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Abstract

Two in vitro methods have been applied and tentatively optimized for the
use with Atlantic cod (Gadus morhua), in order to gain more knowledge
about responses for this ecologically and economically important species. The
Oslofjord was the chosen study area, where cod popoulations have been at an
all-time low since 2002. In the inner parts of the fjord elevated concentrations
in sediment and biota have been found for several contaminants, among them
bisphenols. The outer Oslofjord is in comparison relatively unpolluted.

Hepatocyte isolation was succesfully performed on wild caught cod from the
outer Oslofjord with the two-step perfusion method. Wild cod hepatocytes
were exposed to copper, single compound bisphenol type A, B, E, G, TMC
or Z, or mixtures of bisphenols. Bisphenol exposure was not very cytotoxic
at the here applied concentrations up to 100 µM, and EC50 values could
not be obtained. Based on the applicable EC20 values, mixture 1 (containing
bisphenol G, TMC, Z, B and E in ratios previously found in cod liver) was the
most cytotoxic, followed by bisphenol G, TMC and Z. The other bisphenols
did not appear to cause cytotoxicity at the concentrations tested.

The alkaline comet assay was validated for use on four tissues from cod from
the inner and outer Oslofjord. The comet scores displayed a typical non-
normal, right-skewed distribution. Baseline responses showed higher DNA
damage in whole blood and cells from the intestinal mucosa, compared to
lymphocytes and kidney cells. Samples from the inner Oslofjord cod dis-
played less DNA damage increase when treated with hydrogen peroxide than
those from the outer Oslofjord, indicating a possible adaption to repeated
oxidative stress in the inner Oslofjord cod. Baseline responses from the two
areas were similar, with the exception of kidney cells, where cod from the
inner Oslofjord had a higher response. Biometric parameters such as length,
weight, hepatosomatic index, Fulton’s condition index or sex did not correlate
with DNA damage in any of the tissues.
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Because cod is frequently kept in aquaculture, different methods for hepato-
cyte isolation was attempted with aquaculture cod. This was not successful.
The likely explanation for this, is the fatty livers of these specimens, com-
pared to the wild cod.
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Abbreviations

AB Alamar Blue

Bisphenol A 2,2-bis(4-hydroxyphenyl)propane

Bisphenol B 2,2-Bis(4-hydroxyphenyl)butane

Bisphenol E 1,1-Bis(4-hydroxyphenyl)ethane

Bisphenol G 2,2-Bis(4-hydroxy-3-isopropyl-phenyl)propane

Bisphenol TMC 1,1-Bis(4-hydroyphenyl)-3,3,5-trimethyl-cyclohexane

Bisphenol Z 1,1-Bis(4-hydroxyphenyl)-cyclohexane

BSA Bovine serum albumin

CaCl2 Calcium chloride

CFDA-AM 5-Carboxyfluorescein Diacetate, Acetoxymethyl Ester

CuSO4 Copper sulfate

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

EDTA Ethylenediaminetetraacetic acid

EGTA Ethylene glycol-bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic
acid

FBS Fetal bovine serum

HSI Hepatosomatic index
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H2O2 Hydrogen peroxide

KCl Potassium chloride

mBCl Monochlorobimane

MgSO4 Magnesium sulfate

NaCl Sodium chloride

Na2EDTA Ethylenediaminetetraacetic acid disodium salt dihydrate

NaHCO3 Sodium bicarbonate

NaH2PO4 Monosodium phosphate

Na2HPO4 Disodium phosphate
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1. Introduction

Incentives to reduce or eliminate animal testing have grown stronger in the
last decades. Guidelines for an ethical approach to animal testing, the 3Rs,
are now part of the EU’s legislative framework (Council of European Union,
2010). They represent the three principles of Replacement, Reduction and
Refinement, published by Russell and Burch (1959). However, an increasing
number of new chemicals, as well as the REACH testing program for chem-
icals, which entered into force in 2007, have created more testing demands.
According to an EU report (The European Commission, 2013), there were
11.5 million testing animals in the EU in 2011, invertebrates not included.
The report states that the number was down from the 2008 level, though the
number of animals used for toxicity testing increased over the same period.
The contrasting trends of increased testing needs with decreased animal use
call for a new approach to animal studies.

Advances in cell culture techniques have made it possible to assess toxicity
in vitro. This term refers to ’an artificial environment outside a living organ-
ism’ (Park and Allaby, 2017), in contrast to in vivo, i.e. in the organism. In
vitro methods utilize isolated cells, tissue or organs from animals to model
various characteristics of the more complex in vivo condition. Within ecotox-
icology, these methods are advantageous for providing quicker screening of
chemicals and more information about toxicity pathways (Rehberger et al.,
2018). In addition, in silico (computer based) methods are becoming more
important, for instance in discovering quantitative structure-activity relation-
ship (QSARs) of chemicals (Hecker, 2018). in vitro and in silico methods
are proposed to represent a paradigm shift within toxicity testing (Rouquié
et al., 2015).

Other motivations to move away from the traditional in vivo approaches, are
high cost, time, space and manual labor required to conduct such studies.
In vitro studies can utilize millions of cells from one single animal, with the
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possibility to test multiple chemicals or doses. These systems also allow for
control over experimental conditions not possible in vivo (Baksi and Frazier,
1990). But despite the great promise held by in vitro tests, there are still
limitations and challenges that have to be overcome (Zhang et al., 2018).
The potential failure to capture the whole-animal system, and the difficult
in vitro-in vivo extrapolation are some examples. Also cell cultures still have
a way to go in accurately mimicking the in vivo condition.(Mazza et al., 2017;
Zhang et al., 2018; Augustyniak et al., 2019)

Ecotoxicological tests face the additional challenge that different organisms
have different susceptibility to chemicals. The solution has been to perform
extensive animal testing on a few so-called model species, on the assumption
that organisms from the same class would have comparable sensitivity to
pollutants (Hecker, 2018). However, extrapolation from toxicity experiments
on model species in the laboratory often lead to inconsistent conclusions
(Allard et al., 2009). In the case of teleost fishes, many species are found to
be more vulnerable to pollutants than the model species (Vardy et al., 2013;
Besser et al., 2005; Martin-Skilton et al., 2006). This study will focus on two
in vitro methods for use with the non-model species Atlantic cod (Gadus
morhua).

The Atlantic cod (hereafter called cod, fig. 1.1) is an important fish species
both ecologically, economically and culturally (Kurlansky, 1997; Link et al.,
2009). This fish inhabits coastal and continental shelf waters in the northern
part of the Atlantic ocean. The large amounts of eggs and larvae produced by
the cod are important prey for a wide range of organisms, among them other
cod. Older specimens are important predators, and serve as prey for marine
mammals (Link et al., 2009). The cod was once so abundant that it could be
caught by ’dropping weighed baskets in the sea’, as reported by John Cabot
after his return from North America in 1497 (Kurlansky, 1997). In contrast to
this, the stocks off Canada were by 1992 so low that a moratorium on fishing
was declared, the likely reason being an overestimation of the population
abundance and an underestimation of the fishing mortality (Myers et al.,
1997). Declining cod stock has even led to militarized interstate disputes, as
seen in the three so-called Cod Wars between Iceland and the UK between
1958 and 1976 (Steinsson, 2018).

