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Abstract This study evaluated the effects of exposure

medium and culture age on intracellular reactive oxygen

species (ROS) development and cytotoxicity in fish hepa-

tocytes following exposure to copper (Cu). ROS was

quantified using the fluorescent probes DHR 123 and CM-

H2DCFDA following exposure to Cu in Leibovitz’ medium

(L-15) or Tris-buffered saline (TBS). Similarly, culture age

effects were investigated using 1-, 2- and 4-day-old cul-

tured hepatocytes by exposing them to Cu in TBS. The

exposure in L-15 resulted in significantly higher ROS

compared to TBS using CM-H2DCFDA, but not DHR 123.

The age of the primary cultures significantly affected the

development of ROS for both probes. None of the expo-

sures caused cytotoxicity in the hepatocytes. The results

showed that both factors may affect responses to stressors,

and suggested that the use of a simple medium such as TBS

may be preferable for some applications. It is also prefer-

able to use 1-day-old primary hepatocyte cultures.

Keywords ROS � Oncorhynchus mykiss � Hepatocytes �
Culture age � Incubation time � Fluorescent probes

Endogenously produced reactive oxygen species (ROS)

are believed to be essential for the physiological health of

organisms at low concentrations in a normal cellular

environment. For example, ROS act as signaling mole-

cules and play a role in the cellular response to anoxia

(Sorg 2004). Oxidative stress may occur following ROS

overproduction or exhaustion of cellular protective

mechanisms, thereby potentially causing harmful effects

(Gomes et al. 2005). In addition to being associated with

external stressors such as chemical stress or radiation,

oxidative stress has been shown to be relevant to ageing

processes and the development of diseases such as ath-

erosclerosis and cancer (Heyne et al. 2007). A range of

responses has been observed in aquatic organisms fol-

lowing oxidative stress (Winston and Di Giulio 1991),

including toxicant-induced inflammation and DNA oxi-

dative damage (Nishimoto et al. 1991; Otto and Moon

1996; Pedrajas et al. 1995). It is therefore important to

increase our understanding of how ROS affect biological

systems. Most ROS have a short half-life within cells and

are generally quickly removed by cellular oxidant scav-

engers or through the activity of antioxidant enzymes,

making it challenging to detect their presence (Gomes

et al. 2005; Tarpey et al. 2004). Fluorescent probes have

been widely used due to the non-invasive character of

their use, high sensitivity, high resolution for microscopy

applications and simplicity in data collection (Gomes

et al. 2005; Heyne et al. 2007). Probes such as 20, 70-
dichlorodihydrofluorescein diacetate (DCDHF-DA) and

dihydrorhodamine 123 (DHR 123) have therefore been

frequently used to quantify the production of ROS in cells

from fish, rodents and humans.

The aquatic environment is the major sink for many

pollutants with a potential to induce oxidative stress

(Winston and Di Giulio 1991). The results of Rau et al.

(2004) suggest that fish hepatocytes may be as sensitive or

more sensitive than rat cells in oxidative stress response.

Primary hepatocyte cultures from fish may therefore be
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useful tools to study the effects of oxidative stress, both

with regard to toxicity and cellular adaptive responses.

The choice and composition of the culture medium is

vital for the culture and exposure of cells (Bopp et al. 2008;

Pourahmad and O’Brien 2000; Radice et al. 2004). Some

cell culture medium components have been shown to have

the potential to generate ROS (Halliwell 2003) or interact

with xenobiotics (Weglarz and Bartosz 1991). The above

studies notwithstanding, few studies have been carried out

to investigate the influence of exposure medium on oxi-

dative stress (Grzelak et al. 2001; Wright et al. 2000),

particularly with regard to conditions during exposure to

toxicants. Freshly made hepatocyte cultures have been

suggested to remain viable for at least 1 week under

appropriate culture conditions (Pesonen and Andersson

1997), but their properties may change even after a few

days, which may subsequently affect the results in oxida-

tive stress studies (Ruch et al. 1989).

To induce oxidative stress in cultured cells, increasing

the radical load or inhibiting the antioxidant defenses may

be followed to disturb the prooxidant–antioxidant balance

as an approach (Gille and Joenje 1992). Copper (Cu) has

previously been used as a model chemical to induce

intracellular ROS in hepatocytes (Farmen et al. 2010;

Nawaz et al. 2005; Pourahmad and O’Brien 2000). Metals

like Cu form ROS by the redox cycling Haber–Weiss

reaction in which cuprous ions (Cu?) react with H2O2. In

addition, they can catalyze the production of ROS by the

Fenton reaction. Consequently, ROS causes the peroxida-

tion of membrane lipids, membrane disruption and

molecular damage (Britton 1996; Halliwell and Gutteridge

2007).

