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General introduction 

In this thesis the effects of toxic and non-toxic stressors on fish embryos and larvae have been 
studied. Stressors are external factors which threaten the physiological homeostasis, and evoke a 
stress response in animals. The stress response is the total of behavioural and physiological 
reactions of animals facing stressors. These reactions compensate for the negative effects of 
stressors, thereby restoring the physiological homeostasis (Wendelaar Bonga, 1997). This study 
focuses on the embryonic and larval stages of fish, since these are the most sensitive and less 
studied life stages of these animals. The species examined is the common carp (Cyprinus 
carpio; Cyprinidae), which has an embryonic period of approximately 60 h at 24°C. 

In fish, more than in terrestrial vertebrates, a disturbed hydromineral balance of the body 
fluids is one of the most conspicuous phenomena observed during stress, due to the intimate 
relationship between these fluids and the ambient water (Pickering, 1981; Wendelaar Bonga, 
1997). Freshwater fish live in a medium with a low mineral content and low osmolarity. Since 
ion concentrations in the blood plasma are maintained at much higher levels than those of the 
surrounding water, these animals constantly face osmotic inflow of water and diffusional losses 
of ions across the body surface, in particular via the epithelium covering the gills. Water inflow 
is mainly compensated for by renal excretion of a dilute urine. Branchial and renal salt losses 
are compensated for via the uptake of ions from the food and, in particular, from the water, by 
active uptake of ions via specialised cells (the so-called chloride cells), which are located in the 
branchial epithelium. Through these compensatory actions freshwater fish are able to maintain 
homeostatic control of their body fluids. This homeostatic control however is highly susceptible 
to (disturbance by ) stressors (Wendelaar Bonga, 1997) 

The hypothalamic-pituitary-interrenal (ΗΡΓ) axis (the fish homologue of the hypothalamic-
pituitary-adrenal (ΗΡΑ) axis of the tetrapod vertebrates) plays an important co-ordinating and 
integrating role in the stress response. When the physiological homeostasis of a fish is 
threatened or disturbed by environmental changes, the HPI axis becomes activated, with Cortisol 
as the major endproduct. Adrenocorticotropic hormone (ACTH), produced in the pars distal is of 
the pituitary gland, is considered the major factor controlling the release of Cortisol. In fish, also 
the alfa-melanocyte-stimulating hormone (a-MSH), produced in the pars intermedia of the 
pituitary gland, has corticotropic actions, with N-acetylated ß-endorphin probably acting as a 
potentiating factor (Lamers et al, 1992; Balm et al, 1995). 

Cortisol regulates several physiological processes such as osmoregulation and intermediary 
metabolism, and combines glucocorticoid and mineralocorticoid actions in fish. Fish do not 
synthesise the mineralocorticoid aldosterone, which occurs in tetrapod vertebrates. Cortisol is 
essential for the restoration of disturbed ionic homeostasis, in concert with hormones such as 
prolactin (in freshwater) and growth hormone (in seawater). A central aspect of stress adaptation 
is the reallocation, mainly by Cortisol, of metabolic energy away from investment activities (i.e. 
growth and reproduction) and towards activities such as respiration, locomotion, hydromineral 
regulation, and tissue repair. However, prolonged elevation of circulating Cortisol levels will 
tum out maladaptive, as the hormone decreases disease resistance and increases mortality 
(Wendelaar Bonga, 1997). 

Stressors may be chemical, physical or biotic in origin, and include toxic agents. This 
implies that the effects of toxic agents are complicated. Effects of toxic agents may be caused 
directly, by their actions on target tissues, or indirectly, by stimulation or inhibition of a stress 
response. An important source of toxic agents for fish is the ambient water. Fish are very 
vulnerable to waterbome toxicants because of the intimate contact between the water and their 
gills. The presence of toxicants, but also changes in for instance water pH and temperature, 
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affect the branchial structure, and thereby function, of fish (Mallatt, 1985, Wendelaar Bonga, 
1997) 

Toxic metals 

Heavy metals are important waterborne toxicants They cause structural damage to the integrity 
of the gill epithelium, and decrease the activity of the ion-transporting mechanisms These 
mechanisms include Na7K+-ATPase, Ca2+-ATPase and Na+/Ca2+-exchangers which are mainly 
located in the chloride cells (Flik et al, 1995) Li et al (1996) showed that m vitro as well as m 
vivo (Li et al, 1998) copper (Cu) decreased the branchial Na+/K+-ATPase specific activity Cad
mium (Cd) and lead (Pb) have been shown to interfere mainly with Ca2+-transporting 
mechanisms in the gills (Verbost et al, 1994) Exposure of freshwater fish to water-borne 
metals therefore frequently leads to hydrommeral disturbance as reflected by concentration-
related losses of plasma Na+, CI, and Ca2+ 

For most heavy metals the major toxic species is the ionic form Since the speciation of 
metal ions depends on water pH, we studied metal toxicity in relation to water pH For example, 
at water pH < 6, Pb predominates as Pb2+, whereas at pH > 6 Pb hydroxides predominate 
(Rickard and Nriagu, 1978) Similarly, at pH 7 6, 32% of the total Cu is present as Cu2+, while 
this value increases to 92% at pH 6 3 (Miwa et al, 1989) The canonie forms of both metals are 
bioavailable and considered to be the most toxic (Rickard and Nnagu, 1978, Miwa et al, 1989) 