In southern Norway, the populations of cod along the Skagerrak coast and
in the Oslofjord have been at an all-time low since the turn of the century
(Johannessen et al., 2012). Fishing pressure is one likely cause, as found by
Cardinale in the nearby area of Swedish Skagerrak (Cardinale and Svedäng,
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Figure 1.1: Atlantic cod (Gadus morhua).
Modified version of image by Bathynome / CC BY-SA 3
(https://commons.wikimedia.org/w/index.php?curid=10758859)

2004). Other studies attribute the decline to a regime shift in the ecosys-
tem around 2002, with a substantial decrease in important prey species for
juvenile cod, resulting in a recruitment failure for cod and other gadoids (Jo-
hannessen et al., 2012; Aanonsen, 2018). Hoping to preserve what is left of
the Oslofjord cod stock, a moratorium on cod fishing was imposed from the
summer of 2019 (The Norwegian Directorate of Fisheries, 2019).

The Oslofjord is a sill fjord situated in the most densely populated area
of Norway. The sill is 20 m deep and located by the narrow Drøbak sound,
making water exchange in the inner fjord basins a rare event (Staalstrøm and
Røed, 2016). Together, these factors may explain why the inner Oslofjord has
seen elevated values of metals and xenobiotics such as mercury, PCBs, silox-
anes and bisphenols in sediment or biota (Ruus et al., 2016, 2017). The outer
Oslofjord remains quite unpolluted by comparison. In the case of bisphen-
ols, annual monitoring of the inner Oslofjord found relatively high values of
bisphenols B, E, G, Z and TMC in cod liver in 2015 (Ruus et al., 2016). Bi-
sphenols are synthetic monomers used in the manufacturing of plastics, where
bisphenol A is the most commonly used. The high production volume and
the constant input to the ecosystem of these compounds makes them a reason
for concern, even if they are degraded in the environment (Chen et al., 2002;
Oehlmann et al., 2009; Flint et al., 2012; Noszczyńska and Piotrowska-Seget,
2018). Studies on bisphenol A has shown estrogenic, hepatotoxic, mutagenic
and carcinogenic effect (Chen et al., 2002; Asahi et al., 2010; Micha lowicz,
2014).

Dwindling wild cod stocks has stimulated interest in cod aquaculture, in-
spired by the success of the salmon farming industry (Peruzzi and Jobling,
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2010). Because of several setbacks such as high mortality of juveniles, dis-
eases, escapes and precocious sexual maturity, cod farming has not become
a commercial success (Henriksen et al., 2018). The availability of farmed
cod has, on the other hand, facilitated research on cod. Studies conduc-
ted on farmed cod is advantageous, because all environmental parameters
are known, as well as age and origin of the fish. Farmed cod may how-
ever be different than its wild counterpart as a result of the domestication
process where individuals have been selected for traits such as disease resist-
ance under crowded conditions, docile behavior and increased growth rate.
The feeding regime with high-energy lipid-rich diets, is also producing cod
with enlarged fatty livers (Losnegard et al., 1986; Jobling, 1988; Grant et al.,
1998).

In toxicity studies, the liver is highly relevant, by virtue of being the main
site for xenobiotic biotransformation (detoxification) in fish, like it is in mam-
mals (Fitzsimmons et al., 2007; Calitz et al., 2018). The main cell type in the
liver is hepatocytes (Blouin et al., 1977; Klaunig et al., 1985; Braunbeck and
Segner, 2000). Many attempts were made to isolate hepatocytes from rats
during the 1950s and 1960s (Anderson, 1953; Branster and Morton, 1957;
Jacob and Bhargava, 1957). Using mechanical force to separate the cells,
they eventually succeeded, though the cell yield was very low. In 1969 Berry
and Friend published a study where high yields of viable hepatocytes were
obtained from rat liver by using collagenase perfusion (Berry and Friend,
1969). In short, the liver was flushed with a physiological medium contain-
ing collagenase in order to detach the cells from each other, then centrifuged
to separate the hepatocytes from debris and collagenase solution. A modific-
ation including a second perfusion step was introduced by Seglen (1972); the
resulting method became known as the two-step perfusion method. Some ten
years later the method was successfully adapted to piscine systems (Walton
and Cowey, 1979; Klaunig et al., 1985). Primary hepatocytes has proved to
be a powerful and versatile system for exploring different aspects of hepatic
function (Mommsen et al., 1994; Van de Bovenkamp et al., 2007). Within
ecotoxicology it has been used to investigate cytotoxicity, genotoxicity, meta-
bolism and endocrine disrubtion of xenobiotics in different species (Baksi and
Frazier, 1990; Moon, 2004; Christianson-Heiska and Isomaa, 2008; Hultman
et al., 2015; Bischof et al., 2016)

The two-step perfusion method has become well-established for use on several
teleosts (Mommsen et al., 1994; Braunbeck and Segner, 2000). However, for
species that store lipids in the liver, among them cod, the method was long
believed to be impossible to perform. The reason was the positive buoyancy
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demonstrated by these lipid-rich cells, which rendered the centrifugal pellet-
ing impossible (Mommsen et al., 1994; Braunbeck and Segner, 2000). More
recently, this has been proven wrong, as cod hepatocytes have been success-
fully isolated from fish captured in the Bergen harbor, the outer Oslofjord
and the German bight (Søfteland et al., 2010; Ellesat et al., 2011; Stapp
et al., 2015). There are however no reports on cod hepatocyte isolation from
farmed cod. A master’s thesis from 2010 claim to have succeeded, but spe-
cifies neither cell yield nor viability of the resulting cell culture (Tianxiao,
2010).

To extract hepatocytes from a fish, it has to be dead. Other tissues can be
sampled without killing the individual, such as blood. Red or white blood
cells can be used for many of the same tests as hepatocytes, but do not
have the same biotransformation profile. Such cells have been widely used
for genotoxicity assessments. The term genotoxicity includes all types of
DNA or chromosomal damage, such as gene mutations, adduct formation
and interference with the DNA replication or repair systems (Zeiger, 2010).
DNA damage is not only hazardous for individual organisms, there is also an
ecological risk of heritable mutations and loss in the total genetic diversity
of the population (Bickham et al., 2000).

The most common method to measure DNA damage is the single-cell gel
electrophoresis, also called the comet assay (Azqueta and Collins, 2013),
which can be used in vivo or in vitro. Advantages of the comet assay in-
clude the property that DNA strand breaks are measured in individual cells,
can be performed on nearly any eukaryotic cell, only a small number of cells
are needed and the method is very sensitive (Lee and Steinert, 2003). The
alkaline comet assay was developed by Singh et al. (1988), on the basis of
previous similar attempts (Cook and Brazell, 1976; Ostling and Johanson,
1984). In essence, the method measures the migration of DNA from immob-
ilized lysed cells during electrophoresis. Because smaller fragments of DNA
move easier through the gel in which the cells are embedded, the amount of
DNA migration serves as a measure of DNA strand breaks.

