediate and definitive hosts and the infection with 

digenea into fishes occurs at cercaria stage (free swimming stage). Cercariae can either 

directly penetrate into fishes via skin, fin, gills, eye or being ingested into fish’s gut then 

start the next stage (259). In shorthorn sculpin, adult digeneans were found in digestive 

tract (Derogenes varicus, Hemiurus levinseni, Podocotyle atomon and Steringophorus 

furciger) and  metacercariae (Cryptocotyle lingua) were found in the gills (78,260). 

Metacercariae of C. lingua were numerous in skin and gills of winter flounder 

(Pleuronectes americanus) (260) and cercariae of C. lingua  could  penetrate through the 

skin of the cunner (Tautogolabrus adspersus) under experimental conditions (261). 

Penetrating cercariae can cause local irritation of the host, this has been shown for the C. 

lingua in the cunner (Tautogolabrus adspersus), Procerovum cheni in Japanese eels 

(Anguilla japonica) and Transversotrema patialense in zebra danio (Danio rerio) 

(259,261). In the present study, the presence of metacercariae in dermis and the underlaying 

muscle of shorthorn sculpin suggest that cercariae may directly infect fishes via skin. To 

directly penetrate into the fishes via skin, cercariae need to pass mucus barriers. In this 

study, shorthorn sculpin from station 3 which had smaller size of mucus cells on the skin 

had a higher parasitic infection level. This result revealed an interesting dynamic interaction 

between host and parasite.  

The smaller size of mucus cells in station 3 could be due to a first and active response of 

fishes to get rid of the attack of parasites. It is hypothesised that fishes would respond to 

the environmental challenges (such as parasite) firstly in cell size then followed by a cell 

density (131). A smaller size of mucus cells could be an active response of fishes to fight 
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off parasites because these smaller mucus cells can fill quicker and move quicker to surface 

area to wash off pathogens including parasites. Mucus clearly plays a role in limiting 

parasite loads, since a higher numeric density of mucus cells is significantly correlated with 

lower monogeneans in rainbow trout (Buchmann and Bresciani,1998). An important 

distinction is made between numeric and volumetric density: while the former can increase 

if the cells become more numerous, the volumetric density will vary with the number and 

size of the cells in a reference volume. Thus, in numeric density there can be a “reduction” 

with one large cell being “less dense” than 5 very small ones, whereas volumetric density 

will reflect the filling of the epithelium by cells of a known size. The present study reported 

skin mucus cell volumetric density which was relatively constant at around 4% despite 

significant differences in size and therefore in number. 

Both monogeans and crustacean ectoparasites can reduce the numeric density of mucus 

cells in the skin potentially reducing the inhibitory effect of inflammatory components and 

complement factors in mucus secretion on parasite load (262). If the challenges overwhelm 

resources, the numeric density of mucus cells in skin would decrease, indicating an 

exhausted status (136). For example: chronic exposure to sub-lethal stress induces fishes to 

release abundant mucus onto the surface to get rid of stressors resulting in fewer mucus 

cells in epithelial layer (228). However, in our study, the skin mucus cell density was stable 

between the three stations, suggesting a balance between challenge and response. This 

further suggests that barrier status of fishes from station 3 was not impaired by the 

combination of metals and digenea infestation. However, the correlation existing between 

skin barrier status, involving mucus cell size and volumetric density, and digenea density 

suggests that the shorthorn sculpin skin “shield” continuously reacted and responded to the 

digenea infection to maintain a balance between host and pathogens.  

 



84 
 

4.5.3.2 Gills 

In this study, only fishes from station 3 had a high prevalence of ectozoic trichodinid 

infection (90%) at a moderate density (10 individual/cm of filament) while the mucus cells 

on gill filaments and lamellae showed no correlation to infestation levels. No significant 

association between trichodinid infection and any gill mucosal indices was evident. 

Trichodinids are commonly reported in sculpin (31,32,251,255,256,263) and other aquatic 

animals (232). Basically, this parasite eats waterborne or detrital particles, microbiota on 

surface of the host or ruptured cells of the host including mucus cells (232). The presence 

of ectozoic trichodinids at a high prevalence and low density may not be detrimental to the 

health of the sculpin. 

 

4.6 CONCLUSIONS 

The sculpin’s mucosal epithelia of skin and gills reacted to environmental pollution and 

parasites. Skin mucus cells were significantly smallest in the sculpin caught at station 3, 

where Pb level was lowest and skin parasite load was highest. Importantly, there was a 

positive correlation between size of gill filament mucus cells and Pb concentrations in liver. 

The density of gill lamellar mucus cells followed a Pb gradient and was significantly 

greatest in the sculpin caught at the most polluted station and lowest at the least polluted 

station. To the best of our knowledge this is the first time an ecotoxicological study has 

been able to quantify in a statistically robust manner volumetric density of mucus cells in 

the skin and gills in a bioindicator fish species. These mucosal epithelial changes can be 

used to determine fish adaptations and differential responses to environmental challenges 

in field studies. 
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CHAPTER 5  
 

HISTOLOGICAL MUCUS CELL QUANTIFICATION AND 
MUCOSAL MAPPING REVEAL DIFFERENT ASPECTS OF MUCUS 

CELL RESPONSES IN THE GILLS AND SKIN OF SHORTHORN 
SCULPINS (Myoxocephalus scorpius) 
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Nowak, B. (2020). Histological mucus cell quantification and mucosal mapping reveal 

different aspects of mucus cell responses in gills and skin of shorthorn sculpins 
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86 
 

5.1 ABSTRACT 

In teleosts, the mucosal epithelial barriers represent the first line of defence against 

environmental challenges such as pathogens and environmental contaminants. Mucus cells 

(MCs) are specialised cells providing this protection through mucus production. Therefore, 

a better understanding of various MC quantification methods is critical to interpret MC 

responses. Here, we compare histological (also called traditional) quantification of MCs 

with a novel mucosal mapping method to understand the differences between the two 

methods’ assessment of MC responses to parasitic infections and pollution exposure in 

shorthorn sculpins (Myoxocephalus scorpius). Overall, both methods distinguished 

between the fishes from stations with different levels of pollutants and detected the links 

between MC responses and parasitic infection. Traditional quantification showed 

relationship between MC size and body size of the fishes whereas mucosal mapping 

detected a link between MC responses and Pb level in liver. While traditional method gave 

numerical density, mucosal mapping gave volumetric density of the mucus cells in the 

mucosa. Both methods differentiated MC population in skin from those in the gills, but 

only mucosal mapping pointed out the consistent differences between filament and lamellar 

MC populations within the gills. Given the importance of mucosal barriers in fishes, a better 

understanding of various MC quantification methods and the linkages between MC 

responses, somatic health and environmental stressors is highly valuable. 

 

5.2 INTRODUCTION 

Assessment of fish health is often based on fish’s morphology (including fish size and 

histology), haematology or measurement of immune responses (264). Morphological 

assessment of fish health which is based on measurements of body size (such as length, 

weight or condition factors) and internal organs (such as liver somatic index or gonad 
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somatic index) is limited in precision and sensitivity (264,265). Measurement of blood cells 

and biochemistry can be fraught with interpretational difficulties due to pre-analytical 

effects (266). Examination of immune responses can be based on both specific and non-

specific responses (264,267). The first defense barrier of fishes to against all external 

challenges such as pathogens or environmental contaminants is the mucosal epithelium, a 

thin layer covering the whole surface area of fishes including skin, gills and gut 

(115,116,268,269). 

In teleosts, the gills are one of the most important sites of mucus epithelia which account 

for more than 50% of the fish’s surface area and play multiple functions including 

respiration, osmoregulation, acid-base regulation, cell signalling and iron transport and 

excretion of nitrogenous waste (245,270,271). The gill epithelium is a thin and delicate 

layer directly exposed to the surrounding environment (272,273). The structure and 

function of gills can be altered in response to irritants such as heavy metal, transition metals, 

low pH, detergent and polycationic agents which make gills a good candidate organ for 

environmental monitoring programs (62,274–277).  

Skin is an important interface separating external and internal environments, and 

preventing the entry of waterborne toxic chemicals and pathogens into fishes (228,269). In 

contrast to mammalian skin, fish skin is hydrated, non-keratinized and covered by slimy 

mucus secreted by this living cell layer. All these features make the skin relatively sensitive 

to waterborne chemicals, physical and biological stressors. However, skin is not a routine 

target organ or end point for environmental health research although it is a main 

determinant of fish health (228,269). 

In the gills and skin teleosts, the mucosal epithelial barriers act as a living immune, physical 

and biochemical interface between fishes and the environment (115,269,278). These 

mucosal barriers contain mucus cells that produce mucins. Other components of mucus can 
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include a number of bioactive components including antimicrobial, antifungal, anti-viral 

and anti-parasitic compounds such as lysozymes, immunoglobulins, complement, 

cytokines, acute-phase proteins, carbonic anhydrase, lectins, crinotoxins, calmodulin, C-

reactive protein, antimicrobial peptides and hemolysin (118,269,279,280). The skin and 

gill mucosa are in a continuous contact with the external environment and they are sensitive 

to changes in water quality which make them helpful in fish health assessments. 

