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ABSTRACT 

Aaltonen, Tuula 
Effects of pulp and paper mill effluents on fish immune defence 
Jyvaskyla: University of Jyvaskyla, 2000, 62 p. 
(Jyvaskyla Studies in Biological and Environmental Science, 
ISSN 1456-9701; 84) 
ISBN 951-39-0724-4 
Yhteenveto: Metsateollisuuden jiitevesien aiheuttamat immunologiset 
muutokset kaloissa 
Diss. 

Discharges from pulp and paper mills cause a marked contamination in 
recipient waters. A variety of biological effects in fish have been associated with 
exposures to bleached kraft mill effluents (BKMEs). 

Lately emphasis has been placed on the development of tests in which fish 
serve as sentinel animals or biomarkers of immunotoxicity in contaminated 
waters. In order to study the effects of BKMEs on fish immune defence, a panel 
of assays was developed for roach (Rutilus rutilus). The fish were challenged by 
immunising and the numbers of antigen-specific antibody-secreting cells (ASC) 
in lymphoid organs and blood were enumerated, and the levels of the antigen
specific antibodies in the circulation were determinated. In addition, 
immunoglobulin-secreting cells (ISC), the concentration of immunoglobulin 
and mitogen driven proliferation of lymphocytes in vitro were assayed. 
Furthermore, phagocytosis and migration of leukocytes were studied. 

The antibody-mediated immunity of roach was suppressed after exposure, 
both on-site in a contaminated lake and in an aquarium, to BKME from a mill 
with elemental chlorine/ chlorine dioxide (C/D) bleaching. Exposure to diluted 
untreated bleach liquor from C/D process suppressed immunoreactivity more 
than liquors from elemental chlorine-free (ECF) or totally chlorine-free (TCP) 
processes. Primary-treated and also secondary-treated BKME from a mill using 
ECF /TCF bleaching affected immune parameters of fish. Sex-related 
differences were evident in certain immune functions. 

Response to immunisation proved to be a sensitive indicator of effects of 
BKMEs on fish immune system. The results indicate that BKMEs are potentially 
immunotoxic in fish. Recent changes in pulping and bleaching processes have 
resulted in less immunomodulatory effects suggesting lower toxicity. 

Key words: Aquatic pollution; biomarkers for immunotoxicology; BKME; ECF; 
fish immune system; immunotoxicity; TCP. 
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1 INTRODUCTION 

The effluents from pulp and paper mills are one of the major contaminants of 
lakes in countries with a wood-processing industry. Bleached kraft mill effluent 
(BKME) is a complex mixture of soluble chemicals and insoluble particles and 
fibres (Sjostrom & Westermark 1999). The characteristics of each effluent are 
dependent on wood furnish and technology as well as final effluent treatment. 
The main effluent streams from the kraft pulp process are filtrates from 
bleaching, waste waters from debarking, a part of the condensates from 
cooking and evaporation, black liquor residues and spills from different process 
departments (LaFleur 1996; Anonymous 1997). 

During the period 1945-1980 the pulp mill industry caused substantial 
waste water discharges into receiving waters. The effects observed were 
sometimes of a dramatic character with oxygen depletion and fish kills. 
Therefore more attention was paid to removing high discharges of oxygen
consuming suspended and dissolved solids, and mills started to treat their 
waste waters before discharging effluent. However, a variety of biological 
effects, including structural, physiological and biochemical responses in fish, 
were still associated with exposures to discharges from a mill using 
chlorine/ chlorine dioxide (C/D) bleaching (Andersson et al. 1988; Sodergren 
1989; Lindstrom-Seppa & Oikari 1989b; Hodson et al. 1992). From the end of the 
1970s until recently, the main emphasis in studies of pulp mill effects was put 
on the role of chlorinated substances formed in the bleaching (Turoski 1998). 
During the last decade, rapid development in bleaching processes has occurred 
and most mills have substituted chlorine dioxide for chlorine. The main types 
of bleaching practised today in the Nordic countries are the elemental chlorine
free (ECF) bleaching and the totally chlorine-free (TCF ) bleaching. The toxicity 
of effluents from mills with activated sludge treatment has drastically reduced. 
However, alterations has still been observed in biochemical and reproductive 
status of fish exposed to effluents from mills using ECF /TCF bleaching 
(Sandstrom 1995; Larsson et al. 1997; Karels 2000; Soimasuo et al. 2000). 

Knowledge about the effects of pulp mill effluents on the immune defence 
of fish has been very limited. However, the increased prevalence of parasites on 
roach in waters polluted by BKME (Valtonen & Koskivaara 1989; Valtonen & 
Koskivaara 1994) as well as an altered white blood cell picture of exposed perch 
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(Andersson et al. 1988) has suggested impaired immunity in fish. Recently, a 
reduced level of plasma IgM (Soimasuo et al., 1995a; b) and disturbed 
macrophage activity (Fournier et al. 1998) in fish exposed to effluents from a 
pulp mill using C/D bleaching has been reported. 

In the present study, the effects of treated and untreated BKMEs on the 
immune defence of fish were investigated. The effects of secondary-treated 
BKME were studied on-site in a lake and the results verified under laboratory 
conditions. The role of different bleaching processes as well as the influence of 
waste water treatment concerning the immunotoxicity of fish were also 
evaluated. 



2 REVIEW OF LITERATURE 

2.1 Pulp and paper mill effluents 

The dominant pulp producers are the industrialised countries of the northern 
hemisphere, i.e. the USA, Canada, Sweden, Japan and Finland. In mechanical 
pulping the structure of wood is broken up by applying a mechanical force. In 
chemical pulping a mixture of wood chips and aqueous solution of chemicals is 
heated and the lignin is dissolved. Chemical pulping is conducted by two 
processes, the sulphite process and the kraft (sulphate) process. The kraft 
process has become the main process both for unbleached and bleached grades 
because it more easily allows the recovery of valuable chemicals and, as a 
result, minimises discharges into the environment (Kleppe 1970; Solomon et al. 
1993). 

In kraft pulping, the cooking liquor is separated from the fibres after 
cooking. This so-called weak black liquor holds the cooking chemicals and 
approximately 50% of the original wood (Anonymous 1997). The lignin cannot 
be completely removed in cooking without damaging the fibre. In a modern 
kraft pulp mill wood fibre is further delignified prior to final bleaching. In 
order to recover additional recoverable dissolved organic solids and used 
chemicals, the pulp is washed using counter current flow and the liquid is 
combined with the weak black liquor, evaporated and burnt in a recovery 
boiler. Extended delignification is performed by applying oxygen 
delignification or, preferably, a combination of extended cooking and oxygen 
delignification. The use of efficient washing equipment is an essential part of 
the process (Anonymous 1997; McDonough 1998). The residual lignin affects 
the whiteness of the pulp and further processing, called bleaching, removes the 
dark colour. In bleaching today, elemental chlorine has been replaced by 
chlorine dioxide (ECF bleaching) or by totally chlorine-free (TCF bleaching) 
bleaching agents such as oxygen, ozone and hydrogen peroxide (Anonymous 
1997). 

During the period 1945-1979, the pulp and paper industry caused 
substantial waste water discharges into the receiving waters. During that time 
these discharges had dramatic effects such as oxygen depletion and fish kills. 
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The reason for such effects was the high amount of oxygen-consuming 
suspended and dissolved solids (Tana & Lehtinen 1996). More attention was 
paid to removing these substances and mills started treating their waste waters 
before discharge. In twelve years (1980-1992) the suspended solids and oxygen
demanding loads (BOD) from the forestry industry fell by 65% and 80%, 
respectively. Yet, at the same time the output of paper and boards rose by 50% 
and that of pulp by 20% (Karessuo 1992). From the end of the 1970s until 
recently, the main emphasis was put on the role of chlorinated substances 
formed during the bleaching (Turoski 1998). All chlorinated organic substances 
were regarded as man-made, non-degradable, bioaccumulative and hazardous 
to biological system. However, it has been shown that a significant generation 
of halogenated -mainly chlorinated and brominated- compounds occurs 
naturally in both terrestrial and marine environments as a result of activity by 
several organisms like bacteria, fungi, algae, lichen and higher plants (see 
Axegard et al., 1993). 

The environmental control authorities in many countries, including 
Finland, have set restrictions on the discharges of chlorinated organics 
measured as Absorbable Organic Halogen (AOX) into the aquatic environment. 
The official limit in 1995 in Finland was 1.4 kg AOX/t pulp, although the mean 
discharge of AOX that year was in fact much lower (0.34 kg/t pulp) (Karessuo 
1996). The decrease in AOX has been achieved by a combination of several 
means. First of all elementary chlorine has been replaced by chlorine dioxide in 
the bleaching process, and other oxygen-containing chemicals such as 
molecular oxygen, peroxide and ozone have also been introduced. Elemental 
chlorine has not been used as a bleaching agent since 1993 in Finland 
(Anonymous 1997) and most of the pulp in western Europe is also produced 
without elementary chlorine (Axegard et al. 1993). Another factor contributing 
to the decreased emissions of AOX into receiving waters is the installation of 
external treatment plants. Finally, most mills have decreased their waste water 
emissions by increased closure of processes, improved spill control, sewer 
design, handling of condensates and improved process control (Figure 1) (Tana 
& Lehtinen 1996). Current trends within the pulp and paper industry, at least in 
Scandinavia and Canada, is towards the increased closure of bleach plants by 
using either ECF (elemental chlorine-free) or TCF (totally chlorine-free) 
bleaching (Ericson et al. 1998). 

2.1.1 Treatment of BKME 

The effluent treatment implemented in the pulp and paper industry consists of 
primary (mechanical) treatment, and secondary (biological) treatment. The first 
step in the effluent treatment sequence, in which suspended solids (fibres, bark 
particles and inorganic materials such as fillers) are removed, known as 
primary treatment. The separation of suspended solids is generally carried out 
mechanically by sedimentation, flotation and filtration. The efficiency of 
clarification is improved by the addition of coagulants and flocculants 
(Anonymous 1997). 
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The secondary treatment of waste waters utilises natural biological 
process, where micro-organisms utilise dissolved organic material in the water 
as a source of energy. Two types of methods are used: aerobic and anaerobic 
treatment. Although anaerobic treatment has advantages such as lower 
demands on electrical power, a lower nutrient demand and lower sludge 
production, it is suitable only for effluents with a relatively high concentration 
of easy degradable organic substances and thus its utilisation is very limited. 
The aerobic treatment methods used in the pulp and paper industry are 
activated sludge and aerated lagoon-type installations. In 1984 the first 
activated sludge plants in the Finnish pulp and paper mill industry came into 
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operation, and today almost all Finnish kraft mills are equipped with this 
efficient effluent treatment system (Anonymous 1997; Ruonala & Lammi 1997). 

The biological treatment of effluents has found to be efficient in reducing 
acute toxicity and BOD; more than 95% of the BOD in the water phase can be 
eliminated by activated sludge. COD and AOX are reduced by up to about 60% 
(Georgov et al. 1988). The reduction in AOX is higher for effluents from ECF
bleaching than for effluents from chlorine bleaching (Dahlman et al. 1993). This 
is probably due to a higher percentage of low molecular weight AOX in the 
effluent when the pulp is bleached with chlorine dioxide instead of elemental 
chlorine (O'Connor et al. 1994). TCF processes lead to the discharge of metal 
chelating agents which are susceptible to biodegradation under aerobic 
conditions, although the rate of biodegradation is too slow to ensure efficient 
removal during the biological treatment of sewage. Secondary treatment is also 
efficient in removing wood extractives (Lafleur et al. 1998). Sterol removal was 
found to range from 13 to 95% (Cook et al. 1997; Lafleur et al. 1998). 
Concentrations of unchlorinated resin acids usually decreased by 90% or more 
following treatment, whereas chlorinated resin acids were more resistant to 
biological biodegradation (McLeay 1987). 

2.1.2 Characterisation of BKME 

Pulp and paper mill effluents are very complex mixtures of organic and 
inorganic compounds varying in chemical structure and molecular weight. The 
characteristics of each effluent are dependent on numerous factors, including 
wood furnish and process technology (washing, condensates, cooking, 
bleaching etc.) as well as final effluent treatment (Axegard et al. 1993). Organic 
substances originate mainly from the natural chemical constituents of wood: 
polysaccharides, lignin and extractives. Resin acids, fatty acids and phytosterols 
are the most common wood extractives found and are shared by many pulping 
processes (Sjostrom & Alen 1999). 

The compounds identified can be separated into three main classes 
according to their chemical properties: acids, phenolic compounds and neutral 
compounds. The organic material can also separated according to molecular 
weight. Hundreds of low molecular weight organic compounds have been 
identified in effluents from production of bleached kraft pulp (Mikkelson & 
Paasivirta 1997; Dahlman et al. 1999). The high molecular weight material 
carries a large part of the COD and AOX found in kraft bleach plant effluents. 
(Dahlman et al. 1999). The molecular weight distribution will vary depending 
on the wood species and bleaching processes used. The effluents from the 
production of bleached hardwood kraft pulp contain organic material of lower 
average molecular weight than the corresponding softwood effluents (Morck et 
al. 1991). Effluent from modern bleaching with oxygen delignification also 
exhibits lower molecular weight (Yin et al. 1989; Yin et al. 1990; O'Connor et al. 
1994). Biological treatment shifts the molecular weight distribution of the 
organic material towards higher molecular weight because the bacteria 
preferably remove organic material of low molecular weight (Yin et al. 1989; 
Yin et al. 1990; Dahlman et al. 1993). 
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The release of chlorinated compounds has decreased dramatically 
following C1O2 removal. Effluents from bleaching kraft pulp by ECF bleaching 
contains the same compounds (resin acid, fatty acid, chlorinated acetic acid, 
chlorinated and nonchlorinated phenolic compounds, chloroform, terpenes, 
terpenoids and sterols) but considerably lower quantities of chlorinated 
compounds and with a lower degree of chlorination than the effluent from 
earlier kraft mills with chlorine-based bleaching processes(Bright et al. 1997; 
Lafleur & Barton 1997). Mikkelson & Paasivirta (1997) have identified and 
quantified the relative abundance of more than 300 compounds in effluents 
from pine pulp process with ECF or TCF bleaching. 

Other chemical constituents common to many pulping processes include 
process additives (Lafleur & Barton 1997). Alkylphenol polyethoxylates are 
constituents in the surfactants and detergents used by the industry. The most 
abundantly used is nonylphenol ethoxylate. The original surfactant can break 
down into several metabolites that are more biologically active. Other process 
additives that are receiving greater attention due to the increased use of ozone 
and peroxide bleaching are the chelants ethylenediaminetetraacetic acid 
(EDTA) and diethylenetriaminepentaacetic acid (DTP A). The increased use of 
EDTA/DTPA, although not considered toxic, may result in the increased 
discharge of some metals. 

2.1.3 Effects of BKME on fish 

Conventional pulp and paper mill effluents exhibited toxicity that were acutely 
lethal to fish, but when diluted in recipient waters toxicity decreased below 
lethal levels (Miettinen et al. 1982; Oikari et al. 1984; McLeay 1987). Fish kills 
associated with pulp and paper mill discharges have been seldom observed and 
no fish kills have been reported in any waterbodies receiving discharges of 
biotreated mill effluent (McLeay 1987). The toxicity of effluents from modern 
mills using ECF bleaching has been drastically reduced and acute lethal effects, 
even with untreated effluent, are no longer observed (Priha 1996; Verta et al. 
1996). 

In the 1980s increased attention began to be paid to the sublethal effects of 
BKME. The effects of BKME using chlorine-based bleaching have been 
associated with habitat alterations and subsequent effects on fish population 
and community levels, e.g. lowered fish biomass and the differences in the 
species composition of the fish community close to the discharge outlet (Adams 
et al. 1992; Hakkari 1992; Sodergren 1993). There are, however, other studies 
which have found BKME to have only minor effects at the population and 
community levels (Hodson et al. 1992; Swanson et al. 1994). Reproductive 
effects such as decreased steroid hormone levels, delayed maturity, reduced 
gonad size and fecundity have been reported in several fish species exposed to 
BKME (Lindstrom-Seppa & Oikari 1989a; Munkittrick et al. 1991; Sodergren 
1993; Gagnon et al. 1994; Munkittrick et al. 1994). 

Various physiological and biochemical disturbances have been noted in 
fish after exposure to BKME. Typical symptoms have been altered liver 
function, such as liver enlargement, reduced liver RNA and protein 
concentration, hepatocellular changes, and strong induction of hepatic MFO 
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activity (Lehtinen & Oikari 1980; Oikari & Niittyla 1985; Hodson et al. 1992). 
The induction of liver MFO activity measured as EROD activity probably is the 
most prominent response to pulp and paper mill effluent and has been well 
revealed e.g. in studies in Southern Lake Saimaa (Lindstrom-Seppa & Oikari 
1989b; Soimasuo et al. 1995b; Oikari & Holmbom 1996). Exposure to 
conventional BKME has also led to altered carbohydrate metabolism and 
osmo/ionoregulation in fish (Andersson et al. 1988; Lindstrom-Seppa & Oikari 
1990). Changes in blood cellular parameters and alterations in blood 
hemoglobin and plasma protein concentrations occurred in fish under the 
influence of BKME (Oikari et al. 1985; Andersson et al. 1988; Larsson et al. 1988; 
Sandstrom & Thoresen 1988; Lindstrom-Seppa & Oikari 1989b; Lindstrom
Seppa & Oikari 1990; Sandstrom et al. 1992). Fish also suffered from a higher 
frequency of vertebral deformities and fin erosion (Andersson et al. 1987; 
Hardig et al. 1988; Lindesjoo & Thulin 1990; Lindesjoo & Thulin 1992; Lindesjoo 
& Thulin 1994). Furthermore, the white blood cell pattern suggested a 
suppressed immune defence (Andersson et al. 1988). Studies in Finland, in Lake 
Saimaa, showed decreased IgM concentrations in fish caged near a pulp and 
paper mill using chlorine-based bleaching (Soimasuo et al. 1995b). 

The results after exposure to single defined chlorinated chemical, such as 
tetra-chloro-1,2-bensoquinone (Bengtsson et al. 1988b), were similar to those 
observed in fish exposed to bleached kraft mill effluents in the laboratory or in 
fish living in the receiving waters from a bleach pulp mill. This suggests that 
chlorinated compounds in the bleached kraft mill effluents contributed to the 
symptoms in the exposed fish. However, changes in fish performance could 
also be associated with a variety of other factors in effluents. In fact, some 
changes were evident at sites not receiving bleaching effluents (Munkittrick et 
al. 1994) and, for example, exposure to unbleached kraft mill effluents in a long
term laboratory experiment with fourhorn sculpins (Myoxocephalus 
quoadricornus) resulted in increased frequency of vertebral deformities, 
although the responses were considerably lower compared to those following 
exposures to bleached effluents (Bengtsson et al. 1988a). Thus, there is growing 
awareness that some of the biological effects observed in pulp mill effluents 
may be attributable to natural wood extractives. Extractives acutely toxic to fish 
include juvabione (Leach et al. 1975), resin and fatty acids (Leach & Thakore 
1977), and diterpene alcohols (Leach & Thakore 1977). A mixture of resin and 
fatty acids has also been found to cause sublethal effects in fish, such as liver 
dysfunction, increased plasma bilirubin and major effects on respiration and 
the energy metabolism (Oikari & Nakari 1982). As early as in the middle of the 
1970s, a Canadian study showed that sterols were also acutely toxic to fish 
(Leach et al. 1975). More recently it has been found that wood-derived sterols 
interfere with the hormonal status of fish (MacLatchy & Van Der Kraak 1994; 
Tremblay & Van Der Kraak 1998). 

The rapid development and introduction of new techniques for bleaching 
of kraft pulp in Scandinavia has resulted in a substantial reduction in 
chlorinated organic materials discharged into the receiving waters (Sodergren 
1993; Oikari & Holmbom 1996). Recovery studies were performed both in 
Finland and in Sweden after alterations to the pulping and bleaching and waste 
water treatment system. Recovery studies in Finland showed that EROD 
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induction was only 4-20% of that measured before the alterations and that 
blood IgM levels and hematocrit had returned to normal (Soimasuo et al. 2000). 
Despite the decreased exposure of fish to BKME, reproductive status, measured 
by serum steroid hormone levels, gonad size and fecundity, was affected in 
perch, and to a lesser extent in roach (Karels 2000). Recovery studies in Sweden 
demonstrated a pronounced reduction or elimination of the previously 
observed effects in the receiving waters (Sandstrom 1995; Larsson et al. 1997). 
Fish biomass and the species composition of the fish community had 
successfully returned to normal. The fin erosions and other histopathological 
changes in perch as well as many biochemical responses had disappeared. 
Signs of liver enlargement were not detected after 1990. Induced hepatic EROD 
activity, slightly elevated hematocrit and reduced gonad size continued to be 
observed in 1993 in fish near a pulp mill. In 1995, gonad size and red blood cell 
picture were normal, while delay in sexual maturity and slight EROD induction 
indicated incomplete recovery (Sandstrom 1995; Larsson et al. 1997). 

Recently, the differences in toxicity between untreated and secondary 
treated effluents from TCF and ECF processes have been studied. In the study 
by Priha (1996) the total effluents from all 15 Finnish pulp mills evaluated by 
laboratory short-term tests. In general, the biologically treated bleached kraft 
mill effluents showed little or no toxicity regardless of the type of bleaching 
process used. The mechanically treated effluents were toxic whereas none of the 
secondary treated effluents at a 100% concentration affected the survival of 
zebra fish embryos and larvae. Many studies have found some degree of 
toxicity in both ECF and TCP effluents, and thus it cannot be concluded that 
one modern bleaching technique is superior to another in terms of its 
environmental effects (Kovacs et al. 1994; Verta et al. 1996). 

2.2 Immunotoxicity in fish 

Immunotoxicology in fish has received increasing attention in recent years. 
There are several reasons for developing this field: many fish diseases are 
related to environmental quality, various environmental pollutants have 
immunotoxic potential and many fish diseases have an immunological 
component (Wester et al. 1994). This development has been aided by progress 
in related scientific fields, such as fish immunology and rodent 
immunotoxicology. 

2.2.1 The fish immune system 

The immune defence mechanisms of fish have not been studied as extensively 
as those of mammals, but obvious progress has taken place in fish immunology 
in the last two decades (reviewed by several authors e.g. Anderson and 
Zeeman, 1995; Iwama and Nakanishi, 1996; Bernstein et al., 1998; Nakanishi et 
al., 1999). Fish are the oldest and most diverse of the vertebrate groups; their 
immune systems are quite varied and appear to be associated with fish 
phylogeny. In general, the immune system of teleost, the most studied fish, 
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appears to be fairly well developed and in various aspects is comparable to that 
of the mammalian immune system. Although the teleosts do not have bone 
marrow or lymph nodes, these fish posses functionally equivalent 
hematopoietic tissues primarily in the areas of the spleen, head kidney and 
thymus. The immune system in fish is a highly evolved system that functions to 
provide the organism with the ability to resist infectious agents, destroy 
neoplastic cells, and reject nonself components. The immune responses in fish 
also involve both humoral and cellular components. 

The system is divided into two functional entities; nonspecific resistance 
and specific acquired resistance. Nonspecific defence mechanisms (reviewed by 
Secombes, 1996) are important in fish, because fish have fewer specific immune 
capabilities than higher vertebrates. These nonspecific defences have to respond 
quickly, even at low temperatures. Indeed, fish place a greater emphasis on 
physiological availability or energy spent on nonspecific defence mechanisms 
than mammals. Nonspecific responses are mediated by mononuclear 
phagocytes (macrophages and monocytes) and granulocytes. Phagocytosis and 
inflammation are two nonspecific responses that appear to be universal in fish. 
Another important group involved in immune surveillance are nonspecific 
cytotoxic cells (NCC) resembling mammalian natural killer (NK) cells (Evans & 
Jaso-Friedmann 1992). A number of nonspecific humoral factors and body 
secretions are thought to contribute to the natural resistance of fish (reviewed 
by Yano, 1996). These include lectins, lytic enzymes, transferrin, enzyme 
inhibitors, interferons and C-reactive protein. The complement system is an 
important part of the organism's defence against micro-organisms and in the 
teleost it is essentially similar to that of the higher vertebrates. 

Specific immune responses are directed against a specific agent to which 
the organism has previously been sensitised. The specific immune mechanisms 
of fish, resembling those of mammals, include cell- and humoral-mediated 
responses. Cell-mediated immunity (reviewed by Manning and Nakanishi, 
1996; Nakanishi et al., 1999) involves e.g. the generation of cytotoxic T
lymphocytes against intracellular viruses and the up and down regulation of 
immune responses. Fish produce a number of cytokine-like soluble products 
that act to orchestrate the events in an immune response. Most of these have 
been identified in biological assays on the basis of their fl¾nctional similarity to 
mammalian cytokine activities. Recently interleukin-I has been cloned in 
several teleost species (Secombes et al. 1999). Antibody molecules 
(immunoglobulins) produced by plasma cells are involved in humoral
mediated immunity (Kaattari & Paganelli 1996). The role of immunoglobulins is 
to protect the host from infectious diseases involving virus neutralisation, 
opsonization and complement-mediated lysis. The major immunoglobulin class 
produced in fish is IgM. 

2.2.2 Survey of immunotoxicology 

Immunotoxicology originated in the early 1970s when immunologists and 
toxicologists began investigating the immunotoxic potential of prominent 
environmental chemicals. The World Health Organisation (WHO) defines 
"immunotoxicology" as concerned with the adverse effects resulting from the 
interaction of the immune system with xenobiotics, and includes the 
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consequences of an action (i.e., either suppression or enhancement) by a 
substance (or its metabolite) on the immune system, as well as the 
immunological response to such a substance (Karras & Holsapple 1995). Unlike 
most target organs that are confined anatomically within a host, the immune 
system is dispersed throughout the body and can be exposed to xenobiotics at 
many locations and during various metabolic states. This factor in itself 
acknowledges the immune system as a highly sensitive organ for detecting 
toxicosis (Koller 1996). In addition to direct effects, xenobiotics may have 
indirect effects on immune functions (Figure 2). The immune system is 
regulated by a number of other organ systems such as various nervous and 
endocrine systems, as well as the activity of the liver. Input from these organs 
can constitute indirect pathways for xenobiotics perturbation of immune 
function. These interactions can result in no change in immune function, 
suppression of immunity, or immune enhancement (Karras & Holsapple 1995). 
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FIGURE 2 Scheme showing direct or indirect effects of xenobiotics on immunity and 
potential outcomes (Source: Karras and Holsapple, 1995). 
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The mechanisms of immunity are extremely intricate and there are a 
number of potential sites where immunotoxicants could lead to failure of 
immune functions. Defective phagocytosis could result in impaired antigen 
recognition and processing with failure of antigen presentation to the receptors 
on lymphocytes. Another potential site of immunosuppression, in addition to 
this so called afferent limb, would be at the level of lymphocyte antigen 
recognition and cell activation. This could occur due to impaired expression of 
antigen receptor and/ or failure of biochemical mechanisms that would cause 
failure of activation and subsequent failure of proliferation or differentiation of 
the lymphocytes. This would result in immunosuppression because of failure to 
form a specific antibody or specific effector cells (Tucker 1994). On the other 
hand, immunotoxicants may also affect non-specific defence mechanisms which 
also provide resistance to infections and tumours. These include non-specific 
cells such as macrophages, natural killer (NK) cells, granulocytes, mast cells 
and probably even endothelial cells. Macrophages, neutrophils and natural 
killer cells are particularly important "front-line" effector cells in non-specific 
defence mechanisms which are independent of specific immune responses. 
Research in the field of immunotoxicology will therefore also involve the study 
of these types of cells (Vos & van Loveren 1996). 