The in vitro comet assay is frequently used in biomonitoring, as a method to
establish and monitor baseline levels of DNA damage in different species and
tissues (Frenzilli et al., 2009; Gajski et al., 2019b,a). Being very versatile, the
method has been adapted to a wide range of fish species (Gajski et al., 2019b),
still only a few publications have applied this assay to cod (Fredriksen, 2013;
Sahlmann et al., 2017).
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The aim of this thesis is to investigate the use of cell-based in vitro techniques
on hepatocytes and blood, kidney and intestinal cells from Atlantic cod,
including an assessment of the variability of the response.

This main aim can be separated into:

• Validate the two-step liver perfusion technique or another hepatocyte
isolation technique for use with wild and aquaculture cod.

• Quantify the cytotoxicity of environmentally relevant concentrations of
different bisphenols to cod hepatocytes.

• Validate the use of the comet assay with different tissues from cod.

• Clarify the inter-cell variability in comet responses in different tissues
following exposure to oxidiative stress.

• Clarify effects of sex, age/size, condition, hepatosomatic index and
place of capture (inner/outer fjord) on comet responses.
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2. Materials and methods

2.1 Chemicals

Collagenases were obtained from Gibco (type IV) and Sigma-Aldrich (type
1A and VIII). Leibovitz’s L-15 medium was obtained from Gibco. Penicil-
lin, streptomycin and amphotericin, sodium bicarbonate solution 7.5% and
FBS were obtained from from Sigma-Aldrich. Percoll was obtained from GE
Healthcare. Fluorescent probes CFDA-AM and mBCl were obtained from
Sigma-Aldrich. AB, Triton X-100 and SYBR Gold Nucleic Acid Gel Stain
were obtained from Invitrogen.

Bisphenols A, G and TMC were obtained from Sigma-Aldrich. The other
bisphenols and mixtures were provided in in the described stock solutions
from Vidar Berg, Norwegian University of Life Sciences (NMBU). Other
reagents and media were from Sigma-Aldrich.

2.2 Field sampling of cod

Fish were collected using a bottom trawl on the research vessel “Trygve
Braarud” on 27th and 28th of November 2018 and 26th of February 2019
for the comet assay and perfusion method samples, respectively. Trawling
was conducted in the area called “Hortenskrakken” in the outer Oslo fjord
at approximately 150 meters depth, and “Midtmeie” in the inner fjord at
100-110 meters depth (figure 2.1). After trawling, fish were transferred to
flow-through sea water tanks onboard the vessel where they were kept until
sampling (maximum 4 hours). Fish were sacrificed by a blow to the head.
Length (±0.5 cm), weight (±0.5 g; for fish over 1 kg: ±5 g), liver weight
(±0.5 g) and gender were recorded (table 2.1).
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Figure 2.1: Map of the Oslofjord with the two sampling sites marked in blue.
The border between the inner and outer Oslofjord is at Drøbak, where there is a
sill (shallowest depth is 20 m). Modified version of map from Kartverket / CC BY
4
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Table 2.1: Biometrical data for the sampled cod. Length, weight and liver weight
are given as mean values with standard deviation. For the outer fjord sampling
in February, one of the cod were juvenile and sex could not be determined (not
included in the table). Data are presented as mean values ± standard deviation.

Place
(time)

Males Females Length [cm] Weight [g] Liver weight [g]

Inner fjord
(2018/11)

3 7 46 ± 11 1068 ± 742 27 ± 25

Outer fjord
(2018/11)

4 8 48 ± 7 1141 ± 445 23 ± 9

Outer fjord
(2019/02)

2 4 45 ± 15 1168 ± 1425 15 ± 14

Data for each individual cod (inner and outer Oslofjord for the comet assay
samples) can be found in table 7.1 in the appendix.

2.3 Aquaculture cod

The farmed cod used in this study were obtained from NOFIMA, Tromsø.
They were fed a commercial diet with pelleted feed. The fish were 2 years (7
individuals) or 7-8 months (2 individuals) of age.

2.4 Condition indices

Condition indices calculated from biometrical data have been shown to indic-
ate available energy reserves in cod, such as muscle and liver energy content
(Lambert and Dutil, 1997). Fulton’s condition factor (K) was calculated as
K = 100 · W/L3, where W is total weight (g) and L is fish length (cm).
Hepatosomatic index (HSI) was calculated HSI = LW/W · 100, where LW
and W represent liver weight and total weight (g). Condition indices are
often calculated with somatic weight rather than total weight, however, so-
matic weight was not available for most of the samples in this study. HSI
has previously been found to be considerably higher in farmed cod than in
wild-caught fish (Losnegard et al., 1986; Jobling, 1988).
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2.5 Hepatocyte isolation

2.5.1 Initial procedures for hepatocyte isolation

Isolation of primary hepatocytes from farmed cod were initially attempted
with two different methods. Method 1 is the two-step perfusion method used
by Ellesat et al. (2011). This method was developed for use on mammals
(rats) by Berry and Friend (1969) and Seglen (1972), and modified by Tollef-
sen et al. (2003). Method 2 is the more simple method described by Søfteland
et al. (2010). All buffers were kept on ice, sterile filtered, and adjusted to in
vivo conditions regarding osmolarity (∼ 320 mOsm) and pH (7.5 at 20°C)
(Larsen et al., 1997; Hodne et al., 2012). Centrifugation was always done at
4°C.

For method 1 the cod was killed by a blow to the head, placed upside down
in an ice-filled tray and cut open ventrally from the anus to the gills. The
portal vein was cannulated, and buffer 1 (142 mM NaCl, 4.8 mM KCl, 1.2
mM MgSO4, 11.3 mM Na2HPO4, 3.8 mM NaH2PO4 and 3.7 mM NaHCO3)
supplemented with 0.26 µM EGTA was injected into the hepatic vascular
system. After 10-15 minutes, digestion by a collagenase-rich solution was
initiated (buffer 1 supplemented with 0.3 g/L collagenase type IV and 2 mM
CaCl2, kept at room temperature to obtain better collagenase activity). The
liver was perfused with the collagenase-rich solution for 10-15 minutes, after
which the liver was excised and transferred to a petri dish with buffer 1 sup-
plemented with 15 µM BSA. The liver was finely chopped with a scalpel and
further dissolved using a cut disposable plastic pipette. The cell suspension
was filtered through two nylon meshes of 200 µm and 100 µm into sterile
falcon tubes. The cells were collected by centrifugation at 400×g for ten
minutes, three times. After each centrifugation, the supernatant was dis-
carded and cell pellet resuspended in buffer 1 containing 15 µM BSA (first
two times) and third time in cell medium (Leibowitz’s L-15 medium supple-
mented with 5% FBS), 20 mM NaCl, 1.25 mM NaHCO3 100 U/mL penicillin,
100 µg/mL streptomycin and 0.25 µg/mL amphotericin). Cell density and
viability was assessed with the trypan blue exclusion test. For this, a Bürker
counting chamber or an automated cell counter (ThermoFisher Countess II)
was used. Samples with > 90% viability were diluted to a concentration of
5 × 105 cells/ml and seeded in 96-well plates (200 µL/well, VWR® Tissue
Culture Plates, VWR international). The culture plates were incubated at
10°C for 24 h to allow the cells to attach to the bottom surface of the culture
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plates.