So far the stressor aspects of toxic agents have received far less attention as compared to 
their specific toxic effects However, this does not imply that the stressor activity of toxicants is 
minor component of their toxicity profile For example, the appearance of Cu in the water may 
already induce a marked stress response at low concentrations, probably because Cu disturbed 
the hydrommeral balance (Pelgrom et al, 1995) via damage to the gills Evidence for the latter 
mechanism has also been reported by Pratap et al (1993) for Cd Another possibility might be a 
more rapid initiation of a stress response through sensory perception of toxic metals Fish posses 
very sensitive chemoreceptors and perhaps these animals are able to respond to the presence of 
metal in the water before toxic insult occurs at the body surfaces 

Organic toxicants 

The toxic actions of organic pollutants are different from those of inorganic metals Because of 
their hydrophobic character they are sequestered in tissues with a high lipid content, like liver, 
fat tissues, and gonads (von Westemhagen et al, 1987) Toxic action is exerted after 
reappearance in the circulation, e g after mobilisation from the tissues in which they are stored 
In addition to evoking a stress response (Stephens et al, 1997), organic pollutants may directly 
interfere with the endocrine system (endocrine disruption) Indeed, the activity of almost every 
hormone system examined in terrestrial and aquatic vertebrates has been shown to be altered by 
organic pollutants (Birnbaum, 1994) For example 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) 
and TCDD-like toxicants such as polychlonnated biphenyl 126 (PCB 126), are xeno-
oestrogenic, cause hypo- and hyperthyroidism, and also interfere with the functioning of 
glucocorticoids In addition they can modulate the actions of insulin, retinoids, growth factors 
and cytokines, and alter the metabolic rate of hormones via induction of biotransformation 
enzymes Especially steroid metabolism is very sensitive to many of these toxicants because of 
structural similarities between the toxicants and steroids, and because of their affinity for steroid 
converting enzymes (Thomas, 1989) As a result many endocrine disrupters disturb the 
reproductive cycle of fish Decreased circulating sex steroid hormone concentrations in blood 
plasma have been demonstrated in several fish species subjected to chemicals such as TCDD 
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and PCBs (Thomas, 1989). Another endocrine disruptive aspect concerns the toxicity of PCBs 
to the adrenocortical cells of mammals. Uptake of PCBs in the adrenal cortex has been well 
documented (Felt et al, 1979). This may also occur in fish, since Hontela et al (1992, 1995) 
showed that adult yellow perch (Perca flavescens) and northern pike {Esox lucius) from areas 
polluted with PCBs displaced a decreased Cortisol response to stressful conditions such as 
capture and handling. Quabius et al (1997) showed that orally administered PCB 126 
negatively affected the interrenal sensitivity of tilapia in vitro to ACTH stimulation. 

Early life stages offish 

Until now most of fish toxicologists and stress physiologists have focused on adult animals. 
However, considering the importance of activation of the pituitary-interrenal (PI) axis during 
early development in fish, it is of particular importance to study the effects of toxicants and 
other stressors on the embryonic and larval stages of the life cycle. Important events during the 
early development of carp are shown in figure 1. 

Time (h) from fertilisation (t=0) 
water uptake by eggs 

tail movements and heart beat 

pigmentation of eyes, yolk-sac 
and lateral line 

hatching 

96 

filling of swimbladder 

yolk-absorption 

-4 start exogenous feeding 

Figure 1. Time table of early development of caip at 24°C. Directly after fertilisation (t = 0) the carp eggs start to 
lake up water, until early gastrula stage (approximately 6 hours post-fertilisation). Until this time the egg membrane 
is slightly permeable before turning into a rigid impermeable capsule. Between 22 and 24 h post-fertilisation first 
tail movements and heart beat are observed. Pigmentation of the eyes starts at 30 h post-fertilisation, while 
melanophores start to appear on the yolk-sac epithelium and lateral line and head region between 35-45 h post-
fertilisation. Hatching takes place between 48-72 h post-fertilisation. Around 77 h post-fertilisation larvae fill their 
swim bladder. Yolk-absorption starts around 96 h and ends at approximately 144 h post-fertilisation. After 120 h 
post-fertilisation exogenous feeding starts. 