Two available methods to analyze the state of these mucosal barriers are: i, counts and 

measurement of MCs in histological sections (traditional method) and ii, mucosal mapping 

of size and volumetric density of MCs in a mucosal tissue and the barrier status of the tissue 

(representing tissue activity level) (31,34,131,233,235,281). The traditional method has 

been used to assess MCs responses to anthropogenic stressors (32,231,282) while the 

mucosal mapping is a novel objective and quantitative method used to quantify the 

robustness of the mucus barrier in aquaculture (234,235,283). Mucosal mapping is derived 

from design-based stereology for recreation of 3D structures from 2D sections (284) and 

has been used in environmental monitoring using shorthorn sculpins at the former mining 

site in Maarmorilik, Greenland (34).  

Here we compare routine/traditional quantification with mucosal mapping to uncover the 

differences between the two methods in assessment of MC responses to environmental 

challenges including pollution exposure and parasitic infections. We discuss the potential 

applications of each of the mucosal index as a fish health indicator. Given the important 

functions of mucosal barriers in fishes, a better understanding of various MC quantification 

methods and potential linkages between MC responses and environmental challenges is 

valuable for both fisheries and aquaculture.  
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5.3 MATERIALS AND METHODS 

5.3.1  Study area 

Sampling area of this study was around the former Black Angel mine in Maarmorilik, West 

Greenland (Fig. 5. 1) which was a well-documented example of how inland mining can 

pollute the surrounding marine environment (27). During operation period (1973 to 1990), 

the mine discharged about 8 million tons of tailings and a large amount of waste rocks into 

the nearby Affarlikassaa fjord and subsequently caused pollution in this area (214). 

Samples were collected at three stations around the mine in August 2017 (Fig. 5. 1). Station 

1 (71°7’3.37” N; 51°15’6.15” W) was close to the mine and highly polluted with lead (Pb) 

and zinc (Zn) in sediments. Station 2 (71°7’13.19” N; 51°21’29.14” W) and station 3 

(71°5’57.57” N; 51°34’14.03” W) were located along a distance gradient (5 and 12 km, 

respectively) away from station 1 and had a lower level of metals in sediment and water. 

All the sampling sites are very cold areas with temperature ranging from -30oC to 10oC. 

Water temperature was from -2 oC to 5 oC and often covered with ice (214). Information on 

water exchange and current (285), geology (286), sedimentation and dispersion rates 

(41,287) was documented.  Levels of heavy metals in sediment, seawater, fish tissue and 

levels of parasitic infection in sampled fishes of this study were reported and discussed in 

Chapter 4. The sampled shorthorn sculpin from this area provided an opportunity to inspect 

the patterns of MC responses in a challenging environment with metal pollution and 

parasitic infection (34). 
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Figure 5. 1 Sampling stations in Maarmorilik, West-Greenland. 

 

5.3.2  Sample collection 

The samples were reused from a previous study on MC responses to pollutants and parasites 

Chapter 4. Thirty shorthorn sculpins were collected at the three stations (ten fishes per 

station) using fishing rods as described in Chapter 4. Briefly, the fishes were kept alive in 

seawater and transported to research stations. Fishes were handled, euthanised and 

processed following the Greenland regulations and the permission granted by the 

Greenland Government to Lis Bach and Jens Søndergaard (Project number 771020). Gill 

and skin samples for MC quantification were collected immediately post-mortem. The 

second left gill arch and a piece of skin from the tail of fishes were collected using scalpel 

and forceps. The second gill arch on the left was selected as routine histology (122,288) 

and the tail area of skin was collected because this area was less touched and handled during 

sample collection (following Quantidoc protocol). These samples were put into pre-

labelled histocassettes and fixed using 10% neutral buffered formalin.  
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5.3.3  Sample processing and data collection 

5.3.3.1 Traditional count of mucus cells 

5.3.3.1.1 Gills 

Histological quantification of MCs on the gills of shorthorn sculpins was conducted only 

for well-orientated filaments which had an even length of lamellae on both sides of the 

filament (Fig. 5. 2A). As the depth of the cut may affect number and size of mucous cells 

on the gill sections, only well-orientated filaments with similar structure of axial cartilage 

were selected for traditional quantification of mucous cells on the gills. These 

measurements generated 5 mucosal indices including number of gill MCs per inter-lamellar 

unit (ILU, H1), number of filament MC per cm of filament (H2), size of filament MCs 

(H3), number of lamellar MC per cm of lamellae (H4), size of lamellar MCs (H5).  

The number of gill MCs per ILU (H1) was determined as previously described (31). Five 

filaments evenly distributed along the gill arch were selected. One fish in each group did 

not have 5 well-orientated filaments and those fishes were excluded from the MC count. 

The number of MCs between the mid-point (top) of a lamella to the mid-point of the next 

lamella (the inter-lamellar unit) were counted as routine histology using a light microscope 

(Nikon Eclipse Ni-U) (122,129). Data for the other MC indices (H2 – H5) were collected 

using standard image analysis. 10 photos (10x objective) were captured from the middle of 

well oriented filaments (but not at the distal end of well-oriented filaments). Lengths of 

filaments and lamellae were measured as show in Fig. 5. 2A using Image J after calibration 

of the scale. The number of MCs on either filaments or lamellae were counted using the 

microscope (10x objective) at the time when the photos were taken. An image of every 

counted cell was captured using 40x objective to measure the size (Fig. 5. 2C). Threshold 

and “wand tool” were used to extract the MC area for measurement. The total number of 

MCs analyzed using this method is given in Table 5. 1.
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Figure 5. 2 Quantification of gill mucus cells using traditional method (left images: A and 

C) and mucosal mapping (right images: B and D) in sculpins from Maarmorilik, West-

Greenland. A. Lengths of filament (blue bracket) and lamellae (green bracket) were 

measured from well-oriented filament (red asterisk). B. Filament mucus cells (blue arrows) 

were randomly selected from non-well-oriented filament for measurement in mucosal map 

technique. C. Filament (blue arrows) and lamellae mucus cells (green arrow) in well-

oriented filament for measurement in traditional measurement.  D. Lamellae mucus cells 

(green arrows) were randomly selected from non-well-oriented filament for measurement 

in mucosal map technique. 

5.3.3.1.2 Skin 

Quantification of skin MCs was conducted based on the previously described method (281) 

with minor modifications from. Briefly, skin samples were embedded transversally (Fig. 5. 

3A), sectioned at 5µm then stained with PAS/Alcian Blue (pH 2.5) to visualise MCs. 
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Twenty microscopic images of skin (400x) were captured where the epithelium was intact. 

The number of MCs was counted, and the length of the epidermis was measured in 5 

randomly selected images. Data were presented as number of MCs per cm length of 

epidermis. The size of MCs was measured from the same set of randomly selected images 

by applying threshold (0, 110 – 128) on the whole images and using the wand function to 

select MC area (Image J). The total number of skin MCs measured is included in Table 5. 

1.  

 

Figure 5. 3 Quantification of skin mucus cells (pink to purple round cells) using traditional 

histology (A) methods and mucosal mapping (B) in sculpins from Maarmorilik, West-

Greenland. A. Mucus cells (yellow arrows) used for quantification in traditional method. 

B. Image of epithelium with mucus cells (yellow arrows) achieved from a tangential section 

of skin used for the mucosal mapping method. 

 

5.3.3.2 Mucosal mapping of skin and gills 

Fixed samples from all stations were processed using routine histology with tangential 

orientation of embedding and sectioning (Fig. 5. 2B and D and Fig. 5. 3B). This provides 

1-2 square centimetres of surface area for analysis, rather than the traditional 2 square 

microns obtained by transverse sections but removes the easy visualization of the 
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component layers. Tangential sections of the gills and skin were stained with Periodic acid 

Schiff/ Alcian Blue (PAS/AB stain, pH 2.5) (235). The mucosal mapping of sculpin skin 

and gills was previously described (34) and based on (233,235). The whole histological 

sections were scanned using a Leica Axioskop micros microscope connected with the 

Visiopharm Integrator System (VIS) and a Prior Proscan digital stage. Fifty counter frames 

(40x) were randomly selected for measurement of MC responses in each organ (skin, gill 

filaments and gill lamellae) of each fish. Briefly, MC responses were assessed using 3 

objective mucosal indices including:   

(a) Mean MC area was average size of MCs at the equator 

(b) Mean MC volumetric density or % mucosal epithelium filled with MCs= 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑎𝑎𝑎𝑎𝑐𝑐𝑎𝑎 𝑥𝑥 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑛𝑛𝑀𝑀𝑚𝑚𝑛𝑛𝑐𝑐𝑎𝑎
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸ℎ𝑐𝑐𝑐𝑐𝐸𝐸𝑎𝑎𝑐𝑐 𝑎𝑎𝑎𝑎𝑐𝑐𝑎𝑎

𝑥𝑥 100 

(c) Barrier status = 1
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐 𝑎𝑎𝑎𝑎𝑐𝑐𝑎𝑎/𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐 𝑑𝑑𝑐𝑐𝑛𝑛𝑀𝑀𝐸𝐸𝐸𝐸𝑑𝑑 

 𝑥𝑥 1000 

The sensitivity of the area measurement is 7 square microns (233), the density goes from 0 

to 100% and the Barrier Status ranges in general from 0.01 to about 2.7 for any species or 

tissue so far (Quantidoc database). From the gills and skin samples, mucosal mapping 

generated 9 mucosal indices including filament MC size (M1), filament MC volumetric 

density (M2), filament barrier status (M3), lamellar MC size (M4), lamellar MC volumetric 

density (M5), lamellar barrier status (M6), skin MC size (M7), skin MC volumetric density 

(M8) and skin barrier status (M9). The total number of selected and measured MCs by 

mucosal mapping is shown in Table 5. 1.
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Table 5. 1 Comparison of results from mucosal mapping (Chapter 4) and traditional measurement in the present study conducted on shorthorn 

sculpins (n = 26) caught near Maarmorilik (West-Greenland). Yes: statistically significant (p < 0.05). No: not statistically significant (p > 0.05). 