Due to the complexity of the immune system, many assays have been 
developed to examine either the integrated functioning of the entire system or 
its various component parts. Several authors have organised these tests into a 
tiered system for the most effective approach to assessing the effect of chemicals 
on the immune system (Vos 1980; Luster et al. 1988; Luster et al. 1992). Tier I 
provides a general screening of immune functions including e.g. leukocyte 
analysis, the histopathological examination of major lymphoid organs, the 
measurement of serum immunoglobulin and detecting the organ weights. 
These assays are usually easy and inexpensive and require only little laboratory 
equipment. If the screening study has provided data that suggest 
immunotoxicity, function studies, Tier II, are performed to confirm and further 
identify the nature of the immunotoxic effect. Tier II comprises a 
comprehensive testing of all components of the immune response, which can 
usually be carried out only in the laboratory. Tests include e.g. cell surface 
markers, immunoglobulin quantitation, lymphocyte blastogenesis and 
chemotaxis. The most relevant end point for immunological dysfunction 
requires testing the host resistance (challenge to bacteria, virus, parasites or 
tumours) occasionally called Tier III. 

2.2.3 Effects of xenobiotics on the immune system of fish 

In mammalian immunotoxicology a variety of effects are considered, not only 
immunosuppression, but also immunostimulation, allergy, and autoimmunity 
(Descotes 1999). The major interest of immunotoxicology in rodents lies in the 
evaluation of the results of toxicity testing for the purpose of risk assessment in 
humans. In fish, the suppression of the immune system seems mainly to be the 
target of the study (reviewed by Dunier and Siwicki, 1993; Zelikoff, 1994; 
Anderson and Zeeman, 1995). The effects of xenobiotics can be investigated on 
different biological levels by different immunological and disease-resistance 
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assays (Figure 3). In the field it is possible to study fish either by catching them 
in the wild or doing monitored cage tests. Both wild and cultured fish have 
been used in in viva and in vitro laboratory exposures. Several species, although 
mainly teleost, have been used in field and laboratory studies, which makes 
research in this domain rather diffuse and extended. However, there are some 
preferred species such as trout, salmon and carp, and moreover, homozygous 
inbred strains of these fish are available (Komen et al. 1991). 
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FIGURE 3 Biological levels for the investigation of the effects of pollutants on fish by 
immunological and disease-resistance assays (Source: Anderson, 1990) 

Many immunotoxicological studies in fish have been performed under 
field conditions (Faisal et al. 1991; Pulsford et al. 1995; Rice et al. 1996; Fournier 
et al. 1998). Exposure in the wild is mainly chronic and fish may also be ex
posed via contaminated food, sediment and particles which are not present in 
aquaria. Although exposures in natural waters give the most relevant results, 
there are also many disadvantages in field studies. They often lack the 
specificity and sensitivity to allow the drawing of conclusion as to 
immunosuppressive effects, while stress related to handling and temperature 
changes may cause major fluctuations. Moreover, a deficient case history and 
lack of knowledge of the migratory patterns of feral fish hamper the 
interpretation of results (Vethaak et al. 1992). The disadvantages of field study 
can be minimised by doing on-site types of exposure e.g. keeping fish in cages 
in a lake. However, even on-site exposure resembling natural exposure suffers 
from inadequately controlled conditions. The effects observed in field studies 
are generally related to non-specific pollution (e.g. harbour sediment, sewage 
sludge, pulp mill effluents) whereas in laboratory it is also possible to study one 
xenobiotic at a time. Function tests under controlled conditions yield the most 
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reliable and sensitive methods of assessing immunological stress. However, 
risk assessment at the ecosystem level is difficult because laboratory findings 
do not necessarily apply in the field. 

Because of the complexity of the immune system, no single immune 
function assay can provide an adequate evaluation of the adverse effects of 
xenobiotics on the immune system. Many different parameters have been used 
for studying immunotoxicology in fish e.g. structural parameters, functional 
response of the immune system and susceptibility to disease. 

Parameters of nonspecific defence 

Blood monitoring is one of the most popular approaches in assessing 
immunotoxicity. Blood cell counts and differential cells count have been widely 
used because these are easy to perform. White blood cells play a major role in 
the immune response. However, many other environmental factors not related 
to defence may modify the status of white blood cells, and therefore its function 
as an indication is limited (Anderson 1990). The white blood cell picture has 
been affected e.g. after exposure to industrial waste waters (Pulsford et al. 
1995), pulp mill effluent (Andersson et al. 1988) organophosphate insecticides 
(Areechon & Plumb 1990) and tributyltin (Rice et al. 1995). A dose-dependent 
decrease in red and white blood cell counts were observed after exposure to 
copper (Khangarot & Tripathi 1991). A reduction in total leukocyte counts 
together with a decrease in lymphocyte and thrombocyte numbers was seen 
after exposure to cadmium (Murad & Houston 1988). Exposure to oil
contaminated sediments increase lymphocyte numbers at low diesel oil doses, 
whereas high doses decreased these values (Tahir et al. 1993). 

Other nonspecific measures used in immunotoxicological studies for fish 
are organ weight and morphology. Spleen weight has been used as a biomarker 
because the spleen is easy to excise. It is, however, not very sensitive due the 
fact that a major and variable portion of the spleen consists of storage blood or 
erythropoietic tissue (Fi:i.nge & Nilsson 1985). Experimental immunotoxicology 
in mammals has demonstrated the weight of the thymus as a very sensitive 
parameter in the case of thymus effects. However, this parameter is not 
commonly used in fish because the thymus in many fish species has a complex 
localisation, which makes clean dissection almost impossible. Splenic somatic 
index has been demonstrated to decrease in fish living in polluted lakes e.g. as a 
result of industrial and urban development (Pulsford et al. 1995). 

Phagocyte::; conslilule an importanl cell populalion for bolh specific and 
non-specific defence. These parameters are widely used in measuring the 
immunotoxicity of xenobiotics; a possible reason for this is that these tests are 
quite easy to perform and do not require species-specific reagents. At present 
assays for measuring phagocytes are one of the most widely used tests in fish 
immunotoxicology. Various methods are used to measure the uptake of 
particular or soluble materials by phagocytic cells in investigating the health of 
fish. Direct observation by microscopy to determinate phagocytosis is used 
when counting engulfed bacteria. Phagocytosis of granulocytes or macrophages 
can also be assessed by measuring the production of oxygen radicals with 
chemiluminescence assay or nitro blue tetrazolium (NBT) reaction. Migration 
and chemotaxis of phagocytes can be followed e.g. by migration under agarose 
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assay or in a Boyden chamber. The suppression of macrophage function by 
environmental contaminants has been well documented (Rice & Weeks 1989; 
Weeks et al. 1990; Rice et al. 1996). Phagocyte oxidative burst activity is 
sensitive in several fish species to a variety of contaminants including 
tributyltin (Rice et al. 1995), metals (Zelikoff 1993), planar PCBs (Rice & Schlenk 
1995), polycyclic aromatic hydrocarbon (PAH) (Kelly-Reay & Weeks-Perkins 
1994) and pentachlorophenol (Anderson 1994). 

Specific acquired resistance 

Functional tests are widely used parameters in mammalian immunotoxicology 
in which lymphocytes are stimulated in vitro by exposure to mitogenic agents. 
Proliferation is monitored by measuring the incorporation of radioactive 
thymidine in DNA. This test yields information about immunotoxic 
mechanisms but the usefulness of these in vitro -tests to predict the 
immunomodulating effects of xenobiotics in fish is difficult. Suppression of the 
response to the T cell mitogens (Concanavalin A, ConA or phytohemagglutinin, 
PHA) and a sharp augmentation of the response to the B cell mitogens 
(lipopolysaccharide, LPS or pokeweed mitogen, PWM) in spot (Leiostomus 
xanthurus) has been demonstrated under field conditions (Faisal et al. 1991). In 
vitro effects of metal ions (Ghanmi et al. 1989) and organotin (O'Halloran et al. 
1998) on the mitogenic response of fish lymphocytes have also been found. 
High concentrations of organotin inhibited both ConA- and LPS-stimulated 
mitogenesis while manganese inhibited only T lymphocyte mitogenesis, B 
lymphocyte mitogenesis remaining unaffected. 

Determination of circulating immunoglobulin levels in serum is a useful 
test of the net result of the functioning of an immunoglobulin pathway in viva. 
It can be measured in "naive" animals (total lg) or after immunisation with an 
antigen. Nowadays the most commonly used method of measuring 
immunoglobulins is the enzyme-linked immunosorbent assay (ELISA). A 
related test, enzyme-linked immunospot assay (ELISPOT), which identifies the 
total number of immunoglobulin secreting cells (ISC) or specific antibody 
secreting cells (ASC) after immunisation, has recently also become more 
common in fish immunology and has replaced the hemolytic plaque-forming 
(PFC) assay (Secombes et al., 1991b; Waterstrat et al., 1991; Davidson et al., 
1993; Siwicki et al., 1994). Studies with rodents have shown antibody 
production (PFC assay) to have the highest association with immunotoxicity 
(host resistance-test) (Luster et al. 1992). Studies in fish concerning the influence 
of pollutants on antibody formation have produced contradictory results. 
Anderson (Anderson et al. 1990) found reduced numbers of antibody
producing cells in phenol-pretreated rainbow trout immunised by bacterin 
antigen bath. On the other hand, the PFC response was not significantly altered 
in trout receiving halogenated aromatic hydrocarbons or PCB (Cleland et al. 
1988a), and an increase in the number of PFC has been reported after exposure 
to dioxin (Spitsbergen et al. 1986) and after exposure to oil-contaminated 
sediments (Tahir et al. 1993). 



3 AIMS OF THE STUDY 

The interaction of environmental contaminants with the components of the 
immune defence may alter the function and balance of the immune system and 
result in undesirable effects such as immunosuppression, leading to the 
increasing prevalence of neoplasia or altered host defence against pathogens. 

The present study assessed immunomodulatory and immunotoxic effects in 
fish after exposure to pulp and paper mill effluents. 

The specific aims were: 

1) to develop methods, for non-specific and specific immune parameters,
suitable for studying immunotoxicity in the fish model (I, II, IV).

2) to determine the effects of exposure to BK.ME on piscine immune functions
(II, III).

3) to investigate the significance of type of bleaching process on
immunotoxicity (III, IV).

4) to study the influence of the secondary treatment of BKME on
immunotoxicity in fish (V).



4 SUMMARY OF MATERIALS AND METHODS 

Materials and methods are described detail in the original articles (I-V). 

4.1 Fish and exposure to effluents 

Roach used in studies (I-V) were caught from Lake Peurunka, an 
uncontaminated oligotrophic lake in Central Finland. Studies (I, III-V) were 
performed under controlled aquarium circumstances, except for study (II) 
where fish were exposed to bleached kraft mill effluent (BKME) on-site in Lake 
Vatia downstream from. Mill A and control fish were caged simultaneously in 
uncontaminated Lake Peurunka. In all the laboratory experiments fish were 
exposed to effluents diluted with tap water or, in the case of the controls, fish 
were kept in aerated tap water. Oxygen concentration, temperature, 
illumination regime and feeding were maintained the same in control and 
exposure groups. 

In the on-site study in a lake (II) and in the first of the laboratory studies 
(III) fish were exposed to BKME from mill A. At the time of these studies (1990-
91) elemental chlorine and chlorine dioxide were used in the bleaching of
softwood pulp. Exposures to untreated bleach liquors were performed using
the effluents from the elemental chlorine / chlorine dioxide (C/D) bleaching
(III), elemental chlorine-free (ECF) bleaching (IV) or the totally chlorine-free
(TCF) bleaching (IV) from Mill B situated on the western coast of Finland.
Primary and secondary treated BKME (V) came from Mill B.

Effluents and exposures of fish are described in detail in Table 1. 

4.2 Immunisation of fish 

In order to study the capability of roach to respond to foreign antigens the fish 

were immunised with a single intraperitoneal injection of bovine y-globulin 
(BGG) emulsified in Freund's complete adjuvant (FCA). Each fish received 200 
µl of antigen solution containing 500 µg BGG. 



TABLE 1 Summary of effluents and exposures of fish in original publications II-V. 

II Illa IIIb IV V 

Year 1990 1991 1993 1995 1998 

Exposure On-site Aquarium Aquarium Aquarium Aquarium 
in lake 

Mill A A B B B 

Bleaching CID CID CID ECF softwood ECFand TCF 
or 

Raw material Softwood and Softwood Softwood TCF hardwood Softwood and 
hardwood hardwood 

Effluent Secondary Secondary Untreated Untreated Primary treated 
treated BKME treated BKME bleach liquor bleach liquor or secondary 

treated BKME 
Exposure concentration 

1* 3.5 25 0.6, 2, 6, 20 20 

Exposure time (weeks) 

before immunization 5 3 2 
after immunization o, 2, 3, 4 0, 2, 3, 4 0, 1, 2, 3, 4, 5 3 3 

total 5, 7, 8, 9 3, 5, 6, 7 0, 1, 2, 3, 4, 5 5 3 

\() * Calculated from mean discharge of Lake Vatia and waste water volume from mill A in June 1990 (Priha & Paavilainen 1991).
N 
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The kinetics of immune responses were followed for 28 (II-Illa) or for 35 
days (Illb ). In studies IV and V fish were sampled on day 21 post immunisation 
(p.i.) at the time of peak response against the antigen. 

4.3 Sampling 

A blood sample was drawn from the caudal vein of each fish either without 
heparin (I-III) or with heparin (IV-V). Serum or plasma was stored frozen until 
determination of immunoglobulin (IgM) concentration. The gills and liver 
tissue were excised immediately, frozen in liquid nitrogen and stored at -70°. 

Cells were isolated from the spleen, blood or the head kidney with Percoll 
density gradients after disrupting the spleen or the head kidney against a nylon 
net. The cell culture medium used in all the experiments were modified for 
roach. The viability and the numbers of the isolated cells were counted by 
trypan blue exclusion in a haemocytometer (viability >95%). 

4.4 Immune function assays 

4.4.1 Antibody against roach IgM (1-11) 

Immunoglobulin was isolated from roach serum with ammonium sulphate 
precipitation and anion exchange chromatography. Antibodies against purified 
roach IgM were raised in rabbits (I). The specificity of antibodies was tested by 
immunoelectrophoresis of roach serum (II) and only a single precipitation arch 
appeared when reacted with rabbit anti-roach IgM antibody. 

4.4.2 Enumeration of secreting lymphocytes (1-V) 

The enzyme-linked immunospot (ELISPOT) assay was used in the enumeration 
of ISC or antigen-specific ASC. The ELISPOT assay for roach (I) was based on 
the methods developed for human lymphocytes (Czerkinsky et al. 1983; 
Sedgwik & Holt 1983). Flat-bottomed 96-well microtiter plates were coated 
either with BGG, for the determination of specific ASC, or with rabbit anti
roach IgM antibody for ISC. Cells were dispensed into bovine serum albumin 
(BSA) -saturated wells and allowed to secrete antibodies for 3 hours. Trapped 
antibodies were detected with biotin-conjugated anti-roach IgM antibody 
followed by alkaline phosphatase-conjugated avidin. The substrate, bromo
chloro-indolyl phosphate, was mixed with warm agarose and added to the 
wells. Finally, blue spots were counted using a stereo microscope. 
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4.4.3 Quantification of immunoglobulin in blood (I-V) 

The levels of total IgM and anti-BGG specific antibodies in roach serum (I-III) or 
plasma samples (IV-V) were determined by enzyme-linked immunosorbent 
assay (ELISA). The assay of serum immunoglobulin was standardised with 
known concentrations of purified roach IgM, and in the case of the specific 
antibody, a calibration curve was constructed using a pool of high titer plasmas 
obtained from fish immunised with several injections of BGG. The 
concentrations of anti-BGG specific antibodies in the samples were then 
expressed as artificial units/ml (U /ml). 

4.4.4 Proliferation assay (IV) 

A method for assaying of proliferative responses of lymphocytes after mitogen 
activation was developed for roach (IV). Lymphocytes from the blood or spleen 
were added in triplicate to 96-well plates, 4 x 1Q5 cells/well, and activated with 
Concanavalin A (ConA). After 5 days incubation, 3H-thymidine was added and 
the cultures were incubated for 18 hours and harvested by water lysis and 
adherence to glass fiber filters. The results were expressed as radioactivity 
counts per second (cpm) and as a stimulation index (SI) calculated according to 
the formula: SI = Mean cpm of stimulated cultures / Mean cpm of 
nonstimulated cultures. 

4.4.5 Respiratory burst (IV) 

Head kidney phagocytes were stimulated with phorbol 12-myristate 13-acetate 
(PMA) and the respiratory burst activity was determined by the luminol
enhanced chemiluminescense method (Salo et al. 1998). A model 1250 LKB
Wallac luminometer with temperature control (IV) or a microplate luminometer 
(Victor2, 1420 Multilabel counter, Wallac, Finland) (V) was used to monitor the 
chemiluminescense at 25°C. The peak value in millivolts (IV) or counts per 
minutes (V) was determined from each reaction. 

4.4.6 Migration (IV) 

The capability of head kidney granulocytes to move was assayed by a 
migration-under-agarose technique (Salo et al. 1998) modified from the method 
of Nelson et al. (1975). The middle wells, punched in an agar layer cast on 
microscope slides, were filled with casein solution and the outer wells received 
granulocytes. Cells were allowed to migrate under the agarose in a humidified 
environment at 25°C for 3 hr and then fixed overnight with methanol. The 
agarose was removed and the slides with migrated cells were stained. The 
distance the cells had migrated from the margin of the well towards the well 
containing casein (directed migration) and in the opposite direction (random 
migration) were measured under the microscope. 



4.5 Other physiological methods (V) 

4.5.1 Cortisol 
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Plasma cortisol was measured with a commercial kit Gamma Coat [125I] 
Cortisol (INCSTAR Co., Stillwater, Minnesota, U.S.A). 

4.5.2 Carbohydrate metabolism and osmoregulation 

Plasma were mixed with 0.6 M HClO4 before measuring the concentration of 
ions, glucose and lactate. Glucose was measured with the GOD-Period method 
(Boehringer Mannheim, Germany, Cat. no. 124036) and lactate with a modified 
method of Noll (1974) (Boehringer Mannheim, Germany. Cat. no. 256773) 
using a spectrophotometer iEMS platereader (Labsystems, Finland). Plasma 
sodium and potassium concentrations were measured with a Corning 435 
-flame photometer using lithium as an internal standard.

Glycogen was extracted and purified by a method modified from Lim & 
Ip (1989). The amount of glucose released from the original glycogen was 
measured using the GOD-Period method. 

Total and Na+-K+-ATPase analyses were carried out with the method 
described by Schrock et al., (1994). Inorganic phosphate liberated in the reaction 
was measured in a malachite green solution using spectrophotometer. The 
concentration of total proteins in the gill homogenates were measured by a Bio
Rad DC Protein Assay Kit. 

4.5.3 The activity of EROD 

The preparation of hepatic microsomes is described in detail in paper V. 
Microsomal fractions were stored in liquid nitrogen until assayed. The activity 
of 7-ethoxyresorufin O-deethylase (EROD) was measured fluorometrically from 
the microsomal fractions of liver using resorufin as the internal standard 
according to the method of Burke & Mayer (1985), adapted for the microplate 
method by Soimasuo et al. (1998). 

4.6 Statistics 

The data were analysed for statistically significant differences by the Mann 
Whitney U-test, student's t-test or two-way ANOV A. A statistically significant 
difference from controls is expressed as *P $0.05, ** P $ 0.01 or*** P $ 0.001. The 
relationships between variables were assessed by Pearson correlation with 
Bonferroni adjusted probability. 



5 REVIEW OF THE RESULTS 

5.1 Immunoglobulin synthesis in roach (1-V) 

The concentration of immunoglobulin M (IgM), analysed with ELISA, in the 
serum of wild roach caught in the middle of May from Lake Peurunka was 15.5 

± 6.6 mg/ml (II, mean± SD, n= 22). Mean plasma IgM concentrations in 
immunised control fish kept in aquaria ranged from 12 to 20 mg/ml (IV, V). 

A large proportion of cells isolated with Percoll gradient from the spleen, 
the kidney or the blood produced immunoglobulins. The proportion of 
immunoglobulin-secreting cells (ISC) among lymphocytes isolated from the 
spleen was rather constant 20-25% (I, III-V). The number of ISC in the kidney 
was higher than in the spleen but no significant differences in ISC between 
these organs were detected (I, III). The ISC count of cells isolated from the blood 
was significantly higher than in those from the spleen (IV, V). 

The kinetics of the appearance of anti-EGG specific antibodies in the 
serum were studied on days 0, 14, 21, 28 and 35 post immunisation (p.i.) with 
EGG (I-III). Antibody concentration increased after day 14 and reached its 
plateau value on day 28 p.i .. The kinetics of the formation of antibody-secreting 
cells (ASC) in the spleen or in the kidney following immunisation with EGG 
was determined by ELISPOT (I-III). Anti-EGG-specific antibody-secreting cells 
were not detected earlier than 14 days p.i., and the peak ASC response was 
noted on day 21 p.i .. The kinetics of the ASC responses in the spleen and in the 
kidney were identical (I, III). The number of ASC in the cell fraction isolated 
from the kidney was greater than the number of ASC in the cells from the 
spleen but did not reach statistical significance at any time of sampling. A 
highly significant correlation was found between the responses in the spleen 
and the kidney. Furthermore, correlation between cellular responses and serum 
antibody levels after immunisation were also detected (I). The number of 
lymphocytes secreting anti-EGG-specific antibodies in the blood varied widely 
(10-fold difference) between experiments (IV, V). 
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5.2.1 Immunoreactivity (11-V) 
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Changes in the number of ASC in roach exposed to effluents from different 
pulping and bleaching processes indicate that BKMEs negatively affect the 
immune functions of fish (Fig. 4). Exposure of roach to secondary-treated 
BKME from a mill with C/D bleaching significantly impaired the 
immunoreactivity of the fish as evidenced by the low number of splenic ASC in 
the fish kept in cages on-site in a lake receiving BKME (II) or exposed to BKME 
in an aquarium (III). A decreased number of ASC in the spleen and blood was 
also noted in fish exposed under laboratory circumstances to secondary- or 
primary-treated BKME from mill with ECF /TCF bleaching (V). 

The effects of untreated bleach liquors from the different methods of kraft 
pulp bleaching (III, IV) on the number of ASC in the spleen and in the blood are 
summarised in Fig. 5. Exposure to the bleach liquors from C/D bleaching 
suppressed the number of splenic ASC (III). Exposure to ECF bleach liquors 
had contradictory effects: exposure to 2% liquor increased and to 20% liquor 
decreased the ASC response in the spleen (IV). However, the number of ASC in 
the blood decreased regardless of the concentration of ECF bleach liquor used 
in exposures (2, 6 and 20% ). Exposure to TCF bleach liquors had no significant 
effects on splenic ASC. The number of blood ASC decreased after exposure to 2 
and 20% TCF bleach liquors but exposure to 6% liquor resulted in an increased 
ASC count. 

The plasma concentration of anti-BGG antibody on day 21 p.i. of fish 
caged in a lake receiving BKME (II) was lower than that of the control fish kept 
in clean lake, but on day 28 p.i. the concentration was higher than that of 
controls. Thus, exposure on-site to BKME from mill with C/D bleaching 
appeared to slow down the production of serum antibody but not prevent it 
entirely. Exposure to primary or secondary-treated effluent from mill with 
ECF /TCF bleaching rather increased than decreased the anti-BGG antibodies 
(V). Bleach liquors from ECF bleaching, particularly in high concentration 
(20%), decreased the anti-BGG antibody level on day 21 p.i., whereas liquors 
from TCF bleaching had no impairing effect (IV). 

5.2.2 Immunoglobulin M (IgM) production (11-V) 

A significant decrease in serum IgM concentration was noted in the non
immunised fish exposed in cages for 5 weeks in a lake receiving BKME when 
compared with fish kept in captivity in an unpolluted reference lake (II). The 
serum IgM levels of the exposed fish also remained low later on week 8 
Laboratory exposure to 20% secondary-treated BKME from a mill using 
ECF /TCF bleaching slightly increased the concentration of IgM (V) but 20% 
primary-treated BKME from the same mill had no effect. Exposures to ECF and 
TCF bleach liquors had no consistent effects on the plasma IgM concentration of 
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FIGURE 4 Anti-BGG antibody-secreting cell (ASC) response a) in the spleen and b) 
in the blood after exposure to BKME. BKME in the lake study (II) and in 
the laboratory exposure to 3.5% effluent (III) were from Mill A. Primary 
and secondary-treated BKMEs from mill with ECF /TCF bleaching came 
from Mill B (V). Bars represent the mean of exposed fish expressed as % 
of unexposed controls. Significant difference when compared to controls 
of the same study (for SE see figures in articles II, III and V), *PS-0.05. The 
number of exposed fish are marked in the columns. ND= not done. 
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FIGURE 5 ASC response a) in the spleen and b) in the blood after exposure to 
bleach liquors from C/D (III), ECF (IV) or TCF (IV) bleaching. Bars 
represent the mean of exposed fish expressed as % of unexposed controls 
in each study. Significant difference when compared to controls (for SE 
see figures in articles III and IV), *P.'5"0.05. The number of fish are marked 
in the columns. ND = not done. 
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immunised fish (IV). Exposure to low concentration (0.6%) of both ECF and 
TCF bleach liquors increased IgM levels rather than suppressed them. 

The number of splenic ISC in non-immunised fish (III) as well as the 
splenic and blood ISC counts in immunised fish were determined (III-V). The 3-
week exposure to 3.5% BKME from a mill with CID bleaching diminished the 
number of ISC by 53% compared to the unexposed controls (III). However, 
after immunisation the number of ISC in the spleen of expos�d fish increased 
gradually and reached the level of controls on day 21 p.i. (III). The number of 
splenic ISC on day 21 p.i. of fish exposed to BKME from a mill with ECF /TCF 
bleaching was not affected (V). The results did not differ between exposures to 
primary- or secondary-treated BKME. 

After exposure to 20% ECF bleach liquor the number of ISC decreased in 
the spleen and in the blood (IV). No statistically significant changes after 
exposure to TCF bleach liquor in the splenic ISC count were noted (IV) and the 
number of ISC in the blood indicated inconsistent results: exposure to 6% TCF 
bleach liquor decreased the number of circulatory ISC, but when exposed to 2% 
and 20% TCF bleach liquors the number of ISC increased but did not reach 
statistical significance when compared to controls. 

5.2.3 Proliferation of lymphocytes in vitro (IV) 

Low concentrations (2 and 6%) of ECF or TCF bleach liquors decreased ConA
driven proliferative responses of cultured lymphocytes by 30- 44% (IV). By 
contrast, when exposed to a high concentration (20%) of ECF bleach liquor, the 
ConA-stimulated proliferation was increased by 48%. Similar results were 
obtained in nonstimulated cultures as well. A downward trend in the 
stimulation index (SI) occurred after exposure to ECF bleach liquor (IV), 
reaching statistical significance in fish exposed to 20% liquor. 

5.2.4 Granulocyte functions (IV, V) 

Bleach liquors (0.6, 2, 6, 20%) from ECF bleaching (IV) and primary-treated 
BKME (20%) from a mill using ECF/TCF bleaching (V) reduced the respiratory 
burst but no statistically significant decreases were observed. Secondary-treated 
BKME from a mill using ECF /TCF bleaching or TCF bleach liquor had no 
effect on the respiratory burst (IV, V). 

Exposure of fish to primary- or secondary-treated BKME from a mill 
using TICP /TCP bleaching had no effect on the migration of the granulocytes 
(V). Exposure of fish to low concentrations (2%) of ECF and TCF bleach liquors 
inhibited migration, whereas high concentrations (20%) of bleaching liquors 
had no effect (IV). 

5.2.5 Depuration (III) 

Fish exposed in an aquarium for 3 weeks to 3.5% BKME from a mill with CID

bleaching (III) were transferred to clean water at the time of immunisation and 
the recovery of antibody-mediated immunity was studied. A marked increase 
in the number of splenic ISC compared to the controls and to the fish exposed 
to BKME also after immunisation (III) was noted. The number of splenic anti-
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EGG-specific ASC in the preexposed fish were higher than in fish exposed to 
BKME also after immunisation, or in unexposed control fish (III). 