This study aimed to evaluate the influence of cell culture

medium on ROS development in 1-day-old primary hepa-

tocyte cultures from rainbow trout. In addition, ROS

development was quantified after longer time in culture,

i.e. 2 and 4 days. Rainbow trout hepatocytes were exposed

to different concentrations of Cu, and membrane integrity

and glutathione (GSH) content were quantified for all

treatments to quantify cytotoxicity and change in antioxi-

dant status, respectively.

Materials and Methods

CuSO4�5H2O, NaHCO3, Na2HPO4, Trizma hydrochloride,

Trizma base (tris[hydroxymethyl]aminomethane), trypan

blue, penicillin, streptomycin and amphotericin (PSA),

L glutamine and serum-free Leibovitz’L-15 medium were

from Lonza Walkersville, Inc (Walkersville, MD, USA).

NaCl, KCl and NaH2PO4 were from Merck (Darmstadt,

Germany). Collagenase (Type IV), bovine serum albumin

(BSA), CaCl2, dimethyl sulfoxide (DMSO), MgSO4,

NaHCO3 solution for cell culture and N,N,N0,N0-tetra acetic

acid (EGTA) were purchased from Sigma Norway (Oslo,

Norway). Fluorescence probes CM-H2DCFDA, DHR 123,

CFDA-AM and mBCl were obtained from Molecular

Probes Invitrogen (Paisley, UK). All chemicals were of the

highest commercial grade available.

Juvenile rainbow trout (Oncorhynchus mykiss) were

obtained from a local hatchery and were acclimated to

holding conditions for at least 2 weeks prior to use

–10 ± 1�C; pH 7.5; 12 h: 12 h light/dark cycle – in tanks at

the University of Oslo. Spirit Ørret 300 (Skretting, Norway)

was used as daily food in amounts corresponding to 0.5 %

of total body mass. Hepatocytes were isolated from juvenile

rainbow trout liver following a two-step perfusion method

described by Tollefsen et al. (2003). Viability and cell yield

were determined by trypan blue exclusion. Isolates with a

viability of 90 % or more were used in the experiments. Cell

density was adjusted to a final concentration of 0.5 million

cells/mL (0.2 mL/well) in 96-well Falcon Primaria plates

(Becton–Dickinson, Franklin Lakes, NJ, USA) using serum-

free L-15 medium containing penicillin (100 Units/mL),

streptomycin (100 lg/L), amphotericin (0.25 lg/mL), L-

glutamine (2 mM) and sodium bicarbonate (0.0375 %), and

incubated at 15�C. Hepatocytes were left for 24 h to allow

the establishment of a monolayer. All isolates were exam-

ined with an inverted light microscope before being used in

experiments. All glassware and instruments were autoclaved

and solutions were sterilized by filtration (0.22 lm) prior to

liver perfusion. Fresh stock solutions of Cu were prepared

daily.

For the determination of ROS, trout hepatocytes were

loaded with CM-H2DCFDA and DHR 123. A CM-H2-

DCFDA (10 mM) stock solution was prepared immedi-

ately before the experiment by dissolving the powder in

DMSO. The working solutions of fluorescent probes were

prepared in TBS (DMSO final concentration \0.01 %).

Cell culture media (above) were removed from the wells,

exchanged with 200 lL of TBS-containing either probe

and incubated for 30 min in a dark cold room (15�C).

Afterwards, the cells were washed with TBS and exposed

to different concentrations of Cu (1, 10 and 100 lM) in

L-15 or TBS. Reading of fluorescence was done immedi-

ately after adding the exposure solutions using a Syngergy

MX plate reader (BioTek Instruments Inc., Winooski, VT,

USA) over 15 min (exposure time) at intervals of 45 s.

Excitation and emission wavelengths were 485/530 and

485/535 for CM-H2DCFDA and DHR 123, respectively.

The sensitivity was set to 80 %. Each well was measured

10 times from the top with the average calculated by the

instrument. Gen5 was used for data collection (BioTek

Instruments Inc., USA).