In method 2, the cod was killed and opened as described above. The liver
was excised and washed with phosphate buffered saline (PBS) in a petri dish.
Then the liver was chopped finely with a scalpel and transferred to sterile
flasks with buffer 1, as described in method 1, supplemented with 0.3 g/L
collagenase type IV (original protocol: 1 mg/mL collagenase type VIII). The
flasks were shaken at room temperature for 30 minutes. Following this, the
the suspension was filtered through two nylon meshes of 200 µm and 100 µm
into sterile falcon tubes, and centrifuged two times at 150×g, supernatant
discarded and resuspended in PBS each time. A Percoll gradient (1.1 g/ mL,
1.08 g/mL, 1.06 g/mL and 1.02 g/mL) was prepared in 50 ml falcon tubes,
in order to separate the hepatocytes from blood cells and debris. The tubes
were centrifuged at 400×g for 20 minutes. Hepatocytes, brown in color, were
collected from the layer where they were seen to have accumulated, suspended
in PBS and centrifuged at 150×g for 5 minutes. Supernatant was discarded
and the cell pellet was resuspended in cell medium, as described in method
1. Counting of cells, seeding and incubation as in method 1.

2.5.2 Comparisons and adjustments of the two meth-
ods

In order to find the method best suited for farmed cod, the two methods
were employed a number of times with or without adjustments, as described
in the following. All testing on farmed cod was conducted either at NIVA’s
Research station Solbergstrand, just south of Drøbak by the Oslo fjord, or
at the Department of Biological Sciences, University of Bergen.

Temperature and type of collagenase Method 2 was conducted twice
on the same fish (liver split in two equal pieces), once with collagenase solu-
tion at room temperature (20°C) and once at 37°C, the optimal temperature
for this enzyme. Similarly, with a new cod, method 2 was used to compare
different types of collagenase; type VII (as used in the original protocol for
method 1) and type 1A. (For the last test we checked the supernatant and
foam on top of the tube also, in case the hepatocytes were more numerous
there)
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Centrifugation speed Using method 1, the centrifugation speed was set
to 100×g. After the first centrifugation, half of the tubes were set aside (on
ice), while the other half were centrifuged once more at 400×g. Supernatant
was removed from all tubes and pellet resuspended in cell medium.

Retrograde perfusion Method 1 involves cannulation of the portal vein.
Because this vein is less defined in cod than in rainbow trout, the method was
instead performed using the veins on the front part of the liver for perfusion,
as suggested by Mommsen (Mommsen et al., 1994). In this case perfusion
could not be handled in situ, instead the liver was excised and placed on a
petri dish on ice immediately after the cod was killed and opened. The ends
of the lobes of the liver were cut off to ease the flow out of the organ.

Inhibitory effect of EGTA EGTA acts as an inhibitor of collagenase. It
was thought that added EGTA in the first perfusion solution could poten-
tially inhibit the effect of the subsequent collagenase solution. One fish was
therefore perfused without EGTA.

Effect of condition (HSI) A cod much smaller than the other of the
same age was captured. This fish was leaner, smaller and had a lower HSI
than the other cods, for unknown reason. Method 1 was applied to the fish,
to find out if condition or HSI was of importance.

2.6 Hepatocyte exposure

Following 24 h incubation, 100 µL medium was removed from each well with
a pipette, taking care not to disrupt the cells, and replaced with the same
amount of medium containing either bisphenol or copper. Bisphenol solu-
tions were prepared to yield final concentrations ranging from 6.25 to 100
µM (bisphenols A, G and TMC), 1.25 to 20 µg/mL (bisphenols B, E, Z and
mixture 1) or 1.08 to 17.25 µg/mL (mixture 2) in DMSO (0.1% final con-
centration). Both mixtures contain bisphenols found in cod liver from the
inner Oslofjord, mixture 1 has equal amounts (in mg/mL) of each bisphenol,
while mixture 2 has concentrations in different ratios, in order to mimic the
bisphenol concentrations found in cod livers in the inner Oslofjord (Ruus
et al., 2016). Exact amounts of each bisphenol solution is given in table 2.2.
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As solvent control 0.1% DMSO was used. Copper sulfate (CuSO4) in final
concentrations ranging from 0.02 to 2.5 mg/mL was used as a positive con-
trol. Four replicates from each fish were used for bisphenol exposure, two for
copper exposure. The cells were exposed for 48 h at 10°C.

Table 2.2: Amount and type of bisphenols in the stock solutions. The rightmost
column show the highest concentration cells were exposed to, which is 1000x lower
than the stock.

Exposure Amount of bisphenols [mg/mL] Conc. Highest
solution A G TMC Z B E (stock) exposure

A 22.8 0.1 M 100 µM
G 31.2 0.1 M 100 µM

TMC 31.0 0.1 M 100 µM
Z 20.0 0.07 M 75 µM
B 20.0 0.08 M 83 µM
E 20.0 0.09 M 93 µM

mix. 1 4.0 4.0 4.0 4.0 4.0 0.08 M 76 µM
mix. 2 13.75 1.75 0.75 0.5 0.5 0.06 M 57 µM

Cytotoxic effects of bisphenols and copper were assessed using the fluores-
cent probes AB, CFDA-AM and mBCl. AB is a commercial, resazurin-based
dye used as an indicator of metabolic activity of cells. Similarly, CFDA-AM
is an indicator of esterase activity. (Schreer et al., 2005) mBCl is used to
measure the amount of tripeptide glutathione (GSH) in cells, as an indicator
of oxidative stress (Jos et al., 2009). All medium in the culture plates was
carefully removed, and replaced with 100 µL/well of Tris buffer (Trizma-HCl
and Trisma base; 50 mM) containing AB (5%), CFDA-AM (4 µM) and mBCl
(114 µM). The plates were incubated on an orbital shaker in the dark for 30
min at room temperature. Fluorescence was measured at the following excit-
ation/emission wavelengths: 530/590 nm for AB, 485/530 nm for CFDA-AM
and 405/485 nm for mBCl using a Synergy Mx microplate reader (BioTek
Instrument, USA). For all three assays, a reduction in fluorescent readings
relative to control is a measure of cytotoxicity.

2.7 Tissue preparation for comet assay

Comet assay was performed on wild cod only, from the inner and outer Oslo
fjord (section 2.2). For each cod, 0.5 mL blood was drawn from the caudal
vein using a heparinized syringe. The abdomen was then opened and samples
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were taken from the small intestine (mucus) and the head kidney. Prepared
samples were always kept on ice, and all solutions were kept refrigerated at
4°C.

To make use of the comet assay, cells had to be isolated, single cells in
solution. Blood is already on this form, therefore preparation of whole blood
included only dilution 5000x in PBS-EDTA (PBS containing 10 mM EDTA).
Lymphocytes were separated from the rest of the blood by density gradient
centrifugation. 200 µL of blood diluted 5x in PBS-EDTA was carefully ad-
ded on top of a Percoll gradient (1.06 and 1.05 g/ml; 1-2 ml of each), and
centrifuged at 800×g for 40 minutes at 4°C. The lymphocytes were collected
between the two layers. 990 µl PBS-EDTA was added to 10 µl of lympho-
cyte suspension, and mixed well. Cells from the head kidney were scraped
out with a scalpel, mixed with PBS-EDTA, and centrifuged at 800×g for 20
minutes at 4°C. To isolate cells from the intestinal mucosa, a small piece (1
cm) from the small intestine was cut out, just after the pyloric caecae. The
piece was slit open and washed with PBS. Cells were scraped off from the
inner side with a scalpel, mixed with 10 mL PBS-EDTA and shaken vigor-
ously. Cells were collected with a pipette directly underneath the slimy layer
on the top. The next step for comet assay was addition of agarose to each of
the four cell suspensions, as described in section 2.8.