Fish embryos are protected by their egg membrane. After hatching, however, the larvae are 
in direct contact with the ambient water and immediately start to accumulate ions for growth 
and development. It is possible that the PI axis is already functional at this stage, because 
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exogenous Cortisol was shown to influence hydromineral balance, developmental processes and 
yolk-absorption (De Jesus et al, 1991, Hwang and Wu, 1993) In mammals, Cortisol (or 
corticosterone in some species) is needed for the differentiation of neuronal and somatic tissues 
during early ontogeny (Muglia et al, 1995) In birds and mammals the adrenal cortex is 
temporarily non-responsive to stressors after hatching or birth It has been suggested that the 
function of this non-responsive period is the prevention of high corticosteroid levels during a 
critical time when these steroids may negatively influence development (DeKloet et al, 1988) 
Whether such a non-responsive period also exists in fish is unclear One would expect that an 
immediate start of stress-responsiveness after hatching is very important for the survival of fish 
at this early life stage However, little is known about the beginning of endogenous Cortisol 
production In post-hatched salmonids, non-toxic stressors such as temperature shock and 
handling first activated the HPI axis at 2 weeks (10°C) and 5 weeks (5°C) after hatching, 
showing the temperature-dependence of the development (Pottinger and Mosuwe, 1994, Barry 
et al, 1995) On the other hand, Stephens et al (1997) showed that turbot {Scophthalmus 
maximus) larvae exposed to water-soluble fractions of crude oil increased their whole-body 
Cortisol levels already two days after hatching The latter study indicates that in turbot the HPI 
axis may be functional shortly after hatching The early life stages of the common carp 
(Cypnnus carpio, Cyprinidae) arc a good model to test the responsiveness of the HPI axis to 
stressors in the embryonic and larval stages and the physiological consequence during later life 
stages Firstly, large amount of fertilised eggs can be obtained throughout the year via hormonal 
treatment of mature male and female fish Secondly, early life stages of fish are more responsive 
to environmental challenges compared to adults The third aspect is the rapid development of 
carp, which contrasts with the long developmental period from fertilisation to hatching in 
salmonids (several weeks), or indeed mammals 

Outline of this thesis 

The objectives of this study are first to investigate the effects of heavy metals (Pb, chromium 
(Cr) and Cu) and an organic pollutant (PCB 126) on the early life stages of the common carp 
Second, to describe the structural and functional development of the HPI axis, and to address 
the question at what stage the HPI axis becomes responsive to stressors Third, to investigate 
whether a non-responsive period to stress exists after hatching Finally, we compared the effects 
of non-toxic and toxic stressors on the HPI axis 

In Chapters 2, 3 and 4 the effects are described of Pb, Cr and Cu in relation to water pH on 
the early development of the carp We examined several parameters such as mortality, tail 
movements, heart rate, occurrence of body deformation, hatching time, and whole-body Na, K, 
Mg and Ca levels 

Chapter 5 deals with the structural and functional development of the PI axis in embryos 
and larvae To determine at what stage of development carp start to produce ACTH, a-MSH 
and Cortisol, whole-body levels of these hormones were measured We also report at what stage 
of the development the HPI axis becomes responsive to handling and whether a non-responsive 
period to stressors exists after hatching 

In Chapter 6 we describe at what stage of development Cu is able to evoke a stress 
response The parameters studied were whole-body ACTH, Cortisol, Na and Ca levels 

Chapter 7 concerns the effects of PCB 126 after a 48 h exposure during the embryonic 
stage on early development We studied whether this chemical was able to induce a stress 
response during the early life stages, and whether it can act as an endocrine disrupter on the HPI 
axis of the early life stages 

Finally, the results are summarised and discussed in Chapter 8 
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Effects of low water pH on lead toxicity to early life stages 
of the common carp 

Summary 

Carp eggs were exposed immediately after fertilisation to lead (Pb) concentrations of 0.1 up to 
1.0 μπιοΙ-Γ1 at either water pH 7.5 or 5.6. At regular intervals mortality, the incidence of spinal 
cord deformation, heart rate, tail movements, hatching success, and whole-body levels of K, Na, 
Mg, Ca, and Pb were assessed. Pb at pH 7.5 increased heart rate, and decreased tail movements, 
while Pb at pH 5.6 additionally reduced hatching success, resulted in spinal cord deformation, 
decreased whole-body Ca levels, and increased mortality of the larvae, all in a concentration-
dependent fashion. In controls at pH 5.6 no significant change of any of the above parameters 
was observed when compared to controls at pH 7.5. 

Stouthart, A.J.H.X., F.A.T. Spanings, R.A.C. Lock and S.E. Wendelaar Bonga, 1994. Aquat. Toxicol. 30, 137-151. 
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Chapter 2 

Introduction 

Lead (Pb) is one of the mostly used industrial metals. The anthropogenic release of Pb to the 
environment is the highest of all heavy metals (Pb > Ag > Mo > Sb > Zn > Cd > As > Cr > Co > 
Mn > Hg; Salomon and Förstner, 1984). Because of its severe neurotoxicity, the release of Pb 
into the environment has been greatly reduced in the past decade, e.g., via introduction of 
Pb-free gasoline, and recycling of Pb. Nevertheless Pb is still used by fishermen and hunters in 
large quantities. In The Netherlands approximately 375.000 kg of Pb is lost yearly into the 
aquatic environment (Janus et ai, 1991). In 1990 hunting and fishing activities were responsible 
for 86% of the total Pb emission to Dutch surface waters (Janus et ai, 1991). In neutral water 
the bioavailability of Pb is limited because it is largely immobilised by complexation with 
water-bome organic particles, and by the sediment (Nriagu, 1979). However the bioavailability 
of Pb is strongly enhanced at decreasing water pH (Brown, 1979). The effects of this 
phenomenon on the toxic action of Pb on fish have received little attention. Fish are in intimate 
contact with water-bome Pb via their skin and gills. Especially the gills, that form a delicate 
barrier between water and blood, make fish extremely vulnerable to water-bome toxicants 
(Wendelaar Bonga and Lock, 1992). Moreover, the early developmental stages of fish, viz. eggs 
and larvae, are considered much more sensitive to heavy metals than adults (Hodson et ai, 
1979; Mohan etai, 1983; Dave and Xiu, 1991; Sayer etai, 1991). We have therefore examined 
the effects of varying Pb concentrations at water pH 5.6 in comparison to pH 7.5 on the 
development of eggs and larvae of the common carp (Cyprinus carpio). 