Cytotoxic effects were assessed through quantifying

membrane integrity and intracellular glutathione using
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CFDA-AM and mBCl, respectively (Jos et al. 2009; Sch-

reer et al. 2005). Exposure media were removed from the

wells, exchanged with 100 lL of TBS containing 4 lM

CFDA-AM and 275 lM mBCl and incubated on an orbital

shaker (85 rpm) for 30 min in a dark cold room (15�C).

The fluorescent signal for CFDA-AM (excitation/emission

493/541 nm) and mBCl (excitation/emission 394/490 mn)

were measured simultaneously using a Synergy MX plate

reader.

Five replicate juvenile rainbow trout were used for

exposure experiments. Three of the replicate fish were used

for the cytotoxicity assay and GSH content. Three technical

replicates on each microtiter plate were used for blank

(wells containing L-15 or TBS without cells), control (cells

loaded with probe in L-15 or TBS without test compounds)

and each test concentration with Cu. ROS was quantified

using slopes calculated from the kinetics of probe fluo-

rescence for each treatment. ROS concentrations in cells

from different treatments following Cu exposure were

analysed using a two-way analysis of variance (ANOVA)

with medium and incubation time as factors after testing

for homogeneous variances (heterogeneous variances were

log10-transformed). For cytotoxicity and GSH content, the

statistical significance of differences between the control

and treatment groups was determined using a one-way

ANOVA (Zar 2010). A p value of \0.05 was considered

significant.

Results and Discussion

Intracellular ROS development was significantly different

for CM-H2DCFDA in 1-day-old hepatocytes exposed to Cu

in L-15 compared to cells exposed to Cu in TBS (Fig. 1a).

A two-way ANOVA indicated a significant interaction

between Cu concentration and medium for fluorescent

product formation. ROS development was elevated at

lower concentrations and then declined with increasing

concentration of Cu in L-15. In contrast, a dose–response

pattern was observed when the cells were exposed to Cu in

TBS. There was no significant effect from Cu concentra-

tion and medium in the two-way ANOVA when DHR 123

was used (Fig. 1b).

The development of ROS in cells was compared fol-

lowing exposure to copper (Cu) in TBS or serum-free L-15

medium supplemented with L glutamine, PSA and sodium

bicarbonate. At the cellular level, high Cu concentrations

have been linked to the formation of ROS formation,

giving rise to inhibition of ATP production, enzyme dys-

function and membrane peroxidation (Bopp et al. 2008;

Manzl et al. 2004). As a result, Cu has been used as a

model compound with concentrations ranging from lM to

mM in cell culture studies to investigate oxidative stress

(Ellesat et al. 2011; Farmen et al. 2010; Krumschnabel

et al. 2005; Manzl et al. 2004; Pourahmad and O’Brien

2000; Rau et al. 2004). L-15 is a complex medium with

salts, free amino acids, galactose, phosphates, folic acid,

flavin mononucleotide and phenol red. Ascorbate, flavo-

noids, other polyphenolic compounds and thiols in com-

monly used cell culture media have been shown to have the

potential to generate H2O2 and ROS (Halliwell 2003).

Earlier studies suggest that interaction of culture medium

components with xenobiotics can enhance the production

of ROS (Weglarz and Bartosz 1991). Grzelak et al. (2001)

identified riboflavin as the main component in cell media

causing ROS generation in cells exposed to light, and

suggested that metal ions, cysteine and methionine in cell

media would be light-independent sources of ROS.

In contrast to CM-H2DCFDA, there was no significant

interaction between Cu concentration and medium for

DHR 123. This might be explained by the different types of

ROS detected by the two probes: DCDHF-DA and its

derivatives (CM-H2DCFDA) are thought to quantify the

presence of HO�, H2O2 and RO2
� (Gomes et al. 2005;
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concentrations of copper (Cu); median, quartiles and 10/90 percentiles
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Hempel et al. 1999), although some authors have used it

specifically as a marker for intracellular H2O2 (Rico et al.

2009; Roy et al. 2009). DHR 123 has been suggested to be

specific for peroxynitrite (Kooy et al. 1994) but it has been

indicated to reflect ROS development following exposure

to H2O2/HRP and HOCl (Gomes et al. 2005).

None of the exposures in L-15 or TBS caused increased

cytotoxicity or changed glutathione content in 1-day-old

rainbow trout hepatocytes (data not shown). This is in

contrast to the results found by Wright et al. (2000). These

authors observed a significant reduction in H2O2 cytotox-

icity when an epithelioma cell line from carp was grown in

L-15 medium as compared to culture in Dulbecco’s Mod-

ified Eagle Medium (DMEM). They linked this effect to

elevated cellular glutathione and metallothionein levels and

higher activities of GSH-dependent detoxification systems

following culture in L-15. The different results can be

explained by different sensitivity of species, exposure

medium and model compound type.