5.3 Effects on other physiological and biochemical parameters 
(IV, V) 

Physiological and biochemical parameters known to be affected by BKME were 
studied after exposures to primary- and secondary treated BKME from a mill 
with ECF /TCF bleaching (V). Only slightly increased EROD activities were 
found in roach exposed to BKME. Exposure to primary-and secondary-treated 
BKME increased cortical levels. The level of gill total ATPase activity decreased 
after exposure to the secondary- or primary-treated BKME (V). The plasma 
glucose, lactate, potassium and sodium balance remained unchanged after 
exposures. Hematocrit values were remained unchanged after exposure to 
either primary- or secondary-treated BKME (V). In contrast, a significant 
decrease in hematocrit was seen in fish exposed to 2, 6, and 20% ECF bleach 
liquors (IV). 

5.4 Sex-related differences (V) 

The roach in studies I-IV were mainly female (-85%). Gender differences were 
not studied in I-IV due to the insufficient number of males in the population. 
The results reported in these studies can be considered to represent female data. 
For example, if males are removed in study IV the results remain unchanged. In 
contrast to studies I-IV, in study V more than 70% of the roach were male. 

In the immunised control roach, sex-differences were seen in the number 
of blood ISC and plasma cortisol levels (V). In males, the blood ISC counts were 
2-fold and cortisol value 2.6-fold compared to female roach. Sex-related
differences were also noted after exposure to BKME from mill with ECF /TCF
bleaching (Fig. 6). Exposure to primary-treated BKME impaired the splenic
ASC counts in male roach only, but exposure to secondary-treated BKME
decreased ASC counts in both sexes. A clear sex-related difference was obvious
in the number of blood ISC: exposure to both effluents decreased the blood ISC
count of male fish but increased female values. Differences were also noted in
cortisol levels between the sexes. A drastic increase was noted in female roach
after exposure to secondary-treated BKME but in males cortisol increased only
slightly. Further, a difference in hepatic EROD activity was noted between the
sexes: exposure to the primary-treated effluent resulted in a 2-fold increase in
EROD activity in males, whereas in females an increase was noted only after
exposure to the secondary-treated BKME.
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Sex-related differences in roach exposed to a) primary-treated or b) 
secondary-treated BKME from mills with ECF /TCF bleaching (V). Bars 
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when compared to controls (for SE see figure in article V), *P:;; 0.05, **P:::;; 
0.01. The number of exposed fish are marked in the columns. 



6 DISCUSSION 

6.1 Roach as a model for immunotoxicological studies 

The development and application of biomarkers for immunotoxicology in fish 
have became of interest in the last decade and at the same time knowledge on 
the immune system of fish and techniques in the field of fish immunology have 
developed significantly (Stolen et al. 1990; Stolen et al. 1992; Stolen et al. 1994; 
Stolen et al. 1995; Iwama & Nakanishi 1996). Only few out of more than 20,000 
known fish species have been examined for their immune structure and/ or 
functions. In immunological studies trout, salmon and carp have been used as 
model fish (Wester et al. 1994) but some information is also available about the 
immune system of roach. Zapata (1981a;b; 1982) has studied the structure of 
roach lymphoid organs. Antibodies (Williams & Hoole 1992; Aaltonen et al. 
1997) and cellular responses (Hoole and Arme, 1983a; b; Taylor and Hoole, 
1989) against parasites have also been studied. Taylor and Hoole have 
investigated leukocyte chemoattraction (1993) and chemiluminescence activity 
(1995) and, in addition, they have reported on mitogen-induced lymphocytes 
proliferation in roach (1994). 

The increased prevalence on roach parasites in polluted waters, also 
examined in the present study (II), was interpreted as being due to the impaired 
immunity of fish (Valtonen & Koskivaara 1989; Valtonen & Koskivaara 1994). In 
addition, to studying the immune system of roach for this reason, roach offer a 
number of advantages in immunotoxicological studies. The roach is a common 
wildlife species in European waters and is easy to catch. Although the roach is a 
wild fish, it is easily adapted to laboratory conditions and can thus be exposed 
to toxicants in well-defined laboratory conditions in addition to open field 
studies and controlled on-site caging. Predicting toxicological hazards in a feral 
population has more relevance when studies are carried out with wild fish than 
with cultured fish. Roach offer also the opportunity to study gender-differences 
as roach of adequate size for experiments are sexually mature. Roach proved to 
be a good model for immunotoxicological studies also due to its immunological 
properties. Roach demonstrate a good immune response to protein antigens; 3-
8 %a of cells isolated from lymphoid organs or blood with density gradients 
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secreted specific antibodies on the day of peak response (I-V). The proportion of 
ISC in isolated cells was 20-40%, i.e. 10 times higher than e.g. in dab (1.5%) 
(Secombes et al., 1991b) . 

6.2 Differences in effluents used in exposures (11-V) 

BKME contains hundreds of substances derived from raw materials or pulping 
and bleaching processes (Lafleur 1996; Sjostrom & Alen 1999). The complexity 
of the effluents makes studies of BKMEs difficult. Indeed, very few toxicant
specific events in BKME exposed fish have been described. The toxicological 
effects of some of the major single components of BKME, e.g. resin acids 
(Nikinmaa & Oikari 1982) and chlorinated compounds such as tetra-chloro-1,2-
bensoquinone (Bengtsson et al. 1988b) , have been studied. The compounds 
responsible for immunomodulation were not determined in the present study, 
but raw materials, bleaching processes and the treatment of waste waters are 
relevant to immunotoxicity. During the last decade, the pulp and paper 
industry has made a number of changes to manufacturing processes and waste 
water treatment all over the world (Axegard et al. 1993). The primary emphasis 
has been placed on the effects of chlorinated organic compounds formed during 
bleaching. Today, discharges of chlorinated organic compounds in effluents, 
e.g. the amount of absorbed organic chlorine (AOX), have decreased markedly
due to use of less or terminated use of elemental chlorine in bleaching. During
the period in which the present studies were carried out the use of elemental
chlorine was replaced by chlorine dioxide and the introduction of oxygen
containing chemicals (Turoski 1998). At the time of the lake study in 1990 (II) as
well as at the time of the first laboratory experiment in 1991 (Illa) Mill A was
using elemental chlorine in the first stage of bleaching. In 1993 Mill A replaced
elemental chlorine with chlorine dioxide. The bleaching effluent used in
experiment (Illb) in 1993 from Mill B were from a process similar to that earlier
used in mill A (Illa). The use of elemental chorine in Finland was stopped in
1993 and, consequently, effluents from elemental chlorine bleaching were no
longer available for studies.

The effluents used in the present studies differ in their composition in 
many ways. First of all, the concentration of chlorinated compounds and degree 
of chlorination varies between effluents. The differences in the concentration of 
AOX in exposures between diluted bleach liquors are obvious. The AOX 
concentration was 13 mg/ml between exposure to CID bleach liquor (Illb) and 
0.15-5 mg/ml in exposure to ECF liquor (IV) but only 0.002-0.08 mg/ml in 
exposure to TCP liquor (IV). In contrast, no such differences were noted 
between the BKMEs. In the lake study (II) and in the exposure to secondary
treated BKME from a mill with ECF /TCP bleaching (V) the AOX values were 
0.4 and 0.6 mg/ml , respectively. The AOX concentration were similar but the 
compounds were definitely of a lower degree of chlorination in BKME from 
ECF /TCP bleaching (V) than from chlorine-based bleaching (II) (Bright et al. 
1997). The degree of chlorination has a clear influence on the toxicity of 
cnmpmmds (Voss et al. 1980; T . .=mn1stPr Pt al. 1999). 
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Secondly, differences in the composition of effluents are caused also by the 
raw material used in pulping. Effluents contain organic substances originating 
from wood: polysaccharides, lignin and extractives e.g. resin acids, fatty acids 
and sterols (Lafleur 1996; Stromberg et al. 1996; Sjostrom & Alen 1999) which 
are known to be harmful to fish (Leach et al. 1975; Leach & Thakore 1977; 
Nikinmaa & Oikari 1982; Oikari & Nakari 1982). It is well documented that 
softwood and hardwood differ in composition. For example, effluents from the 
production of bleached hardwood kraft pulp contain organic material of lower 
average molecular weight than corresponding softwood effluents (Dahlman et 
al. 1999). In contrast, softwood contains more resin acid than hardwood 
(Stromberg et al. 1996). Softwood was the raw material used in the present 
studies with one exception: in TCF bleach liquor (IV) only hardwood was used. 
In studies II and V, the BKMEs were combined effluents from both softwood 
and hardwood pulping. Differences in the composition of the effluents can also 
be clearly seen in the present study (IV) where the concentration of resin acids 
in the ECF bleach liquor from softwood process was thirty times higher than 
that in the TCF bleach liquors from hardwood pulping. Steroids and fatty acids 
occur in both softwood and hardwood (Dahlman et al. 1999) as was also noted 
in the present study. Consequently, the difference in their effects between TCF 
and ECF bleach liquors may be due to both raw material and bleaching 
sequence. 

Thirdly, the effluents were either untreated bleach liquors or treated 
BKMEs. Predicting the effects of exposure to untreated bleach liquors can not 
be directly generalised to the hazards of exposures to secondary-treated 
effluents as the treatment effectively reduces the load of organic material in 
pulp mill effluents (Stromberg et al. 1996; Lafleur et al. 1998). However, studies 
conducted with untreated bleach liquors enable the comparison of 
immunotoxicity between different bleaching processes. 

6.3 Effects of pulp and paper mill effluents 

A variety of biological effects, including structural, physiological and 
biochemical responses in fish, have been associated with subchronic exposures 
to discharges from the pulp and paper industry (Andersson et al. 1988; 
Sodergren 1989; Lindstrom-Seppa & Oikari 1989b; Hodson et al. 1992; 
Sodergren 1993). The knowledge of the effects of pulp mill effluents on fish 
immunological parameters, however, has been very scarce. An altered white 
blood cell picture in perch (Perea fluviatilis) due to exposure to pulp mill 

effluent has been found (Andersson et al. 1988). A reduced level of plasma 
IgM has been reported in the whitefish (Coregonus lavaretus L.) exposed to 
effluent from a mill using C/D bleaching (Soimasuo et al., 1995a; b). 
Macrophage activity in the mummichog (Fundulus heteroclitus) from waters 
contaminated by BKME was affected (Fournier et al. 1998). However, the effects 
of exposure to BKMEs on immunoreactivity have not been studied earlier. 
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6.3.1 Effects on immunoreactivity 

Subchronic exposure of fish in a lake receiving treated effluents from a bleached 
kraft mill affected the antibody-mediated immunity, resulting in weak 
responsiveness against antigen (II). Effects after exposures were more 
prominent on the cellular level (ASC counts) than in the concentrations of the 
anti-BGG antibody in the serum. The antibodies against BGG in the serum 
increased more slowly in the BKME-exposed fish compared to unexposed fish 
in the reference lake, but the concentrations finally reached the same level (II). 
In field studies effects are often modified or confounded by numerous factors 
despite the fact that, the fish were kept in cages in two lakes situated quite near 
each other, the fish were fed daily and water temperature was monitored 
regularly and the position of the cages was carefully selected in order to keep 
the fish in both lakes at the same temperature. The field study was confirmed 
under controlled laboratory conditions (III) and a decrease in splenic ASC was 
verified after exposure to BKME from the mill studied in the on-site study (II). 
Exposure to BKME from the mill with ECF /TCP bleaching (V) also decreased 
the ASC counts in the spleen and in the blood. An equal decrease in the splenic 
ASC count was noted after exposures either to BKME from a mill with C/D 
bleaching (Illa) or BKME from a mill with ECF /TCP bleaching (V), although 
the concentration of effluents was very different (3.5% vs. 20%). 

Impaired immunoreactivity was also confirmed by a depuration 
experiment (III). The reactivity against immunogen in fish exposed to BKME 
was recovered after the fish were transferred into clean water, proving that the 
decrease in the splenic ASC count was due to BKME. The depuration 
experiment also indicates that the suppression of antibody-mediated immunity 
after subchronic exposure to BKME was reversible. Alterations of certain 
physiological parameters after exposure to BKME have been found to reverse 
(Sodergren 1993). Also during depuration after exposure to aromatic 
hydrocarbons, the recovery of the lymphocyte response to Con A and LPS 
(Faisal et al. 1991) and the recovery of macrophage functions (Weeks & 
Warinner 1984) have been reported; however, there is no previous data 
concerning the recovery of immunological parameters after exposure to BKME. 

Exposure to untreated liquors from C/D bleaching (Illb) alone suppressed 
antibody synthesis, suggesting that compounds derived from the bleaching 
stage were, at least partly, involved in immunotoxic effects. Liquors from the 
CID process exerted more prominent effect on the immunoreactivity than 
liquors from the TICD or the TCD bleaching processes. The suppression was not 
noted in the number of splenic ASC (Fig. Sa) but blood ASC count were clearly 
decreased suggesting, however, some immunotoxicity in ECF and TCF bleach 
liquors. 

Quantitating the antibody response following immunisation is regarded 
as a good indicator of immunotoxicity as it provides information on multiple 
components (i.e. antigen-presenting cells, helper T lymphocytes and B 
lymphocytes) of the immune system (Wester et al. 1994). Indeed, one of the 
highest association with immunotoxicity in rodents has shown to be the splenic 
antibody plaque forming cell (PFC) response (Luster et al. 1992). Studies 
concerning the influence of pollutants on antibody formation in fish have, 
however, yielded contradictory results. Anderson et al. (1990) found reduced 
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numbers of antibody-producing cells in immunised phenol-pretreated rainbow 
trout. Also Rice et al (1995) noted that number of ASC was a sensitive 
parameter and was affected after exposure to tributyltin. On the other hand, the 
PFC response was not significantly different in trout receiving halogenated 
aromatic hydrocarbons or PCB (Cleland et al. 1988b), and an increase in the 
number of PFC in rainbow trout was reported after exposure to dioxin 
(Spitsbergen et al. 1986). In the present study the ASC count proved to be a 
suitable parameter to examine the immunotoxicity of pulp mill effluents. Blood 
ASC count (IV, V) was even more sensitive to pollutants than the number of 
ASC in the spleen. 

6.3.2 Effects on other immunoparameters 

The contaminants in the lake receiving effluent from the pulp and paper mill 
with C/D bleaching decreased the level of serum immunoglobulin in roach (II). 
Reduced plasma IgM have also been reported in whitefish (Coregonus lavaretus 
L.) exposed on-site in lake or in an aquarium to BKME from a mill with C/D 
bleaching (Soimasuo et al., 1995a; b).Changes in the bleaching process together 
with the installation of the secondary-treatment system abolished the decrease 
in IgM in whitefish (Soimasuo et al. 2000). Changes in IgM concentration were 
not noted either in field studies with roach from an area contamined by BKME 
from mills using ECF bleaching compared to roach in reference sites (Karels et 
al. 1998). In the present study, consistent with aforementioned studies, no 
changes in IgM level were noted after laboratory exposure to BKME from a mill 
with ECF /TCF bleaching (IV,V). 

Further evidence on the immunotoxic effect of BKME on antibody
mediated immunity was obtained as a lowered number of ISC in the spleen (III
V) and in the blood (IV,V). ISC enumeration is rarely used in 
immunotoxicology, probably because species-specific antibodies against 
immunoglobulin are required. However, the number of ISC proved to be 
sensitive to the influence of BKMEs (III-V). The 3-week exposure to BKME 
diminished the number of ISC by 53% in exposed fish compared to controls 
(III). Afterwards, post immunisation, the number of ISC increased to the level of 
that of the control fish, but no such increase was seen in unexposed fish. The 
increase in secreting lymphocytes in immunised fish is probably due to the 
adjuvant used in the immunisation. General stimulation of the immune system 
by mycobacteria in Freund's complete adjuvant can be reflected as an increased 
ISC count in fish with suppressed immunity (Anderson 1992). 

Lymphoid cell-related functions were also investigated by studying 
ConA-stimulated proliferative responses. Plant-derived lectins induce 
activation and maturation of lymphocytes in vitro and serve as indicators of 
lymphocyte functioning (Maluish & Strong 1986). Controversial results on 
ConA-stimulated proliferative responses, as well as on non-stimulated 
proliferation, were obtained (IV): decreased responses in the fish exposed to 
low effluent concentrations but increased responses in the fish exposed to high 
concentrations of ECF /TCP bleach liquor. Several pollutants, e.g. dioxin and 
PAH, impair mitogen-stimulated proliferation (Spitsbergen et al. 1986; Faisal et 
al. 1991). On the other hand, stimulation of proliferative responses has been 
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described, e.g. after exposure to polychlorinated biphenyls (Thuvander et al. 
1993). 

Nonspecific defence mechanisms are extremely important in fish, because 
fish place a greater emphasis on energy spent on nonspecific mechanisms than 
the more elaborate specific defence response used by mammals (Anderson & 
Zeeman 1995). The successful killing of pathogenic organisms demands a good 
level of mobility by phagocytes in order to trap the pathogen, and the 
production of toxic substances is necessary to destroy the invader. In cyprinid 
fish the head kidney is the major phagocytic organ (Lamers & Parmentier 1985). 
Although no statistically significant reduction in the production of reactive 
oxygen species by head kidney granulocytes was observed, exposure of fish to 
any concentration of ECF liquors (IV) as well as to the primary-treated BKME 
(V) suppressed respiratory burst activity. Interestingly, the migration of
granulocytes was inhibited in fish exposed to low concentrations (2%), but
normal migration was noted after exposure to a high (20%) concentration of
ECF and TCF effluents. An explanation for this controversial observation is
difficult to find, but non-linear responses of immunological parameters to toxic
agents are not uncommon (Koller 1996). Tahir et al. (1993), for example, found
low migratory indices in fish exposed to small concentrations of oil drilling
mud, but the indices were equal to the control values when the fish were
exposed to higher concentrations.

6.4 Mechanisms of immunomodulation 

The immunological effects of exposure to complex mixtures of chemicals are 
difficult to interpret. In the presence of several potential immunomodulators in 
combination, some substances can have agonist and some antagonistic 
characteristics. Thus, different dosages may lead to opposite effects. Only a few 
immunological studies have been carried out on fish exposed to complex 
mixtures of chemicals such as polluted sediments or sludges (Secombes et al., 
1991a; Tahir et al., 1993; Secombes et al., 1995; Tahir and Secombes, 1995). The 
immunological effects of single defined chemicals, such as heavy metals and 
pesticides, have been studied more widely (Spitsbergen et al. 1986; Bennett & 
Wolke 1987; Zelikoff 1993; Voccia et al. 1994). In addition, a great variety of 
testing methods may lead to a situation in which a substance is a suppressor 
according to one method, and a stimulator according to another, and not 
immunotoxic at all according to a third. Linear dose-response are not always 
found in toxicological studies even with a single chemical exposure e.g. U
shaped dose-response curves (hormesis) may occur. In fact, the number of ASC 
and the concentration of IgM in the present study (IV) represent the U-shaped 
dose-response curve. Other atypical dose-responses were noted in the 
proliferation of lymphocytes (IV), where low concentrations of bleach liquors 
decreased and high concentrations increased the spontaneous proliferation of 
lymphocytes as also ConA-stimulated proliferation. Further, an atypical dose
response was found in the motility of granulocytes: only low concentrations of 
bleach liquors impaired the migration. 



43 

In addition to components of effluents affecting the fish differently, 
xenobiotics may have effects on different target organs. First, xenobiotics may 
directly affect different parts of the immune system. Immunocompetent cells 
require continued proliferation and differentiation for self-renewal and, 
therefore, these cells are sensitive to xenobiotics. Chemicals can compromise 
one or several reactive sites within the immune network. A complete 
immunological paradigm would include assessment of several compartments 
of the immune system which are inclusive of humoral and cell-mediated 
immunity, macrophage activity, NK (NCC) cell cytotoxicity and cytokine 
production/activity. Because optimum performance of the immune system is 
dependent upon a cascade of immune events, disruption of any one of the 
components of this circuit can alter the immune competence. The present study 
proves that BKME can impair the immunoreactivity of roach. Immune 
responsiveness provides information on multiple components in the immune 
system i.e. antigen-presenting cells, helper T lymphocytes and B lymphocytes, 
working in concert. Defects in any of the cellular pathways contributing to this 
response may lead to measurable decreases in antibody production. 
Modulation in the proliferation of lymphocytes and suppression in the 
stimulation indices of Concanavalin A-stimulated proliferation responses in
vitro (IV) suggest that, at least partly, impaired immune responsiveness may be 
due to altered T cell-like functions. On the other hand, compromised 
macrophage function may also affect immunoreactivity, as exposure for 7 days 
to BKME from a mill with C/D bleaching resulted in the reduced production of 
reactive oxygen species of macrophages (our unpublished results). In addition 
to suppressed immunoreactiviness, effluents from ECF process have some, 
although slight, effects on nonspecific immune defence. We found a reduction, 
although not statistically significant, in the production of reactive oxygen 
species by head kidney granulocytes of fish after exposure to ECF bleach 
liquors (IV) or primary-treated BKME from a mill with ECF /TCF bleaching (V). 

Besides direct effects, xenobiotics can have indirect effects through other 
organ systems such as the nervous and endocrine systems as well as through 
the activity of the liver (Karras & Holsapple 1995; Sanders 1995). In addition to 
metabolic activation of the liver, the complement proteins, immunomodulatory 
and growth factors produced in liver may also be affected. There is growing 
evidence of intensive interactions between the neuroendocrine system and the 
immune system also in fish (Verburg-van Kemenade et al. 1999). Endocrine
immune interaction was also clearly noted in the present study (V). Sex-related 
differences in immune responses were evident in many immune parameters. 
The small number of females makes the comparison of the results between the 
sexes difficult but it is well documented in mammals that females and males 
have their own characteristic immunological features (Ansar Ahmed & Talal 
1990; Talal 1992; Deschaux & Khan 1995). Knowledge about sex-related 
differences in basic immunological parameters in fishes is scarce and even less 
is known about the effects of xenobiotics on female and male immune 
functions. Fournier et al (1998) reported a stronger suppression of phagocytic 
function of macrophages in female mumminchogs (Fundulus heteroclitus) than 
in males after exposure to BKME. The mechanisms of the sex hormone 
regulation of the immune system are poorly known. However, receptors for 
estrogens and androgens on lymphocytes and macrophages (Bhalla 1989; 
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Savino & Dardenne 1995; Slater et al. 1995) offer a possible route for 
immunomodulation. One probable reason for hormonal influence may be 
wood-derived sterols. BKMEs, indeed, have been reported to interfere with 
hormonal status in fish and, for example, disturbances in reproduction have 
been noted (McMaster et al. 1991; Munkittrick et al. 1991; Munkittrick et al. 
1994). 

The results (V) also suggest a connection between cortisol and immune 
functions. Receptors for corticosteroids have been detected in the leukocytes of 
coho salmon and carp (Maule & Schreck 1990; Weyts et al. 1998a). Suppressed 
immunity of fish with increased plasma cortisol is well demonstrated, and high 
cortisol level is widely used as an indicator of stress (reviewed by Wendelaar 
Bonga, 1997). Moderately increased plasma cortisol levels of male roach were 
noted after exposure to both effluents but in females cortisol increased only 
after exposure to secondary-treated effluents (V). In the case of a chronic 
stressor, cortisol levels may remain elevated, although well below acute peak 
values. Such cortisol responses have been reported after prolonged exposures 
to a variety of pollutants (reviewed by Donaldson, 1981; Barton and Iwama, 
1991; Brown, 1993), and in salmonids even a slight chronic elevation in cortisol 
levels have been implicated in depressed immune functions (Maule & Schreck 
1987; Pickering & Pottering 1989; Maule et al. 1993). Indeed, in the present 
study (V) high cortisol levels appeared to be associated with a low number of 
splenic ASC (Pearson r= -0.295, P=0.047). The results after exposure to the 
primary-treated effluent in female roach are difficult to interpret, and the lack 
of cortisol response in female roach does not necessarily indicate the absence of 
stressors (Wendelaar Bonga 1997). The impaired cortisol response may be 
related to enhanced cortisol clearance or down-regulation of the interrenal 
response to ACTH in chronically stressed fish. For example, Hontela et al (1992; 
1997) concluded that exposure to BKMEs may lead to exhaustion of the 
pituitary-interrenal axis as a result of prolonged hyperactivity of the system. 

6.5 The usefulness of immune parameters in predicting the 
effects of BKME on fish disease resistance and in assessing 
toxicological hazards in feral fish populations 

The present studies (11-V) indicate that certain immune functions are altered 
after exposure to BKME. A question remains: what is the importance of the 
suppression of iinmune functions when considering the resistance of fish to 
pathogens. In mice a good correlation exists between changes observed in 
immune tests and altered host resistance: there were no instances when host 
resistance was altered without affects in the immune parameters, but, in 
contrast, immune changes were observed in the absence of detectable changes 
in host resistance (Luster et al. 1993) . This can be interpreted to reflect that 
immune tests are, in general, more sensitive than host resistance assays. 
Thomas & Sherwood (1996) estimate that suppression of certain immune 
parameters by 40-50% or more is required before enhanced susceptibility to 
infection in laboratory mammals is seen. However, apart from the fact that the 
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structure of the immune system in teleost fish is similar to that in mammals, 
there is no evidence that this applies as such to fish. The significance of the 
results presented in current studies on resistance to pathogens needs to be 
verified with host resistance studies. 

The effects observed in field studies are generally related to unspecified 
pollution and the effects are often modified or confined by numerous factors, in 
particular for feral fish with a deficient case history, migratory patterns and 
limited knowledge of biology (Vethaak et al. 1992). In the present study (II) a 
controlled on-site type of exposure was chosen because of its close resemblance 
to the exposure of natural populations present in polluted waters. Thus, the 
impairment in immunoreactiviness (II) can be supposed to predict the 
immunomodulating effects of BKME in feral fish. However, it is essential that 
the results are confirmed by experiments in more controlled conditions in 
aquaria. The results from laboratory study (III) with BKME from a mill using 
CID bleaching produced similar suppression of immunity as that in the on-site 
study. In these studies the exposures can be compared to each other as the 
concentrations (3.5%) in laboratory conditions and on-site in the lake (1 %) were 
very similar. The studies with bleach liquors were done in order to compare 
different bleaching processes in respect of immunotoxicity. The bleaching 
effluents from pulp and paper mills are almost never released without 
secondary treatment and thus, there is no reason for extrapolating these results 
directly to the situation in recipient waters. The decrease in the ASC response 
after exposure to ECF or TCF bleach liquors was less prominent than after 
exposure to CID bleach liquors (Fig. 5), suggesting lower immunotoxic 
potential in ECF and TCF processes compared to earlier processes with 
elemental chlorine. 

Much emphasis has recently been placed on the development of biological 
markers that can predict exposure to, and the effects of, environmental 
pollutants. As monitors for exposure, biomarkers have the advantage of 
quantifying only biologically-available pollutants. As measures of effects, 
biomarkers can integrate the effects of multiple stressors and can assist in 
elucidating particular mechanisms associated with those effects (Weeks et al. 
1992). Subtle changes in specific components of the immune system often occur 
before severe immune suppression, and frequently at chemical doses much 
lower than those that cause acute toxicity (Luster et al. 1988; Weeks et al. 1992). 
Consequently, it is typical of immunological biomarkers that they are sensitive 
and useful, but are often non-specific. Immunological biomarkers are important 
in monitoring the health of animals and as an early warning about the potential 
harm of environmental chemicals. The present study offers the applicability of 
the fish immune response, especially the blood ASC count, as a model for 
predicting the immunotoxicity of aquatic contaminants like BKME. 



7 CONCLUSIONS 

The focus of the present study was on the effects of effluents, treated and 
untreated, from pulp and paper mills on the immune functions of fish. The 
main conclusions are the following: 

1. The antibody-mediated immunity of roach was suppressed after exposure to
BKME both on-site in a contaminated lake and under controlled laboratory
conditions.

2. Exposure to untreated bleach liquor alone affected immunoreactivity.
Liquors from the C/D process exerted more prominent effect on the
immunoreactivity than liquors from the ECF or the TCF bleaching processes.