Materials and methods 

In vitro fertilisation and incubation of eggs 

Carp gametes were obtained after artificial fertilisation of carp eggs as described by Oyen et al. 
(1991). Immediately thereafter about 400 eggs were placed in incubators, 5 per experimental 
group (for details see Oyen et ai, 1991; Oyen, 1993), containing the following main ion 
concentrations in demineralized water (in mmol Γ1): 0.06 K+; 0.40 Na+; 3.1 Cl"; 0.20 Mg2+; 0.80 
Ca2+. 

Eggs were exposed to water of either pH 7.5 or pH 5.6 without Pb (controls) or to Pb (as 
Pb(NOî)2) in a concentration range of 0.1, 0.2, 0.5 and 1.0 μπιοΙΤ1. Water pH was adjusted to 
5.6 via gradual addition of 0.01 M sulphuric acid using pH-stat equipment. Constant Pb 
concentrations were maintained via a flow-through system resulting in a complete turnover of 
the system's water content in 10 h. Desired Pb concentrations were within 5% of the calculated 
values as verified by Atomic Absorption Spectrophotometric (AAS) analyses. In total 15 groups 
of 25 eggs and larvae were examined per control and experimental group. 

Determination of mortality and deformation of the spinal cord 

Dead eggs and larvae were counted and removed every 12 h to prevent fungal growth, starting 
12 h and ending 168 h after fertilisation. Eggs were considered dead when parts of the content 
turned opaque and white, or when heart beat had stopped. 

The percentage of deformed larvae was calculated after microscopic examination. Deformed 
larvae tended to lay on the bottom of the incubation unit. 
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Heart rate and tail movements 

Fifty hours after fertilisation, the heart rate (beatsmin"1) and rate of tail movements (beatsmin"1) 
were determined for 20 embryos in each experimental group. 

Mineral content 

To determine dry weight, 125 eggs or larvae from each incubation unit were collected at 6, 12, 
24, 48, 58, 72, 96, 120, 144, and 168 hours after fertilisation. To discriminate between the 
amount of Pb that had been adsorbed to the egg membrane and the amount of Pb which had 
entered the embryo, an extra 10 embryos were stripped from their egg membrane just before 
hatching. The eggs, egg membranes, embryos and larvae were freeze-dried to constant weight. 

Whole-body K, Na, Mg, Ca and Pb levels of eggs and larvae were calculated on a dry weight 
basis. To this end, tissues were dissolved for 24 h at 70°C in 65% HNO3. Whole-body К and Na 
levels were measured in a flame photometric Auto Analyser (Technicon); Mg and Ca were 
analysed with Inductively Coupled Plasma Atomic Emission Spectrometry (Plasma IL200, 
Thermo Electron, USA). Pb was determined with an Atomic Absorption Spectrometer (Video 
П, Thermo Jarrell Ash, USA). Whole-body levels are expressed as μπιοί^"1 dry weight. 

Hatching success 

Hatching success was defined as the percentage of larvae hatched every 3 h, from 51 h to 72 h 
after fertilisation. Hatching was defined as rupture of the egg membrane by the tail. Fully as 
well as partially hatched larvae were counted. 

Statistical analyses 

Data are expressed as means ± SE. A one-way analysis of variance was used to assess 
differences between groups. Significance of differences was subsequently tested using the 
Student t-test. Significance was accepted for ρ < 0.05. 

Results 

Mortality of eggs and larvae and deformation rate 

No significant difference in mortality of eggs and larvae was found between the groups exposed 
to Pb at pH 7.5 and the control group (Table 1). At water of pH 5.6 egg mortality was not 
significantly increased by Pb. Exposure to pH 5.6 resulted in concentration-related mortality of 
larvae compared to the control (Table 1). Deformation percentage was identical for all 
experimental groups at pH 7.5 (Table 2). However the Pb-exposed larvae exhibited a deviating 
swimming pattern compared to control larvae; most of the larvae tend to lie laterally on the 
bottom whereas the control larvae swim up and subsequently sink to the bottom (Fig. 1). 
Significant deformation occurred in all Pb-exposed treatments at pH 5.6 (Table 2 and Fig. 2). A 
100% deformation with increasing severity was observed at concentrations of 0.5 and 1.0 
μπιοΙ Γ1 Pb. 
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a 
Figure 1. Representative view of larvae (144 h after fertilisation) raised at pH 7.5 (a) and representative view of 

larvae (144 h after fertilisation) exposed to Ι.ΟμηιοΙΙ ' Pb at water pH 7.5 (b). showing the difference in swimming 

activity between both groups. 

Figure 2. Lateral view of control larva (144 h after fertilisation) raised at water pH 5.6 (8x) (a) and lateral view of a 
deformed larva exposed to 1.0 μπιοΙΤ1 Pb at water pH 5.6 (8x) (b). 

Table 1. Mortality of eggs and larvae during exposure to Pb at pH 7.5 or 5.6. . 

[Pb] 

pmoll 

Egg mortality3 

pH 7.5 pH 5.6 

Larval mortality11 

pH 7.5 pH 5.6 

n.d." 