In mucosal mapping, density is volumetric density (amount of mucosal epithelium filled with mucus cells). ILU = Interlamellar unit, MC= 

mucus cell. 

Method Mucosal indices Orientation Number 
analyzed 
MCs 

Number 
measurements 
per fish 

Average values (mean ± SE) Distinguish 
between 
stations 

Correlation 
Station 1 Station 2 Station 3 Body 

size 
Hepatic 
Pb 

Parasites 

Traditional 
method 

No MC/ILU (H1) well-oriented 198 10 0.23±0.06 0.08±0.02 0.14±0.04 Yes Yes No No 
No MC/cm filament (H2) well-oriented 336 10 26.67±7.02  22.31±5.74 22.78±6.69 No  Yes No No 
Size filament MC (H3) well-oriented 336 13 54.20±3.16 52.84±3.93 40.62±5.63 No  No No Yes 
No MC/cm lamellae (H4) well-oriented 59 10 1.96±0.88 0.27±0.19 1.06±0.28 No  Yes No No 
Size lamellae MC (H5) well-oriented 59 2 46.68±5.60 41.3±5.62 45.34±7.22 No  Yes No No 
No MC/cm skin (H6) transverse 1224 5 310.9±41.5 274.22±30.1 271.11±48.43 No  No No No 
Size skin MC (H7) transverse 1224 47 187.16±45.24 227.03±29.18 132.28±15.52 No  Yes No No 

Mucosal 
mapping 
(Chapter 4) 

Filament MC size (M1) not oriented 1948 75 95.53±8.51 84.19±7.59 80.61±6.10 No  Yes Yes No 
Filament MC density (M2) not oriented 1948 50 3.62±0.39 2.14±0.47 2.79±0.69 No  No No No 
Filament barrier (M3) not oriented 1948 50 0.39±0.04 0.24±0.04 0.32±0.06 No  Yes No No 
Lamellar MC size (M4) not oriented 172 7 36.13±8.46 28.52±4.47 36.43±6.40 No  No Yes No 
Lamellar MC density (M5) not oriented 172 50 0.24±0.09 0.15±0.02 0.07±0.02 Yes No No No 
Lamellar barrier (M6) not oriented 172 50 0.05±0.02 0.07±0.02 0.03±0.01 No No No No 
Skin MC size (M7) tangential 5788 222 151.04±26.88 203.46±28.14 120.26±11.56 Yes Yes No No 
Skin MC density (M8) tangential 5788 50 3.97±0.99 4.94±0.87 3.72±0.64 No  Yes No No 
Skin barrier (M9) tangential 5788 50 0.25±0.03 0.24±0.04 0.13±0.0 No No No Yes 
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5.3.4  Data analysis 

Mucosal mapping quantification data were normally distributed and suitable for standard 

statistical analyses. Differences between males and females were investigated using an 

independent Student’s t-test (unbalanced samples size, IBM SPSS statistic 22).  

For both methods, the effect of exposure to pollutants on MC responses of fishes from 

station 1, 2 and 3 was determined using a one-way ANOVA (IBM SPSS statistic 22). 

Assumptions of normal distribution and equal variances were checked using histogram and 

Levene test, respectively. When the assumption was violated, data were log-transformed. 

Pearson correlation analysis was used to assess potential associations between traditional 

MC count and mucosal mapping indices, parasitic infections and hepatic Pb levels. p < 0.05 

was interpreted as statistical significance. Statistical power analyses were performed for all 

used mucosal indices using G*Power (3.1.9.6). The minimum effect size for all one-way 

ANOVA test presenting in Table 5. 1 was 0.51 and for Correlation test was 0.495 for Table 

5. 1, 0.405 for all test presenting in Table 5. 2 and 0.394 for all test presenting in Table 5. 

3. These size effects were considered to be large using Cohen’s criteria (1988). With an 

alpha = 0.05 and power value = 0.8, the sample size used in this study was adequate.  

 

5.4 RESULTS 

 The average values (mean ± SE) of each mucosal index based on the traditional methods 

(H1 - H7) and mucosal mapping (M1 - M9) are presented in Table 5. 1. Results of 

correlation investigation between these mucosal indices with body size, hepatic Pb and 

parasitic infections are also summarized in Table 5. 1.  

 

5.4.1 Traditional count of mucus cells 

5.4.1.1 Station differences 
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There was no significant difference between stations in the number and size of MCs per 

cm length filament (H2 and H3), lamellae (H4 and H5) or skin (H6 and H7) (Table 5. 1). 

However, the fishes from station 1 had the highest number of gill MCs/ILU (H1) (0.23 ± 

0.06) that was significantly different from station 2 (0.08 ± 0.02) but not from station 3 

(0.14 ± 0.04) (Figure 5. 4, Table 5. 1).  

 

 

 

 

 

 

 

Figure 5. 4 Average number of mucus cells per interlamellar unit (H1) of the gills of 

shorthorn sculpin (Myoxocephalus scorpius) among three stations near Maarmorilik, West-

Greenland. Means with different letters were significantly different from each other. 

 

5.4.1.2 Body size 

Several moderate correlations were detected between mucosal indices from routine 

histology and body size (length, weight and liver weight). The number of MCs per ILU 

(H1), per cm of filament (H2) and per cm of lamellae (H4) positively correlated with body 

length, weight and/or liver weight (Table 5. 2). The size of lamellar MCs, H5, (but not on 

filament, H3) was positively correlated with body length and liver weight. By contrast, size 

of skin MCs (H7) was negatively correlated with all body size indices (Table 5. 2). 
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Table 5. 2  Correlations between mucosal indices and body size (n=26). * indicate 

significant correlation with p < 0.05. ** indicate significant correlation with p < 0.001. 

These correlations were investigated using pooled data even if there were significant 

differences between stations (Chapter 4). In Mucosal mapping, density is volumetric 

density (amount of mucosal epithelium filled with mucus cells). ILU = Interlamellar unit, 

MC= mucus cell. 

Method Mucosal indices  Length Weight Liver 
weight 

Traditional 
method 

No MC/ILU  
(H1) 

R 0.504** 0.581** 0.657** 
P 0.009 0.002 0.000 

No MC/cm filament  
(H2) 

R 0.424* 0.243 0.323 
P 0.031 0.231 0.107 

Size filament MC  
(H3) 

R 0.277 0.374 0.311 
P 0.171 0.060 0.123 

No MC/cm lamellae  
(H4) 

R 0.385 0.506** 0.605** 
P 0.052 0.008 0.001 

Size lamellae MC  
(H5) 

R 0.406* 0.308 0.416* 
P 0.040 0.126 0.035 

No MC/cm skin  
(H6) 

R 0.161 0.132 0.191 
P 0.433 0.521 0.350 

Size skin MC  
(H7) 

R -0.432* -0.443* -0.552** 
P 0.028 0.023 0.003 

Mucosal 
mapping 

Filament MC size  
(M1) 

R 0.197 0.131 0.190 
P 0.334 0.523 0.352 

Filament MC density  
(M2) 

R 0.468* 0.403* 0.421* 
P 0.016 0.041 0.032 

Filament barrier  
(M3) 

R 0.459* 0.427* 0.425* 
P 0.018 0.030 0.031 

Lamellar MC size  
(M4) 

R -0.024 -0.013 0.188 
P 0.908 0.948 0.357 

Lamellar MC density  
(M5) 

R 0.046 0.149 0.211 
P 0.823 0.467 0.300 

Lamellar barrier  
(M6) 

R -0.178 -0.106 -0.170 
P 0.384 0.605 0.407 

Skin MC size  
(M7) 

R -0.409* -0.380 -0.460* 
P 0.038 0.056 0.018 

Skin MC density  
(M8) 

R -0.288 -0.317 -0.405* 
P 0.154 0.115 0.040 

Skin barrier  
(M9) 

R 0.147 0.189 0.130 
P 0.472 0.356 0.528 

 

5.4.1.3 Hepatic Pb 

No significant correlations were detected between traditional mucosal indices (H1 – H7) 

and the concentration of Pb in liver of shorthorn sculpins (p > 0.05, Table 5. 1).  
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5.4.1.4 Parasitic infections 

The size of MCs on the gill filament (H3) was negatively correlated with number of the gill 

trichodinids (R = -0.512, n = 26, p = 0.007) and skin digenea (R = -0.666, n = 26, p < 0.001, 

Table 5. 1).  