3. Differences between male and female fish were observed, especially in the
number of splenic ASC and blood ISC, indicating that sex-related factors are
involved in immunomodulation after exposure to BKME.

4. In the present studies immunoreactivity proved to be a sensitive indicator of
toxic insult, the most sensitive parameter being the number of blood ASC.
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YHTEENVETO (Resume in Finnish) 

Metsäteollisuuden jätevesien aiheuttamat immunologiset 
muutokset kaloissa 

Sellu- ja paperiteollisuus on yksi Suomen suurimmista vesiympäristön 
kuormittajista. Erityisesti selluloosan valkaisussa syntyviä yhdisteitä on pidetty 
ympäristön kannalta haitallisina. Vaikutuksia ympäristöön on pyritty vähen
tämään mm. prosessitekniikan muutoksilla. Esimerkiksi alkuainekloorin 
käytöstä on luovuttu ja se on korvattu klooridioksidilla (ECF, alkuaineklooriton 
valkaisu) tai muilla happea sisältävillä kemikaaleilla kuten peroksidi ja otsoni 
(TCF, klooriton valkaisu). Toinen merkittävä tekijä päästöjen vähentämisessä 
on ollut tehtaan ulkoisten aktiivilietelaitosten käyttöönotto. 

Tutkittaessa selluloosa- ja paperitehtaiden jätevesien vaikutusta kaloihin 
on todettu, että subletaalit pitoisuudet vaikuttavat kalojen fysiologiaan esim. 
verenkuvaan, plasman hiilihydraatti- ja ionitasapainoon, maksan toimintaan 
sekä kalojen kasvuun ja lisääntymiseen. Metsäteollisuuden jätevesien vaiku
tusta kalojen immunologisiin toimintoihin ei tähän saakka juurikaan ole 
tutkittu. Tiedetään, että teollisuuden likaamilla vesialueilla kaloissa esiintyy 
lisääntyneessä määrin kasvaimia ja muita sairauksia. Kemiallisen puun
jalostuksen alapuolisilla vesialueilla on todettu myös muutoksia kalojen loisten 
määrissä ja lajistossa, mikä on tulkittu osoitukseksi jäteveden vaikutuksista 
kalojen vastustuskykyyn. 

Tutkimuksemme osoittavat, että metsäteollisuuden jätevesillä on 
haitallisia vaikutuksia kalojen immunologiseen puolustukseen. Särjellä 
subkrooninen altistus kaasuklooria valkaisussa käyttävän sellutehtaan alapuo
lisessa vesistössä aiheutti veren immunoglobuliinipitoisuuden alenemisen 
lisäksi huonontuneen vasteen immunisoinnille. Vasta-ainesynteesin heikke
neminen todistettiin myös allasolosuhteissa, jolloin kalat altistettiin tehtaan 
puhdistetulle jätevedelle. Jätevesien aiheuttama immunovasteiden heik
keneminen oli palautuva: kaloilla, jotka siirrettiin jätevesialtistuksesta 
puhtaaseen veteen, immunisointivasteet nousivat kontrollien tasolle ja joillakin 
immuunipuolustuksen osa-alueilla havaittiin jopa stimulaatiota. Samanlainen 
immunoreaktiivisuuden heikkeneminen kuin altistettaessa koko tehtaan 
jätevesille todettiin myös pelkästään valkaisujätevesille altistetuissa kaloissa. 

Kloorittomien ja klooridioksidia käyttävien valkaisuprosessien jätevesien 
vaikutuksia kalojen immuunipuolustukseen tutkittiin allasoloissa. Altistaminen 
laimennetuille käsittelemättömille valkaisujätevesille antoi viitteitä siitä, että 
ECF- ja TCF-valkaisun jätevedet eivät aiheuta yhtä voimakasta immunisoitu
vuuden heikkenemistä kuin alkuaineklooria käyttävän valkaisun jätevedet. 
Tutkittaessa ECF/TCF-valkaisua käyttävän tehtaan jätevesien vaikutuksia 
allasoloissa havaittiin, että biologinen jäteveden puhdistus pääasiassa vähensi, 
mutta ei kuitenkaan täysin poistanut, jäteveden immunotoksisia vaikutuksia. 
Lisäksi, jätevesien immunotoksisten vaikutusten havaittiin riippuvan 
sukupuolesta. 
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Kalojen immunologiset toiminnat, ja erityisesti veren spesifistä vasta
ainetta erittävien solujen määrä, osoittautuivat herkiksi mittareiksi tutkittaessa 
metsäteollisuuden jätevesien toksisuutta. Immunologisella tutkimustiedolla on 
suuri merkitys arvioitaessa vesistöjä rasittavien päästöjen haittoja kalojen 
hyvinvointiin ja terveyteen. Edelleen, koska immunologiset muuttujat reagoivat 
herkästi ympäristöön, ne toimivat osoittimena ja varoittimena vaaratekijöistä. 
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The roach (Rutilus rutilus L.) which is a cyprinid fish, was immunised with 
bovine y-globulin (BGG) and the antibody synthesis was studied by counting 
the number of specific antibody secreting cells (SASC) in the spleen and 
anterior kidney, and by measuring the antibody concentration in the circula
tion. SASCs and the total number of immunoglobulin secreting cells (TISC) 
were counted with the ELISPOT (enzyme-linked immunospot) assay, and 
anti-BGG antibodies and the concentration of immunoglobulin in sera were 
assayed by ELISA (enzyme-linked immunosorbent assay). The present modifi
cation of the ELISPOT-assay takes advantage of biotin-avidin amplification 
and yields easily detectable and nonfading spots that may be counted even 
after several weeks of storage. It is also possible to count the number of SASC 
and TISC in different organs. 

In this study, immunisation of the roach with protein antigen via the 
intraperitoneal route resulted in a similar response in the spleen and in the 
kidney. There was no preferential organ distribution of the number of SASC or 
TISC and no difference in the timing of the response in the organs. The 
humoral response due to immunisation in the serum correlated with cellular 
responses in the organs. 

Key words: Rutilus rutilus, antibody-secreting cells, antibody synthesis, 
ELISPOT-assay, lymphoid organs. 

I. Introduction

Activation of the humoral immune system after contact with antigens results 

in differentiation of B lymphocytes into antibody secreting cells (ASC) and 

subsequent secretion of antibodies. Antibodies in the circulation, gut and skin 

constitute an important part of the resistance against pathogenic microbes. 

The antibody response may be quantified by measuring the concentration of 

,the antibody in serum which may be performed by immunodiffusion, aggluti

nation, radioimmune assays (RIA) or enzyme-immunoassays (EIA). Among the 

EIAs, the enzyme-linked immunosorbent assay (ELISA) has been widely used 

to study the responses against bacterial antigens e.g. against Vibrio anguil

larum and Aeromonas salmonicida in rainbow trout (Chart et al., 1984; 

Thuvander et al., 1987) and Edwardisella ictaluri in catfish (Waterstrat et al., 

1989). ELISA against viral p1scme antigens have been developed to assay 
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Egtved virus (Cossarini-Dunier, 1985; Lorensen et al., 1988) and penacid 
baculovirus in salmonids (Lewis, 1986) or IPNV (Rodak et al., 1988). Antibod
ies against certain parasites and other antigens (Whyte et al., 1990; Arkhoosh 
& Kaattari, 1991) may also be quantified by specific ELISA in fish. ELISA has 
also been used in vaccination studies [e.g. V. anguillarum in rainbow trout 

(Thuvander et al., 1987; Thorburn & Jansson, 1988) and cod (Espelid et al., 

1991)]. 
The antibody response can also be followed by monitoring the appearance of 

ASC in the blood or lymphoid organs. The main method for quantification of 
ASC in fish has .been the haemolytic plaque assay developed by Jerne &

Nordin (1963). The plaque assay has been widely used to study the response of 
injected sheep red blood cells (Rijkers et al., 1980; Ingram, 1985; Nakanishi, 
1986; Grondel et al., 1987) and a variety of other antigens in several species of 
fish (Kaattari & Irwin, 1985; Ruglys, 1985; Georgopoulou & Vernier, 1986). In 
the present study the enzyme-linked immunospot assay (ELISPOT) was used 
for quantifying ASC. Although the ELISPOT has been commonly used to 
study human and rodent immunology the technique has only recently been 
applied to fish, (Secombes et al., 1991; Waterstrat et al., 1991). 

Here we report a study utilising ELISA and ELISPOT to follow the kinetics 
of immunisation in roach. The procedure for the ELISA and the modified 
ELISPOT assay with biotin-avidin amplification, resulting in long lasting 
spots, is described. The response of specific antibody secreting cell (SASC) 
against injected protein antigen, bovine serum y-globulin (BGG), and the total 
number of immunoglobulin secreting cells (TISC) were studied in the spleen 
and kidney. The antigen specific antibody levels and the total concentration of 
immunoglobulin in serum were measured by ELISA. 

II. Materials and Methods

IMMUNISATION OF FISH 

Fifty roach (Rutilus rutilus) were caught at the end of June by angling from 
lake Peurunkajarvi in Central Finland when the water temperature was 14

° 

C. 
Peurunkajarvi is an oligotrophic lake which is still in a natural state. The 
average length of the fish was 128 mm (s.D. 15 mm) and the average weight 25 g 
(s.D. 14 g). After catching the fish, any ectoparasites were killed by adminis
tration of a commercial drug, Ichide (N.T. Laboratories Ltd., England) 10 µl 
1- 1

. During the experiment the fish were kept in an aquarium with a volume 
of 300 1 in aerated tap water at a constant temperature of 17·5 ± 0·5° 

C and fed 
daily with commercial pelleted dry food. The fish were immunised at the end of 
July with a single intraperitoneal injection of bovine gamma globulin (BGG), 
emulsified in Freund's complete adjuvant (FCA, Difeo Laboratories, Detroit, 
U.S.A.). Each fish received 200 µl of a solution containing 500 µg BGG. Before 
immunisation 10 fish were sampled as controls. The immune response was 
studied by examining 10 fish 14, 21 and 28 days after the immunisation. Blood 
was collected from the caudal vein for serum separation. The spleen and 
anterior kidney were removed immediately after killing for lymphocyte 
isolation. A further sample (10 fish) was taken on day 35 after immunisation 
for serum samples alone. 
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BLOOD SAMPLES 

Following extraction the blood was allowed to clot for 3 h at room tempera
ture (22

° 
C), stored overnight at 4

° 
C and then centrifuged at 4000 g for 5 min to 

remove the serum. The sera were stored at - 20
° 

C. 

ISOLATION OF LYMPHOCYTES 

The spleen and kidney were separately homogenised against a nylon net (80 

mesh) and then the lymphocytes were isolated with a three step Percoll
gradient (Pharmacia LKB Biotechnology AB, Uppsala, Sweden) with densities 

1·030, 1·050 and 1·070 g ml - 1
. Cells were collected after centrifugation at 

4000 g for 20 min from the 1·050-1·070 g ml - l density interface. After washing 

the number of cells were counted and viability tested by using trypan blue 
staining (viability >95%). The cells were suspended in culture medium at a 

density of 2 x 106 cells ml - 1. The medium consisted of RPMI-1640 (Gibco BRL
Co. Ltd., Paisley, U.K.) diluted to 80% with water and supplemented with 3% 

Ultroser G serum substitute (Gibco BRL Co., Ltd.), 10 mM Hepes and 0·5 mg 
ml - 1 sodium pyruvate. 

PRODUCTION OF ANTI-ROACH IMMUNOGLOBULIN 

Immunoglobulin (lg) was precipitated from roach serum with ammonium 
sulphate and applied to a Mono Q HR 5/5 anion exchanger (FPLC, Pharmacia, 
Uppsala, Sweden). The lg fraction was collected to be used for immunising 

rabbits. Rabbits were injected with 80 µg of purified roach lg emulsified in 
FCA. Immunisation was repeated twice (3 and 6 weeks after the first injection) 
by administration of 100 µg and 200 µg roach lg emulsified with Freund's 

incomplete adjuvant (FIA, Difeo Laboratories). The rabbit serum was col
lected 9 weeks after the first injection. The IgG fraction of the rabbit sera was 

affinity purified by Protein-A-sepharose CL-4B affinity chromatography (Phar
macia). The rabbit anti-roach lg was finally conjugated to biotin as described 

by Guesdon et al. (1979) and Bayer & Wilchek (1980). Any unreacted free 
reagents were separated from biotinylated anti-roach lg by Sephadex-G25M
chromatography (PD-10 column, Pharmacia). 

ELISPOT ASSAY 

The enzyme-linked immunospot (ELISPOT) assay was used for quantifying 
TISC, and SASC. The ELISPOT assay as applied for human lymphocytes 
(Czerkinsky et al., 1983; Sedgwick & Holt, 1983) was adapted to roach. 
Flat-bottomed, 96-well microtitre plates (Nunc-Immunoplate Maxi Sorp, Nunc 
Co., Roskilde, Denmark) were used. The volume of reagent solutions in each 
step of the assay was 50 µI. For coating (assay of SASC), 10 µg BGG ml - 1 

50 mM carbonate buffer (pH 9·6) was incubated overnight at 4
° 

C. After 
washing three times with phosphate buffered saline (PBS) containing 0·05% 

Tween, wells were masked with 1 % bovine serum albumin (BSA, Sigma 
Chemical Co., St. Louis, U.S.A.) in PBS. The wells were washed twice with 
PBS-Tween and once with PBS before adding the cells to the wells. Three 

different cell densities were used: 105
, 104 and 103 cells/well. Isolated spleen 

and kidney lymphocytes were allowed to secrete antibodies in the wells for 3 h 
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at 18
° 

C. The bound antibodies were detected with biotin-conjugated 

anti-roach lg. After incubation overnight at 4
° 

C and after washing three 

times with PBS-Tween, alkaline phosphatase conjugated avidin (Biomakor, 

Rehovot, Israel) diluted 1:1000 in 1 % BSA/PBS was added and the plates 

incubated at 37
° 

C for 30 min. After three washes the substrate, bromo-chloro

indolyl phosphate (Sigma Chemical Co.) mixed with warm agarose (Agarose 

type I, Sigma Chemical Co.), final concentration 0·9%, was added to the wells 

(Sedgwick & Holt, 1983). Finally, the number of spots was counted under a 

stereomicroscope after storage of the assay plates at 4
° 

C for 1-6 weeks. For 

counting of the total number of immunoglobulin-secreting cells (TICS), the 

plates were coated with anti-roach lg (10 µg ml - 1 carbonate buffer, pH 9·6). 

The cell densities were adjusted to 103 and 102 cells/well. The other steps of the 
assay were as described above. 

QUANTIFICATION OF SERUM ANTIBODIES WITH ELISA 

The plates were coated either with 10 µg BGG ml - l 50 mM carbonate buffer, 

pH 9·6 (for determination of specific anti-BGG antibodies) or with 5 µg ml - l 

anti-roach lg (for total lg concentration). After saturation of the plates with 

BSA, samples of sera diluted 1:105-1:107 (for total lg) or 1:102-1:104 (for 
anti-BGG) were incubated in the wells for 30 min at 37

° 

C. The two subsequent 
steps in these assays (second antibody and avidin alkaline phosphatase 

conjugate) followed as described for above ELISPOT. p-nitro-phenylphosphate 

(Sigma Chemical Co.) in 1 M diethanolamine buffer (pH 9·8) was used as a 

substrate. The optical density was read with Titertek plate reader (Flow 

Laboratories, Herts, U.K.) at 405 nm. 

STATISTICAL ANALYSES 

The t-test and two way ANOV A were used to study the statistical signifi

cance. The relationship between continuous associated variables was assessed 

by Pearson's coefficient of correlation with Bonferroni adjusted probability 

(Sokal & Rohlf, 1987). The Systat for Macintosh (Systat Inc., U.S.A.) statistical 

package was used. 

III. Results

THE KINETICS OF SASC IN THE ORGANS 

The appearance of the wells that contain spots of anti-BGG antibody 

secreting cells is showing in Fig. 1. The number of SASC isolated both from 

the kidney and spleen were counted. A small number of SASC could be 

detected already by day 14 (Fig. 2). The peak SASC response occurred on day 

21 post immunisation after which there was a sharp decrease. The peak SASC 

responses in the spleen and kidney were concurrent. Although the number of 

Fig. 1. Anti-BGG secreting cells from the spleen of immunised fish, detected with 
ELISPOT. (a) EGG-coated well, 103 cells 50 µl - 1

. (b) Control well (not coated), 103 

cells 50 µl- 1
. (c) Close up of anti-BGG spots; note the diffuse edge which is 

characteristic for these spots as a result of secretion by lymphocytes. The edge can 
be used as a criterion for distinguishing true spots from 'pseudo' spots. 
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Fig. 2. Specific antibody secreting cells (SASC) in the spleen (e) and the anterior 
kidney (0) following immunisation of fish with BGG. Each point represents the 
mean value ± S.E. of 9--10 fish. 
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Fig. 3. Number of SASC in spleen v. kidney. 

SASC/106 cells isolated from the kidney was higher than from the spleen, the 

difference was not statistically significant at any time of sampling. A highly 
significant correlation was found between the responses in the two organs 

(r= 0·96, P<0·00l) (Fig. 3). The data in Fig. 3 include samples collected at all 

time points. The correlation analysis of samples separately on days 14, 21 and 

28 gave similar results and showed that the activation of lymphocytes was 

parallel in the spleen and kidney (data not shown). 

TISC IN LYMPHOID ORGANS 

Immunisation was found not to influence the number of TISC in the kidney 
and spleen during the course of the experiment (Fig. 4). The proportion of 

TISC of the total number of cells plated in the wells ranged from 16 to 28% in 
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Fig. 4. Total number of immunoglobulin secreting cells (TISC) in the spleen ( ■) and 
kidney(□). Each column is the mean ± S.E. of 9-10 fish. There were no significant 
differences between the number of TISC between the two organs. 

2-0
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Fig. 5. Anti-EGG antibodies in serum after immunisation of fish with BGG (injection 
on day 0). Data are expressed as the mean ± s.E. The sera of 10 fish were analysed at 
each time point. 

kidney and 15 to 23% in spleen. The number of TISC in the spleen and kidney 

were not statistically significantly different at any time. The SASC/TISC ratio 

showed no significant differences between responses in the spleen and in the 

kidney (mean ratio SASC/TISC 1 ·9% at day 21). 

SERUM ANTIBODIES 

The kinetics of anti-BGG specific antibodies in the sera are shown in Fig. 5. 
The antibody concentration increased rapidly between day 21 and 28 after 

immunisation, i.e. after SASC had reached maximum. Between day 28 and day 

35 the level of antibodies remained constant. The concentration of total serum 
immunoglobulin, also analysed by ELISA, varied individually between 22 and 
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Fig. 6. SASC responses in lymphoid organs and specific antibody in serum collected at 
the time of the SASC peak (day 21 post immunisation). (a) Spleen, (b) kidney. 

42 mg ml - 1; there was no trend over time as concerns the total lg concen
tration. 

It was not possible to calculate the correlation between the anti-EGG 
specific cellular peak response and the fully developed anti-EGG antibody 
response in serum of individual fish because the fish had to be killed for the 
SASC assay. The correlations between SASC and serum antibody response at 
the day of peak SASC (day 21 post immunisation), when circulatory antibody 
was significantly elevated but had not yet reached its maximum, are shown in 
Fig. 6. The cellular responses, both in the spleen and in the kidney, were 
correlated to serum antibody levels (r=0·82, P<0·004 for the spleen, and 
r = 0·65, P<0·041 for the kidney). 

IV. Discussion

The most widespread method for assaying the development of antibodies at 
the cellular level has been the haemolytic plaque assay developed by Jerne & 
Nordin (1963). Although the assay may be performed with slight variations the 
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system relies on haemolysis in a monolayer of intact or antibody coated target 
red cells in the vicinity of an immunoglobulin-secreting lymphocyte in the 
presence of complement. The plaque assay suffers from several drawbacks, but 
the two most important ones are the !ability of the haemolytic plaques and the 
need for active complement. 

In this study we have used the ELISPOT assay, which has only recently 
been applied to fish (Secombes et al., 1991; W aterstrat et al., 1991). The 
ELISPOT assay may readily be modified for detection of antibodies against a 
variety of antigens and all the reagents needed in the assay are stable and 
non-hazardous. In ELISPOT, almost any molecule or microbe that can attach 
to the solid phase can be used as an antigen. Some intact microbes cannot be 
used in the plaque assay because of their ability to activate complement which 
results in total haemolysis of the indicator cells. In this study, we have used 
biotinylated secondary antibody which increases the sensitivity of the assay 
because of its capability to react with several molecules of enzyme-labelled 
avidin. Alkaline phosphatase-labelled reagents with indolyl phosphate as the 
substrate yield clearly detectable spots which are very stable over several 
weeks of storage before counting. 

In the present study, the maximum SASC response of fish kept at 18
° C was 

recorded on day 21 after immunisation. Kinetic studies of roach using the 
ELISPOT method have not been published before, but our results are consis
tent with studies on a related cyprinid fish, the carp (Cyprinus carpio). Rijkers 
(Rijkers et al., 1980; Rijkers, 1982) utilised the haemolytic plaque assay to 
study the response against injected SRBC and found a peak response on day 
10-12 when the fish were kept at 20° C and on day 27 when they were kept at
16

° 

C. Van Muiswinkel et al. (1985) detected the peak of PFC after i.p.
immunisation with SRBC on day 9-11 when the carp were kept at 23° C. In a
recent study by Williams & Hoole (1992) the crude homogenate of a cestode
parasite (Ligula intestinalis) was used to immunise roach kept at 20

° C. They
found the peak of PFC on days 4-10 post immunisation. Earlier, several
researchers have reported that the kinetics of the response in fish is dependent
on temperature as well as on diet, fish species and age (Rijkers, 1982; Kaattari
& Irwin, 1985; Pourreau et al., 1986; Nakanishi, 1987). In the present study the
timing of the response was similar for the kidney and spleen, which is in
accordance with a previous report (Williams & Hoole, 1992).

We found the magnitude of SASC and TISC responses to be similar in the 
two lymphoid organs that we studied, the spleen and the anterior kidney. The 
results of Williams & Hoole (1992) also showed only slightly more SASC in the 
kidney that in the spleen. The study of Nakanishi (1987) in which the crucian 
carp (Carassius auratus) was injected with horse erythrocytes showed that the 
number of PFC was greater in the spleen than in the kidney. On the other 
hand, studies in which carp have been immunised with SRBC showed that 
more PFC are recovered from the kidney than the spleen (Rijkers et al., 1980, 
1981). Results from studies of trout injected with LPS (Ingram & Alexander, 
1980), rainbow trout (van Ginkel et al., 1985) and catfish (Saccobranchus 

fossilis) (Khangarot & Tripathi, 1991) immunised with SRBC further suggest 
that the organ distribution of secreting lymphocytes may vary with the species 
of fish and the antigen. 
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The method of obtaining cells from the organs may also have an effect on 
the results. In many studies (e.g. Kaattari & Irwin, 1985; Nakanishi, 1987; 
Khangarot & Tripathi, 1991) cells for use in the PFC assay have been used 
after simply disrupting the organ by pressing it through a mesh, without 
further purification. In some studies leucocytes are obtained with Percoll 
to remove erythrocytes (Secombes et al., 1991) or the cells are fractioned 
with density gradient centrifugation (Waterstrat et al., 1991). In addition to 
the quality of the cells, the type of assay may also be critical. It is obvious 
that assays vary in their sensitivity for detecting secreting cells. Using 
the ELISPOT technique, Secombes et al. (1991) reported 3-27 TISC/103 

erythrocyte depleted leucocytes isolated from the kidney of dab (Limanda 

limanda). In the present study we detected 200-300 TISC/103 density gradi
ent fractioned cells from the kidney of the roach. Methodological details 
must clearly be considered when comparing results obtained by different 
techniques. 

The peak of the SASC response was on day 21 after immunisation and at 
that time the specific serum antibody response was already detectable. The 
serum response reached its maximum 1-2 weeks after the cellular peak in the 
spleen and kidney, an observation that is consistent with other results 
obtained by the plaque technique (Anderson & Dixon, 1980; Nakanishi, 1987). 

This study has shown the ELISPOT assay to be a sensitive and reliable 
method for detecting SASC and TISC in the roach. Presumably, this method 
will gradually replace the PFC assay because of the many practical 
advantages it offers. 

This work was supported by Academy of Finland. We are indebted to Dr R. Paul for 
revising the language of this manuscript. 
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Roach (Rufi/us n,tilus), from a unpolluted lake, were caged in a 
lake receiving treated waste waters from a pulp and paper mill 16 
km upstream, and simultaneously a group of fish were held in 
cages in the unpolluted reference lake. The level of serum immu
noglobulin of the fish kept in cages in these lakes was quantified. 
Serum immunoglobulin levels decreased when the fish were trans
ferred to the contaminated lake and remained significantly re
duced for the 8-weck period fish were monitored. In another 
experiment fish were immunized with bovine y-globulin (BGG) 
after 5 weeks caging in the Jakes. The kinetics of specific antibody 
synthesis were determined by assaying the number of antibody 
secreting cells in the spleen using enzyme-linked immunospot as
say and by measuring the concentration of specific antibody in the 
serum. The peak response of the effluent exposed fish against 
BGG was lower than that for fish kept in the unpolluted reference 
lake, and the antibody titers, due to immunization, increased 
more slowly in the exposed fish. These results demonstrate that 
subchronic exposure of fish in a lake receiving treated waste wa
ters rrom a bleached kraft mill affects the antibody-mediated im• 
munity resulting in, besides lower levels of lg, weak responsive
ness against antigen. Cl 1995 Aud.-mic Prt'.SS, Inc. 

INTRODUCTION 

The effluents from pulp and paper mills cause wide envi

ronmental contamination in countries with chemical wood pro� 

cessing industry, especially when chlorine bleaching is used. 

The undiluted, treated effluents may be, occasionally, lethally 

toxic to fish, but when diluted in recipient waters the toxicity 

is decreased beyond lethality (Walden, 1976; Hutchins, I 979; 

Oikari et al., 1984). Bleached kraft mill effluent (BKME) is a 

complex mixture of hundreds of organic and inorganic com

pounds of a hydrophilic or hydrophobic nature, e.g., organic 

halogens, and unsoluble particles and fibers (Oikari and Niit

tyla, 1985; Dahlman et al., 1991; Paasivirta, 1991). The treat

ment of waste waters in activated sludge plants reduces the 

levels of fatty acids and resin acids, but the chlorophenols and 

related substances remain significant components (McLeay, 

1987; Paasivirta et al., 1988). A variety of environmental fac

tors have been demonstrated to affect the immune system and 

maybe coincident with, for example, infectious diseases 

(Snieszko, 1974; Brown et al., 1979; O'Neil, 1981). There are 

extensive toxicological studies concerning with the effect of 

metals (Cossarini-Dunier et al., 1988; Ghanmi et al., 1989; 

Thuvander, 1989; Carballo and Munoz, 1991; Khangarot and 

Tripathi, 1991; Saxena et al., I 992), various pesticides, and 

other organic chemicals (Bennett and Wolke, 1987; Plumb and 

Areechon, 1990; Dunier and Siwicki, 1993; Tahir et al., 1993) 

on the immunity of fish. An altered white blood cell picture in 

perch (Perea jluviatilis) due to exposure to pulp mill effluent 

has been reported (Andersson et al., I 988), but more detailed 

studies of the effects of BK.ME on the immune system of fish 

are missing. 

Several studies indicate that BK.ME affects fish physiology, 

pathology, biochemical measures, and reproduction (Owens, 

1991; Sodergren, 1993). Typical symptoms are liver enlarge

ment, induction of liver BROD (ethoxyresorufin-O-deethylase) 

activity, altered carbohydrate metabolism. disturbed plasma 

ion balance, and stimulated red blood cell production. The 

effluent also affects growth (Webb and Brett, 1972; Stoner and 

Livingston, 1978; Sodergren, 1989; Farlin et al., 1991; Owens, 

1991). BK.ME is reported to have effects not only on individual 

fish but also other levels of biological organization. population, 

and communities (Adams et al., 1992). 