2.8 Comet assay

The alkaline comet assay used in this study was described by Singh et al.
(1988), with a modification by Gutzkow et al. (2013), to allow for higher
throughput. The method has the following key steps: (1) isolated cells are
mixed with molten agarose and placed as small gels (10 um) on polyester
films, (2) films with gels are treated (if desired), (3) films are placed in de-
tergent to lyse the cells and expose the DNA (histones are also removed, but
supercoiling of DNA persists as long as DNA is intact; if DNA strand breaks
are present, supercoiling is relaxed in this area (Azqueta and Collins, 2013)),
(4) alkaline solution to relax the supercoiling of DNA, (5) electrophoresis
where the negatively charged DNA fragments will try to move out of the
nuclear cavity (6) staining of the DNA fragments (7) measurement of DNA
amount found in the tail of the comet, in microscope.

All buffers were kept and used at 4°C unless otherwise stated. Cell suspension
(described in section 2.7) was mixed 1:10 with LMP agarose (0.75% LMP
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agarose in PBS-EDTA) at 37°C, mixed carefully and placed as small gels on
polyester GelBond films (10 µL/gel). Films were kept on cooling blocks, so
that gels solidified quickly. Each cell type per individual gave rise to three
gels on different films to allow for three treatments. After gel solidification,
the films were immersed for 15 minutes in PBS containing 0, 2 or 10 µM
H2O2 for baseline, low and high oxidative exposure respectively. After the
treatment, films were rinsed with PBS and placed in lysis buffer (2.5 M NaCl,
100 mM Na2EDTA, 10 mM Tris, 10% DMSO and 1% Triton X-100, pH 10).
Films were kept in lysis buffer at 4°C in the dark until electrophoresis (1
week).

For electrophoresis, films were first rinsed in electrophoresis buffer (3 M
NaOH and 10 mM Na2EDTA) to remove all lysis buffer, then placed in the
electrophoresis chamber filled with fresh electrophoresis buffer. This buffer
is highly alkaline (pH > 13) and acts to unwind and denaturate the DNA
molecules. After 20 mins the electric field (15 V) was applied, and electro-
phoriesis was run for the next 20 min using circulating buffer. The films were
removed from the chamber and rinsed in neutralization buffer (0.4 M Tris,
pH 7.5) for 15 min at room temperature. Following this, films were rinsed
in distilled water, and fixated in 96% ethanol at room temperature for 1.5
hours. Films were then air-dried in a dark place.

For staining of DNA, the fluorescent stain SYBR Gold was used. Films were
placed in staining solution (10 mM Tris, 1 mM Na2EDTA, 1x SYBR Gold)
for 20 min at room temperature with mild shaking in the dark. Afterwards,
films were rinsed in distilled water and air-dried.

Scoring of cells were performed with the software Comet assay IV (Perceptive
Instruments, Bury St Edmunds, UK) and a Nikon Eclipse LV100ND fluor-
escence microscope (Nikon Corporation, Tokyo, Japan) with a 20x objective
and a CoolLED pE300 light source (CoolLED Ltd., Andover, UK). Fluor-
escence was measured at excitation/emission wavelengths of 520/610 nm.
Fifty comets were scored per gel. The scoring was performed “blindly” in
the sense of not knowing the treatment or cell type when the scoring was
done, and if possible, the edges of the gel were avoided (Bright et al., 2011).
As a descriptor of DNA damage of each cell, % tail intensity was used, be-
cause this measure is linearly related to DNA damage over a wide range of
damage, which allows comparisons between studies and laboratories (Collins,
2004; Møller et al., 2014; Lovell and Omori, 2008; Bright et al., 2011).
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2.9 Statistics

Statistical analysis was conducted in R (R Core Team, 2013), with packages
drc (Ritz et al., 2015) for dose-response analysis, lme4 (Bates et al., 2015) for
linear mixed-effect (LME) models and multcomp (Hothorn et al., 2008) for
post hoc analysis. Normality of distributions and homogeneity of variance
was examined visually by quantile-quantile and residual plots, or evaluated
by the Shapiro-Wilk test and the Levene’s test (Levene, 1960; Shapiro and
Wilk, 1965). If criteria for parametric tests were not met, a Box-Cox λ-
plot (Box and Cox, 1964) was used to find the optimal transformation. If λ
= 0 was in the confidence interval of the plot, the log-transform was used,
otherwise a value close to the optimal was used to generate a Box-Cox power
transform.

Both hepatocyte exposure and comet assay resulted in a repeated measures
design, for which ANOVA is unsuitable because the criterion on independ-
ence is violated. For hepatocytes, a dose-response curve was fitted to the
data, and differences between the doses and types of exposure were also eval-
uated with a LME model. For all data fitted to a dose-response curve, the
parameter estimates and the build-in lack of fit test in drc were used to eval-
uate goodness of the fit. If a good fit was obtained, effect concentrations ECx

were calculated with the buildt-in function ED.

For comet assay results, the distributions of individual cell scores were ex-
amined visually by histogram plots and boxplots. The individual cell from
each gel is not considered to be a good experimental unit for analysis, instead
it is recommended to use a statistic that summarizes the data from each gel.
Usually the median is considered more appropriate than the mean because
the statistical distribution of comet assay data are usually skewed and do not
follow a normal distribution (Lovell and Omori, 2008; Hansen et al., 2014;
Verde et al., 2006). Some correlations affecting the mean and median of the
data were explored using Spearman’s correlation analysis where normality of
data is not an assumption.

Statistical analyses of comet data were performed on logarithm transformated
medians as summarize statistic (Lovell and Omori, 2008; Hansen et al., 2014;
Verde et al., 2006). Samples with 30 or more cells were included in the
analysis. A simulation was conducted to evaluate the effect on the median
from a sample when sample size decreased, this was performed in Python
(Van Rossum and Drake Jr, 1995). Based on the simulation, weights were
assigned to reduce the influence from these smaller samples on the result.
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Several different LME models were used in the analysis. When setting up
the LME model, treatment was used as a fixed factor, and the individual
fish were random factors. Effects of other factors such as place of capture
and condition, were evaluated by comparison of the maximum likelihood
of models with and without the factor in question. Post hoc analysis was
done with Tukey’s pairwise comparisons with Bonferroni correction of family-
wise error. For comet assay comparisons between inner and outer fjord, the
samples were independent, so here the Welch’s independent t-test was used.

A significance level of 0.05 was used in all analyses, if not otherwise stated.
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3. Results

3.1 Cytotoxicity: primary hepatocytes

3.1.1 Optimization for aquaculture cod

The two initial protocols for hepatocyte isolation; method 1 (the two-step
perfusion technique) and method 2 (Søftelands method) gave very low yields
when conducted on farmed cod. By adjusting the methods, cell yield changed
slightly, but this small variability was assumed to be due to coincidence
and natural variability between individuals. No modification in the method
gave a considerably higher yield. When examining the supernatant and the
layer of foam after the first centrifugation step in either of the two methods,
hepatocytes were found in small numbers in the transition zone between the
foam layer and the supernatant. Only a small quantity of hepatocytes were
found in the pellet, along with approximately the same amount of blood cells.
Retrograde perfusion had an effect of reduced amount of blood cells in the
pellet, by improving the flow of perfusionate through the liver.