 

5.4.1.5 Organ-specific differences  

Using traditional histology we found significant differences between MC populations on 

gills and skin. The size of skin MCs (H7, 180.43 ± 19.65µm2) was significantly larger than 

those of gills (H3 and H5, 46.80 ± 3.11 µm2) (F = 44, df = 2, p < 0.001). The number of 

skin MCs (H6, 285.81 ± 23.28 cells/cm length) was significantly greater than those of gills 

(H2 and H4, 12.55 ± 2.00 cells/cm length) (F = 135.1, df = 2, p < 0.001). It is important to 

note that density of skin and gill MCs were not directly comparable as the thickness and 

the structure of the skin or gill epithelium are vastly different even if the “running epithelial 

length” is the same. There was no difference in the size or number of MCs in the gill 

filament (H2 and H3) versus in the lamellae (H4 and H5).  

 

5.4.2 Mucosal mapping 

5.4.2.1 Body size 

Filament MC density (M2) and barrier status (M3) were positively correlated with all body 

size indices (Table 5. 2). Skin MC mean size (M7) and volumetric density (M8) negatively 

correlated with liver weight and/or body length (Table 5. 2). No correlation was detected 

between any lamellar mucosal indices (M4, M5 and M6) and body size categories.  
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5.4.2.2 Organ-specific differences  

MC sizes, volumetric densities and barrier status were organ specific and significantly 

different. Skin MC size (M7, 158.25 ± 10.97 µm2) was significantly largest and 

approximately 2 times larger than those in filaments (M1, 86.78 ± 5.78 µm2) and 5 times 

larger than those in lamellae (M4, 33.49 ± 6.07 µm2) (F = 45.98, df = 2, p < 0.001). The 

volumetric density of MCs significantly differed for skin and gills. The sculpin skin had a 

significantly higher density (M8) of MCs with about 4.21 ± 0.61% of epithelium layer filled 

with MCs in comparison with 2.85 ± 0.65% in the filaments (M2) and 0.15 ± 0.02% of 

lamellae (M5) (p < 0.001). The skin mucus barrier status (M9) was similar to that of the 

filament (M3) but differed from that of the lamellae (M6) (F = 54.50, df = 2, p < 0.001). 

On average, the barrier status of skin and filament was maintained between 0.27 to 0.32 

whereas lamellar barrier status was 0.05. 

Mucosal mapping detected two distinct populations of MCs in the gills: the filament MCs 

(relatively large and dense) and those on the lamellae (small and usually sparse). The 

filament MCs were significantly larger (M1, t = 8.4, df = 58, p < 0.001) and their 

distribution was denser (M2, t = 9.3, df = 29.6, p < 0.001) than those of the lamellae (M4 

and M5) at all stations, suggesting a separate function and/or origin.  

 

5.4.3 Associations between mucosal mapping and traditional mucus cell counts  

The correlations between mucosal mapping (M1 – M9) and traditional MC counts (H1 – 

H7) are summarized in Table 5. 3. There were moderate positive correlations between 

number of gill MCs per ILU (H1) and number of MCs per cm lamellae (H4) with 

volumetric density of MCs on filament (M2) and the barrier status of filament (M3). The 

histological measure of size of skin MCs (H7) strongly correlated with mucosal mapping 

skin MC size (M7) and skin MC volumetric density (M8). The mean skin MC size were 
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187 µm2 for station 1, 227 µm2 for station 2 and 132 µm2 for station 3, in histology whereas 

they were 151 µm2 for station 1, 203 µm2 for station 2 and 120 µm2 for station 3 in mucosal 

mapping. The correlation between size of skin MC (H7) and lamellae barrier status (M6) 

was moderate and positive (Table 5. 3). 
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Table 5. 3 Correlations between the two quantification methods (n = 26). * indicate significant correlation with p < 0.05. ** indicate significant 

correlation with p < 0.001. In Mucosal mapping, density is volumetric density (amount of mucosal epithelium filled with mucus cells). R: 

correlation coefficient. ILU = Interlamellar unit. MC= mucus cell. 

  

Filament 
MC size 
(M1) 

Filament 
MC density 
(M2) 

Filament 
barrier 
(M3) 

Lamellar 
MC size 
(M4) 

Lamellar 
MC density 
(M5) 

Lamellar  
barrier  
(M6) 

Skin  
MC size 
(M7) 

Skin  
MC density 
(M8) 

Skin 
barrier 
(M9) 

No MC/ILU  
(H1) 

R 0.269 0.415* 0.394* 0.240 0.235 -0.167 -0.388 -0.360 0.221 
P 0.183 0.035 0.046 0.238 0.247 0.414 0.050 0.071 0.279 

No MC/cm filament  
(H2) 

R 0.076 0.250 0.277 0.022 -0.046 -0.244 -0.296 -0.216 0.083 
P 0.712 0.217 0.170 0.915 0.824 0.230 0.142 0.289 0.686 

Size filament MC  
(H3) 

R 0.265 0.274 0.222 0.142 0.356 0.089 0.184 -0.053 0.378 
P 0.191 0.175 0.277 0.490 0.074 0.664 0.368 0.797 0.057 

No MC/cm lamellae  
(H4) 

R 0.141 0.446* 0.478* 0.130 0.246 0.072 -0.342 -0.263 0.170 
P 0.493 0.023 0.013 0.525 0.225 0.726 0.087 0.194 0.406 

Size lamellae MC  
(H5) 

R 0.284 0.359 0.294 0.385 0.215 -0.142 -0.274 -0.229 0.129 
P 0.159 0.071 0.145 0.052 0.291 0.489 0.175 0.260 0.530 

No MC/cm skin  
(H6) 

R 0.129 0.063 0.015 -0.295 0.137 0.186 -0.093 0.221 0.196 
P 0.529 0.760 0.941 0.144 0.505 0.363 0.650 0.278 0.338 

Size skin MC  
(H7) 

R -0.093 -0.121 -0.115 -0.197 0.346 0.424* 0.742** 0.626** 0.359 
P 0.651 0.556 0.576 0.335 0.083 0.031 0.000 0.001 0.072 
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5.5 DISCUSSION 

The positive correlations between the traditional method and mucosal map were expected 

as the two methods measured the same MC populations. However, due to the differences 

in the selection of analyzed areas and measurement techniques (Table 5. 4), the associations 

between the two methods were ranging from weak to moderate among gill mucosal indices 

but were strong among skin mucosal indices. This also resulted in the differences between 

the two methods with regard to their capability to distinguish fishes from various sampling 

sites and organ-specific MC dynamics, and their associations with body size, hepatic Pb 

and parasitic infection. Results achieved from each analysis are summarised and compared 

in Table 5. 1. Results from mucosal mapping measurements regarding differences among 

stations and correlation with hepatic metals and parasitic infections for the same fishes were 

previously reported in Chapter 4.  

 

Table 5. 4 Differences between histological quantification of mucus cells and mucosal 

mapping 

Comparison Histological quantification of 
mucus cells 
 

Mucosal mapping (design-
based stereology: 3D from 
2D) 

Length or area included in 
the analysis 

1-2 mm running length of 
epithelium  

1-2 cm2 surface area 

Unit of measure relative to existing structures (for 
example interlamellar units) 

universally applicable 

Orientation of the section very important not important 
Standarization no standardized units standardized reporting 
 not directly comparable across 

treatment and organs 
comparable across treatment 
and organs 

Qualitative or quantitative qualitative and quantitative quantitative 
Method 
Bias 

manual 
unbiased only if random selection 
rules followed (see Methods of this 
chapter and (31)) 

semi-automated 
unbiased 
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The differences in absolute MC sizes are mainly due to the non-random selection of cells 

to measure in transverse sections of histology, while mucosal mapping applies stereology 

to estimate cell size at the equator of cells with unbiased selection from tangential sections 

(289). This is best shown for the gill filament, where histology measured average cell size 

as being about half of that obtained by mucosal mapping which estimates cell size at its 

equator. This outcome is generated from an understanding of the geometry of a sphere: 

there is one chance to “hit” the equator but 99 chances to hit something between that and 

the poles (“0” in size). If the equator is equal to 100, then a biased size estimator will 

generate a mean size of 50 as the mean between 100 and 0 (157). In the case of both the 

skin and the lamellae, MC sizes generated by histology were close but larger than those 

measured by mucosal mapping. This again was because of non-random selection of the 

very few MCs on these generally healthy gill respiratory surfaces and the non-random cell 

profiles in transverse sections vs unbiased selection from tangential sections, representing 

a larger organ surface. While both the unbiased size of the skin MCs and the unbiased 

lamellar MC density could distinguish between stations (pollution levels), only the 

histological measure of number of cells per interlamellar unit could do the same (Table 5. 

1). 

The differences in MC density between traditional MC count and mucosal mapping in this 

study is the distinction between numerical and volumetric density of MCs in the mucosal 

epithelium. While in traditional transverse sections, a numerical density of MCs can be 

counted from the visible cells along a linear transect, the mucosa thickness can be vastly 

different between species and between organs, thus affecting counts and numerical density. 

This effect can be minimized if many transverse sections are observed, however, it will be 

time consuming. Furthermore, 10 sections of 100 µm thickness give us 1mm of surface 

area, serial or not, and still does not represent a great deal of the surface area. A numerical 
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density means how many cells in this volume of tissue: here we have two “red herring” in 

that i) 5 small cells are numerically higher than 1 large cell but may be physiological less 

important than that large one, and ii) the variable thickness of the mucosal epithelium on 

species and organs can be affected by handling, sampling, transport, rearing system, species 

and just plain touching by accident, so this is not a static measure, ever, and reflects instead 

the necessarily regenerative state of this protective barrier. A volumetric density states 

clearly how much mucus cells in a given amount of epithelium, regardless of its 

“thickness”. Volumetric density shows the interaction between the size and number of the 

mucus cells in the reference volume of the mucosa and is thus directly comparable across 

tissues.  