The present study was designed to detennine the effects of 

BK.ME on the antibody-mediated immunity of roach (Rutilus 

rutilus) subchronically exposed to BKME-related contami

nants in a polluted lake. 

MATERIALS AND METHODS 

Fish and Exposure to Pollutants 

219 

TI1e study area is presented in Fig. I. Roach were caught in 

the middle of May, promptly after the lake had been released 

from ice cover, from Lake Peurunka, an oligotrophic lake near 

a naniral state. Lake Peurunka receives no industrial or munic

ipal effluents. The average length and weight of fish was 168 

mm and 32.5 g and their age varied from 3 to 5 years. After 

capture ea. I 00 roach were allowed to acclimatize in cages for 

3 weeks in Lake Peurunka. After the period of adaptation 50 

fish were transferred to Lake Vatia to be exposed to BK.ME for 

5 weeks. Lake Vatia receives secondary-treated waste waters 

from a pulp and paper mill situated 16 km upstream from the 

cages (see Fig. I). The mill used pine (60%) and birch (40%) 

0!47-6513/95 $12.00 
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FIG. 1. The field experimental area. Lake Peurunka receives no industrial or municipal effluents and served as a reference caging site. The roach used in 
the study were captured from Lake Peurunka. Lake Vatia receives secondary-treated effluents from a pulp and paper mill 16 km upstream from the caging site. 

as raw material and produced 399,700 tons of bleached pulp 
and 172,900 tons of paper in the year 1990. The bleaching 
sequence at the time was for pine C/DE(o)DED (C: 75%, D: 
25%) and for birch DE(o)DED (where C stands for chlorine, D 
for chlorine dioxide, E for alkaline extraction, and o for oxy
gen). The waste water (72,400 m3/day) was treated in an ac
tivated sludge plant. Another 50 fish, used as controls, were 
caged in Lake Peurunka. Water quality parameters of the two 
lakes are given in Table I. The fish in both lakes were fed daily 
with commercial pelleted dry food (Finnewos Co., Finland). 
Water temperature was monitored regularly and the position of 
the cages was changed in order to keep the fish in both lakes 
at the same temperature (±1 °C). The temperature of the water 
was 14°C when the exposure was started in June, gradually 
rising to 18°C at the end of July. 

Immunization 

In order to study the capability to respond to foreign antigens 
the fish were immunized, after an exposure period of 5 weeks, 
with a single intraperitoneal injection of bovine -y-globulin 

(BGG, Sigma Chemical Co., St. Louis) emulsified in Freund's 
complete adjuvant (Difeo Laboratories, Detroit, MI). Each fish 
received 200 µ.I of antigen solution containing 500 µ.g BGG. 
Control fish kept in the clean lake were treated similarly. The 

immunized fish were kept in the cages until responses were 
determined. The kinetics of immune response to BGG was 
followed by examining 10 fish 14, 21, and 28 days after im
munization. A group of fish were kept in both lakes as unim
munized controls. 

TABLE 1 

The Water Quality in the Lakes of the Experimental Area and 

the Effluent Load at the Time of Caging in June-July 1990 

Lake Peurunka 
P:u-ameler (reference)" 

pll 7.0 
Conductivity (mS/m) 4.9 
Color (mg Pt/liter) 20 
Alkalinity (mmol/liter) 0. L9 
Chlorophenols (ng/liter) 
AOX (µg/liter) 
CODM,. (mg/liter) 6.1 
80D7 (mg/liter) 
Total phosphorus (mg/liter) 0.012 
Total nitrogen (mg/liter) 0.43 
Suspende d solids (mg/litcr) 1.3 

Lake Va1ia 
(contamina1ed)b.'" 

6.9 
8.3 

65 
0.21 

890 

420 

10.4 
1.6 
0.045 
0.38 
4.5 

Waste 
watcrb·d 

1.67 tlday 
45.11/day 

2.81/day 
84 kg/day 

534kg/day 
8.51/day 

" Data from Finnish Game and Fisheries Research Institute, Laukaa State 
Aquaculture Research Institute, Finland. 

b Priha and Paavilainen, 1991. 
"Granberg et al, 1994. 
d Granberg, 1992. 
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Quamijication of Serum /111111unoglob11/i11 

The blood was collected from the caudal vein of each fish 
for serum separation. The amount of total lgM and specific 

anti-BOG antibody in roach serum was measured by enzyme

linked immunosorbent assay. Antibody against purified roach 

IgM was raised in rabbits and prepared as described earlier 

(Aaltonen et al., 1994). The specificity of antibody was tested 

with imrnunoelectrophoresis of roach serum. Only a single 

precipitation arch appeared when reacted with rabbit anti-roach 
lgM antibody. First, the plates were coated either with BGG, 

for the determination of specific antibodies, or with rabbit anti

roach imrnunoglobulin, for total immunoglobulin concentra

tion. After masking the plate with bovine serum albumin (BSA, 

Sigma Chemical Co.) diluted samples of sera were incubated in 
the wells. The trapped roach lgM was detected with biotin

conjugated anti-roach lg. Next, alkaline phosphatase

conjugated avidin (Biomakor, Rehovot, Israel) was added. 

Washing was performed between each step with phosphate

buffered saline-Tween 20 (0.05%), pH 7.4 (PBS-Tween). 

p-Nitrophenylphosphate (Sigma Chemical Co.) was used as a 

substrate and the optical density was read with a Titertek plate 

reader (Flow laboratories) at 405 nm. In case of specific anti

body, a calibration curve was constructed using a pool of high 
tiler sera obtained from another experiment in which fish were 

immunized with several injections of BGG. The concentration 

of anti-BGG of the pool serum was given 1000 artificial units 

per milliliter (U/ml). The concentrations in the samples were 

then expressed as U/ml. The assay of total serum immunoglob
ulin was standardized with known concentrations of purified 

roach lgM. Some sera were analyzed also with single radial 

immunodiffusion in order to confirm the concentration of lgM

obtained with ELISA. These two assays were found to give 

identical results. 

Enumeration of Secreting Lymphocytes with EUSPOT Assay 

The enzyme-linked immunospot (ELISPOT) assay (Czer

kinsky et al., 1983; Sedgwik and Holt, 1983) was used for 

enumeration antigen (BGG) specific antibody-secreting cells 

(ASC) in the spleen. The ELISPOT assay for roach has previ

ously been described in detail (Aaltonen et al., 1994). The 
spleen of each roach was removed and disrupted against a 

nylon mesh. Cells were suspended in RPM! 1640 cell culture 

medium (Gibco Co., Paisley, UK) osmolarity adjusted by add

ing 20% water and supplemented with 3% of serum substitute 

(Ultroser G, Gibco Co.). Cells were separated on stepwise 

Percoll (Pharmacia, Uppsala, Sweden) density gradient and 

lymphocytes in the interphase between densities 1.050 and 

1.070 g/ml were collected. Flat-bottomed 96-well microtiter 

plates (Nunc-lmmunoplate Maxisorb) were used. For coating, 
BGG was incubated in the wells followed by saturation with 

BSA. Cells were pipetted onto plates, at 105, I 04, and I 03 cells 

per well, and allowed to secrete antibodies for 3 hr at I 8°C. 

Trapped antibodies were detected with biotin-conjugated anti-

roach lg followed with alkaline phosphatase-conjugated avidin 

(Biomakor). Between each step the plates were washed three 
times with PBS-Tween. The substrate, bromo-chloro-indolyl 

phosphate (Sigma Chemical Co.) was mixed with warm aga

rose (Agarose type I, Sigma Chemical Co.) and added to the 

wells. Finally, spots were counted using a stereo microscope. 

Statistical Analysis 

An analysis of variance was carried out to compare the 

results from various groups of fish. 

RESULTS 

Serum Im111u11oglob11/i11 

The concentration of imrnunoglobulin in the serum of wild 

roach in Lake Peurunka was determined at the time of fish 

caught for the exposure experiments. The concentration was 

15.5 mg ± 6.6 IgM/ml (mean ± SD, n = 22). Groups of fish 

were then transferred to cages in the two lakes, Lake Peurunka 

(reference lake) and Lake Vatia (BKME), and sera were ana

lyzed again after 5 and 8 weeks. A transient decrease (22%) in 

the lgM level, revealed only at 5 weeks, was noted in the 
reference lake. In contrast, a significantly decreased (64%) 

lgM concentration was found in the exposed group as com

pared with the unexposed group (P < 0.01) at 5 weeks. The 

lgM levels of the exposed fish remained lower (29%) than that 

of the fish kept in the reference lake also after 8 weeks of 

caging (Fig. 2). 

Antibody Secreting Cell Response to lmm1111izatio11 

After immunization with BGG, no anti-BOG antibody se

creting cells were detected before Day 14 post immunization 
(p.i.). The peak of ASC response was noted at Day 21 p.i. and 

il 
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10 

a) 

ml Clean lake 

■ Polluted lake 

lj c) 

FIG. 2. The immunoglobulin concentration in the serum of roach. (a) Free 

living fish in the unpolluted reference lake, Lake Pcurunka. The scra were 

collected at the time of capture. The results are shown as the mean + SE, n = 

22. (b) Nonimmunized fish kept in cages for 5 weeks in Lake Peurunka 

(shaded bar), 11 = 6, and Lake Vatia (black bar), ri = 6. **P < 0.01 compared 

to the clean lake. (c) Nonimmunized fish caged for 8 weeks in Lake Peurunka 

(shaded bar),"= 14, and Lake Vatia (black bar), ri = 7. 
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at Day 28 the number of secreting cells had decreased to levels 

found at Day 14 (Fig. 3). The pattern of appearance of ASC 

was similar in both groups of fish. Importantly, however, the 

fish exposed in the lake contaminated with BKME responded 

weakly to immunization. This was reflected as a reduced num

ber of anti-BGG ASC in the spleen at Days 14 and 21 p.i., 

when compared with the responses to fish held in the reference 

lake. At the time of peak response (Day 21 p.i.) the mean 

number of anti-BGG secreting cells of unexposed and exposed 

fish were 6976 ± 7174 and 2540 ± 3147 (mean± SD) ASC/l06 

spleen cells, respectively (P < 0.05). After the peak in the 

response, on Day 28 p.i., the number of ASC in the spleen of 

fish exposed to BKME was not different from that of fish kept 

in the unpolluted reference lake. 

Specific Antibody Respo11:se in Immunization in Serum 

The concentration antibodies against BGG in the serum had 

increased considerably at 21 days p.i., and the level of anti

BGG in the sera of unexposed fish remained about at the same 

level also on Day 28 (Fig. 4). In constrast, at Day 21 p.i. the 

average level of anti-BGG antibody in fish exposed to BKME 

contamination was lower than that of the fish kept in the ref

erence lake. However, at Day 28 p.i., the levels of anti-BGG in 

the fish exposed to contaminants had reached the value of 

reference fish. The specific serum antibody responses varied 

considerably between individuals in both groups, reference and 

exposed fish, but one can say that exposure to effluents does 

appear to slow down the synthesis of serum antibodies. 

□ Nonimmunizcd 

� 10000 fill Clean lake 
.!I ■ Polluted lake 

8000 
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,!00() * 
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14 21 � 

Days after immunization 

FIG. 3. The kinetics of anLi-BGG antibody secreting cell (ASC) response 
in the spleen of fish held in cages in the unpolluted Lake Peurunka (shaded bar) 

and the polluted Lake Vatia (black bar). The ASC were assayed at Days 0, 14. 
21. and 28 post immunization. Before injection the fish were caged in the 
unpolluted reference lake or in the BKME-contaminated lake for 5 weeks. The 

results are expressed as the number of ASC/106 spleen lymphocytes. Each bar 

represents the mean+ SE of eight fish. *P < 0.05 compared to the clean lake. 
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FIG. 4. The development of anti-BGG antibodies in the serum of fish 
preexposed in cages in the reference and contaminated lake (see Fig. 3). The 
antibodies were assayed at Days 0, 14, 21, and 28 po.st injection. The results 
are expressed as the mean concenlfation of anti-BGG antibody Units/ml serum 

+ SE, 11 = 8 at each point in time. ND. not determined. 

DISCUSSION 

The impact of pollutants on fish can be studied using fish 

caught from contaminated areas. These studies suffer from 

certain difficulties concerning length of exposure and dose. 

Further, fish living in polluted areas may not be representative 

to the species studied because only those able to adapt to 

polluted environment are selected. When fish are exposed to 

pollutants in aquarium the exposure time and concentration are 

easily controlled but in laboratory experiments many compo

nents of a polluted ecosystem are missing, for example, the 

influence of sedimenting of particles and soluble compounds 

which may modify the bioavailability of impacting pollutants. 

Here an on-site type of exposure was chosen because of close 

resemblance to exposure of natural populations present in pol

luted ecosystem. 

In this study roach were exposed to BKME from a mill using 

chlorine/chlorine dioxide bleaching by keeping them in cages 

in a polluted lake for 8 weeks. In the polluted lake the level of 

IgM decreased distinctly well below normal and did not return 

to reference values during the experiment. This suggests that 

the contaminants in the lake receiving effluents from the pulp 

and paper mill have impairing effects on the circulating level of 

serum antibodies. A recent study on the effect of BKME on 

white fish demonstrated similar decreased serum contents of 

lgM as in the present study (Soimasuo et al., 1994). 

Further evidence on the immunotoxic effect of BKME was 

obtained in experiments during which exposed fish were im

munized. The assay of the number of ASC in the spleen re

vealed that the effluent suppressed the responsiveness of the 

immune system of fish: the maximum number of ASC was 
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significantly lower in the spleen of exposed roach as compared 

to those kept in the unpolluted lake. In addition, the antibodies 
against BGG in the serum raised more slowly in the exposed 

fish compared lo the unexposed fish, although the concentra

tion finally reached the same level. 

The specific mechanisms involved in impaired immune re

sponses due to exposure to BKME remains open in the present 

study. Exposure of fish to aquatic contaminants has resulted in 

contradictory results as both immune suppressive and stimula

tory effects have been noted (Dunier and Siwicki, I 993; Tahir 

et al., 1993). Complex regulation of immunological events and 

insufficient knowledge on immunological mechanisms in fish 

make the interpretation of the results difficult. A suppressive 

impact of pollutants, as reported here, may be a consequence of 

the stress that pollutants exert on fish and compromise the 

function of their defense mechanisms (Anderson, 1990; Bucke, 

1991). Stress contributes lymphocyte functions in an indirect 

way by increasing serum cortisol which may depress cytokine
mediated functions (Tripp et al., 1987) and change the affinity 

and number of leukocyte receptors (Maule and Schreck, 1991 ). 

Stress in mammals is known to also affect production of 

growth hormone, gonadotrophins, and thyroid hormones 

(Khansari et al., 1990). On the other hand, direct toxic effects 
on lymphoid cells or on the generation and maturation of cells 

in lymphoid organs of fish are potential candidates to explain 

the suppressive effects of the effluent. 

In another study, roach caught from the polluted Lake Vatia 

demonstrated lower numbers of lymphocytes and higher num

bers of granulocytes than fish from the unpolluted Lake Peu

runka (Jeney et al., 1995). Furthermore, decreased numbers of 
blood lymphocytes and other abnormalities in blood white cell 

counts of perch living in water polluted by effluents from a 

pulp mill has been reported in an earlier study (Andersson et 

al., 1988). The changes in hematological counts may reflect 

more profound effect of BKJ\>IE on lymphocyte production and 

maturation, being in parallel to the finding on decreased im

munoglobulin synthesis. All this gives support to the concept 

of suppressed lymphocyte-related functions due lo chlorine

based bleaching process. Roach is a fish species rather well 

tolerating BKME and in other, more sensitive species the dis

turbance of responses may be even more serious. 

Despite extensive studies, the substances in BKME respon

sible for the effects on physiology and the effects on immune 

system of fish are still not well known. Concerning physiolog

ical parameters, resin acids, fatty acids, and organic chlorine 

compounds are suspected to be the major harmful constituents 

(Oikari and Niittyla, 1985; Lehtinen et al., 1990; Dahlman et 

al., 1991). However, also nonchlorinated compounds of 

BKME are reported to be toxic (Oikari and Nakari, 1982). As 

one approach. the fractionation of effluent and further screen

ing in vitro is required to determine which are the effective 

compounds and what are the mechanisms of their action on 

lymphoid cells. This will not be easy, because although more 

than 200 different compounds have been found in BKME, its 

composition in not fully known yet. 

One of the main aims of immunotoxicology is to study re

lationship between increased susceptibility to disease related 

to xenobiotics. The causal relationship between a pollutant and 

biological responses is seldom clear, and whether or not the 

lowered immune competence due to BKME affects the health 

of fish cannot be definitely determined on the basis of this 

study. The present work implies, however, that compounds 

present in secondary-treated B KME, at concentrations found in 
the recipient lake, are injurious to the immune system of fish 

and have the potential to increase the susceptibility to, for 

instance, microbial diseases and parasite infections. Indeed, in 

the present study area a ciliate protozoan, lchthyophthirius 

multiflliis, has a significantly increased prevalence on roach in 

the polluted lake as compared to unpolluted lake (Valtonen and 

Kosl<lvaara, 1994). Furthermore. in the two eutrophic lakes 

downstream of the polluted Lake Vatia, a mass infection of a 

bucephalid digenean, Rhipidocotyle femzica, in the fins of 

roach in sustained populations has been reported (Valtonen and 

Kosl<lvaara, 1989). Jn both cases the changes are interpreted as 

being due to the impaired immunity of fish. 

In addition to antibodies, the resistance of fish to pathogens 
includes other protective mechanisms, such as humoral agents, 

cell-mediated immunity, and phagocytes. Studies on these 

parts of immunity are also needed to evaluate the integrity of 

immune system and the immunological status of fish. Experi

ments focused on immunomodulatory effects of BKME on 

nonspecific parameters of immunity are underway in this lab
oratory. 

CONCLUSIONS 

Roach were exposed subchronically (total time 8 weeks) in 

cages in a lake polluted by treated effluents from a pulp and 

paper mill using chlorine bleaching. The decreased serum IgM 

concentration and poor responsiveness to immunization were 

found in fish exposed lo BKME. The changes in the immune 

system may be reflected as increased parasite infections of fish 

as supported by the ecological and parasitological data from 

the contaminated area studied. 
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In order to study immunomodulation, controlled laboratory 
experiments were carried out with roach (Rutilu.'i rutilu.f) exposed 
to bleached kraft mill effluent (BKME) or spent bleach liquor 
(SBL) from two pulp and paper mills using elementary chlorine 
and chlorine dioxide for bleaching. The total number of immu
noglobulin-secrcting cells (ISC) and the number of specific anti
body-secreting cells (ASC) were determined by ELISPOT assay. 
Exposure to BKME resulted in decreased numbers of ISC in the 
spleen. To study the capability of response against foreign anti
gens the fish were immunized with bovine -y-globulin. Exposure to 
BKME or SBL reduced antigen-specific ASC response in fish. 
Moreover, the suppression of ASC response did not requi"re ex
posure prior to immunization. Depuration of fish in clean water 
reveals that the immunosuppression caused by BKME is reve.-s
lble. The ASC response in the BKME-pretreated fish returned to 
the same or even a higher level compared to untreated immunized 
fish and, in addition, the number of ISC increased greatly. The 
results of this study verify an earlier nnding on poor antibody 
response due lo exposure in a lake contaminated with BKME. 
Exposure to SBL alone suppresses antibody-mediated immunity, 
suggesting that compounds formed in bleaching are at least partly 
responsible for immunotoxic effects. o 1m Acadtmic Prn:s 

Key Words: bleached krall mill effluents; pollution; immuno
globulin synthesis; ELISPOT assay. 

INTRODUCTION 

A wide range of environmental contaminants are potentially 

immunotoxic to fish. Immunological effects of single defined 

chemicals, for example, heavy metals (Zelikoff, 1993; Voccia 

et al., 1994 ), organochlorine pesticides (Spitsbergen et al., 

1986; Bennett and Wolke, 1987), and polychlorinated biphe

nyls (Thuvander and Carlstein, 1991; Thuvander et al .. 1993), 

have been studied. However, only a few studies have been 

carried out on fish exposed to complex mixtures of chemicals 
such as polluted sediments and sludges (Secombes et al., 1991, 

1995) or bleached kraft mill effluents (BKME) (Jokinen et al., 

1995). In countries with a wood-processing industry, pulp mill 

effluents are one of the major contaminants in lakes. BKME is 
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a complex mixture of extractives, organic acids, a range of 

sulfur-containing compounds, chlorinated phenolics, neutral 

compounds, and organic acids (see S6dergren, 1993). 

Several physiological and biochemical studies, but only a 

few immunological studies, have been published on the effect 
of BKME on fish. The altered white blood cell picture in perch 

(Perea jluviatilis) due to exposure to pulp mill effluent has 

been reported (Andersson et al., I 988). In a previous study the 

authors reported that subchronic exposure of fish in a lake 

receiving treated waste waters from a pulp and paper mill 
affects the antibody-mediated immunity of roach (Ruti/11s 

rutilus) resulting in weak responsiveness against antigen, in 

addition to lower levels of IgM in serum (Jokinen et al .. 1995). 

Depressed concentration of plasma IgM has been reported also 

in whitefish (Corego11us lavaretus L.) exposed to BKME (Soi

masuo et al., 1995a,b). 

Even the on-site type of exposure resembling natural expo
sure suffers from a lack of properly controlled conditions. The 

present study evaluates, in aquarium circumstances, the effect 
of BKME and spent bleach liquor (SBL) on the antibody re

sponse of roach. The results confirm previous findings of im

paired immunoreactivity and, in addition, describe the recovery 

of immune functions due to depuration of fish after returning to 

clean water. 

MATERIALS AND METHODS 

Fish 

Roach (R. rutilus) were caught early in June 1991 for ex

periment I (Exp. I) and in July 1993 for experiment II (Exp. IT) 

from Lake Pcurunka, an uncontaminated oligotrophic lake in 

Central Finland. After the fish had been caught, ectoparasites 
were killed by administration of a commercial drug, !chide 

(N.T. Laboratories Ltd., England), at 10 µlniter. The average 

length and weight of the fish were 147 mm (SD = 16) and 23 

g (SD = 11), and 158 mm (SD = 22) and 34 g (SD = 16) in 

Exp. I and Exp. II, respectively. During the experiments the 

fish were kept in aquaria with a volume of 300 liters in aerated 

tap water at a constant temperature of 17 .5 ± 0.5°C and fed 
daily with commercial pelleted dry food (FinnEwos Aqua Co., 

Finland). Half of the water was changed weekly. A photope

riod of 12 h light (300-500 lux, Delta OHM, the photometric 
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probe HD 9221/Sl ,  Italy) and 12 h dark was used, The experi
ments were performed between July and August (Exp. I) and 
between August and November (Exp. II), 

Experiment I 

Roach (n = 80) were exposed to 3.5% BKME, from the 

same mill studied earlier (Jokinen et al., 1995), At the time of 
the study ( 1991) elementary chlorine and chlorine dioxide were 
used for the bleaching of softwood pulp, the main product of 
the mill (Table I). Activated sludge-treated waste water from 

the softwood process was stored frozen until used. After 3 
weeks exposure the fish were immunized. At the time of im

munization 40 of the exposed roach were transferred to clean 
water (preexposed group) and the remaining 40 roach were 
kept in BKME (exposed group). Control roach (11 = 40) were 
also immunized and kept the whole time in tap water. The fish 

were kept in the aquaria until sampled on days O, 14, 21, and 
28 postimmunization (p,i.). 

Experiment ll 

The untreated SBL came from the elementary chlorine/ 
chlorine dioxide bleaching sequence of the softwood process 
(Table I) of a mill situated on the western coast of Finland. 
Alkaline and acid liquors were sampled separately straight 
from the bleaching process, stored cold, and then mixed to
gether in the ratio in which they were produced at the mill, The 
pH of mixed effluent was adjusted to neutral with NaOH and 

the mixture was stored frozen until used, A total of I 00 roach 
were immunized after adaptation to laboratory conditions for I 
month, After immunization 50 fish were kept in clean water 

TABLE I 

The Production  of Cellulose and Paper, Pulp Bleaching 

Sequence, and the Effluent Discharge of the Two Mills 

Studied 

Milt I (Exp, I) Mitl 2 (Exp. 11) 

Production 

Cellulose bleached (t /a) 

Softwood 247,000 242,000 
Hardwood 151,000 200,000 

Cellulose unbleached (t/a) 

Paper (Ila) 176,000 138,400 
Bleaching sequence 

Softwood process CID Eo(p) D E(p) D D/C EoDED 
Hardwood CID Eo(p) D E(p) D ODEoDED 

Effluent 

Solids (Ila) 2,246 1,136 

BOD, (Ila) t,024 1,643 
COD, (Ila) 15,251 26,739 
P (Ila) 26 27 
N (I/a) 168 188 
AOX (kg/tc) 1.3 L2 

Note. C, elementary chlorine; D, chlorine dioxide; E. alkaline extraction; Eo, 

alkaline extraction wilh oxygen treatment: E(p), alkaline extraction with per

oxide treatment; Eo(p), alkaline extraction wilh oxygen and peroxide treat� 

ment; 0, oxygen, 

(control group) and the remaining 50 fish were exposed to 25% 

SBL (exposed group) until sampled 0, 7, 14, 21, 28, and 35 
days p.i. 

lmm,mization of Fish 

In order to study the capability of roach to respond to foreign 
antigens the fish in both experiments were immunized with a 
single intraperitoneal injection of bovine ')'-globulin (BGG, 
Sigma Chemical Co,, SL Louis, MO) emulsified in Freund's 
complete adjuvant (FCA, Difeo Laboratories, Detroit, Ml). 
Each fish received 200 µI of antigen solution containing 500 
µg BGG. 

Enumeration of Secreting Lymphocytes with EL/SPOT Assay 

The enzyme-linked immunospot (ELISPOT) assay (Czer
kinsky et al., 1983; Sedgwik and Holt, 1983) was used for the 
enumeration of total irrununoglobulin-secreting cells (!SC) and 
antigen (BGG)-specific antibody-secreting cells (ASC) in the 
spleen (Exp. I and Exp, II.) and the head kidney (Exp. II). The 
ELISPOT assay for roach has been described in detail previ
ously (Aaltonen et al., 1994). The spleen and kidney of each 
roach were removed and disrupted separately against a nylon 
mesh. Cells were suspended in modified RPM! I 640 cell cul
ture medium (Gibco Co., Paisley, UK) supplemented with 3% 
serum substitute (Ultroser G, Gibco Co.). Cells were separated 
on a stepwise Percoll (Pharmacia, Uppsala, Sweden) density 
gradient and lymphocytes at the 1.050-1.070 g/ml interphase 
were collected. Flat-bottomed 96-well microtiter plates (Nunc
Immunoplate, Maxi Sorp) were coated either with BGG, for 
the determination of specific ASC, or with rabbit anti-roach 
immunogtobulin antibody, for total !SC. Cells (at 105, 104, and 
I 03 per well for ASC, and I 03 and 102 per well for !SC) were 
pipetted into wells after saturating the plate with I% BSA and 
allowed to secrete antibodies for 3 h at I 8°C. Trapped anti
bodies were detected with biotin-conjugated anti-roach lgM 
antibody followed by alkaline phosphatase-conjugated avidin 
(Biomakor, Rehovot, Israel). Between each step the plates were 
washed three times with PBS-Tween. The substrate, bromo
chloro-indolyl phosphate (Sigma Chemical Co.), was mixed 
with warm agarose (Agarose type I, Sigma Chemical Co.) and 
added to the wells, Finally, blue spots were counted using a 
stereo microscope, 

Statisrical Analysis 

The data were analyzed for statistically significant differ
ences by the Mann-Whitney U test 

RESULTS 

lmmunoglobulin Secretion of Exposed Fish 

The total number of JSC in the spleen was studied in Exp. L 
The 3-week exposure to BKME before immunization dimin

ished the number of !SC by 53% in exposed fish compared to 
the controls (Fig. I, day 0). The number of JSC of control fish 

remained at the same level during the study except on day 28 
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FIG. 1. Total number of immunoglobulin secreting cells (ISC) in the 
spleen of the fish in the control group (open bar), exposed group (black bar), 
and preexposed group (shaded bar) in Exp. I. The results are expressed as the 
number of ISC/1000 splenic lymphocytes. Each bar represents the mean+ SE 
or to fish. Statistical significance "between exposed and control groups on day 
0 and '1lctwecn prccxposcd and control groups at each time point (**P < 0.01, 
***P < 0.001). 

when the number of !SC was smaller than earlier. The number 

of !SC in the spleen of exposed fish increased gradually after 

immunization and reached the level of the controls on day 21 

p.i. (Fig. I). 