The only successful attempt on farmed cod was when performing method 1
on a small/sick fish, which was much smaller than the other fish of the same
age. HSI of this fish was 8.0. HSI of the wild caught fish in this study was
between 1.1 and 3.8.

3.1.2 Validating the method

Hepatocytes were successfully isolated from five out of six cod from the outer
Oslofjord using the two-step perfusion method, with retrograde perfusion.
Hepatocytes from one fish had too low viability (17%) and had to be dis-
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carded, while the other four had a very high viability of 99% when the culture
was established. Cell yield was more than 25 million cells for three of the
cods, and about 15 million for the last one. Most cells were in the size range
of 5-30 µm in diameter, but some cells were as large as 50 µm. After 24
hours incubation, the cell culture was exposed to a series of concentrations
of copper or bisphenols (single compound or mixture) for 48 hours. Cytotox-
icity was measured as metabolic inhibition (AB), decrease of esterase activity
(CFDA-AM) and reduced GSH content (mBCl). Exposure to copper resulted
in a clear dose-dependent cytotoxicity (figure 3.1).

Figure 3.1: Dose response curves of the data for metabolic activity and esterase
activity in hepatocytes after exposure to copper (CuSO4). Viability is given as % of
control. For GSH content, too much variablity between the individuals prevented
the fitting of a dose-response curve. Dot color indicate fish identity (n=4)

Effect concentrations (EC) at 20%, 50% and 80% of control were calculated
(table 3.1).

Table 3.1: Calculated values for EC20, EC50 and EC80 of control for copper
exposure, given as mean ± standard deviation [µM].

EC20 EC50 EC80

Metabolic activity (AB) 331 ± 193 669 ± 182 NA
Esterase activity (CFDA-AM) 114 ± 86 636 ± 262 1780 ± 429
GSH content (mBCl) NA NA NA
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3.1.3 Exposure to bisphenols

After normalization, differences in viability between doses for all bisphenols
were analyzed using a LME model. Bisphenols with similar response in the
three fluorescent probes are grouped together (table 3.2).

Table 3.2: Effect of bisphenols on viability of hepatocytes analyzed with a LME
model with fish as a random factor. Significance levels: · < 0.1, ∗ < 0.05, ∗∗ <
0.01, ∗ ∗ ∗ < 0.001

Bisphenol
A G B E TMC Z mix 1 mix 2

Metabolic act. (AB) ∗ ∗ ∗
Esterase act. (CFDA-AM) ∗ ∗∗ · · ∗ ∗ ∗ ∗
GSH content (mBCl) ∗ ∗∗ ∗ ∗∗ ∗∗

Dose response curves were fitted to the bisphenols. Hepatocytes exposed
to bisphenols A or G showed reduced esterase activity and GSH content,
while hepatocytes exposed to bisphenols TMC or Z showed reduced metabolic
activity and GSH content. Exposure to bisphenol E or Z showed little or no
correlation to dose. The mixtures had similar effect to the single compounds
they consisted of, however mixture 2 showed stronger response than the single
compounds alone (figure 3.2). Effect concentration were calculated at 20%
of control. 50% and 80% were not available because of the low cytotoxicity.
EC20 indicate that mixture 2 is the most cytotoxic of the tested bisphenols,
followed by bisphenol G, TMC and Z. Bisphenols A, B, E and mixture 1 did
not have any available values for EC20 (table 3.3).

Table 3.3: Calculated values for EC20 of control for bisphenol exposure, given as
mean ± standard deviation [µM]. Bisphenol A, B, E and mixture 1 did not have
any available values for effect concentration.

Bisphenol
G TMC Z mix. 2

Metabolic activity (AB) NA 24 ± 299 47 ± 46 13 ± 13
Esterase activity (CFDA-AM) 12 ± 4 NA NA 12 ± 35
GSH content (mBCl) NA 33 ± 213 NA NA
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Figure 3.2: Effect of four bisphenols and two mixtures on viability as function
of dose. Viability is given as % of solvent control. n=4.
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3.2 Genotoxicity: red and white blood cells,

kidney cells, intestinal cells

3.2.1 Inter-cell variablilty

The individual cell comets from each sample (gel) of the indicated tissues,
treatments and places displayed a high variability (figures 3.3-3.6). Comet
data from most samples had a non-normal, right-skewed distribution with
a long tail and many outliers, as can be seen from the box and whiskers of
each sample in the boxplots in the figures. In these figures all samples with
10 or more scored cells are included. It is evident that some fish showed
an abnormal response to hydrogen peroxide, especially in whole blood and
intestinal cells from the inner fjord.

The interquartile range (IQR) is a measure of the spread within each sample,
and represents the height of each box in the boxplots (figs 3.3-3.6). IQR is
highly correlated to both the median and mean values for all tissues and
treatments (Spearman’s linear correlation, p<0.001) with 0.71 < R < 0.95.

3.2.2 Cutoff and weighting of samples with fewer than
50 cells

For intestinal mucosa, only 20% of the samples had the required 50 cells,
and 45% had zero or less than 10 cells. For the other tissues most samples
contained enough cells; 91% for kidney, 82% for whole blood and 71% for
lymphocytes. A simulation to evaluate the effect of smaller sample sizes on
the median was performed (figure 3.7). Although there are certain differences
between tissues, the cutoff at 30 cells per sample was used for all tissues and
treatments. The simulation indicated a non-linear relationship between the
standard deviation of medians and the sample size, for that reason a non-
linear weighting function, (number of cells

50
)2, was chosen for the setup of the

LME model used in sections 3.2.3 and 3.2.4.
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Figure 3.3: DNA damage of whole blood in each of the sampled fish for three
H2O2 treatments. Each box represent one sample (gel) from the comet assay (∼
50 cells). Abnormal response to H2O2, is seen in fish number 3, 4 and 7 in the
inner fjord.

Figure 3.4: DNA damage of lymphocytes in each of the sampled fish for three
H2O2 treatments. Each box represent one sample (gel) from the comet assay (∼
50 cells).
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Figure 3.5: DNA damage of kidney cells in each of the sampled fish for three
H2O2 treatments. Each box represent one sample (gel) from the comet assay (∼
50 cells).

Figure 3.6: DNA damage of intestinal cells in each of the sampled fish for three
H2O2 treatments. Each box represent one sample (gel) from the comet assay (∼
50 cells). From the outer fjord only three samples contained cells to be scored.
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Figure 3.7: Simulation showing the effect on the median of a sample when sample
size is 20, 30, 40 or 50 cells. All samples with 50 cells were used as basis for the
simulation. From each of the samples, 1000 simulated samples of size 20, 30,
40 and 50 were drawn at random with replacement, and median of the sample
was calculated. Each dot in the jitterplot represent the standard deviation of the
medians of the 1000 samples. Samples from outer and inner Oslofjord are not
separated in this simulation.