 

5.5.1 Orientation and number of analyzed mucus cells  

Regarding quantification of the gill MCs, the main difference is that traditional methods 

only quantify MCs on well-oriented filaments whereas mucosal mapping could employ any 

orientation. Subsequently, the total number of MCs quantified by mucosal mapping (1948 

MCs on filament and 172 MCs on lamellae) was more than 5 times greater than those 

measured by traditional method (336 MCs on filament and 59 MCs on lamellae). However, 

the distinction between filament and lamellar MC sizes was obtained even with much fewer 

measures from each of many more gill sections (126,128). The use of optimal orientation 

of the sections to be measured usually require the fishes be killed for sampling, whereas 

mucosal mapping is independent of section orientation and opens for in vivo estimates of 

MC responses (for example biopsy samples) for assessment of fish health. We conducted 

an ethical trial of in vivo biopsies of skin and gills on 80 salmon smolt, where 30 were 

subjected to gill clips (small pieces of the second gill cut by surgical scissors falling into 

the histocassette below). Despite the completely random orientation of the filaments and 
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lamellae, the resultant measures gave good reproducibility for both filament and lamella, 

and all the fishes survived and showed signs of regenerating the gill tissue. The skin 

biopsies of about 8mm diameter gave good reproducibility for the measures, but application 

of 4 types of wound healing substances was counterproductive – all the treated wounds 

expanded over time whereas those without any wound covering remained near the biopsy 

size while regenerating. Unfortunately, there was also inflammation in the underlying 

muscle tissue and so this in vivo skin biopsy prospect was abandoned. However, gill clips 

work fine for measuring gill mucosa and separates reliably measures on lamellae and 

filament (Pittman, Brennan, Powell, Andersen and Blindheim, unpub results, presented at 

the Gill Health Initiative in Bergen, 2018). The second gill arch was chosen for convention 

and fit with general fish health practices. 

For skin samples, due to tangential orientation of sectioning, mucosal mapping was able to 

examine a larger area of epithelium compared to traditional method where transversal 

sections were used for quantification. As a result, total number of MCs measured by the 

mucosal mapping (5788 MCs) was nearly 5 times greater than number of MCs measured 

by the traditional method (1224 MCs, Table 5. 1).  Variation of measurements within the 

same fishes varied among mucosal indices. For examples, mucosal mapping indices (M1-

M9) or number of MCs per ILU (H1) did not vary much whereas size of skin MCs (H7) 

varied a lot even within the same photos. As the effect sizes of related tests were considered 

to be large, the use of 25 counter frames (instead of 50 counter frames) was enough to 

generate representative mucosal mapping indices (M1-M9) per fish. Significant differences 

between treatments can be obtained with unbiased selection of as few as 50-100 cells per 

section in mucosal mapping (131,234). Variation in number of MCs per ILU (H1) was 

smallest in all traditional mucosal indices. The use of 10 photos per fish was adequate to 

result powers of over 0.8. 



107 
 

5.5.2 Pollutant exposure  

Mucosal barriers are important when assessing effects from environmental stressors  on 

fishes (115) and traditional MCs counts are commonly used to investigate MC responses 

to environmental challenges (133,134,136). For example, in shorthorn sculpin from East 

Greenland, number of MCs/ILU in fishes from the Pb – Zn polluted site (0.27 ± 0.55) was 

significantly greater than that in fishes from reference site (0.13 ± 0.39) (32). In rainbow 

trout (Oncorhynchus mykiss) fry 2 months post hatching, limited exposure to formalin (50 

ppm for 1 h) resulted in an increase in numerical density of MCs whereas an extended 

exposure to formalin (200 – 300 ppm for 1 h or 50 ppm for 24 h) decreased MC density 

(282). Numerical density of MCs in gills (cell/mm2 of gill section area) of tilapia 

(Oreochromis sp.) exposure to Cd (4.45 µM) at various time point (0 h – 15 days) increased 

significantly after 5 h of exposure but not after 5 and 15 days (231). In this study, both 

traditional count and mucosal map detected statistically significant differences among 

stations with different levels of Pb contamination.  

Regarding mucosal indices generated using traditional MC counts, only number of 

MCs/ILU of gills (H1) differentiated shorthorn sculpin from various stations with different 

levels of pollution. As ILU is not constant across species nor within a species at different 

oxygen, ammonia, salinity or temperature levels (290), the number of MC/ILU (H1) for 

health assessment of fishes needs to be interpreted with caution. There was no association 

between any traditional mucosal indices (H1 – H7) and concentrations of Pb in liver. 

Mucosal mapping revealed the significant difference in shorthorn sculpins from stations 

with various level of Pb and Zn in volumetric density of lamellar MCs (M5) and size of 

skin MCs (M7) (34). Significant positive correlation was found between level of hepatic 

Pb and size of MCs on filament (M1) and lamellae (M4) (34). These indicate that mucosal 

mapping indices have biomarker potentials for chronic exposure to Pb. The variation in 
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sensitivity between traditional MC count and mucosal mapping may relate to the selection 

method for the number of MCs included in each measurement.  

 

5.5.3 Parasitic infections 

The interactions between fish mucosa with ectoparasites and some endoparasites such as 

gastrointestinal helminths are dynamic (291–293). Fishes commonly respond to 

ectoparasitic infection by increasing mucus secretion (232). If parasitic infections 

overwhelm host responses, the number of MCs would decrease, indicating an exhausted 

status (121,279,292,293). For example, traditional MCs count detected a decrease in a 

number of skin MCs of brown trout (Salmo trutta fabrio) or rainbow trout (Oncorhynchus 

mykiss) infected at high levels of ectoparasites (Gyrodactylus colemanensis: 95 - 100/fish, 

G. derjavini; 0.48 - 13.67/cm2 and Lepeophtheirus salmonis: 3 - 10/fish) 

(121,279,292,293). If parasitic infection did not overwhelm fish’s resources, the fishes 

would respond to retain the balance between host and pathogens. Mucosal mapping results 

pointed out that shorthorn sculpins were able to maintain stable skin MC volumetric 

densities (M8) between three stations and skin barrier status of these fishes positively 

correlated with number of trematodes, a skin parasite (M9) (34). In this study, traditional 

counts of skin MCs of shorthorn sculpin did not show any links with the levels of parasitic 

infection perhaps because the parasitic infection did not overwhelm host’s responses.  

The size of gill filament MCs (H3) measured in the present study by the traditional method 

was negatively associated with parasitic infections while gill mucosal indices generated by 

mucosal mapping did not correlate with parasitic infections. It is important to note that in 

this paper the parasite load data were standardised from the number of parasites observed 

from the histological sections (sampled gill arch or skin) (34). A large number of 

trichodinid (up to 33 parasites per filament) was commonly found within inter-lamellar 
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units of the gills of the fishes from all stations (34). Metacercarie, a stage of digenea 

parasite, located within histological sections of skin (in the dermis and underlying muscle) 

(34). The variation due to the distance between histological samples and the parasites was 

not significant in this study as only parasites that were next to or in histological sections 

were included in statistical analyses. As traditional methods only investigated the MC on 

the edge of filament when surrounded by lamellae which may be a haphazard result of 

plane of sectioning, while mucosal mapping included any filament area regardless of the 

presence of lamellae.  There are thus two interpretations:  

- that ILU (which is very different from species to species) comprises representatives 

of both filamentous and lamellar cell populations, somewhat haphazardly mixed 

according to plane of sectioning. This is supported by the comparison of cell sizes 

generated by each method and testing for significant differences. 

- that the increased presence of well-oriented lamellae surrounding a MC on the 

filament is an artefact of generally increased filament MC density and will appear 

irregularly to bias results.  

 

5.5.4 Organ specificity of MC indices  

Both methods distinguished significantly larger and denser (numeric vs volumetric) skin 

MCs compared to those on gills. Variations between different MC populations from various 

organs were also reported in other fish species. For example, in European seabass 

(Dicentrarchus labrax), MCs in the skin (dorsal area) were significantly larger in size but 

lower in density compared to those in gut (131). In Atlantic salmon (Salmo salar), skin 

MCs on head, dorsolateral and caudal peduncle sites of skin were significantly different in 

both size and volumetric density (233). Volumetric density of MCs in the skin was lowest 

at caudal and highest at the dorsal area in Atlantic salmon (233). Similarly, in rainbow trout, 
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MC numeric density varied significantly among body sites. The lowest MC numeric density 

was found on caudal fin and corneal surface whereas the highest density was on the body, 

pectoral fin and dorsal fin (292). Measures of MC density from standard histology usually 

mean “numeric density” or the number per selected unit (136,281,292,294). Not only does 

this obfuscate the importance of actual size (are 5 cells of 24 µ2 more or less than 1 cell of 

120 µ2), numeric density is insensitive to any size changes which may accompany acute or 

enhanced responses (Torrecillas et al., 2015), as well as the changes in volumetric density 

which would accompany exhaustion or chronic activation of the mucosal barrier (for 

example from gastrointestinal parasites). Thus, numerical density has limited application 

to the understanding of mucosal dynamics when it is in the absence of a valid reference 

volume. 