Reactivity against lmmunogen Following Exposure to BKME 

orSBL 

The number of antigen-specific ASC in the spleen after im

munization with BGG was studied in both Exp. I (Table 2) and 

Exp. II (Fig. 2A). Only a few ASC were detected on days 7 and 
14 p.i., and the peak ASC response occurred on day 21 p.i. The 

number of anti-BOG ASC was reduced in fish exposed to 

effluents compared to controls in both experiments and the 

decrease was most prominent at the time of the peak response. 

In Exp. I (Table 2) the ASC response in the spleen decreased 

in exposed fish by 33% and in Exp. II by 57% (Fig. 2A) 

compared lo the controls. 

ASC response was studied also in the head kidney in Exp. II 

(Fig. 2B). The response in the kidney was similar to that in the 

spleen concerning both the effect of the effluent and the re

sponse kinetics. At the time of peak response (day 21 p.i.) the 

mean numbers of pronephric anti-BOG-secreting lymphocytes 
of exposed and control fish were 4300 and 6320/106 lympho

cytes, respectively (32% decrease). 

Depuration and the Recovery of lmmunoreactivity 

A group of exposed fish in Exp. I was transferred to clean 

water at the time of immunization (preexposed fish). The num

ber of splenic !SC in preexposed fish increased markedly com

pared to fish exposed to BKME or to the controls (Fig. 1 ), and 

the increase was found al every sampling. Higher numbers of 
anti-BOG ASC were found in the preexposed fish than in fish 

exposed also after immunization, or even in unexposed control 

fish (Table 2). 

The ratio of ASCnSC, given in Table 2, was calculated to 

indicate the proportion of lymphocytes producing antigen

specific antibodies. In the preexposed fish 0.9% of all !SC 

secreted anti-BOG antibodies, while the percentage was 1.7% 

in the exposed group and 1.5% in the control group. 

DISCUSSION 

Enumeration of ASC revealed that laboratory exposure lo 

effluents from pulp and paper mills affects the immunoreac

tivity of fish. The maximum number of ASC in the spleen of 

exposed roach was reduced in both experiments and also in the 

head kidney in Exp. II. The results documented here parallel 

those of a previous study in a contaminated lake and verify the 

finding of poor humoral response due to BKME exposure (Jo

kinen et al., 1995). Studies concerning the influence of pollut

ants on antibody formation in fish have given contradictory 

results. Anderson et al. ( 1990) found reduced numbers of an-

TABLE 2 

The Antibody Response in the Spleen of Fish in Experiment I 

Treatment 

Group Before immun. 

Control 40 

Exposed 40 

Preexposed 40 

"ASC/106 lymphocytes, mean± SE. 
b % ASC/ISC x 100, mean ± SE. 

None 

BKME 

BKME 

After immun. 0 

None 0±0 
0±0 

BKME 0±0 
0±0 

None 0±0 
0±0 

Antibody secretion in the spleen 

Days p.i. 

t4 21 

366 ± 152 4080 ± 2360 

0.3±0.18 1.5 ± 0.88 

440 ± 283 2720 ± 700 

0.4±0.17 1.7 ± 0.49 
712 ± 505 4420 ± 2790 

0.2±0.11 0.9 ± 0.59 

28 

707 ± 400" 

0.4±0.14b 

343 ± 130 

0.1±0.04 

758±249 

0.3 ±0.11 
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FIG. 2. Anti-BGG antibody secreting cell (ASC) response in Exp. ll. Untreated fish were immunized with BGG. The fish were then transferred to clean water 

(control, open bar) or to 25% of SBL (exposed, black bar) and sampled at 7-day intervals. Each bar represents the mean+ SE of 10 fish sampled on days 14, 

21, and 28 p.i. and 8 fish on days 0. 7, and 36 p.i. Significantly different from control group (*P < 0.05). (A) The number of ASC/106 lymphocytes from the 

spleen. (8) The number of ASC/106 lymphocytes from the kidney. 

tibody-producing cells in phenol-pretreated rainbow trout in 
immunization by bath with bacterin antigen. On the other hand, 
the plaque-forming cell (PFC) response was not significantly 
different in trout receiving halogenated aromatic hydrocarbons 
or PCB (Cleland et al., 1988) and an increase in the number of 
PFC is reported after exposure to dioxin (Spitsbergen et al., 

1986). The complexity of the immune system makes it difficult 
to find an explanation for the inconsistent effecls of pollutants 
in immunoglobulin production. Theoretically, toxicants can 
have direct effects on lymphocytes and lymphoid organs, or 
indirect effects mediated via the neuroendocrine system (Du
nier and Siwicki, 1993; Sanders, 1996; Vos and van Loveren, 
1996). 

The effluents in the current expcrimenls came from two 
mills which both usc elementary chlorine and chlorine dioxide 
for the bleaching of softwood pulp (see Table I). Similar 
chemical substances can be assumed to be fom1ed in these 
basically alike processes of pulping and bleaching. In Exp. I 
secondary-treated BKME was used which contained waste wa
ters from pulping, bleaching, and debarking, and also from 
making paper. Spent bleach liquor in Exp. II was a mixture of 
nontreated acid and alkaline liquors containing high concen
trations of compounds formed in bleaching. Noteworthy is the 
fact that chemicals in SBL alone, with no other effluents from 
the mill, induced immune suppression, suggesting that com
pounds responsible for the effects originate from the bleaching 
process. Of course it cannot be stated that in the making of 
cellulose bleaching is the only step that produces immunosup
pressive compounds. 

Further evidence of the harmful effect of BKME on antibody 
synthesis was seen in the total number of !SC in the spleen. 
Exposure to B KME for 3 weeks reduced the number of ISC by 
53%. Afterwards, postimmunization, the number of !SC in
creased to the level of the control fish, but no such increase was 
seen in unexposed fish. The increase of secreting lymphocytes 
is probably due to the adjuvant used in immunization. General 
stimulation of the immune system by mycobacteria in Freund's 
complete adjuvant (Anderson, I 992) can be reflected as an 
increase of !SC in fish with suppressed immunity. 

This study indicates that suppression of antibody-mediated 
immunity after subchronic exposure to BKME is reversible. 
When the fish were taken back to clean water after 3 weeks 
exposure to BKME the ASC response returned to levels of the 
unexposed controls, or was even higher (Table 2). Ah�iatiuns 
in physiological parameters in fish after exposure to BKME are 
reversible (Sodergren, 1993) but there are no previous data 
concerning the recovery of immunological parameters. IJuring 
depuration, the recovery of lymphocyte response to Con A and 
LPS (Faisal et al., 1991) and macrophage functions (Weeks 
and Warinner, 1984) have been reported after exposure to aro
matic hydrocarbons. Interestingly, in the present study after 2 
weeks depuration the number of !SC was significantly higher 
than that in the exposed or control fish (Fig. I). 

TI,e exposure to BK.ME had no marked effect on the pro
portion of ASC among !SC on day 21, although the number of 
ASC was reduced (Table 2). The unchanged proportion indi
cates that exposure affects both the ASC response and the 
number of ISC to the same degree and suggests that the pro-
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duction of immunoglobulin is suppressed in general. On the 

other hand, even though there was no difference in the number 
of ASC, the percentage of ASC in preexposed fish was smaller 

than that of the controls due to the huge increase in !SC. It is 
probable that ASC response in control and preexposed fish has 

reached its maximum due to immunization. An increased num

ber of !SC during depuration may be a consequence of two 
events: an overcorrective compensatory response after expo
sure and immunostimulation caused by the adjuvant mediated 

via stimulated cytok.ine formation. 

On the grounds of this study it is not possible to say whether 

the afferent limb (antigen presentation by macrophages) or the 

efferent limb of the immune system (lymphocytes), or both, is 

harmed. The compromised function of macrophages after ex

posure to BK.ME might contribute to poor responsiveness in 

immunization. Indeed, the exposure to BK.ME of fish treated 

with immunostimulants (Vibrio anguillarum O-antigen or 

FCA) or left unstimulated resulted in reduced production of 

reactive oxygen mediates (authors' unpublished results). 
BK.ME increases the prevalence of fin erosion and causes 

deformities (see Sodergren, 1993). The present study demon

strates that pulp mill effluents, and also spent liquor from chlo

rine bleaching, affect antibody production and thus have po

tential to increase susceptibility to diseases. Indeed, an increas

ing amount of evidence has accumulated linking malignant and 
infectious diseases with pollutant discharges (Anderson, 1990; 

Waterman and Kranz, 1992; Zelikoff, 1993). In addition, 

marked changes in fish parasites and parasite communities in 

the water system beneath the present mill (mill I) have been 
documented and increases of infection are suggested to be due 

to lowered resistance against parasites (Valtonen and Kosk
ivaara, 1989; Valtonen et al., 1997). New bleaching technolo

gies, including total chlorine-free bleaching using hydrogen 

peroxide, ozone, and enzymes, are now entering production 
and will be used on a broad scale in the immediate future. It 

remains to be seen whether the effects of effluents from the 

new processes on fish defense system are less harmful, as 

hoped. 

CONCLUSIONS 

Roach were exposed in aquaria to BK.ME or SPL from two 

mills using elementary chlorine and chlorine dioxide for 
bleaching. Antibody-mediated immunity was studied after im

munization of fish. Exposure to BK.ME resulted in a reduced 

number of antigen-specific antibody secreting cells and immu

noglobulin secreting cells in the spleen. After exposure to SBL 

the number of antibody-secreting cells decreased, suggesting 

that compounds formed in bleaching contribute to immunosup

pression. Depuration of fish in clean water after exposure to 

effluents indicates that the suppression caused by BK.ME is 

reversible. 
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Abstract 

The present study was designed lo assess the efTects of elemental chlorine free (ECF) and totally chlorine free (TCF) 
pulp and paper mill eflluents on the immune defence of the roach (Rutilus rutilus). Fish were exposed for 5 weeks to 
concentrations of 0, 0.6, 2, 6 and 20% of untreated effluents from ECF or TCF bleaching processes. In order to study 
the capability to respond to foreign antigens the fish were immunised with bovine y-globulin (BGG) 3 weeks before 
sampling. The numbers of anli-BGG antibody-secreting cells and immunoglobulin-secreting cells in the spleen and 
blood. as well as the levels of the anli-BGG antibodies and concentrations of immunoglobulin in plasma and the 
proliferation of lymphocytes after mitogenic activation were determined. In addition, phagocytosis-related functions, 
respiratory burst activity and migration of leukocytes, were measured. Formation of specific anti-BGG antibody-se
creting cells in the blood and immunoglobulin-secreting cells in the spleen and blood were suppressed in the fish 
exposed to a high concentration (20%) of ECF effluent. Similarly, the level of anti-BGG antibody and the stimulation 
indices of Concanavalin A-stimulated proliferation responses in vitro were lower in these fish. A decreased migration 
of granulocytes was observed in the fish exposed to 0.6-2% of ECF and TCF effluents. These results demonstrate 
that untreated ECF and TCF effluents significantly affected the immune parameters of the roach. Taken as a whole. 
fish exposed to TCF effluent showed less immunomodulation than those exposed to EFC effluent. © 2000 Elsevier 
Science B.V. All rights reserved. 

Keywords: BKME: Bleached kraft mill effluents; ECF: Immune system of fish: Pollution: TCF 
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l. Introduction

Increased production of pulp and paper during 
the last few decades has not led to a correspond-
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ing increase in the effects of discharges owing to 
changes in pulping and bleaching processes and 
the treatment of waste waters. More attention is 
now being paid to chlorinated organic compounds 
formed during bleaching, and the primary impor
tance has been placed on studying the effects of 
these compounds. Today, discharges of chlori
nated organic compounds in effluents, e.g. the 
amount of absorbed organic chlorine (AOX), 

have decreased markedly due to the tendency to 
use less elemental chlorine in the bleachery. Most 
of the pulp in Western Europe is produced with
out the use of elemental chlorine, and several 
bleacheries in the Nordic countries are today 
equipped with oxygen pre-delignification. The 
main types of bleaching methods are elemental 
chlorine-free (ECF) bleaching and totally chlorine 
free (TCF) bleaching. The chemicals used in the 
ECF process are chlorine dioxide, alkali (extrac
tion of dissolved lignin), peroxide and oxygen 
(reinforcement of the extraction stages). The 
bleaching chemicals used in the TCF process are 
oxygen, ozone, peroxide and alkali (reviewed by 
Axegiird et al., 1993; Anonymous, 1997). 

Many physiological and biochemical (reviewed 
by Sodergren, 1993; Tana and Lehtinen, 1996) but 
only few immunological studies (Jokinen et al., 
1995; Aaltonen et al., 1997) involving the effect of 
bleached kraft mill effluents (BKME) on fish have 
been published. Most of the former studies has 
been done with effluents from mills using elemen
tal chlorine in bleaching, but currently interest has 
been shifted towards the ECF and TCF bleaching 
techniques. Many studies demonstrate that ECF 
and TCF effluents are toxic, but there is no clear 
relation between the bleaching process and the 
outcome of exposure to these effluents on the 
physiological parameters (Kovacs et al., 1994; 
Priha, I 996; Verla et al., I 996). The effects of the 
ECF and TCF effluents on the immune defence of 
fish has not been studied. 

We have previously established that subchronic 
exposure of fish to secondary treated effluents 
from a mill using chlorine/chlorine dioxide· 
bleaching affects the antibody-mediated immunity 
of the roach (Rufi/us rutilus) in lake (Jokinen et 
al., 1995) and in aquarium conditions (Aaltonen 
et al., 1997). Depressed levels of plasma IgM have 

also been reported in whitefish ( Coregonus /avare

tus L.) exposed to treated BKME (Soimasuo et 
al., 1995a,b). Exposure to diluted untreated 
bleaching effluents alone from chlorine/chlorine 
dioxide processes suppresses the antibody-medi
ated immunity in roach, suggesting that com
pounds formed in bleaching may be at least 
partially responsible for immunotoxic effects 
(Aaltonen et al., I 997). In the present study the 
effects of exposure to untreated ECF and TCF 
bleaching effluents on fish immune parameters 
were investigated. 

2. Materials and methods 

2.1. Fish and exposure to effluents 

Roach (Rutilus rutilus) were caught in Lake 
Peurunka, an uncontaminated oligotrophic lake 
in Central Finland in September 1994 and the 
experiments were performed during the following 
December and January. After the fish were 
caught, ectoparasites were killed by administra
tion of a commercial drug, Ichide (N.T. Labora
tories, UK) at 1 0  �11/1. The average weight and 
length of the fish were 43.4 g (S.D. = 15.1) and 
176 mm (S.D. = 17 .8). After adaptation (3 
months) in laboratory conditions the fish were 
transferred from 300-1 flow-through tanks into 
60-1 aquaria filled with aerated and filtered un
treated bleaching effluent diluted with dechlori
nated tap water. Roach, ten fish in each 
aquarium, were exposed for 5 weeks to untreated 
ECF or TCF effluents in concentrations of 0.6, 2,
6 and 20% at a constant temperature of 17.4-
17.9 0C and control fish were kept in identical 
aquaria in aerated tap water (Experiment I). Half
of the water was changed weekly and the oxygen 
concentration (6-8 mg/ml) was monitored by an 
oxygen probe (YSI 55, YSI Incorporated, Yellow 
Springs, OH, USA). The fish were fed daily with 
commercial pelleted dry food (FinnEwos Aqua, 
Finland) and kept on a regime of 12 h light and 
12 h dark. During exposure to 20% TCF effluent
the fish were lost for some unknown reason. This
part of the study was repeated later in October 
using fish (11 = 7 for exposed, n = 7 for controls) 
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from the same lake and TCF effluent from the 
same frozen batch (Experiment 2). The results 
from Experiments I and 2 were analysed as origi
nating from two separate experiments. 

After 2 weeks' exposure both exposed and con
trol fish were immunised with a single intraperi
toneal injection of bovine y-globulin (BGG, 
Sigma, St. Louis, USA) emulsified in Freund's 
complete adjuvant (FCA, Difeo Laboratories, De
troit, Ml). Each fish received 200 µI of antigen 
solution containing 500 µg BGG. The fish were 
exposed in the aquaria until sampled on day 21 
post immunisation (p.i.) at the time of peak re
sponse against the antigen. The kinetics and the 
time of the peak response are based on several 
experiments with controlled temperatures both in 
aquaria and in natural waters (Aaltonen et al., 
1994, 1997; Jokinen et al., 1995). 

2.2. Effluents 

The untreated effluents came from the ECF 
sequence of the softwood process and the TCF 
sequence of the hardwood process from a mill 
situated on the western coast of Finland. Alkaline 
and acid liquors from each process were sampled 
separately straight from the bleaching process, 
stored cold ( + 4°C) and then mixed together in 
the ratio in which they were produced at the mill. 
The pH of the mixed effluent was then adjusted to 
neutral either with NaOH (TCF effluent) or with 
HCI (ECF effluent) and the mixtures were stored 
frozen ( - 20°C) until used. Free fatty acids (de
canoic acid, dodecanoic acid, tetradecanoic acid, 
hcxadecanoic acid, oleic acid and octadecanoic 
acid), resin acids (pimaric acid, isopimaric acid, 
palustric acid, levopimaric acid, dehydroabietic 
acid, abietic acid and neoabietic acid) and sterols 
(stigmasterol, 13-sitosterol and campesterol) of un
treated and non-filtered effluents were determined 
with the method described by Orsa and Holmbom 
(1994). Other chemical analysis were done in 
UPM-Kymmene Pulp Center Research Labora
tory. Pietarsaari, Finland. The contents of the 
effluent� are given in detail in Tahle I. 

2.3. Sampling 

Feeding was stopped 2 days before the sam
pling of the fish. The fish were anaesthetised with 
MS-222 (Sigma) and their weight and length were 
recorded. The weight and length of the fish were 
used to calculate the condition factor (CF = 
[weight (g)/length (cm)3] x 100). A blood sample 
was taken from the caudal vein of each fish with 

Tablet 
The bleaching sequences in the mill and characteristics of the 

untreated effluents from elemental chlorine free (ECF) and 
totally chlorine free (TCF) bleaching processes' 

Parameter ECF TCF 

Wood Softwood Hardwood 
Bleaching sequence DO-EO-D-EP-D Q-Z-EOP-Z-EP-E 
Waste water amount 213 123 

(ljs) 
Waste water amount 20 12 

(m'/tc) 

pH 11.9 5.5 

Conductivity (mS/m) 662 306 

Suspended solids 23 15 

(mg/I) 
CODc, (mg/I) 2748 1438 

BOD
7 (mg/I) 634 581 

Evaporation residue 5137 3117 

(mg/I) 
Ignition residue (mg/I) 3566 2166 

Loss on ignition 1571 951 

(mg/I) 
Organic carbon, TOC 922 502 

(mg C/1) 
AOX (mg/I) 25 0.40 

EOX (mg/I) 0.51 0.05 

Fatty acids (mg/I) 3.2 2.5 

Resin acids (mg/I) 9.8 0.3 

Sterols (mg/I) 0.7 0.8 

Colour (mg Pt/I) 4870 620 

a Q, chelating agents under alkaline conditions; Z, ozone; 

EOP, alkaline extraction with oxygen and peroxide; EP, alka
line extraction with peroxide; E, alkaline extraction; DO, 

chlorine dioxide with oxygen; EO, alkaline extraction with 

oxygen; D. chlorine dioxide: COD. chemical oxygen demand: 
BOD, biological oxygen demand; TOC, total organic carbon: 
AOX. adsorbable organic halogen; EOX, extractable organic 
halogen. 
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a I-ml heparinised syringe and 25-gauge needle. 

The hematocrits were measured in heparinised 

hematocrit tubes. The blood was centrifuged 

(400 x g, 5 min) for the separation of plasma. 

Plasma was stored frozen ( - 20°C) for the deter

mination of antibody levels. 

After plasma separation the cells were resus

pended in heparinized roach-modified Hank's bal

anced salt solution (rHBSS) containing HBSS 

diluted to 80% with water and supplemented with 

0.5 mg/ml sodium pyruvate. Suspended cells were 

layered on the top of a Percoll density gradient 

medium (1.077 g/ml, Pharmacia, Uppsala, Swe

den) and after centrifugation (400 x g, 30 min) the 

lymphocytes from the interphase were collected, 

resuspended in rHBSS and, if necessary, run again 

in an identical Percoll gradient for further re

moval of contaminating red blood cells. The cells 

collected were washed twice (400 x g, 10 min) 

with rHBSS and resuspended in roach culture 

medium: RPMI-1640 (Gibco, Paisley, UK) di

luted to 80% with water, supplemented with 5% 

foetal calf serum (FCS), 2% own plasma from 

each fish, 0.5 mg/ml sodium pyruvate, 50 µM 

mercaptoethanol. 2 mM L-glutamine, 100 µg/ml 

streptomycin, 100 IU/ml penicillin and 10 mM 

Hepes, pH 7.4. 

The_ spleen and head kidney of each roach were 

removed and disrupted separately against a nylon 

net (80 mesh). Leukocytes were separated on a 

two-step Percoll density gradient (400 x g, 30 

min). Lymphocytes from the spleen were collected 

at the 1.040-1.070 g/ml interphase and neu

trophils from the head kidney at the 1.070- 1.090 

g/ml interphase. The collected cells were washed 

twice (400 x g, 10 min) with rHBSS. Splenic 

lymphocytes were resuspended in roach medium 

(rRPMI): RPMI-1640 diluted to 80% with water, 

supplemented with 3% of serum substitute Ul

troser G (Gibco), 0.5 mg/ml sodium pyruvate and 

10 mM Hepes, pH 7.4. Cells from the head kidney 

were resuspended in phenol red-free rRPMI. Cells 

were counted by trypan blue exclusion in a 

haemocytometer (viability > 95%). The number 

of lymphocytes from blood and spleen were ad

justed to 2 x I 06 /ml. 

2.4. Immune function assays 

2.4. I. Quantification of serum immunog!obu/in 
The amount of total immunoglobulin M (lgM) 

and specific anti-BGG antibodies in roach plasma 
was measured by an enzyme-linked immunosor
bent assay (ELISA) as described earlier (Aaltonen 
et al., 1994). First, flat-bottomed 96-well microl
iter plates (Nunc-Immunoplate, Maxisorp) were 

coated either with BGG, for the determination of 
specific antibodies, or with rabbit anti-roach im

munoglobulin for total IgM concentration. The 
procedures and the testing of cross-reactivities of 
anti-roach IgM antibody are described elsewhere 
(Aaltonen et al., 1994; Jokinen et al., 1995). After 
masking the plate with bovine serum albumin 
(BSA, Sigma), diluted samples of plasma were 
incubated in the wells. The trapped roach lgM 
was detected with biotin-conjugated anti-roach 
lgM. Next, alkaline phosphatase-conjugated 
avidin (Biomakor, Rehovot, Israel) was added. 
Washing was performed between each step with 
phosphate-buffered saline-Tween 20 (0.05%), pH 
7.4 (PBS-Tween). p-Nitrophenylphosphate 
(Sigma) was used as a substrate and the optical 
density was read with a Titertek plate reader 
(Flow laboratories) at 405 nm. In the case of 

anti-BGG specific antibody, a calibration curve 
was constructed using a pool of high tiler plasmas 
obtained from fish immunised with several injec
tions of BGG. The concentration of anti-BGG 
antibody in the pool plasma was given as 1000 
artificial units per ml. The concentrations of the 
samples were then expressed as units/ml (U/ml). 
The assay of plasma lgM was standardised with 
known concentrations of purified roach IgM. 

2.4.2. Enumeration of secreting lymphocytes ,vith 
EL/SPOT assay 

The enzyme-linked immunospot (ELISPOT) as
say (Czerkinsky et al., 1983; Sedgwik and Holt, 
1983) was used for the enumeration of im
munoglobulin-secreting cells (ISC) and antigen 
(BGG)-specific antibody-secreting cells (ASC) in 
the spleen and blood from fish exposed to 0, 2, 6 
or 20% effluent. The ELISPOT assay for roach 

has been described in detail previously (Aaltonen 
et al., 1994). The plates were coated, saturated 
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and washed as in the ELISA assay. Cells diluted 
in rRPMI (at 105

, 104 and 10' per well for ASC, 
and I 0' and I 02 per well for !SC) were pipetted 
into antibody/BGG-coated and BSA-saturated 
wells and allowed to secrete antibodies for 3 h at 
18°C. Trapped antibodies were detected with bi
otinylated anti-roach IgM antibody followed by 
alkaline phosphatase-conjugated avidin. The sub
strate, bromo-chloro-indolyl phosphate (Sigma), 
was mixed with warm agarose (Agarose type I, 
Sigma) and added to the wells. Finally, blue spots 
were counted using a stereo microscope. 

2.4.3. Proliferation assay 
To determine the proliferative responses, 

lymphocytes from the blood of fish exposed to 0, 
2, 6 or 20% effluent were added in triplicate in a 
volume of 200 µI (4 x 105 cells /well) to 96-well 
plates (Nunc Microwell 96U, Roskilde, Den
mark), and the cultures were activated with 20 pi 
Concanavalin A (ConA, Sigma) to give the final 
concentration of I 00 >1g/ml. The concentration of 
ConA had been tested earlier to ensure that it was 
in the optimum range for activation of roach 
lymphocytes. The same volume of culture medium 
was added to the unstimulated control wells. Af
ter a 5-day incubation at 26°C, I O pi 
['H]thymidine (I ,1Ci/culture, Amersham Interna
tional. Buckingshamshire, UK) was added and 
the cultures were incubated for 18 h and har
vested (Cell Harvester, Nunc, Denmark) by water 
lysis and adherence to glass fibre filters (Whatman 
Grade 934 AH). The results were expressed as 
cpm and as a stimulation index (SI). SI was 
calculated for each individual fish according lo 
the formula: SI= Mean cpm of triplicate stimu
lated cultures/Mean cpm of triplicate non-stimu
lated cultures. 

2.4.4. Respiratory burst 
Phagocytes were stimulated with phorbol 12-

myristate 13-acetate (PMA, Sigma) and the res
piratory burst activity was determined by the 
luminol-enhanced chemiluminescence (CL) 
method (Scott and Klesius, 1981). Stock solutions 
of luminol (Sigma) and PMA (Sigma) were pre
pared in dimethyl sulfoxide (DMSO; Fluka 
Chemie AG, Switzerland) and stored in small 

aliquots at - 20°C. A model 1250 LKB-Wallac 
luminometer with temperature control was used 
to monitor the chemiluminescence at 25°C. Cells 
(5 x I 05) resuspended in phenol red-free rRPMl 

were pipetted in a volume of 250 pi into a 
polypropylene vial and 500 pi luminol, final con
centration 5 x 10- 5 M, diluted in rHBSS was 
added. The assay was initiated by adding 250 pi 
PMA diluted in rHBSS (the final concentration of 
PMA 2 pg/ml). The reaction was followed until 
the peak was passed (mean peak time 8 min). The 
peak value in millivolts (m V) was determined 
from each reaction with the use of a recorder 
(2210 Recorder, LKB, Bromma, Sweden). 