3.2.3 Baseline responses in different tissues

Baseline responses were assessed within the two places of capture, inner and
outer Oslofjord. In the inner fjord highest DNA damage was found in intest-
inal cells (25%), followed by whole blood (14%), kidney cells (6%) and lymph-
ocytes (2%) (mean values). The difference in DNA damage between tissues
was significant (LME model; χ2(3)=13.51, p=0.004); post hoc test showed
that intestinal cells differed from lymphocytes and kidney cells (Tukey com-
parison; p<0.001 and p=0.04) (figure 3.8).

In the outer fjord, the highest value of DNA damage was found in intestineal
cells (17%), followed by whole blood (17%), lymphocytes (3%) and kidney
cells (1%) (mean values). Here a strong effect of cell type was seen (LME
model excluding intestine cell values; χ2(2)=21.55, p<0.001), where whole
blood differed from both kidney cells and lymphocytes (Tukey comparison;
p<0.001). Intestinal cells were not included in the outer fjord comparison
because of very small sample size (n=2) (figure 3.8).

Place of capture did not affect the DNA damage in the baseline response
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except in kidney cells, where there was a significantly higher DNA damage
in the inner fjord (Welch two sample independent t-test, p < 0.001) (figure
3.8).

Figure 3.8: Baseline DNA damage from the inner and outer Oslofjord, indicated
tissues. Differences in DNA damage between outer and inner fjord was assessed
for each tissue with Welch two sample independent t-test; *** p < 0.001.

Cells treated with hydrogen peroxide increased DNA damage significantly in
six out of eight cases of tissue/place. The overall effect of peroxide treatment
on DNA damage was strong (LME model; χ2(2)=102.84, p<0.001) (figure
3.9)

3.2.4 Effects of sex, age/size and condition

DNA damage was not found to be affected by neither sex, length, weight or
condition (HSI, Fulton) of the fish (LME model).
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Figure 3.9: DNA damage in all treatments (baseline and two H2O2 treatments)
for inner fjord (left) and outer fjord (right). Letters indicate significant difference
between treatments: control different from 2 µM H2O2 (a), control different from
both H2O2 treatments (b), 10 uM H2O2 different from control and 2 uM H2O2

(c), all treatments different from each other (d).
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4. Discussion

Moving away from animal testing in ecological risk assessments requires
more information about non-model species. In particular, knowledge about
species-specific variation in absorption, distribution, metabolism and excre-
tion (ADME) rates are necessary in order to develop better models for the
prediction of adverse effects in all species(Hecker, 2018; Allard et al., 2009).
Investigations of hepatic cytotoxicity and cellular genotoxicity like the ones
employed in this study on cod, are small pieces of the bigger puzzle to reach
this goal.

In this study two in vitro methods were explored and tentatively optimized
for the use on cod. Because cod is frequently kept in aquaculture, one goal
was to customize the method for hepatocyte isolation to farmed cod. This
did not succeed. Two initial protocols and several smaller modifications were
employed in the trials, but the only successful isolation involved a fish much
smaller than the others of the same age. The problem with farmed cod in
this context seems to be their fatty livers. HSI of farmed cod from NIVAs
research station Solbergstrand is found to be around 10 (data from Pia H.
Jensen, personal communication), and one farmed cod used in this study
had HSI as high as 14.1. For comparison, the wild caught cod from outer
Oslo fjord used in this study had a mean HSI of 1.1. This extreme difference
between farmed and wild cod indicates that the feeding regime for farmed
cod is very unnatural, and the observed HSI-values may be a sign of obesity.
In humans, fatty liver disease gives histological changes in the liver such as
enlargement of hepatocytes, fibrosis and lobular inflammation (Levene and
Goldin, 2012). Studies on farmed freshwater fish showed abnormalities in the
livers of fish fed high fat or vegetable fat diet (Benedito-Palos et al., 2008;
le Lu et al., 2013).

For cod from the outer Oslofjord, hepatocyte isolation was successfully con-
ducted with the two-step perfusion method. Hepatocytes with high viability
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was obtained from four out of six fish, and a yield of 15-25 million cells per
isolation was obtained. Two changes from the original protocol by Ellesat
et al. (2011) were employed. Firstly the use of higher osmolality (∼ 320
mOsm) of all buffer solutions and cell media in order to simulate the osmol-
arity found in cells of marine species (Larsen et al., 1997; Hodne et al., 2012).
Secondly the use of retrograde perfusion in vitro through the two veins in
the front of the liver, as this made the perfusion step quicker and easier to
perform. Retrograde perfusion is suggested as a possible solution in species
with a less defined portal vein by Mommsen et al. (1994), and has the addi-
tional advantage that collagenase solution can be recirculated to save cost.
A larger sample size than four fish would have been much to prefer to reduce
the effect of the individual. In this study, however only six cod were obtained
in total during two trawling runs.

Exposure of hepatocytes to copper was used as a positive control, as cop-
per is known to be cytotoxic (Gaetke et al., 2014). As expected, a clear
dose-dependent effect was found, although levels of GSH content was highly
variable between the individual fish. EC50 for copper was found to be 669
± 182 µM and 636 ± 262 µM measured in reduced metabolic activity and
esterase activity, respectively.

Exposure to six different bisphenols and two mixtures resulted in more or
less well-defined dose-response patterns where only one or two of the viabil-
ity measures (metabolic activity, esterase activity, GSH content) was affected
for each exposure. Higher concentrations should obviously have been used, as
viability was high for all exposure concentrations. Some of the curves showed
a positive trend with increasing dose, indicating a non-monotonic response
of these compounds. Studies have found such responses from bisphenol A,
an endocrine disruptor (Vandenberg, 2014; Duan et al., 2019). The available
effect concentration values indicated that the most cytotoxic bisphenol was
mixture 2, followed by bisphenol G, TMC and Z. It is interesting that the
mixture mimicing the ratio of bisphenols previously been found in cod from
the inner Oslofjord (Ruus et al., 2016), is the most cytotoxic for cod from
the outer fjord. Analysis with LME models revealed that bisphenol A and G
mainly affected esterase activity, while bisphenol TMC and Z affected meta-
bolic activity and GSH content. This may rely on the structural similarity
between bisphenol A and G on one side, and bisphenol TMC and Z on the
other side. Bisphenols B and E were not found to have any effect at these
concentrations.

An alternative method to hepatocyte isolation is the method of precision-
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cut liver slices (PCLS), in which the liver is cut into 250 µm slices that can
be cultured and utilized almost the same way as hepatocytes (Godoy et al.,
2013). PCLS also has the advantages that the three-dimensional structure
of the tissue is preserved with intact cell-cell-interactions and extracellular
matrix, and that digestive enzymes are not needed in the process (Van de
Bovenkamp et al., 2007). This is an established method for farmed cod (Eide
et al., 2014; Yadetie et al., 2018; Bizarro et al., 2016). Results from the PCLS
method are not directly comparable with those from isolated hepatocytes,
because of differences in the method and in the resulting cell culture. Also,
the specialized equipment needed makes PCLS not possible to perform in
the field. Even so, PCLS represent a valuable tool to fill in the gap between
in vivo methods and primary cell cultures (Van de Bovenkamp et al., 2007).