While the traditional method did not reveal any differences between filament and lamellar 

MCs, mucosal mapping did. The dissimilarity of MC populations from filament and 

lamellae was also reported in Atlantic salmon at both prior and after hydrogen peroxide or 

peracetic acid exposure using mucosal mapping method (126,128). Differences in size and 

density of MCs from various locations suggested that they may have separate functions or 

origins. Sizes of MCs in gill lamellae of Atlantic salmon exposed to 0.06 and 1.2 ppm 

peracetic acid (PAA) were significant greater than those cells on fishes treated with 2.2 

ppm PPA whereas MCs on the gill filaments of those fishes were not significantly altered 

among treatments (128). The positive correlation between hepatic Pb and size of filament 

MCs, but not skin or lamellar MCs, suggested that filament MCs may play a role in 

reducing the load of Pb in shorthorn sculpin (34). Rainbow trout (Oncorhynchus mykiss) 

experimentally infected with Ichthyophthirius multifilii, mucosal immunoglobin response 

(tpIgR) showed markedly expressed in filaments and only a few were in lamellae (246). 

This suggested that MCs on filaments and lamellae of rainbow trout play alternative 
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functions, with lamellae representing the respiratory surface and, perhaps, the filament 

representing more systemic health.  

 

5.5.5 Body size 

Traditional MC measures of shorthorn sculpins were closely associated with their body size 

(Table 5. 2). More specifically five out of seven mucosal indices generated by traditional 

method (H1, H2, H4, H5 and H7) moderately to strongly correlation with either or all body 

size categories including length, weight and liver weight. About 50% (11/21) of 

investigated correlations were statistically significant. Similarly, four out of nine mucosal 

indices measured by mucosal mapping (M2, M3, M7 and M8) were associated with body 

size resulting in about one-third of investigated relationships being statistically significant. 

So both traditional measurement and mucosal mapping agreed that in shorthorn sculpins 

mucus cell responses was closely associated with body size of the fishes. Off all 

investigated mucosal indices, number of MC/cm filament (H1), size of skin MCs (H7), 

filament MC density (M2) and filament barriers (M3) were the safest mucosal indicators 

for the fish body size. Additionally, the two methods agreed that gill mucosal indices 

positively correlated with body size whereas skin mucosal indices were negatively 

associated with body size. Also, mucosal mapping indicated that MCs in the filament was 

related to body size whereas those in the lamellae were not. These variations supported the 

hypothesis that different MC populations may have distinct origins or play alternative 

functions (34,126,128,131,233).   

 

5.5.6 Detection of parasites 

The sampling and processing protocols used in mucosal mapping were efficient to 

investigate infection levels with skin parasites as the larger surface areas were examined. 
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Additionally, as the collected samples were put into pre-labelled histocassettes before 

fixation, the detachment of parasites during fixation, transportation and processing was 

reduced. The fact is that although only a small area of skin (about 1cm2) was examined, 

this method detected a digenean infection in 43% of sampled fishes with maximum 

intensity reaching 10 digenea/cm2 (34). Future studies that investigate interactions between 

quantitative mucosal responses and parasitic loads on skin may focus on more standardized 

sites of skin samples (larger samples at multiple sites) per fish. 

Traditional counts provided a good overview of skin layers, allowed to locate parasites in 

whether epithelium, dermis or muscle. These characteristics provide important information 

for identification of the parasites especially when histological samples were the only 

available materials.  

 

5.5.7 Health implication  

Both traditional quantification of MCs and mucosal mapping agreed that the mucosal 

barriers in the gills and skin of shorthorn sculpin from Maarmorilik, West Greenland were 

affected by environmental challenges including pollutant exposure and parasitic infection. 

This suggested that immune functions, an important indication of general health in fishes, 

of shorthorn sculpins in this area were not exhausted (Chapters 4 and 5). Some variations 

of MC responses depicted by each method were listed below: 

- Traditional methods differentiated two MC populations: one in the skin and the 

other in the gills. MC population in the gills (H1 and H3) was responsive to 

pollutants and trichodinid, a gill parasite. MCs in the skin did not respond to either 

pollutants or parasites. Both MC populations change with size of the fishes.  

Mucosal mapping separated three MC populations in the gill filaments, gill lamellae and 

skin. Both MC populations in the gill (M1, M4, M5) were related to pollutions where MCs 
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in the skin (M9) changed with the number of trematodes, a skin parasite (34). MCs of all 

population linked with fish size. Finally, it is important to note that the samples were from 

a field study where a number of other factors such as nutrient, water quality or other 

pathogens can contribute to MC responses. Laboratory controlled experiments where all 

potential factors can be controlled are recommended to confirm the potential causations 

between MCs, pollutants and parasites. Here, we focus on the differences between the two 

methods used to measure MC responses from the same set of samples.  The results will be 

highly valuable in future assessment of mucosal barriers, important components of fish 

health.  

 

5.6 CONCLUSION 

Overall, the histological measurement and mucosal mapping showed different MC patterns 

among sculpin from Pb contaminated stations and detected links between MC responses 

and parasitic infections. Traditional quantification was mostly related to the body size of 

fishes whereas mucosal mapping detected the link between MC responses and Pb level in 

liver. The two methods were able to distinguish MC population in skin from those in the 

gills, but only mucosal mapping pointed out the differences between filament and lamellar 

MC populations within the gills. The use of optimal orientation of the gill sections to be 

measured in traditional methods would usually require the fishes be killed for sampling, 

whereas mucosal mapping is independent of section orientation and opens for in vivo 

estimates of MC responses (for example biopsy samples) for assessment of fish health. Of 

all traditional mucosal indices (from H1 to H7), number of MCs per ILU (H1) was the most 

reliable whereas number of MC per cm length of skin (H6) was least reliable than the other 

indices. The use of all three mucosal mapping indices (size, density and barrier status) is 

recommended for an insight on status and dynamic of each MC population. The use of both 
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traditional and mucosal mapping methods in field studies would promise of a holistic 

understanding on MCs responses and their associations with body size, hepatic Pb and 

parasitic infection especially with different MC populations, while mucosal mapping lends 

itself to inclusion in studies of environmental impacts on fish immunology. 
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CHAPTER 6  
 

GENERAL DISCUSSION 
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6.1 SUMMARY OF PROJECT FINDINGS 

This study examined MMCs and MCs in shorthorn sculpins and assessed their biomarker 

potential for environmental monitoring programs in the Northern Hemisphere where 

shorthorn sculpins are naturally distributed. These objectives were achieved through 

scrutinizing the specific aims which were described in Chapter 1.  

The first specific aim, investigate MMCs in various organs of shorthorn sculpins and assess 

the biomarker potential of the splenic and renal MMC populations, was fulfilled in 

Chapters 2 and 3. Melanomacrophage centers in five organs including the spleen, kidney, 

liver, gills and pancreas of shorthorn sculpins were investigated. The variations in 

morphology, density, size, area, distribution, pigments and responses to pathogens of these 

MMC populations were described and can be used as baselines for future monitoring 

studies. A novel method to reconstruct the 3D structure of splenic MMCs from histological 

sections was developed using the AutoCad and Fiji software (Chapter 2). This method can 

be applied to reconstruct any structures or organs of interest from histological samples. To 

the best of my knowledge this is the first time that the 3D structures of both individual 

MMC and a small population of MMCs were determined in a fish species. This 

methodological development was critical to the quantification and description of 

morphological characteristics of these MMCs. Additionally, to the best of my knowledge, 

this study indicated the presence of pheomelanin in MMCs of a fish species for the first 

time (Chapter 2). The biomarker potential of splenic and renal MMC populations was 

investigated in Chapter 3. The number and area of splenic MMCs significantly decreased 

in the fishes from the polluted stations whereas those of renal MMCs did not. The effects 

of sex and body size on MMCs were indicated in Chapter 3, suggesting that these factors 

need to be considered when using MMCs as biomarkers for pollutant exposure.  
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The second specific aim, investigate the mucus cell responses in the gills and skin of 

shorthorn sculpins using multiple quantification methods and examine their biomarker 

potential for pollutant exposure, was fulfilled in Chapters 4 and 5. Responses of MCs in 

the gills and skin of shorthorn sculpin were investigated using 16 mucosal indices being 

generated by both mucosal mapping (Chapter 4) and histological method (Chapter 5). The 

biomarker potential of the gills and skin MC responses (using mucosal mapping) in 

shorthorn sculpin was indicated in Chapter 4. The size of skin MCs was significantly 

smaller in the fishes from the least polluted station whereas the gill filament MCs were 

larger and denser in the fishes from the most contaminated site. Density of the gill lamellar 

MCs followed a toxicity gradient and was significantly higher at the most polluted site and 

lower at the least polluted site. A strong positive correlation between hepatic Pb level and 

size of filament MCs suggested the role of filament MCs in reducing Pb load in the liver of 

shorthorn sculpins (Chapter 4). The biomarker potential of MC responses was indicated 

using traditional method as the number MCs per ILU was significantly different in fishes 

from sites with different levels of pollutants (Chapter 5).  

Overall, both the traditional method and the mucosal mapping method were able to detect 

the biomarker potential of MCs and their links to trematode and trichodinid infections. 