The age of primary hepatocyte cultures significantly

affected the development of ROS measured using DHR

123 and CM-H2DCFDA (Fig. 2a, b) following exposure to

Cu. The development of ROS decreased with increasing

age of the culture. Both probes had a dose–response rela-

tionship of ROS development following exposure to Cu at

all days whereas the development of ROS appeared to be

declining with culture time for each concentration of Cu.

Responses in primary cultures are generally thought to

be comparable to in vivo responses in terms of metabolic

and antioxidative capacity (Croci and Wolliams 1985).

Bonney (1974) reported the maintenance of many specific

functions characteristic of the adult rat liver in vivo when

they cultured hepatocytes for 4 days. In a microarray-based

study with several in vitro rat hepatocyte systems (liver

slices, monolayer, and sandwich cultures), changes in gene

expression were observed in the preparations by Boess

et al. (2003) when compared with intact liver. Their results

predominantly indicated an up-regulation of gene expres-

sion in all culture systems, including genes involved in

apoptosis, regulation of growth and differentiation. Primary

cultures of rainbow trout hepatocytes have been reported to

maintain their in vivo-like metabolic activity for 3–8 days

(Ferraris et al. 2002). In that study, however, increases in

ROS generation and decreases in GSH content and catalase

(CAT) activity were reported after the first 4 h of culture.

ROS and GSH content returned to original levels after 24

and 48 h, respectively.

The age of cultures had no significant influence on the

cell death or changes in GSH content in trout hepatocyte

cultures exposed to Cu (data not shown). Ruch et al. (1989)

investigated the effects of culture age (0–96 h) on primary

cultured mouse hepatocytes exposed to H2O2 (1, 2 and

5 mM) in L-15 supplemented with glucose, dexametha-

sone, fetal bovine serum, and gentamicin for 2 h. They

reported a decreased sensitivity of the hepatocyte cultures

to H2O2-induced cell death and lipid peroxidation with

increased culture age and linked the results to elevated

GSH and/or vitamin E levels and decreased membrane

polyunsaturated fatty acids as possible causes. This could

have been caused by the differences in method, sensitivity

of species, exposure medium and model compound type.

Conditions for using any fluorescent probe will clearly

need to be optimized for each application or cell type,

including buffer system or medium, temperature, concen-

trations and duration (Bracey et al. 1998). On the basis of

the initial tests for the present study, optimal loading

concentration and time for both probes at 15�C incubation

were 10 lM and 30 min, respectively. This finding is in

agreement with results reported by Misra and Niyogi

(2009). They loaded the hepatocytes with 10 lM CM-H2-

DCFDA dissolved in dimethylformamide for 45 min at

15�C to measure ROS in cells exposed to selenite. The

optimal conditions found in this study differ from the

conditions used by Farmen et al. (2010), who loaded pri-

mary cultures of rainbow trout hepatocytes with 20 lM

CM-H2DCFDA for 30 min at room temperature. Boone

and Vijayan (2002) reported higher hsp70 accumulation

over a 24-h period when primary cultures of trout
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hepatocytes were exposed to ?15�C for 1 h as a heat

shock. In our study, the final concentration of the solvent

(DMSO) in the medium was also of concern, and never

exceeded 0.01 %. DMSO is reported to be a radical scav-

enger and it was used to that effect by Manzl et al. (2004)

in a study using primary cultures of rainbow trout hepa-

tocytes exposed to Cu. Bopp et al. (2008) suggested it as a

solvent for the fluorescent dyes, however, since they could

not find any significant effect of DMSO in a dilution series

from 7 up to 100 mM on ROS formation. Therefore, it may

be used as solvent for the fluorescent probes.

In conclusion, there was a significantly higher ROS

response in rainbow trout hepatocytes exposed to Cu in

L-15 compared to TBS, using CM-H2DCFDA but not DHR

123. For some applications, a buffer may be preferable to

cell medium during exposure to xenobiotics. The age of

primary hepatocyte cultures significantly affected the

development of ROS following Cu exposure in TBS, using

DHR 123 and CM-H2DCFDA. The use of 1-day-old pri-

mary hepatocyte cultures is preferable to older cultures, at

least when investigating oxidative stress.
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