The second method employed in this study was the alkaline comet assay, per-
formed on wild cod from the inner and outer Oslofjord. Although execution
of this method is relatively standardized (Gajski et al., 2019a; Collins, 2004;
Collins et al., 2014), the extraction of single-cell solution with the right dens-
ity is specific for the species. Four cell types were isolated from cod. Cells
from blood (whole blood and lymphocytes) were straightforward to use, as
they were already in solution and protocols to separate the lympocytes and
obtain the right cell density exist (Fredriksen, 2013; Sahlmann et al., 2017).
Also cells from the head kidney were easy to isolate and yielded good results
in the sense that 91% of the samples contained the required 50 cells. Intest-
inal mucosa on the other hand, had low yields, probably because of higher
difficulty and a lack of experience with this kind of cell extraction.

The inter-cell variability in most samples showed a right-skewed, non-normal
distribution, sometimes with a spike at zero, or with outliers. This distri-
bution is often displayed by comet data (Bright et al., 2011). Samples with
higher mean/median displayed a higher variability with a less skewed distri-
bution and more normal distribution. This change in distribution pattern is
also described by Møller and Loft (2014).

To validate the method, hydrogen peroxide treatment was used to induce
oxidative stress (Benhusein et al., 2010). Even though some individual fish
in the inner Oslofjord showed no or reverse effect to treatment, the overall
effect of oxidative treatment was very strong (p < 0.001). This shows that
the comet assay successfully detects different levels of DNA damage in cod.

The results showed tissue-spesific baseline DNA damage. Highest DNA dam-
age was found whole blood and intestinal cells, while lymphocytes and kidney
cells displayed a much lower degree of damage. DNA damage in cod lymph-
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ocytes has previously been reported from the Oslofjord by Fredriksen (2013)
and Sahlmann et al. (2017). These studies found the DNA damage to be 7-
8% and 14% in the outer Oslofjord, and Fredriksen found significantly higher
DNA damage in the inner Oslofjord. This contrasts the low DNA damage
found in this study (2% and 3% in inner and outer Oslofjord, respectively).
No reports were found on baseline DNA damage in the other tissues in this
study, neither for cod or other marine teleost species.

Despite the fact that the inner Oslofjord is more polluted than the outer
ares of the fjord, place of capture did only significantly affect the baseline
DNA damage in kidney cells. The response to hydrogen peroxide oxidative
treatment was however stronger in cod from the outer than inner Oslofjord,
a result also found by Fredriksen (2013). This could indicate that cod in the
inner Oslofjord have developed an adaption to oxidative stress. Adaption to
repeated oxidative stress has previously been revealed in cells from mammals
and fruit flies (Pickering et al., 2013).

The analysis by LME models did not reveal any correlations between DNA
damage and biometrical and calculated parameters of the fish, such as length,
weight, sex and condition indices, however sample size was not very large. A
large-scale study on dab (Limanda limanda) have previously found effects of
sex and HSI on DNA damage (Hylland et al., 2017).

When scoring the comet assay gels, it became evident that many samples
contained too few cells, which raised the question if these samples should be
included in the analysis or not. In order to retain as much information as
possible, a cutoff was set at 30 cells. A simulation was performed to evaluate
how the median of a sample was affected by the sample size. The simulation
showed that sample sizes of 30 gels increased the variablity of the median
some 1-5% (standard deviation of simulated median values), compared to
the 50-cell samples, dependent on type of tissue and treatment. Because the
increase seemed to be non-linear as a function of sample size, a non-linear
weighting function was used in the analysis of the results.
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5. Conclusions

This study demonstrated that the two-step perfusion method for hepatocyte
isolation and the in vitro alkaline comet assay for genotoxic assessment were
methods suitable for use on cod. Both methods were validated for wild caught
cod from the Oslofjord. Hepatocyte isolation from aquaculture cod did not
succeed. The results suggest that the two methods alone or in combination
are useful tools for monitoring the genotoxic effects in cod in different areas,
as for evaluating tissue specific effects of contaminants.

The bisphenols exerted low cytotoxic effect on cod hepatocytes at the tested
concentrations (up to 100 µM). The results indicated that bisphenol mixture
2 was the most cytotoxic, followed by bisphenol G, TMC and Z.

The Oslofjord cod showed little difference in DNA damage between the more
polluted inner part and the more pristine outer part. However response to
oxidative treatment was much higher in cod from the outer Oslofjord, and
baseline levels in kidney cells were different. Biometrical parameters of the
fish were not found to affect the level of DNA damage.

Variability between cells within a sample was correlated to the median value.
Samples had a non-normal right-skewed distribution, which shifted upwards
to a more normal distribution with higher median values.
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6. Future perspectives

The two methods in this study were not tested in combination, because of
limited time and resources. It would yield interesting results to perform the
comet assay on isolated cod hepatocytes in addition to other tissues.

Because bisphenol concentrations were too low to establish effect concentra-
tions of all bisphenols used in this study, a new trial is needed. If possible,
more fish should also be used, in order to get more precise estimates.

To evaluate the effect of smaller sample sizes in comet assay, it would have
been interesting to do a power calculation. This could be done on data
collected from a range of (similar) studies, as a large data set is favorable to
obtain the best modelled distribution for each tissue and treatment.
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R. A. Budinsky, B. Burkhardt, N. R. Cameron, G. Camussi, C. S. Cho,
Y. J. Choi, J. Craig Rowlands, U. Dahmen, G. Damm, O. Dirsch, M. T.
Donato, J. Dong, S. Dooley, D. Drasdo, R. Eakins, K. S. Ferreira, V. Fon-
sato, J. Fraczek, R. Gebhardt, A. Gibson, M. Glanemann, C. E. Goldring,
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Appendix

Table 7.1: Biological parameters for each fish used in the comet assay. HSI and
K are calculated vales for the hepatosomatic index and Fulton’s condition index,
respectively.

Place No Sex Length [cm] Weight [g] Liver weight [g] HSI K

Inner 1 F 36 449 7 1.56 0.96
Inner 2 M 64.5 2580 52.5 2.03 0.96
Inner 3 F 30 231 3 1.3 0.86
Inner 4 F 55 1730 77.5 4.48 1.04
Inner 5 F 37 457 8 1.75 0.9
Inner 6 F 42 612 11 1.8 0.83
Inner 7 M 54 1410 39 2.77 0.9
Inner 8 F 53.5 1610 44 2.73 1.05
Inner 9 F 45 880 15.5 1.76 0.97
Inner 10 M 41.5 718 17 2.37 1
Outer 1 F 43 670 22.5 3.36 0.84
Outer 2 F 31.5 258 3.5 1.36 0.83
Outer 3 M 53.5 1500 23 1.53 0.98
Outer 4 M 48 1220 32 2.62 1.1
Outer 5 F 56.5 1800 19 1.06 1
Outer 6 F 56 1750 40.5 2.31 1
Outer 7 M 46 805 22 2.73 0.83
Outer 8 M 51 1290 28 2.17 0.97
Outer 9 F 47 1190 27 2.27 1.15
Outer 10 F 52 1300 24.5 1.88 0.92
Outer 11 F 47 940 15 1.6 0.91
Outer 12 F 48 970 15 1.55 0.88
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