2.4.5. Migration 

The capability of head kidney neutrophils to 
move was assayed by a migration-under-agarose 
technique modified from Nelson et al. (1975). A 
total of 6 ml of a mixture containing I% agarose 
(Type I: Low EEO; Sigma) and 0.25% gelatine 
(Difeo, Ml) in rRPMI al 56°C was dispensed 
onto each microscope slide which had been previ
ously cleaned with I + I mixture of 3 M HCI and 
ethanol. The gel was allowed to set and the slides 
were stored in humidified boxes at 4°C until used. 
Just prior to the assay, a row of three wells, 2.5 
mm in diameter and 2.0 mm apart, were punched 
out of the gel. The middle wells were filled with I 0 
pi casein (JOO mg/ml. from bovine milk, Sigma) 
and duplicate samples. 3 x I 05 neutrophils in a 
volume of 10 pi, were pipetted into outer wells. 
The cells were allowed to migrate in a humidified 
environment at 25°C for 3 h, then fixed overnight 
with methanol. The agarose was carefully re
moved and the slides were stained with a haema
tological stain (Diff-Quick, Baxter Diagnostic, 
Germany). The patterns of migration were exam
ined under the microscope. The distance of cellu
lar migration in each sample were quantified by 
the leading-front method using an ocular microm
eter. The distance the cells had migrated from the 
margin of the well towards the well containing 
casein represents the directed migration, and the 
distance in the opposite direction represents the 
random migration. 
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Table 2 

The length, weight, condition factor and hernatocrit (mean ± S.E.) of the fish in Experiments I and 2 

Experiment/treatment II Length (mm) 

Exp. I: 

Control 15 177 ±4 

ECF (%) 

0.6 10 176 ± 5 

2 10 170±5 

6 9 180± II 

20 10 168±6 

TCF(%) 
0.6 10 177 ±6 

2 II 179±4 

6 10 181 ± 3 

Exp. 2: 

Control 7 179±9 

TCF (%) 

20 170±7 

u P$0.00I statistical significance compared to control. 

2.5. Statistical analysis 

The data were analysed for statistically signifi
cant differences by the Mann-Whitney U-test. A 
statistically significant difference from controls is 
expressed as * P s;; 0.05, •• P s;; 0.01 or ••• P s;; 
0.001. 

3. Results 

3.1. Mortality, growth and condition of roach 

During the 5-week exposure to ECF or TCF 
effluents there was no occurrence of mortality 
except among the fish exposed to 20% TCF 
effluent; these fish all died during the first week. 
The fish in all the other groups (Exp. I) exhibited 
normal behaviour. The exposure to 20% TCF 
effluent was later repeated (Exp. 2) and no mor
tality or signs of diseases were noted on that 
occasion. There were no differences in the weight, 
length or CF of the exposed fish compared to the 
control fish (Table 2), indicating that no severe 
loss of body weight occurred owing to the treat
ments in either experiment. 

Weight (g) Condition factor Hematocrit (%) 

44.9 ± 2.8 0.79 ±0.02 45 ± I 

43.6 ± 4.7 0.78 ±0.03 46 ± 2 
39. 1 ± 3.9 0.78 ±0.03 38 ± 2** 
48.6 ± 9.1 0.75 ± 0.03 33 ±I•• 
36.9 ± 3.9 0.75 ± 0.02 38 ± 2•• 

46.8 ± 5.7 0.80 ±0.03 47 ± I 
45.5±4.1 0.77 ± 0.02 44± I 
45.9 ± 3.1 0.76±0.02 44 ± 2 

50.9 ± 6.2 0.86 ± 0.04 33 ± I 

45.2 ± 5.6 0.88 ± 0.02 34 ± I 

3.2. Hernatocril values 

A significant decrease in hematocrit (P s;; 0.001) 
was seen in fish exposed to 2, 6 and 20% ECF 
effluent, whereas exposure to TCF effluent had no 
effect in any concentration tested (0.6, 2, 6 or 
20%) (Table 2). 

3.3. Specific antibody-secreting cells 

The number of ASC in the blood of fish ex
posed to ECF effluent, irrespective of concentra
tion, decreased compared to the controls and 
reached statistical significance (P 5 0.05) in the 
group exposed to 20% ECF (Fig. IA). However, 
no statistically significant differences were found 
in the number of ASC in the spleen between 
controls and the fish exposed to any of the con
centrations of ECF effluent. 

Exposure to TCF effluent had no clear effect on 
the antibody secretion of lymphocytes in the 
spleen (Fig. IB, Table 4). Contradictory results 
were seen in the blood: exposure to 2% TCF 
effluent caused a decreased, and exposure to 6% 
TCF effluent an increased ASC response, but 
neither of these changes were statistically signifi
cant. There was a decrease in the number of both 
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the splenic and the blood ASC after exposure to 
20% TCF effluent compared to the controls, but 
the difference did not reach statistical significance 

(Table 4). 

3.4. lmmunoglobulin-secreting cells 

The number of ISC both in the spleen and in 

the blood decreased after exposure to 20% ECF 
effluent. The number of ISC in the fish exposed to 

concentrations of 2 and 6% ECF effluent was not 

different from that of the controls (Fig. 2A). 
After exposure to TCF effluent no statistically 

significant changes in the number of !SC were 
noted in the spleen (Fig. 2B, Table 4). The num
ber of !SC in the blood showed contradictory 

results. Exposure to 6% TCF effluent suppressed 
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Fig. I. Anti-BGG antibody-secreting cell (ASC) response after 

exposure 10 untreated effluent from (A) ECF bleaching or (B) 
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TCF effluent, see Table 4. Each bar represents the mean± S.E. 
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Fig. 2. Total numbers of immunoglobulin-secrcting cells ([SC) 
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the number of ISC in the blood (P = 0.049); but 

when exposed to 2 and 20% TCF effluent the 
number of ISC increased but did not reach statis
tical significance. 

3.5. Plasma antibodies 

Exposure of fish to either ECF or TCF effluent 
had no effect on the plasma total lgM concentra
tion (Fig. 3, Table 4). Exposure to 20% ECF 

effluent decreased the level of anti-BGG antibod

ies in the plasma (P,.;; 0.05) (Fig. 4). There were 
no statistically significant differences after expo

sure to TCF effluent at any of the concentrations 
tested (Fig. 4, Table 4). 
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Fig. 3. The immunoglobulin (lgM) concentration in the 
plasma of roach after exposure to untreated ECF and TCF 

bleaching effluents. Each bar represents the mean ± S.E. of 

nine to 15 fish. ( ♦) For the results after exposure to 20'¼, TCF 
effluent, see Table 4. 

3.6. Lymphocyte proliferation 

ConA-activated proliferative responses of 

lymphocytes in vitro, expressed as the incorpo

rated radioactivity (cpm), were decreased by 30-

44% after exposure of fish to low concentrations 

(2 and 6%) of either ECF or TCF effluent (Table 

3). But, by contrast, when exposed to 20% ECF 

effluent the lymphocyte proliferation was in

creased by 48%. Similar results were obtained in 

1500 
e 1 
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Fig. 4. The levels of anti-BGG antibodies in the plasma of fish 
exposed to untreated ECF and TCF bleaching effluents. Each 
bar represents the mean± S.E. of nine to 15 fish. ( ♦) For the 
results after exposure to 20%1 TCF effluent, see Table 4. 

Table 3 
The proliferation of fish blood lymphocytes in unstimulated 
and ConA-activated cultures expressed as incorporated ra

dioactivity (counts per minute, cpm) and stimulation index 

(SI) 

Treatment Unstimulated 

(cpm) 

Control 6591 ± 3871 

ECF (%) 
2 
6 

20 

TCF(%) 
2 
6 

20 

2275 ± 1658 
4018 ± 2982 

10 185 ± 6837 

1924± 1304 
5838 ± 4444 

ND" 

a ND, not done. 

'P,;0.05. 

ConA 
(cpm) 

22 702 ± 7613 

15 807 ± 8827 
12 789 ± 6029 
33 688 ± 11454 

14 434 ± 5375 
15 496 ± 5653 

ND 

SI 

22.4 ± 9.2 

16.5 ± 9.0 
8.6 ± 3.7 
4.9 ± 1.9' 

16.6 ± 21.6 
21.6± II.I 

ND 

non-stimulated cultures as well. However, because 

of the wide variation of blastogenic responses, 

statistically significant differences were not found. 

A downward trend in proliferation, when ex

pressed as a stimulatory index (SI), occurred after 

exposure to ECF effluent, reaching statistical sig

nificance in fish exposed to the highest concentra

tion of ECF effluent (P,;; 0.05). 

3. 7. Effects of exposure on neutrophils 

In general exposure to ECF effluent suppressed 

the respiratory burst by head kidney neutrophils, 

but the difference between the exposed fish and 

controls did not reach statistical significance (Fig. 

5). Exposure of fish to 0.6-6% TCF effluent had 

no clear effect on the respiratory burst but there 

was a decrease of 24% in after exposure to 20% 

effluent (P = 0.092, Table 4). 

Exposure of fish to small concentrations of 

effluents from both ECF and TCF bleaching in

hibited random migration, whereas high concen

trations had no such effect (Fig. 6, Table 4). 

Exposure to 2% ECF and 2% TCT effluents (P,;; 

0.05) also decreased directed migration. 
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Fig. 5. The respiratory burst activity of pronephric granulo
cytes after exposure of fish to unireated ECF and TCF bleach
ing effluents. Each bar represents the mean± S.E. of 

PMA-induced chemiluminescence of seven to 15 fish. ( ♦) For 
the results after exposure to 20% TCF effluent. see Table 4. 

4. Discussion 

Exposure of fish to contaminants in a lake 
receiving effluents from chlorine/chlorine dioxide 
bleaching is reported lo impair the immunoreac
tivity of fish (Jokinen et al., 1995), as is also 
laboratory exposure of fish to BKME or to un-

Table 4 
The immunological parameters (mean ± S.E.) of comrol fish 
(11 = 7) and or fish exposed to 20% TCF ernuent (11 = 7) in Exp. 
2 

Parameter 

ASC/ I 0'' cells from 
Spleen 
Blood 

ISC;lOO cells from 
Spleen 
Blood 

Plasma lgM (mgiml) 
Plasma anti-BGG (Units/ml) 

Respiratory burst activity 

(m Y)/106 pronephric 
granulocytes 

Migration of pronephric 

granulocytes (pm) 
Random 

Directed 

Control 

3002 ± 1024 
2830 ± 1024 

10.5 ± 1.9 
11.6± 2.2 

11.8±0.9 
868 ± J80 

110.8± 10.2 

247 ± 52 
541 ± 64 

TCF 20% 

2403±911 
912±347 

9.1 ±23 
22.4 ± 4.8 

13.8 ± 2.5 
707±188 

83. 7 ± 12.7 

236 ± 40 
508 ± 48 
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Fig. 6. The random and directed migration of pronephric 

granulocytes after exposure of fish untreated effluent from (A) 

ECF bleaching or (B) TCF bleaching. ( ♦) For the results a[ter 
exposure to 20%, TCF efnuent, see Table 4. Each bar repre

sents the mean ± S.E. migration distance of granulocytes from 

seven to 15 fish. 

treated bleaching effluents from chlorine/chlorine 
dioxide bleaching (Aaltonen et al.. 1997). The 
processes of pulping and bleaching have gone 
through consi<lerable changes in recent years, 
mainly with the objective of decreasing the dis
charge of chlorinated organic matter. In the 
present study immune parameters were investi
gated after exposure of fish to untreated effluents 
from two main bleaching processes, ECF and 
TCF. 

The specific ASC response in the spleen of fish 
exposed to ECF effluent, even at a concentration 
as high as 20%, did not differ significantly from 
the unexposed control values. In our earlier study 
(Aaltonen et al., l 997) roach were exposed in 
aquaria lo 25% effluent from a bleaching process 
employing elemental chlorine/chlorine dioxide. 
Comparison of lho two studies reveal that the 
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decrease in the ASC response in the present study 
was less prominent (decrease 24%, NS, Fig. I) 
than in the earlier study ( decrease 57%, P ,;; 0.05, 
Aaltonen et al., I 997). This suggests that the 
untreated effluents from the ECF and TCF pro
cesses affect the immune responsiveness of fish 
less than untreated effluents from the chlorine and 
chlorine/chlorine dioxide bleaching. The number 
of ASC in the blood after exposure to 20% ECF 
and TCF effluents decreased, suggesting that the 
blood ASC response could serve as a more sensi
tive indicator of immunotoxicity than the re
sponse in the spleen. 

The decrease in the total number of ISC in the 
spleen and blood of fish exposed to 20% ECF 
effluent was distinct, but no such effect occurred 
after exposure to lower concentrations of ECF 
effluent, or to any concentration of TCF (0.6-
20%) effluent. The fish were injected with the 
immunogen mixed with Freund's complete adju
vant, which acts as a general immunostimulant 
(Anderson, 1992) and may restore, to a certain 
extent, the suppressed responses (Aaltonen et al., 
I 997). It is probably due to the stimulation by the 
adjuvant that decreased responses were seen only 
in the fish which received high doses of toxicants. 

Exposure to ECF or TCF effluents caused no 
significant change in plasma IgM concentrations. 
Plasma levels of lgM in the fish exposed to 
BKME in cages in a polluted lake decreased even 
though the effluent concentration in the contami
nated water area was below I% (Jokinen et al., 
1995). In the present study, exposure to a low 
concentration (0.6%) of effluents increased IgM 
levels rather than suppressed them. Indeed, both 
favourable and inhibitory modulatory responses 
to an increasing level of toxicants are common in 
studies on the immunological parameters of fish 
(Robohm, 1986; Rice and Weeks, 1989; Thuvan
der, 1989). 

Plant-derived lectins induce activation and mat
uration of lymphocytes in vitro and serve as indi
cators of lymphocyte functionality (Maluish and 
Strong, 1986). Controversial results on ConA
stimulated proliferative responses, as well as on 
non-stimulated proliferation, were obtained in the 
present study: decreased responses in the fish ex
posed to low effluent concentrations but increased 

responses in the fish exposed to high concentra
tions. Several pollutants impair mitogen-stimu
lated proliferation (Spitsbergen et al., 1986; Faisal 
et al., 1991), but stimulation of proliferative re
sponses has been described, e.g. after exposure to 
polychlorinated biphenyls (Thuvander et al., 
1993). 

The successful killing of pathogenic organisms 
demands a good level of mobility by the phago
cytes in order to trap the pathogen, and the 
production of toxic substances is necessary to 
destroy the invader. In cyprinid fish the head 
kidney is the major phagocytic organ (Lamers 
and Parmentier, 1985). Although we did not find. 
a statistically significant reduction in the produc
tion of reactive oxygen species by head kidney 
granulocytes, exposure of fish to any concentra
tion of ECF effluent suppressed respiratory burst 
activity. Interestingly, the migration of neu
trophils was inhibited in fish exposed to low con
centrations, but normal migration was noted after 
exposure to a high (20%) concentration of ECF 
and TCF effluents. An explanation for this con
troversial observation is difficult to find, but nori
linear responses of immunological parameters to 
toxic agents are not uncommon (Koller, 1996). 
Tahir et al. (I 993), for example, found low migra
tory indices in fish exposed to small concentra
tions of oil drilling mud, but the indices were 
equal to the control values when the fish were 
exposed to higher concentrations. 

Inconsistent results have been obtained con
cerning the hematocrit of the white sucker near 
North American pulp mills: decreased hematocrit 
values (McMaster, 1991), increased hematocrit 
values (Hodson et al., 1992) or no change at all 
(Servos et al., 1992). In the present study the 
exposure of fish to ECF effluent at concentrations 
of 2-20% induced a significant decrease in the 
hematocrit values. By contrast, exposure of fish to 
equal concentrations of TFC effluent had no ef
fect, suggesting a difference in the action of ECF 
and TCF effluents on haematopoiesis. 

The clearest immunomodulatory effects were 
seen after exposure of fish to ECF effluent. The 
compounds responsible for immunomodulation 
were not determined here, but there are differ
ences in the composition of the effluents that may 
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be relevant in regard to immunotoxicity. First, the 
concentration of resin acids in the ECF effluent 
was 30 times higher than in the TCF effluent. This 
is probably due to the different raw material in 
each case (softwood/hardwood, Table 1). Un
treated bleaching effluents contain organic sub
stances originating from wood: polysaccharides, 
lignin and extractives, e.g. resin acids, fatty acids 
and sterols (LaFleur, 1996; Stromberg et al., 
1996), which are known to be harmful to fish 
(Verta et al., 1996). Secondly, ECF effluent con

tained 50 times the level of halogenated organic 
compounds compared to TCF effluent (see Table 
I). The importance of halogenated compounds as 

a reason for decreased responsiveness is supported 
by an earlier study (Aaltonen et al., 1997). A far 
clearer suppression of the ASC response was 
found after exposure of fish to the effluent from 
chlorine-based bleaching (AOX 53 mg/I, soft
wood) than to ECF effluent (AOX 25 mg/1, soft
wood), although the levels of resin acids were 
essentially the same in both effluents. In addition, 

the compounds formed in the chlorine-based pro
cess are highly chlorinated and more toxic to fish 
than the compounds of a much lower degree of 
chlorination produced in the ECF process (re
viewed by Axegiird et al., 1993). 

In terms of relevance for the organism, a test 
that monitors the net result from a cascade of 
reactions, e.g. the antibody response to T-cell-de
pendent antigen, is a predictive indicator of im
munotoxicity (Wester et al., 1994). The outcome 

of immunisation is also dependent, in addition to 
lymphocytes, on the function of macrophages 
which act as antigen p1ese11ti11g-cdls. Although, 
definite conclusions about the mechanisms behind 
the altered functions cannot be drawn on the 
basis of the present results, there are indications 
of altered lymphoid cell-related functions which 
may be relevant to decreased responsiveness: de
creased numbers of lgM-secreting cells and re
duced stimulation indices to the mitogen ConA. 
There is a close connection between the immune 
system and the endocrine system, and it is possi
ble that the changes in the immunological 
parameters are a consequence of endocrine modu
lation of the immune system following the stress 
due to contaminant.s. 

Is the suppression of immune functions noted 
in the present study of importance when consider
ing the resistance of fish to pathogens? We found 
significant suppression of immunological parame
ters only after exposure to relatively high concen
trations of untreated effluents. Activated sludge 
treatment is an effective technique for reducing 
the load of organic material in pulp mill effluents 
(Stromberg et al., I 996), and at present the 
effluents from pulp and paper mills, e.g. in West
ern Europe, almost never enter recipient waters 

without secondary treatment. Further, the 
effluents are highly diluted when released into 
recipient waters. In view of the magnitude of 

immunomodulation after exposure to high con
centrations of untreated effluents, it seems quite 
improbable that exposure of fish to treated and 
highly diluted effluents could result in marked 
increased susceptibility to diseases in natural wa
ters. Thomas and Sherwood (1996) estimate that 

suppression of immune parameters by 40-50% or 
more is required before enhanced susceptibility to 
infection in laboratory mammals is seen. How
ever, apart from the fact that the structure of the 
immune system in teleost fish is similar to that in 
mammals, there is no evidence that this applies as 
such to fish. Moreover, it is difficult to extrapolate 
the results from a laboratory exposure to condi
tions in contaminated water areas where the expo
sure is permanent and the fish are also exposed to 
toxicants via contaminated food, sediment and 
particles. Significance of the results presented here 
on the resistance to pathogens needs to be verified 
with host resistance assays. 

5. Conclusions

Experimental exposure of fish in the laboratory 

to untreated effluents from EFC and TCF bleach
ing processes had modulatory effects on immune 
parameters. The most distinct effect was a sup
pressed response to immunisation after exposure 

of fish to the highest (20%) concentration of ECF 
effluent. The effects of exposure to TCF effluent 

were slighter. These results suggest that untreated 
effluents from TCF and, especially, ECF bleach
ing contain components which are potentially 
immunotoxic. 
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The effluents from pulp and paper mills also 
contain, besides bleach liquors studied here, de
barking waste waters, brown-stock washing wa
ters and condensates. These contain components 
known to be harmful to fish. For this reason the 
immunotoxicity of total effluents from mills using 
ECF and TCF bleaching merit further study. 
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Abstract 

The present study was designed to examine, whether, effluents from a modem pulp and paper mill using elemental 
chlorine-free/total chlorine-free (ECF {[CF) bleaching, exert effects on the immune system of fish and, in addition, to 
relate these findings to physiological parameters known to be affected by bleached kraft-mill effluents (BKME).
Roach (Rutilus rutilus) were exposed in lab

.
oratory conditions to primary- or secondary-treated effluent from a pulp 

and paper mill. In order to study their capability to respond to foreign antigens they were immunised with bovine 
y-globulin (BGG) prior to exposure. The number of anti-BGG antibody-secreting cells {ASC) and the number of
immunoglobulin-secreting cells (!SC) in the spleen and blood as well as the level of anti-BGG specific antibodies and 
concentration of plasma immunoglobulin (lgM) were studied. Phagocytosis and migration of granulocytes of the head
kidney were also determined. In addition to the immunological parameters, the activity of hepatic biotransformation
enzymes, the carbohydrate metabolism and osmoregulation were examined. Exposure of roach for 21 days to BKME
affected several immunological parameters. Both effluents, primary- and secondary-treated, impaired the immunore
activity of the fish. Sex-related differences in the immune responses were evident in many parameters e.g. in the
nmpber of blood !SC and splenic ASC. Sex also had effects on cortisol levels and in the induction of 7-ethoxyre
sorufin O-deethylase (EROD). These results demonstrate that both primary- and secondary-treated effluent from a 
pulp and paper mill using ECF/TCF bleaching have effects on fish immune functions. Further, these findings suggest
that steroids may contribute to immunomodulation in fish. © 2000 Elsevier Science B. V. All rights reserved.

Keywords: Bleached kraft mill effluents; Primary- and secondary-treated effluents: Pulp and paper mill: Aquatic pollution: 
lmmunotoxicity; Fish immune system 
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I. Introduction

The production of pulp and paper causes the 
discharge of a complex mixture of compounds 

0l66-445X;OO/S · see front matter© 2000 Elsevier Science B.V. All rights reserved. 
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into recipient waters. The main component of the 
effluents from kraft pulp processes are filtrates 
from bleaching. waste waters from debarking. 
condensates from cooking and evaporation. black 
liquor residues and spills occurring during differ
ent processing stages. In modern pulp mills, most 
of the water used in the production processes is 
recycled resulting in a diminished amount of 
waste water. Before discharge to recipient waters. 
effluents are always tr�ated. The separation of 
suspended solids is generally carried out mechani
cally in primary waste-water treatment. After that 
effluents undergo biological treatment by means 
of either activated sludge or, more seldom, an 
aerated lagoon. A well operated activated sludge 
treatment system is highly effective in reducing 
the amount of discharge, for example, biological 
oxygen demand (BOD) is diminished by over 95% 
and chemical oxygen demand (COD) by 70-80%. 
Resin and fatty acid removal efficiencies are gen
erally greater than 85% (Anonymous, 1997; 
Lafleur and Barton, 1997). Secondary treatment 
has also been found necessary in reducing acute 
and chronic toxicity of effluents (Munkittrick and 
Sandstrom, 1997). Some compounds, however, 
are less responsive to treatment (e.g. phytosterols) 
and, in addition, some hazardous novel metabo
lites may be formed that may be also·toxic (e.g. 
retene) (Bright et al., 1997; Billiard et al., 1999). 

A variety of biological effects, including struc
tural, physiological and biochemical responses in 
fish, have been associated with subchronic expo
sures to effluents from the pulp and paper imlus
try (Lindstrom-Seppa and Oikari, 1989; Hodson 
et al., 1992; Sodergren, 1993). The effects of pulp
mill effluents on the immunological responses 
have not been studied extensively. Our earlier 
studies have established the effects of subchronic 
exposure to secondary-treated ef�uents and un
treated bleaching effluents on immunoreactivity of 
fish (Jokinen et al., 1995; Aaltonen et al., 1997, 
2000). The antibody-mediated immunity of roach 
(Rutilus rntilus) was affected when the fishes were 
kept in cages in a lake receiving bleached kraft
mill effluents (BKME) (Jokinen et al., 1995) or 
exposed in an aquarium (Aaltonen et al., 1997) to 
secondary-treated effluents from a mill using chlo
rine/chlorine dioxide for bleaching. Exposure to 

the untreated bleaching effluent from the chlorine/ 
chlorine dioxide bleaching alone suppresses anti
body synthesis suggesting that compounds derived 
from bleaching are involved in the occurrence of 
these immunotoxic effects (Aaltonen et al.. 1997). 
Reduced plasma lgM have been reported in 
whitefish ( Coregonus lavaretus L.) exposed to 
effluent from a mill using chlorine/chlorine diox
ide bleaching (Soimasuo et al., 1995a,b). Changes 
in the bleaching process together with the installa
tion of the secondary-treatment system abolished 
the decrease in plasma IgM (Soimasuo et al.. 
2000). The macrophage activity of mummichog 
(Fundulus heteroclitus) from waters contaminated 
by BKME is also affected (Fournier et al., 1998). 
Our previous study of untreated bleaching 
effluents from the elemental chlorine-free (ECF) 
and total chlorine-free (TCF) processes indicate 
impacts on fish immune parameters (Aaltonen et 
al., 2000). The main objects of the present study 
were to examine immunological effects of expo
sure of fish to whole mill effluents from a modern 
pulp and paper mill using ECF /TCF bleaching, 
whether the secondary treatment (activate sludge) 
reduces these effects, and further, to relate these 
findings to physiological parameters known to be 
affected by BKME. 

2. Materials and methods

2. I. Fish and exposure. regime 

Roach (R. ruti/11s) were caught with a fish trap 
in Lake Peurunka, an uncontaminated olig
otrophic lake in central Finland, in November, 
I 997. After transfer the fish were allowed to adapt 
to laboratory conditions for 2.5 months before 
the experiment in February. Ee to parasites were 
killed by bathing the fish for I h in water contain
ing malachite green (0.1 mg/I) and formaldehyde 
(I O mg/I) every 2 days for 8 days. The average 
weight and length of the fish were 35 g (S.D. = 12) 
and 155 mm (S.D. = 16), respectively. The fish 
were 3-6 years old and sexually mature. A total 
of 56 roach were immunised with a single in
traperitoneal injection (200 µI) of bovine y-globu
lin (BGG, 500 µg per fish, Sigma Chemical Co., St 
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Louis. USA) emulsified in Freund's complete ad
juvant (FCA. Difeo Laboratories, Detroit. MI) 
and transferred from 300-1 flow-through tanks to 
60-1 aquaria. After immunisation the fish were
kept in clean dechlorinated water (controls. n =
24) or exposed to aerated and filtered effluents
diluted with dechlorinated tap water. eight roach
in each aquarium. Roach were exposed for 3
weeks either to 20'1/,, primary-treated (11 = 16) or to 
20% secondary-treated (11 = 16) effluent from the 
bleached kraft mill. The aquaria, both control and 
exposure, were immersed in large tanks with ther
mostat-controlled water circulation in order to
maintain a constant temperature throughout the
exposure period. The temperature of the water
was 17.5-19.0°C with the maximum difference of 
0.5°C between aquaria. Half of the water in each
aquarium was changed weekly and the oxygen
concentration (6-8 mg/ml) was monitored by an 
oxygen probe (YSI 55, YSI Inc., Yellow Springs,
OH, USA). Fish were fed daily with commercial
pelleted dry food (FinnEwos Aqua Co., Finland)
and kept on a regime of 12 h light and 12 h dark.
The fish were sampled on day 2 1  post immunisa
tion (p.i.) at the time of peak response to the
immunogen (see Aaltonen et al., 1994).