Results obtained using traditional quantification showed the relationship of MC responses 

(H1, H2, H4, H5 and H7) to body size of fishes whereas mucosal mapping indices (M1, 

M4 and M5) were linked to Pb levels. Both methods detected the differences between skin 

and gill MCs, but only the mucosal mapping method distinguished the differences between 

filament and lamellar MCs. Both methods should be used in field studies to achieve a 

holistic understanding on MC responses and their associations with body size, hepatic Pb 

and parasitic infection (Chapter 5). 
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6.2 BIOMARKER POTENTIAL OF MMC POPULATIONS FROM DIFFERENT ORGANS 

MMC populations were found in all investigated organs including the spleen, kidney, liver, 

gills and pancreas of shorthorn sculpins and these populations differed from each other in 

morphology, density, size, area, distribution, pigments, responses to pathogens and 

biomarker potential (Chapters 2 and 3). Splenic MMCs were the most numerous and largest 

MMC population in shorthorn sculpins and showed a biomarker potential for exposure to 

contaminants associated with port activities (Chapter 3). However, this was not the case for 

renal MMCs (Chapter 3). Although the biomarker potential of hepatic MMCs was revealed 

in a number of fish species (196,200,295), in shorthorn sculpins hepatic MMCs were highly 

variable. For example, MMCs were reported in the liver of 40% to 75% of shorthorn 

sculpins in west Greenland (30) while no MMC-like morphology was detected in either HE 

or Perl’s Prussian Blue stained sections of the liver of the same fish species from east 

Greenland (31). Prevalence of hepatic MMCs in shorthorn sculpins was relatively low 

(about 20% of fishes from both polluted and reference sites) (Chapters 2 and 3). Hepatic 

MMCs had a distinct appearance (compared to splenic and renal MMCs) and they were 

spatially close to pathogens and inflammation (Chapter 2). Similarly, MMCs in the gills 

and pancreas of shorthorn sculpins were at very low prevalence (less than 8% of fishes 

from all stations) (Chapter 2) and therefore it was not useful to investigate the biomarker 

potential of these MMC populations.  

 

6.3 TRADITIONAL METHODS AND DESIGN-BASED STEREOLOGY 

Although splenic MMCs displayed a biomarker potential for contaminant exposure in 

Nuuk (Chapter 3), they did not differentiate fishes caught at Pb – Zn polluted station from 

those at more pristine areas in Maarmorilik (2017, unpublished data). This did not 

necessary mean that MMCs of shorthorn sculpins from Maarmorilik had no biomarker 
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potential for Pb – Zn pollution. Instead, the current quantification method which relies on 

counting numbers and measuring areas from 2D histological sections (also called 

traditional or histological based method) to generate numeric densities may require further 

improvements, needed for the following reasons. 

Firstly, traditional quantification of MMCs greatly depends on organ volume, for example 

despite no change in splenic MMCs, their densities declined when the spleen volume 

increased  (88). Spleen volume  may be affected by other factors such as infections (88). 

For example, spleen volume was increased in cultured striped bass (Morone saxatilis) after 

infection with Mycobacterium and in white perch (M. americana) after infection with 

trematodes  (88). In this study, shorthorn sculpins sampled from Maarmorilik (2017) were 

infected by trematodes in the skin and trichodinids on the gills (Chapter 4). As volume of 

the examined organs of these fishes was not measured in this study, the possibility that the 

differences in infection status among these fishes may have affected the organ volumes and 

subsequently influence traditional quantification of MMCs cannot not be ruled out.  

Secondly, 3D structure of splenic MMCs in shorthorn sculpin indicated that the traditional 

quantification may introduce errors as the number and especially size of MMCs in 2D 

histological sections heavily depended on their positions in histological sections (Chapter 

2) and sample orientation (284). The transition from traditional quantification to designed-

based stereology to quantify cells and structures is expected to generate reproducible and 

unbiased data (88,284). In this study, the use of mucosal mapping, a design-based 

stereology method to assess MC responses, resulted in some promising results (Chapter 4) 

in comparison with traditional quantification on 2D histological sections (Chapter 5). This 

study, however, was not be able to apply stereology to MMC quantification due to the lack 

of organ reference volume of shorthorn sculpins. In other fish species such as striped bass, 

white perch, barbel (Barbus peloponnesius) and ohrid trout (Salmo letnica), the 
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stereological procedures have been developed for MMC quantification and there have been 

some promising results (88,213,296). 

 

6.4 MUCUS CELL POPULATIONS AND SUB-POPULATIONS 

In teleost fishes, MCs were reported in the gills, skin, intestine and olfactory organs (Fig 

6.1) (115,116). Mucus cell populations in the first three organs have been extensively 

studied, however there is a gap in our knowledge of the MC population associated with the 

olfactory organs (115,116). In MC populations of the gills, skin and intestine, significant 

differences in size, density (both numerical and volumetric) and barriers status (as defined 

in Chapter 3) were reported in Atlantic salmon (126), European seabass (131,297) and 

shorthorn sculpin (Chapters 4 and 5). MC populations from different organs of European 

seabass and shorthorn sculpins responded differently to the same stimulants or diets 

(Custódio, 2014, Chapter 4). For example, following the exposure to the same level of Pb 

– Zn pollution, MC density of the gill lamellae significant increased but this was not the 

case for MCs in the skin of shorthorn sculpins (Chapter 4).  

Recent studies indicated that subpopulations of MCs may exist within the three above 

organs (Fig 6.1). In the skin of Atlantic salmon, significant variations were observed in MC 

size and density between dorsolateral, caudal peduncle and the head (233). Mucus cells in 

the posterior intestine of European seabass were larger and denser and responded to dietary 

oil source whereas those in the anterior intestine did not  (131). The differences in the 

filament and lamellar MCs were reported in both Atlantic salmon (126,128) and shorthorn 

sculpin (Chapters 4 and 5) suggested that they might have different functions. In this study, 

the positive correlation between the size of filament MCs and levels of Pb in the liver of 

shorthorn sculpins was revealed. However, this was not the case for lamellar MCs.
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Figure 6. 1 Various mucus cell populations (dark blue) and proposed sub-populations (light blue) in some fish species. Question mark (?) 

shows knowledge gaps (115,126,131,233,283,297,298).  FA. Mucus cells at the base of lamellae. FB. Mucus cells at the tip of filaments
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The results of Chapter 5 provided evidence of different sub-populations of MCs within the 

gill filament of shorthorn sculpins. The size of filament MCs (H3, measured using 

traditional methods) negatively correlated with the trichodinid and trematode infections 

while the gill mucosal indices (generated by mucosal mapping) did not (Chapter 5). The 

main difference between the two methods was the area for measurement. While the 

traditional method only measured MCs present on well-oriented filaments, mucosal 

mapping included all filaments. As a result, traditional method only investigated the MCs 

on the base of the lamellae (FA regions) while mucosal mapping included these areas (FA 

regions) plus the tips of the filaments (FB regions). The results of this study (Chapter 5) 

showed that size of MCs on the FA regions (H3) negatively correlated to parasitic 

infections, whereas the size of MCs on the FA + FB regions (M1) was not correlated to the 

parasitic infections. This suggests that there might be more than one sub-population of MCs 

in the gill filaments of shorthorn sculpins and these sub-populations may differ from each 

other in functions (at least in responses to the parasitic infections). If this is the case, 

filament mucosal indices (M1-M3) generated using mucosal mapping may mix these 

subdivisions into one and therefore it was less sensitive to parasitic infections than the 

traditional method in my study.  

 

6.5 LIMITATIONS OF THIS STUDY 

6.5.1 Non-specificity of MMC and MC responses  

This study indicated significant alterations of MMCs and MCs in shorthorn sculpins caught 

from stations polluted with POPs or heavy metals (Chapters 3 and 4), however, these 

responses are nonspecific for these pollutants (116). For example, the alterations of MMCs 

are associated not only with toxicant exposure but also infections, stressors or physiological 

characteristics (79–81,91,94,96,99,107,112,207). Similarly, mucosal layers respond to a 
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“complex antigenic cocktail” of chemicals, pathogens and irritants (114,116,120–125). 

Sizes and densities of MCs varied with environmental factors such as salinity (279), nitrate, 

oxygen (133), acid exposure (136), hypo- and hyper-osmotic ion stress (135), pathogen 

levels (293) and lead levels (Chapter 4). Because MMCs and MCs could be affected by 

other factors than pollutants as discussed above, the associations of MMCs and MCs to 

POPs or heavy metal pollutants reported in this thesis should be interpreted with caution. 

The responses of MMCs and MCs can be used as general biomarkers for exposure effect 

in the field where POPs (43–45) or heavy metals (Chapter 4) were more prominent than 

other pollutants. The use of these responses as specific biomarkers for any particular 

pollutants needs to be confirmed in laboratory-controlled experiments (as discussed 

below). 