0.1 

0.2 

0.5 

1.0 

11 ± 4 

9 ± 2 

9 + 3 

1 0 ± 3 

1 1 ± 5 

1 2 ± 4 

1 2 ± 3 

10 ± 3 

12 + 3 

11 ± 3 

4 ± 1 

3 ± 1 

4 ± 3 

4 ± 1 

4 ± 1 

3 + 1 

1 3 ± 4 C 

24 + 3 d 

33 ± l d 

4 2 ± l d 

Mortality is expressed as percentage of total number of eggs and larvae, means ± SE (n= 6) are given. 
n.d. = non detectable; less than 110 6 цто11' . 
Significant at the level of ρ < 0.02 compared to control values. 
Significant at the level of ρ < 0.001 compared to control values. 
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Table 2. Larval deformation during exposure to Pb al pH 7.5 or 5 6. 

[Pb] 

pmoll ' pH 7 5 

12±4 

13 ± 2 

11±5 

10±4 

14±3 

Larval deformation* 

pH 5 6 

12±4 

21 ± Ie 

2 7 ± 2 d 

100 ± 0 e 

100 ± 0 e 

0.1 

0.2 

0.5 

1.0 

* Larval deformation is expressed as percentage of total number of larvae; means ± SE (n = 6) arc given. 
ь η d = non detectable; less than 110 6 μιτιοΙ I '. 
c Significant at the level of ρ < 0 05 compared to control values. 
d Significant at the level of ρ < 0 01 compared to control values. 
e Significant at the level of ρ < 0 001 compared to control values. 

Heart rate and tail movements 

Heart rate and tail movements were not significantly increased at pH 5.6 compared to pH 7.5. In 
the presence of Pb, a concentration-related increase of heart rate and tail movements was 
observed (Table 3). 

Table 3. Heart rate and tail movements during exposure to Pb at pH 7.5 or 5 6. 

[Pb] Heart rate' Tail movements3 

pmoll ' pH7 5 pH 5.6 pH7.5 pH5.6 

n d b 

0.1 

0.2 

0.5 

10 

130 ±4 

129 ± 3 

129 ± 2 

136 ± 3 

142 ±3 C 

131±2 

147 ± 2 d 

166 ± 3d 

171 ± 4 d 

186 ± 4 d 

24 ± 3 

27 ± 3 

18±2 

I 6 ± l c 

14 ± 3C 

23 ± 1 

22 ± 3 

18±3 

16±3 

1 3 ± l d 

1 Heart rate and tail movemcnli are given in beats min , means + SE (η = 6). 
ь η d = non detectable; less than 1 -10"* pmol 1 '. 
c Significant at the level of ρ < 0.02 compared to control values. 
d Significant at the level ρ < 0 001 compared to control values. 

Mineral content 

No significant differences were observed in whole-body K, Na, Mg and Ca levels of eggs and 
larvae between controls and groups exposed to 0.1 up to 1.0 μπιοί Γ1 Pb at pH 7.5 (Fig. За, b, с, 
and d). Similar results were found for whole body K, Na and Mg levels in eggs and larvae 
exposed to the same concentrations of Pb at pH 5.6 (Fig. 4a, b, and c). A significant decrease 
was observed for the whole-body Ca level in larvae exposed to 0.2,0.5 and 1.0 μπιοί Γ1 Pb (Fig. 
4d). 
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6 4 0 -

320 -

400 

200 -

80 

40 -

OL 

[Mg] (цтоі-д-1) 

hatching 

ο β = ο ^ 
U4 

ι ' ' 

280 

140 -

OL 

[Ca] (цтоі-д-1) 

J ι ι ι 

Οθ=0=&β=»· ' 

Ο 24 48 72 96 120 144 168 
Time (hours after fertilisation) 

О 24 48 72 96 120 144 168 
Time (hours after fertilisation) 

Figure 3. Whole-body К (a), Na (b), Mg (с) and Ca (d) levels (pmolg' dry weight) of carp eggs and larvae 
exposed to Pb at pH 7.5. Data are expressed as means ± SE (n = 6). For K, Na, Mg and Ca only values of control 
and of highest Pb concentration are shown. Closed circle ( · ) represents control, open square (•) exposure to 1.0 
цтоі і ' Pb. 

Lead accumulation 

Pb was recovered from the egg membrane in a concentration-related fashion (Fig. 5 a and b). At 
pH 5.6 more Pb was associated with the egg membrane than at pH 7.5. Only a small amount of 
Pb entered the eggs and the embryos kept at either pH. At pH 5.6 the Pb concentration found in 
the embryo in all groups was twice as high (16%) as the Pb concentration of embryos from pH 
7.5 (8%). Accumulation of Pb in the embryos was not influenced by rising Pb concentrations. 
Immediately after hatching, larvae started to accumulate Pb. The Pb content of the larvae 
exposed to 1.0 μπιοΙΤ1 Pb at pH 7.5 was similar to that of the larvae exposed to 0.1 μπιοΙΤ1 Pb 
at pH 5.6. 