Table I 
Characteristics of primary- and secondary-treated effluents 
from pulp and paper mill using ECF and TCF bleaching 

Parameter Primary treated Secondary 
treated 

Waste water amount 1280 1890 
(1/s) 

pH 6.8 7.5 
Conductivity (mS/m) 226 173 
CODc, (mg 02/1) 1338 471 
Evaporation residue 1940 1270 

(mg/I) 
Ignition residue (mg/I) 1500 1385 
Total phosphorus (mg 2.2 0.56 

P/1) 
Total nitrogen mg 12.2 6.6 

(mg Nil) 
Colour (mg Pt/I) 2088 1385 
AOX (mgCl/1) 5.0 3.2 
EOX (mg Cl/I) 0.13 0.03 
Resin acids (mg/I) 2.5 0.03 

2.2. Ejj/uents 

The effluents (Table 1) came from a modern 
integrated pulp and paper mill (UPM-Kymmene. 
Pietarsaari, Finland) using the ECF sequence for 
softwood. and the TCF sequence for hardwood 
bleaching. Primary-treated (clarified) effluent en
tering the biological treatment and secondary
treated total effluent (clarified and activated 
sludge-treated) prior to discharge to the recipient 
water were collected in polyethylene containers 
and kept in a refrigerator until used for the exper
iments. Chemical analyses of the effluents were 
performed at the UPM-Kymmene Research Cen
ter, Pietarsaari. Finland, according to Finnish 
(SFS), Scandinavian (SCAN) and ISO standards. 
Resin acids (pimaric acid, isopimaric acid, dehy
droabietic acid. abietic acid and sandaracopimaric 
acid) were determined using the method described 
by Orsa and Holmbom ( 1994). 

2.3. Sampling 

Feeding was stopped 2 days before sampling. 
On sampling the fish were anaesthetised with MS-
222 (200 mgil, Sigma Chemical Co.) and their 
weight and length were recorded for the calcula
tion of the condition factor (CF= [weight (g)/ 
length3 (cm)] x 100). A blood sample was taken 
from the caudal vein of each fish with a 1 ml 
heparinized syringe and 25-gauge needle. The he
matocrits were measured in heparinized hemat
ocrit tubes. The blood was centrifuged (400 x g, 5 
min) for the separation of plasma. Plasma was 
stored frozen ( - 70°C) for determinations of anti
body, glucose, lactate, sodium, potassium and 
cortisol levels. The gills for determination of AT
Pase activity and liver tissue for analyses of 7-
ethoxyresorufin 0-deethylase (EROD) activity 
and glycogen concentration were excaved immedi
ately after the blood sample, freezed in liquid 
nitrogen and stored at - 70°C. 

After the separation of plasma the blood cells 
were suspended in heparinized Hank's balanced 
salt solution modified for roach (rHBSS) contain
ing HBSS diluted to 80% with water and supple
mented with 0.5 mg/ml sodium pyruvate. The 
suspended cells were layered on the top of a 
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Percoll density gradient medium (1.080 g/cm3
• 

Pharmacia. Uppsala, Sweden) and after centrifu
gation (400 x g, 30 min) the lymphocytes from the 
interface were collected. resuspended in rHBSS 
and run again in an identical Percoll gradient for 
further removal of contaminated red blood cells. 
The collected cells were washed twice (400 x g. 10 
min) with rHBSS and resuspended in roach incu
bation medium (rRPMI); RPMI-1640 diluted to 
80°/,, with water, and �upplemented with 3% of 
serum substitute Ultroser G, (Gibco Co. Pasley. 
UK), 0.5 mg/ml sodium pyruvate, 50 mM mer
captoethanol, 2 mM L-glutamine, 100 IU/ml peni
cillin, 100 mg/ml streptomycin and 10 mM Hepes, 
pH 7.4. 

The spleens were removed and homogenised 
individually through a nylon net (80 mesh). For 
isolation of lymphocytes, the tissue homogenate 
was layered on a two-step Percoll density gradient 
and centrifuged for 30 min at 400 x g. The 
lymphocytes were collected at the 1.040-1.080 
g/cm3 interface, washed twice (400 x g, 10 min) 
with rHBSS, and resuspended in 2 ml rRPMI. 
Cells were counted by trypan blue exclusion in a 
haemocytometer (viability > 95%) and the num
bers of lymphocytes from the blood and spleen 
were adjusted to 2 x I 06/ml. 

The head kidney was used as a · source of 
phagocytes for chemiluminescence (CL) and mi
gration assays. Cells from the homogenised head 
kidney were separated with a two-step Percoll 
gradient. Granulocytes were collected at the 
1.070-1.090 g/cm3 interface and after washing 
with rHBSS resuspended in phenol red-free 
rRPMI. 

2.4: Immune function assays 

2.4. I. Quantification of serum immJmoglobulin 

The amount of total IgM and ·specific anti 
bovine y-globulin (BGG) antibody in the roach 
plasma was measured by an enzyme-linked im
munosorbent assay (ELISA), as described earlier 
(Aaltonen et al., 1994). First, the flat-bottomed 
96-well microtiter plates (Nunc-Immunoplate,
Maxisorp) were coated either with BGG, for the
determination of anti-BGG specific antibodies, or 
with rabbit anti-roach immunoglobulin M (anti-

roach lgM. made in our laboratory). for total 
IgM concentration. After masking the plate with 
bovine saum albumin (BSA. Sigma Chemical 
Co.), diluted samples of plasmas from individual 
fish were incubated in the wells. The trapped 
roach lgM was detected with biotin-conjugated 
rabbit anti-roach IgM. Next. alkaline phos
phatase-conjugated avidin (Sigma Chemical Co.) 
was added. Washing was performed between each 
step with phosphate buffered saline-Tween 20 
(0.05%). pH 7.4 (PBS-Tween). p-Nitro
phenylphosphate (Sigma Chemical Co.) was used 
as a substrate and the optical density was read 
with a Titertek plate reader ·(Flow laboratories) at 
405 nm. In the case of the anti-BGG specific 
antibodies, a calibration curve was constructed 
using a pool of high titer plasmas obtained from 
fish immunised with several injections of BGG. 
The concentration of anti-BGG antibody of the 
pooled plasma was given 1000 artificial units per 
ml (U/ml) and the concentrations of the samples 
were then expressed as U/ml. The assay of total 
plasma immunoglobulin was standardised with 
known concentrations of purified roach IgM. 

2.4.2. Enumeration of secreting lymphocytes with 

ELISPOT assay 
The enzyme-linked immunospot (ELISPOT) as

say was used for the enumeration of total im
munoglobulin-secreting cells (ISC) and antigen 
(BGG)-specific antibody-secreting cells (ASC) in 
the spleen and the blood. The ELISPOT assay for 
roach has been described in detail previously 
(Aaltonen et al.. 1994). Briefly, the plates were 
coated, saturated and washed as in the ELISA 
assay. Cells diluted in rRPMI (at 105, 104 and 
103 per well for ASC, and 102 per well for ISC) 
were pipetted into antibody/EGG-coated and 
BSA-saturated wells (five wells per dilution) and 
allowed to secrete antibodies for 3 h at l 8°C. The 
trapped antibodies were detected with biotin-con
jugated anti-roach IgM antibody followed by al
kaline phosphatase-conjugated avidin. The 
substrate, bromo-chloro-indolyl phosphate 
(Sigma Chemical Co.), was mixed with warm 
agarose (Agarose type I. Sigma Chemical Co.) 
and added to the wells. Finally. blue spots were 
counted using a stereo microscope. 
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2.4.3. Respiratory burst 

Phagocytes from the head kidney were stimu
lated with phorbol 12-myristate 13-acetate (PMA, 
Sigma Chemical Co.) and the respiratory burst 
was determined by the 'luminol-enhanced CL 
method (Scott and Klesius, 1981) modified for 
roach (Salo et al., 1998). Briefly, stock solutions 
of luminol (Sigma Chemical Co.) and PMA were 
prepared in dimethyl sulfoxide (DMSO; Fluka 
Chemie AG, Switzerla_nd) and stored in small 
aliquots at - 20°C. A microplate luminometer 
(Victor2, 1420 Multilabel counter, Wallac, Fin
land) was used to monitor the CL. The wells of a 
microplate contained 50 µl cell suspension in phe
nol red-free rRPMI and 100 µl luminol (final 
concentration, 5 x 10- 5 M) diluted in rHBSS. 
The assay was initiated by adding 50 µI PMA 
(final concentration, 2 µg/ml) diluted in rHBSS. 
The peak value in counts per minutes (cpm) was 
determined for each reaction. 

2.4.4. Migration 

The capability of head kidney neutrophils to 
move was assayed by a migration-under-agarose
technique modified from Nelson et al. (1975). The 
method for roach has been described in more 
detail elsewhere (Salo et al., 1998). The·mixture of 
agarose (1%, type I, low EEO; Sigma Chemical 
Co.) and gelatin (0.25%, Difeo, MI) in rRPMI at 
56°C was dispensed onto microscope slides. Slides 
were stored in humidified boxes at 4°C until used, 
and just prior to the assay a row of three wells 2.5 
mm in diameter and 2.0 mm apart were punched 
out of the gel. The middle wells were filled (I O µl) 
with 100 mg/ml casein (from bovine milk, Sigma 
Chemical Co.) and the outer wells received 3 x 
105 cells in a volume of 10· µI. The cells were 
allowed to migrate in a humidified _environment at 
25°C for 3 h, then fixed overnight with methanol. 
The agarose was carefully removed and slides 
with migrated cells were stained with a haemato
logical stain (Diff-Quik, Baxter Diagnostic AG, 
Germany). The distance, the cells had migrated 
from the margin of the well towards the well 
containing casein (directed migration) and in the 
opposite direction (random migration) were mea
sured under the microscope. 

2.5. Cortisol assay 

Plasma cortisol was measured with a commer
cial kit Gamma Coat [1251] Cortisol (Incstar Co .. 
Stillwater. MN) using a gammacounter (1270 
Rackgamma IL LKB Wallac, Sweden). 

2.6. Carbohydrace metabolism and osmoregu/a1io11 

Plasma (30 µl) was mixed with 0.6 M HCIO, 
( 150 µl) before measuring the concentration of 
ions, glucose and lactate. Glucose was determined 
by the GOD-Period method (Boehringer 
Mannheim, Germany, Cat.- no. 124036) and lac
tate by a modification of the method of Noll 
(1974) (Boehringer Mannheim, Germany, Cat. no. 
256773) by using an iEMS spectrophotometer 
(Labsystems Inc.. Finland). Plasma sodium and 
potassium concentrations were measured with a 
Corning 435-flame photometer using lithium (15 
mM) as an internal standard. 

Glycogen was extracted and purified using a 
method modified from Lim and Ip (1989); dupli
cated liver samples (68.2 ± 1.3 mg) were weighed, 
homogenised in 30% KOH (700 µl) in a bath of 
boiling water, and precipitated in an oven (60°C, 
5 min) after adding ethanol (final ethanol concen
tratiori, 60%). After centrifugation (2 min at 
15 000 x g), the supernatant was removed and the 
pellet was washed once with 60% ethanol. After 
centrifugation, the pellet was dissolved in I M 
HCl (I ml) in a bath of boiling water (2 h) and, 
after cooling, the amount of glucose released from 
the original glycogen was measured using the 
GOD-Period method. 

Total and Na+ -K + -A TPase analyses were car
ried out by the method described by Schrock et al. 
(1994) consisting of a careful manual separation 
of filaments, blood cell and extract removal per
formed by centrifugation, followed by ultra
homogenisation and incubation (Na+ , 155 mM; 
K +, 75 mM; Mg2 +, 25 mM; pH 7.0) of each 
aliquot in the presence of Na2ATP with or with
out ouabain. Inorganic phosphate liberated in the 
reaction was measured in a malachite green solu
tion using an iEMS platereader (Labsystems, Fin
land). For each crude homogenate, the incubation 
and measurement steps were performed twice, the 
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Table 2 
Length. weight and condition factor (mean± S.E.) or roach after exposure to primary- or secondary-treated BKME · 

Parameter 

Number or fish (male/female) 
Length (mm) 
Weight (g) 
Condition factor 

Control 

2-l (18·6) 
158 ± 3.9 

35.7 ± 2.7 
1.52 ± 0.04 

first sets of gill homogenates ( ~ 20 pieces per set). 
consisting of one sample from each fish. were 
incubated and inorganic phosphate measured in a 
random order, while the remaining sets of mea
surement for the same homogenates were carried 
out in reverse order. The concentration of total 
proteins in the gill homogenates was measured 
using a Bio-Rad DC Protein Assay Kit. 

2. 7. The activity of EROD

The preparation of microsomal fractions of 
liver tissue has been described in more detail 
earlier (Soimasuo et al., 1995a,b). Briefly, frozen 
livers were thawed in an ice-cold Tris-HCI buffer 
(0.1 M, pH 7.6) containing 1 mM K2EDTA and 
0.25 M sucrose (pH 7.6), and homogenised in a 
Potter-Elvehjem-type homogeniser. The ho
mogenate was centrifuged (13 000 x g, 20 min). 
The supernatant was further spun at 105 000 x g 

for 60 min at 4°C. The pelleted microsomes were 
resuspended in 50 mM Tris-HCI (pH 7.6) buffer 
containing 20% (v/v) glycerol, I mM EDTA and I 
mM dithiothreitol in a 1:1 ratio of buffer to liver 
weight. The microsomal fractions were stored in 
liquid nitrogen until assayed.· 

Activities of hepatic biotransformation enzymes 
as quantified by EROD activity ·w�·i-e measured 
fluorometrically in the microsomal liver-fractions 
using resorufin as internal standard according to 
the method of Burke et al. (1985) adapted for the 
microplate method (Soimasuo et al., 1998). Mi
crosomes (protein 0.2-0.9 mg per well) were incu
bated with 2.5 mM ethoxyresorufin (Sigma 
Chemical Co.) in 100 mM potassium phosphate 
buffer (pH 8.0). The reaction was initiated with 

Exposed 

Secondary treated 

16 (12i4) 
154±3.9 

33.4 ± J.3 
1.56 ± 0.03 

Primary treated 

16 (10/6) 
154 ± 2.7 

36.4 ± 3.9 
1.65 ± 0.06 

NADPH (5 mM). Fluorescence (excitation 530 
nm, emission 585 nm) was recorded at 30-s inter
vals for 4 min at 20°C (Shimadzu RF-500 
fluorometer). Microsomal protein concentrations 
were determined using a Bio-Rad DC Protein 
Assay Kit, with BSA as the standard. 

2.8. Statistical analysis 

The data were analysed for statistically signifi
cant differences by the Mann-Whitney U-test. A 
statistically significant difference from controls is 
expressed as *� P:::;0.05; **, P�0.01; or ***
P::;; 0.001. 

3. Results

3.1. Growth and condition of roach 

There were no differences in the weight, length 
or CF of the exposed fish compared with the 
controls (Table 2). The fish in all groups exhibited 
normal behaviour and no signs of diseases were 
noted. In the present experiment, 71 % of the 
roach· were males. The relation between sex and 
size was seen in the weight and the length of the 
fish, females being bigger than males. 

3.2. Antibody secretion by lymphocytes 

Exposure to effluents decreased the number of 
anti-EGG-specific ASC both in the blood and in 
the spleen (Fig. I). The decrease was most evident 
after exposure to the primary-treated effluent. 
There was only one exception; no effect on splenic 
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ASC in female roach was noted after exposure to 
the primary-treated effluent. 

There was a significant difference in the blood 
ISC count between male and female controls (Fig. 
2) but no such an effect w'as found in the spleen.
Exposure to either effluent. primary-or secondary
treated. had a significant contrastive effect on the
blood !SC count. The number of ISC in the blood
after exposure to both effluents decreased in the
male and increased in the female roach. Exposure
to effluents had no clear effect on the number of 
ISC in the spleen.

Exposure to primary• or secondary-treated 
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effluent had no significant effect on the plasma 
concentration of anti-EGG specific antibodies or 
total IgM (Fig. 3) in either sex. 

3.3. Effects of exposure on granulocyte 

respiratory burst actii:itr and migration 

Decreased respiratory burst by head kidney 
granulocytenvas noted after exposure to primary
treated effluent but the difference did not reach 
statistical significance (Table 3). Exposure of fish 
to effluents had no effect on either the random or 
directed (chemotactic) mig�ation of head kidney 

B 

10000 

l I. 

1u 
8000 

"' 
� 

�T 6000 

< 
4000 

T -�
0. �-
"' 2000 

0 

n = 18 12 7 5 4 6 

male female 

Fig. l. Anti-BGG antibody-secreting cell (ASC) response (la) in the blood and (I b) in the spleen after exposure to secondary-treated 

(shaded bar) or primary-treated (black bar) effluents. The white bar stands for the controls. Each bar represents the mean+ S.E. of 

male or female roach sampled on day 21 after immunisation. Significant difference when compared with controls of the same sex, 

•. P s 0.05. 
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Fig. 2. Total numbers of immunoglobulin-secreting cells (ISC) (2a) in the blood and (2b) in the spleen are expressed as the number 

of ISC/IOO lymphocytes. Each bar represents the mean+ S.E. (as Fig. I). Statistical signiticance between controls and between 

exposed and control group of the same sex, •, P s 0.05; ••, P s 0.01. 
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Fig. 3. Concentrations of immunoglobulin (lgM) and anti
BGG specific antibodies in the plasma of roach. Bars as Fig. I. 
The results are expressed as mean+ S.E. 

granulocytes (Table 3). No differences between 
the sexes were observed in either respiratory burst 
or the migration of granulocytes. 

3.4. Hematological parameters 

Sex-related differences in plasma cortisol were 
evident in the present study. The female control 
fish exhibited a lower plasma cortisol level than 

the male controls, although statistical significance 
was not reached (Fig. 4). Differences between 
sexes were also noted after exposure to effluents; 
only the secondary-treated effluent increased cor
tisol concentration in female roach, whereas both 
effl11ents increased cortisol levels in male roach. 

The increase in cortisol after exposure to the 
secondary-treated effluent was more distinct 

among the females than the males. 

Table 3 
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Fig. 4. Concentration of cortisol in the plasma of male and 
female roach after exposure to secondary-treated (shaded bar) 
or primary-treated (black bar) effluents. Each bar represents 
mean + S.E. Significant difference when compared with con
trols of the same sex. ••, P:;; 0.01. 

The hematocrit value remained unchanged in 
both the exposed groups (Table 4). The plasma 
glucose concentrations decreased in both the ex
posed groups, but not to statistical significance. 
Similarly, there was no change in the concentra
tion of plasma lactate or in the concentrations of 
sodium or potassium in the fish exposed to 
effluents (Table 4). No differences between the 
sexes were observed. 

3.5. The concentration of liver glycogen and the 
hepatic microsomal EROD activity 

The female controls had lower glycogen levels 
in the liver than the male controls (Fig. 5, P = 
0.058). Exposure to either of the effluents de
creased the concentration of glycogen in male 
roach. However, a similar decreasing trend was 

Respiratory burst activity and migration (mean± S.E.) of pronephric granulocytes from roach exposed to primary- or secondary
treated BKME 

Parameter Control Exposed 

Secondary treated Primary treated 

Respiratory burst activity (cpm x JO') 107 ± 19 Il l± 14 85 ± 8 

Migration (µm) 

Random 328 ± 3 4  295 ± 3 9  336 ± 39 
Directed 652:: 37 651 ± 45 632 ± 42 
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not found in the female roach. The decrease after 
exposure to primary-treated effluent reached 
statistical significance (P :s; 0.05). when data of 
both the sexes were combiped. 

EROD activity in the liver were on the same 
level in the control roach irrespective of the sex. 
Exposure to the primary-treated effluent resulted 
in a twofold increase in EROD activity in the 
male roach (Fig. 6). On the contrary, in the 
female roach, increased -EROD activity was noted 
after exposure to the secondary-treated effluent, 
but the change was not statistically significant. 

Table 4 
Hematological and blood chemistry parameters (mean± S.E.) 
of control and roach exposed to primary- and secondary
treated BKME 

Parameter Control Exposed 

Secondary Primary 
treated treated 

Hematocrit 42.7 ± 1.9 44.8 ± 1.5 42.4 ± I.I 
(¾) 

Glucose 4.5 ±0.4 3.8 ± 0.3 3.5 ± 0.3 
(mmol/1) 

Lactate 3. 2 ±0.2 2.8 ±0.1 3.2 ± 0.2 
(mmol/1) 

Sodium 267 ± 9.6 258 ± 7.1 268 ± 12.3 
(mmol/1) 

Potassium 9.3 ± 1 .5 8.2 ± 2.0 8.3 ± 1.5 
(mmol/1) 
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Fig. 5. The concentration of liver glycogen (mean+ S.E.) of 
male and female roach after exposure to effluents. Bars as Fig. 
I. 
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Fig. 6. The activity of hepatic microsomal 7-ethoxyresorufin 
O-deethylase (EROD) in male and female roach. Bars as Fig. 
I. Significantly different when compared with controls of the 
same sex, •, P s; 0.05. 
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Fig. 7. The ATPase activity of gills. Bars as Fig. I. Signifi
cantly di fferent when compared with controls,•, Ps;0.05; ••, 
P s; 0.01. 

3.6. Gill ATPase activity 

Exposure of the roach to either of the effluents 
resulted in a statistically significant decrease in gill 
total ATPase activity (Fig. 7). Also gill Na + -K + -
ATPase activity was lower in both the exposed 
groups compared with controls but the changes 
did not reach statistical significance. 

4. Discussion

A large number of parameters related to the 
function of the piscine immune system were deter-
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mined in the present study. Three weeks exposure 
of roach to effluents from a modern pulp and 
paper mill using ECF /TCF bleaching induced 
liver EROD activity which indicated that the fish 

. had been exposed to xenobiotics. Several im
munological functions were affected and, interest
ingly. differences in responsiveness between the 
sexes were observed. In males. these effects were 
mainly inhibitory and were very clear after expo
sure to the primary-tre_ated effluent. In females. 
both decreased and increased responses were ob
served. Further, differences in cortisol responses 
and EROD induction between sexes as well as 
between the effluents were evident. 

In male roach, both the effluents, primary- and 
secondary-treated, impaired the immune respon
siveness of the exposed fish. Even though statisti
cal significance was not reached when compared 
with controls, parallel decreases in the ASC count 
from two sources of lymphoid cells, the blood and 
the spleen, strengthen the finding of suppressed 
immune reactivity. The results also indicated that 
exposure to primary-treated effluent decreases the 
ASC response more than exposure to secondary
treated effluent. Impaired immunoreactivity has 
been demonstrated earlier following exposure to 
secondary-treated effluent and untreated bleach
ing effluents (Aaltonen et al., 1997, 2000). Also 
the blood ISC count of males decreased after 
exposure to the secondary- as well as primary
treated effluents. The ISC enumeration is rarely 
used in immunotoxicology, probably because spe
cies-specific antibodies against immunoglobulin 
are required. However, the number of ISC has 
proved to be sensitive e.g. to the influence of 
BKMEs (Aaltonen et al., 1997, 2000). In the 
female roach, the effects of BKME exposures 
were not as explicit as in the case of the males. 
The number of ASC in the spleen decreased after 
exposure to secondary-treated effluent but not 
primary-treated effluent. Further, the number of 
blood !SC after exposure to the effluents in
creased. contrary to the decreased values in males. 
The small number of females in the present study 
hampered the comparison of the results between 
sexes but it is well documented in mammals that 
females and males have their own characteristic 
immunological features (Ansar Ahmed and Talal. 

1990; Talat, 1992; Deschaux and Khan, 1995). 
Knowledge of sex-related differences in basic im
munological parameters in fishes is scarce and 
even less is known about the effects of xenobiotics 
on female and male immune functions. Fournier 
et al. ( 1998) reported stronger suppression of 
phagocytic function in female mumminchogs (F. 
heteroclitus) than in males after exposure to 
BKME. BK-ME contains hundreds of different 
substances including wood-derived estrogen-like 
compounds (Bright et al., I 997). The mechanisms 
of the sex hormone regulation of the immune 
system are poorly known. However, receptors for 
estrogens and androgens on lymphocytes and 
macrophages (Bhalla. 1989; Savino and Dard
enne, 1995; Slater et al., 1995) offer a possible 
route for immunomodulation. 

The suppressed immunity of fish with increased 
plasma cortisol is well demonstrated and a high 
cortisol level is widely used as an indicator of 
stress (reviewed by Wendelaar Bonga, I 997). 
Moderately increased plasma cortisol levels in the 
male roach were noted after exposure to both 
effluents but in females, cortisol increased only 
after exposure to secondary-treated effluent. In 
case of a chronic stressor, cortisol levels may 
remain elevated. although well below acute peak• 
values. Such cortisol responses have been reported 
after prolonged exposures to variety of pollutants 
(reviewed by Donaldson, 1981; Barton and 
I wama, I 99 I; Brown, I 993) and in salmonids, 
even a slight chronic elevation in cortisol level has 
been implicated in suppression of immune func
tions (Maule and Schreck, 1987; Maule et al., 
1993; Pickering and Pottering. 1989). Indeed, in 
the present study, high cortisol levels appear to be 
associated with a low splenic ASC count (Pearson 
correlation test, r = -0.295, P = 0.047). The re
sults following exposure to the primary-treated 
effluent in the female roach are difficult to inter
pret and the lack of cortisol response in these 
fishes does not necessarily indicate the absence of 
stressors (Wendelaar Bonga, 1997). The impaired 
cortisol response may be related to enhanced cor
tisol clearance or downregulation of the inter-re
nal response to ACTH in chronically stressed fish. 
For example, Hontela et al. (1992, 1997) con
cluded that exposure e.g. to BKMEs may lead to 
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exhaustion of the pituitary-interrenal axis as a 
result of prolonged hyperactivity of the system. 

The immunological effects of the effluents in 
the present study were also correlated with physi
ological parameters often applied in studies of the 
effects of pulp and paper mill effluents on fish. 
The induction of liver mixed-function oxidase 
(MFO) enzyme activity has been widely used as 
an indicator of exposure to pulp and paper mill 
effluents (Owens, 1991; Stegeman et al., 1992). 
Recent changes in the processes and the treatment 
of effluents at pulp mills have decreased, but not 
eliminated, the induction of EROD activity in the 
liver of fish (Munkittrick and Sandstrom, 1997; 
Soimasuo et al., 2000). Our present results are in 
line with the finding that the primary-treated 
effluents are more potent inducers of EROD ac
tivity than secondary-treated effluents (Martel 
and Kovacs, 1997) and, further, with the observa
tion that EROD induction is more prominent in 
male than in female fish (Lindstrom-Seppa, 1985; 
Munkittrick et al., 1994; Karels et al., 1998). In 
agreement with the present study, altered liver 
glycogen concentration has also been noted in 
juvenile white fish, caged in discharge areas of 
bleached kraft mills applying an activated sludge 
system in waste water treatment (Lappivaara and 
Oikari, 1999). An increase in plasma cortisol level 
has been shown to be connected with a subse
quent increase in the number of branchial chlo
ride cells and Na+-K+ -ATPase activity (Epstein 
et al., 1971; Langdon et al., 1984; Laurent and 
Perry, 1990; Franklin et al., 1992). The present 
decrease in A TPase activity in roach, exhibiting 
high plasma cortisol levels, may be due to direct 
toxic actions of compounds, such as resin acids, 
to the gill epithelium (Tuurala and Soivio, 1982). 
Alternatively, the decrease in exposed fish may 
reflect diminished ionic gradients and reduced wa
ter and ion transfers in a slightly·· more salty 
environment in exposure aquaria compared with 
control aquaria. 

Despite changes in pulping and bleaching pro
cess and more effective treatment of waste waters, 
it is obvious that fish are still exposed to toxic 
substances in recipient waters. The present study 
provides evidence that pulp and paper mill 
effluents, including secondary-treated ones, induce 

immune modulation in fish. The difference in the 
capability of primary- and secondary-treated 
effluents to affect the immune system is clearly 
demonstrated in the number of ASC post immu
nisation. Immune responsiveness is a nested as
sessment of the function of the immune system 
and the suppression of the cellular events of anti
body production, i.e. the blood ASC response 
proved to be a sensitive indicator of exposure. 
The exposure of fish to effluents on-site in con
taminated waters for a longer period is needed to 
answer the question as to whether the im
munomodulation observed in the present study is 
manifested in lowered resistance to diseases. The 
present findings suggest that sex hormones are 
involved in immunomodulation after exposure to 
BKME and thus emphasise that sex-related fac
tors should not be ignored in the assessment of 
immunotoxicity. 
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