 

6.5.2 Lack of controlled experiments for shorthorn sculpins 

This PhD project used samples from the field to indicate effects of pollutants on fishes in 

the real world. However, in field conditions, a number of other factors such as diet, oxygen 

deficiency, temperature and salinity fluctuation and pathogens could possibly affect the 

wild fishes (116) and subsequently confound the effects of pollutants (299). For example, 

toxicity of Pb to rainbow trout and zebrafish was influenced by water quality including 

dissolved oxygen level, hardness, salinity and other metals (218). In field studies, fish 

biomarkers could have been affected by other factors than pollution (299). For example, in 

this study, MCs of shorthorn sculpins collected from Maarmorilik (2017) might have been 

associated not only with Pb but also other factors that were not measured such as diet or 

water quality (Chapter 4). Therefore, it is important to differentiate the effects caused by 

pollutants from the effects caused by other factors (299). This can be done by conducting 

laboratory-controlled experiments in which most factors such as diet or water quality could 
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be controlled. During the final stages of my PhD, a laboratory-controlled experiment was 

conducted by another PhD student to confirm the biomarker potential of MCs in shorthorn 

sculpin. Preliminary results of this experiment has shown that the number of MCs in the 

gills of shorthorn sculpins exposed to Pb (3.97 to 4.05 µg/L of Pb (II) nitrate, 28 days) 

significantly increased and positively correlated with concentration of Pb in the liver of 

these fishes (Jantawongsri et al., 2020). These results have confirmed the findings on 

responses of MCs in shorthorn sculpins to Pb observed in field condition (Chapters 4 and 

5). Laboratory-controlled experiments are recommended for future studies to confirm other 

findings on MMCs and MCs of this study. Ideally, a combination of both field and 

controlled experiments allows us to understand these biomarkers better and improve 

interpretation of the results from the field (301).  

 

6.5.3 Artifacts  

Artifacts can occur at every step of histological process from euthanasia, necropsy,  

sampling, fixation, processing, embedding, sectioning, staining to cover slipping (302,303). 

In this study, shorthorn sculpins were caught using a fishing rod, transferred to a holding 

tank containing seawater then transported to a nearby research station. Because of being 

handled MCs of these fishes may be damaged and subsequently sloughed off. As a result, 

the densities of MCs in the skin of sampled fishes may be affected. Additionally, 

histological process possibly altered average sizes of MCs in the gills and skin of these 

fishes. For example, in Atlantic salmon, average sizes of MCs in the skin were affected by 

decalcification and embedding medium (233). Therefore, any comparisons between the 

average sizes of MCs in the gills and skin of shorthorn sculpins with those in other species 

need to note that MC samples in this study were not decalcified and were embedded in 

paraffin.  
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Figure 6. 2 Artifacts in MMCs and hematopoietic tissue of the spleen. A. Common artifacts 

(arrows) in the spleen of southern blue fin tuna. B. Common artifacts (arrows) in the splenic 

MMCs of shorthorn sculpins. C and D. These artifacts did not appear in the spleen of 

shorthorn sculpins after leaving paraffin blocks face down in melting ice for at least 3 h. 

 

Stress caused by sampling may not cause any artifacts in MMC number, size or area of 

shorthorn sculpins because short-term exposure to stressors may not be enough to lead to a 

significant change in MMC responses (211,304). For example, in mosquito fish (Gambusia 

affinis) and guppy fish (Poecilia reticulate), a long term exposure (30 days) to Bisphenol 

A (50µg/L) increased number of the renal MMCs but a short term exposure (15 days) did 

A B 

C D 
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not cause any changes (304). The most common artifact in the assessment of MMC 

responses occurred during sectioning of the blocks using a microtome. In the spleen of 

shorthorn sculpins and other fish species such as southern bluefin tuna (Thunnus maccoyii), 

the histological sections were often torn and formed a lot of void spaces in the middle of 

MMCs or surrounding hematopoietic tissues (Fig. 6. 2 A and B). This is due to tearing of 

the section as parts of the organ become harder during processing and the density of 

different parts of spleen varies. In this study, to avoid these artifacts, the faced paraffin 

blocks were put face down in melting ice for at least 3 h before sectioning. This process 

considerably reduced the presence of these artifacts in both MMCs and hematopoietic 

tissue in the spleen of shorthorn sculpins (Fig 6. 2 C B). The reason why this modification 

helped to reduce these artifacts and an appropriate duration of this modification should be 

investigated further. 

 

6.6 FUTURE DIRECTIONS 

6.6.1 Pigment profiles 

While the presence of three pigments including melanin, lipofuscin and hemosiderin 

(identified by differential stains) has been widely reported in MMCs of the spleen, kidney 

and liver of many fishes (80,106,149,160–163), to the best of my knowledge no 

determination of the proportion of pigments or intensity of each pigment in MMCs from 

each organ (also called pigment profile) has been published. Some studies reported pigment 

variation in MMCs from different organs but no quantitative data were included 

(81,176,305). Quantitative data on pigment variation of various MMC populations are 

required for each fish species. This can be done using image analysis to measure the 

intensity of pigments in specific stained sections (such as Perl’s Prussian Blue, Sudan Black 
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or Fontana Masson). These data would be a good foundation for studies on MMC pigments 

and their biomarker potential in fishes.  

Additionally, as Chapter 2 suggested the presence of pheomelanin and eumelanin in the 

MMCs of shorthorn sculpins. Because pheomelanin and eumelanin originate from different 

pathways and might respond differently to the same stressors (306–308), the information 

on types of melanin is important to note. In Chapter 2, I suggested the use of both HE and 

Fontana Masson staining methods to detect the presence of pheomelanin (Fontana Masson: 

positive, HE: negative) or eumelanin (Fontana Masson: positive, HE: positive) in MMCs 

of shorthorn sculpins. This technique has been applied to reveal the presence of 

pheomelanin in melanisation areas in muscles of sand flathead (Platycephalus bassensis) 

(309). Future studies on pigment profiles of MMCs are recommended to include types of 

melanin in these centers plus their quantities. Quantitative data of pheomelanin and 

eumelanin could be collected by application of image analysis on histological or 

immunohistochemistry stained sections. 

 

6.6.2 Quantification of MMCs from 2D histological sections 

Responses of MMCs were often quantified using the changes in the number, size and 

percentage of MMC covered area. The selection or combination of these parameters varied 

among studies (94,195,196,310). Since MMCs exist as multiple centers inside organs, the 

total MMC covered area can be estimated from the number of MMCs and an average size 

of MMCs (roughly, number x average size = total area). If only one parameter is selected 

for quantification of MMCs, area measurement would be a good candidate (85,145,146) as 

a change in either number or size would result in alterations in the total surface area. 

However, in the event that both number and size varied simultaneously but in opposite 

directions, area quantification may not be able to detect the changes (96,178,201,311). 
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Measurement of at least two parameters (for example: combination of both area and number 

or both area and size of MMCs) was more sensitive than only one parameter (Chapter 3). 

In comparison between these combinations of two parameters, area-number may be more 

stable and easier to conduct than area-size due to MMCs having irregular shapes 

(80,82,201). Additionally, the size of MMCs in the same histological section highly varied 

and heavily depended on their positions in histological sections (Chapter 2). To sum up, 

particularly in the case of limited resources, the collection of area-number parameter is 

recommended for quantification of MMCs.  

 

6.6.3 Effects of other factors on MMCs 

Alterations of MMCs have been reported in many fish species in association with several 

factors such as toxicant exposure (for examples heavy metals, chemicals from industrial, 

agricultural and sewage effluents) (99,194,195), infections (148,312,313), stressors (such 

as aquaculture practices, thermal variation and starvation) (146,151,210) and physiology 

(age, sex and season) (151,310). MMCs are often used as general biomarkers for 

environmental stressors because multiple factors can affect their characteristics. Further 

studies, which can provide a better understanding on functions of MMCs in different 

organs, components and functions of each pigment are required. Also, data are lacking on 

the activities, movement and aggregation mechanisms of free melanomacrophages. The 

assessment on characteristics of MMCs in a specific organ (for example, alterations in the 

pigment profile of hepatic MMCs or metal components of renal MMCs) can be useful as 

specific biomarkers for toxicant exposure. 
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6.6.4 Future research on MCs in fishes  

The distinctions between various MC populations and subpopulations were evident in some 

fish species including Atlantic salmon, European seabass and shorthorn sculpins (Fig 6. 1). 

There is a need to investigate different MC populations in other fish species. Additionally, 

as most mucosal surfaces play alternative functions (not only defence) such as nutrient 

uptake and catabolism (gut) or ionic, osmotic and acid-base regulation (gills) (245,314), 

the work of one mucosal structure can affect the others. For example, in Canadian Atlantic 

salmon and European seabass, diets which were well absorbed in the gut resulted in an 

increase in skin MC densities and a decrease in skin MC size, indicating a high rate of 

mucus production and cell turn over (131,298). Also, the depth of the cut needs to be 

standardized when estimation of the size of mucous cells. If not, multiple sections from the 

same paraffin blocks need to be included into quantification. The information about 

dynamic and fundamental communication between various MC populations and sub-

populations is limited and therefore this area is recommended for future studies. 

 

6.7 CONCLUDING STATEMENT 

My study has expanded our knowledge of MMCs in a number of organs of shorthorn 

sculpins. To the best of my knowledge the 3D structure of splenic MMCs was reconstructed 

in a fish species for the first time. This is the first published report on the presence of 

pheomelanin in MMCs of a fish species. This study has also led to a greater understanding 

of MC responses to environmental challenges including pollutants and parasites. Finally, 

this study had indicated the biomarker potential of both MMCs and MCs in shorthorn 

sculpin, an indicator species in the Northern Hemisphere. 
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