Hatching success 

At pH 7.5 hatching success of the embryos was not significantly different between controls eggs 
exposed to Pb (Fig. 6a). Only at pH 5.6 hatching success of embryos exposed to 1.0 цтоІ-Г1 Pb 
differed significantly from the controls (Fig 6b). 
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[Mg] (μΓηοΙ-g-1) 

hatching 

400 
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0 24 48 72 96 120 144 168 
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24 48 72 96 120 144 168 
Time (hours after fertilisation) 

Figure 4. Whole-body (a), Na (b), Mg (с) and Ca (d) levels (jimolg" dry weight) of carp eggs and larvae exposed 

to Pb at pH 5.6. Data are expressed as means ± SE (n = 6). For K, Na and Mg only values of controls and highest Pb 

concentration are shown. Closed circles ( · ) represents control, open circle (O) exposure lo 0.I μηιοΙ I ' Pb, open 

triangle (Δ) exposure to 0.2 μιηοΙΤ' Pb, open diamond (0) exposure to 0.5 pmol Γ1 Pb, and open square (Li) 

exposure to 1.0 μπιοΙ Γ1 Pb. 

Discussion 

Our results demonstrate that the toxicity of Pb for carp eggs is greatly enhanced at low water 
pH. This phenomenon is likely due to increased bioavailability of Pb to the developing embryo. 
At water pH 6-10 Pb-hydroxides and Pb-carbonates are the prevailing forms in the water 
(McComish and Ong, 1988). However, at water pH < 6 lead predominates as Pb2\ a form 
which is bioavailable (Rickard and Nriagu, 1978). For example Turner et al. (1981) observed 
that when Pb-salts were added to water of pH 9, the dissolved Pb"+ concentration was only 1 %, 
but it increased to 86% at water of pH 6. This increased occurrence of Pb2+ at low water pH may 
very well explain the observed high percentage of embryo's exhibiting a serious deformation of 
the spinal cord. Our results are in agreement with results of Hodson et al. (1979), who observed 
necrotic tails (early symptoms indicative of spinal deformities) in rainbow trout exposed to 0.1 
μτηοΐ Γ1 Pb at pH 5.8. No deformed embryo's were observed in eggs exposed to the same Pb 
concentration at pH 7.5. 

11 



Chapter 2 

[Pb] (цтоі-д-і) 

hatching 

г Cumulative hatching (%) 

1.20 -

0.60 

0.00 

1.40 

0.70 -

0.00 ^_ 

0 24 48 72 96 120 144 168 
Time (hours after fertilisation) 

Figure 5. Accumulation of Pb by carp eggs and larvae 
exposed (o Pb at pH 7.5 (a) and pH 5.6 (b). Data are 
expressed as means ± SE (n = 6). Closed circles ( · ) 
represents control, open circle (O) exposure to 0.1 

цтоІ-Г' Pb, open triangle (Δ) exposure to 0.2 μπιοΙΤ1 

Pb, open diamond (0) exposure to 0.5 μπιοΙΤ1 Pb, and 

open square (•) exposure to 1.0 μπιοΙΤ1 Pb. 
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Time (hours after fertilisation) 

Figure 6. Cumulative hatching success of carp 
eggs exposed to Pb at pH 7.5 (a) or pH 5.6 (b). 
Data are expressed as means ± SE (n = 6). Only 
values of control and of highest Pb concentration 
are shown. Closed circle ( · ) represents control, 
open square (D) exposure to 1.0 μπιοΙΤ1 Pb. 
Significance is expressed at the level of ' ρ < 0.05 
andc ρ < 0.01, compared to control values. 

The question arises how Pb"+ exerts its toxic action on the developing embryo. It is generally 
accepted that the egg membrane acts as an effective barrier to protect the embryo from heavy 
metals. This was confirmed by our experiments: Pb was mainly located in the egg membrane. 
Similarly Holcombe et al. (1976) found that only the egg membrane of brook trout eggs takes 
up Pb. In this connection it should be mentioned that in the present experiments exposure of the 
eggs started immediately after fertilisation before hardening of the egg membrane. During this 
process Pb was able to enter the egg membrane, possibly changing its selective permeability 
characteristics leading to a disturbed ion exchange capacity between the perivitelline fluid and 
the ambient water. The perivitelline fluid contains a negatively charged colloid (Eddy and 
Talbot, 1985), which attracts cations from the ambient water and maintains a perivitelline 
potential (pvp) difference between the egg membrane and the water (Peterson and Martin-
Robichaud, 1986). The exchange of cations like Mg2+ and Ca2+ is crucial for normal embryonic 
development (van der Velden et al, 1991). Peterson and Martin-Robichaud (1986) showed that 
when the pvp is depolarised by low ambient pH, the ability of the perivitelline fluid to 
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concentrate a divalent cation like Ca + is reduced as predicted by changes in the magnitude of 
the pvp. A heavy metal like Pb2+ could strongly bind to acidic protein groups in the egg 
membrane and the embryo. As a consequence the passive diffusion increases compared to the 
active process, because of reduced pvp. Concentrations of Pb in the egg membrane increase the 
probability of entering the penvitelline fluid by either passive diffusion or as a result of 
exchange with other cations in the penvitelline fluid. In general altered characteristics of the egg 
membrane and pvp are the main causes of the adverse effects observed during embryonic 
development. Fish eggs initially contain in principle all the Na, K, Mg and Ca required for 
embryonic development and are highly resistant to ion loss unless the vitelline membrane is 
irreversibly injured (Gray, 1932). In the beginning the embryo mobilises all ions from the yolk-
sac. Pb2+ can occupy the binding sites of Ca2+, interfering with Ca2+ metabolism necessary for 
development of the skeleton. Reduced mobilisation of Ca2+ from the yolk-sac could also limit 
the Ca + uptake by the embryo. 

After hatching, the larvae actively accumulate ions required for growth and development 
The likely sites of active ion uptake in fish larvae are the chloride cells found on yolk-sac 
epithelium and skin as well as in the developing gills (Shen and Leatherland, 1978a, Hwang and 
Hirano, 1985, Oyen, 1993) In particular the gills are sensitive to heavy metals because of their 
intimate contact with the water Branchial uptake of waterbome Ca2+ is mediated by chloride 
cells (Perry et al, 1992) in a transport process that is passive across the apical membrane and 
active across the basolateral membrane (Perry and Fhk, 1988, Fhk et al, 1993). Hydrogen ions 
are known to act upon the gill membrane to displace Ca2+ from tight junctions (McDonald et al, 
1983a; Marshall, 1985) and block ion-transport channels (McDonald et al, 1983b), thereby 
decreasing net ion uptake. Similarly Pb has been shown to interfere with Ca"+-transport 
mechanisms (Shephard and Simkiss, 1978, Bansal et al., 1985) Reduced net uptake of Ca"+ 

was also found in our experiment at pH 5.6. This was in accordance with results found by 
Reader et al. (1989) and Sayer et al (1991) on early life stages of brown trout Therefore a 
combination of increased H+ and Pb2+ could block the Ca2+ uptake Mortality of the larvae at pH 
5.6 in the presence of Pb was concentration-dependent. Significantly decreased hatching success 
was observed in larvae exposed to 1 0 μιτιοί 1 ' at pH 5 6. Dave and Xiu (1991) found that at 
concentrations of Pb < 2.3 μηιοί I ' hatching of zebrafish (Brachydamo reno) was slightly 
delayed, and no clear concentration-effect relationship was found for this delay. Delayed 
hatching by Pb can also be attributed to an inhibition of egg membrane digesting enzyme, 
chononase. This enzyme has its optimum at pH 8 5 (Hagenmaier, 1974), and its activity is 
reduced at a pH of 5.2 to 10% of the optimal rate Peterson and Martin-Robichaud (1983) and 
Oyen (1993) have suggested that decreased tail movements of embryos reared at low pH 
contributes to delayed hatching through less efficient chononase distribution, causing delayed 
rupture of the egg membrane 

An important question remaining is whether our results on the effect of low water pH on the 
toxic action of Pb on the early development of carp eggs have implications for the (re)-
defimtion of "no effect levels" of Pb. In The Netherlands the maximum allowable concentration 
of Pb in surface waters is 0 05 μηιοί Γ1 Pb (Janus et al., 1991). However this concentration has 
been based on waters with a high buffer capacity and neutral pH In recent years, in many waters 
with low buffer capacity the pH has gradually decreased to values below pH 6 0. In these waters 
Pb concentrations up to 2 4 μιτιοί I ' have been found (Janus et al, 1991). This concentration is 
20 times higher than the minimal effect level of Pb at pH 5.6, as demonstrated on the early life 
stages of carp in our expenments. Our studies therefore clearly indicate the need of defining 
maximum acceptable Pb concentrations for acidified surface waters with low buffer capacity, 
and the necessity to reduce Pb contamination of these waters by fishermen and hunters 
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Chromium toxicity to early life stages of the common carp 
is influenced by water pH 

Summary 

Immediately after fertilisation carp eggs were exposed to chromium (Cr) concentrations of 3 9 
and 9 6 μιτιοί 1 ' at water pH 7 8 or 6 3 At regular intervals mortality, the incidence of spinal 
cord deformation, heart rate, tail movements, hatching success, whole-body levels of K, Na, 
Mg, Ca, and Cr, and ultrastructure of skin and gills were assessed 

No effects of Cr at any of the examined parameters were observed at pH 7 8, while 9 6 
μιτιοί 1 ' Cr at pH 6 3 decreased whole-body Na levels of larvae, and increased mortality of the 
larvae Skin of larvae (144 h) exposed to 9 6 μιτιοί 1 ' at pH 6 3 showed increased numbers of 
secreting mucous cells The gill epithelium had a wrinkled appearance, and dark circle-shaped 
spaces, probably of mucous cells, were seen After 240 h, the larvae were almost completely 
covered with mucus In controls at pH 6 3 no significant changes of any of the above parameters 
were observed when compared to controls at pH 7 8 

Stouthart, A J Η X F A T Spanings, RAC Lock and S E Wendclaar Bonga, 1995 Aquatic Toxicol 42 1 U 2 
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Introduction 

Chromium (Cr) is a common contaminant of surface waters (Pickering, 1980; Slooff et al, 
1989). Concentrations of Cr in the micromolar range have frequently been reported in rivers and 
lakes (Beg et al., 1990; Alves et ai, 1993; Zhang et al, 1994). This metal may either be present 
in the trivalent form (Сг(Ш)) or in the hexavalent form (Cr(VI)). The latter is considered the 
most toxic form to aquatic organisms (van der Putte et al., 1981a,b). Water pH is one of the 
most important characteristics determining Cr toxicity to fish (van der Putte et ai, I981a,b). The 
dominant species of Сг(Ш) are Cr(OH)2+ at pH 4, Cr(OH)2

+ at pH 6 and Cr(OH), at pH 8 
(Stern, 1982). Сг(Ш) is largely associated with particulate matter, subject to sedimentation and 
filtration, making it less bioavailable. The dominant species of Cr(VI) are НСЮ4" at pH < 6.5 
and Cr04" at pH > 6.5 (Jop et al, 1987). As Сг( І) species are negatively charged, they do not 
complex with anionic particulate matter and are more bioavailable. Van der Putte et al. 
(198 Ia,b) have shown that Cr(VI) was more toxic to rainbow trout at lower pH, because the 
gills concentrated significantly more Cr at pH 6.5 than at pH 7.8, irrespective of exposure time 
and concentration. 

Little information is available on the pH effects of Cr(VI) toxicity to the early life stages of 
fish. Most of the literature concerns results from eyed-embryos or swim-up larvae (van der Putte 
et al, 1981a,b). The main objective of this study is to investigate the effects of Cr(VI) at pH 7.8 
or pH 6.3 on the embryonic and larval development of carp (Cyprinus carpio), immediately 
after fertilisation of the eggs. In addition to mortality, deformation, whole-body K, Na, Mg, Ca 
and Cr levels, and hatching success, attention was paid to pathological changes of skin and gill 
structure by using scanning electron microscopy. 

Materials and methods 

In vitro fertilisation and incubation of eggs 

Gametes were obtained after artificial fertilisation of carp eggs as described by Oyen et al. 
(1991). Eggs from one female were divided over 6 Petri dishes (300-400 eggs per dish). The 
eggs of each Petri dish were fertilised by sperm from different male resulting in 6 genetically 
different batches of eggs (n = 6). This procedure was carried out for controls as well as for each 
Cr-exposed group. Immediately after fertilisation, the Petri dishes with the fertilised eggs stuck 
to the bottom were placed in 4-1 aquaria (for details see Oyen et al, 1991; Oyen, 1993). To 
avoid low concentrations of Cu and Al normally present in Nijmegen tapwater, we used 
demineralized water and added the following salts (mmol Г1): 0.06 KCl; 0.40 NaHCO,; 0.20 
MgSO,»; 0.80 СаСІг. In each aquarium one Petri dish was used to examine mineral content, 
heart rate and tail movements of the developing embryos. Larvae were fed with anemia starting 
72 h after hatching. Eggs were exposed to UV-sterilised water (23°C; 8.7 ppm DOC; 12 h 
light/dark cycle) of pH 7.8 and pH 6.3 (controls) and to Cr (as NaiCrOH^O) in nominal 
concentrations of 3.9 and 9.6 μιτιοΙΤ1 at either pH (expérimentais). Water pH was adjusted to 
7.8 and 6.3 via gradual addition of solutions of either 0.01 M sodium hydrogencarbonate or 0.01 
M sulphuric acid, using pH-stat equipment (variation of the water < 0.1 pH units). Constant Cr 
concentrations were maintained via a flow-through system with partial replacement of the 
water, resulting in a complete turnover of the system's water content in 24 h. Desired total Cr 
concentrations were within 5% of the calculated values as verified every 16 h by Inductive 
Coupled Plasma Atomic Emission Spectrometry (Plasma IL200, Thermo Electron, USA). 
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Mortality and deformation of the spinal cord 

Dead eggs and larvae were counted at 6, 12,24,48, 58,72, 96, 120, 144, 168, 192, 216, 240 and 
264 h after fertilisation, and immediately removed to prevent fungal growth Eggs were 
considered dead when parts of the content turned opaque and white, or when heart beat had 
stopped The percentage of deformation of the spinal cord of the larvae (including dead ones) 
was determined by microscopic examination Deformed larvae did not swim but laid on the 
bottom of the aquaria 

Heart rate and tad movements 

Fifty hours after fertilisation, heart rate (beats min ') and rate of tail movements (beats mm ') 
were determined for 20 embryos per group 

Mineral content and chromium accumulation 

To determine their mineral content, 10 eggs or larvae from each group were collected at 6, 12, 
24, 48, 58, 72, 96, 120, 144, 168, 192, 216, 240 and 264 h after fertilisation To discriminate 
between the amount of Cr adsorbed to the egg membrane and the amount of Cr absorbed by the 
embryo, an extra 10 embryos were stripped from their egg membrane just before hatching (50 h 
after fertilisation) The eggs, egg membranes, embryos and larvae were freeze-dned to constant 
weight and whole-body K, Na, Mg, Ca and Cr levels were calculated Tissues were dissolved 
during 24 h at 70°C in 65% HNOi Whole-body К and Na levels were analysed in a flame 
photometric Auto Analyser (Technicon), Mg, Ca, and Cr(VI) were analysed with Inductive 
Coupled Plasma Atomic Emission Spectrometry (Plasma IL200, Thermo Electron, USA) All 
concentrations are expressed as μιηοΐ g ' dry weight 

Hatching success 

Hatching success was defined as the percentage of larvae hatched every 3 h, from 51 h to 72 h 
after fertilisation Hatching was defined as rupture of the egg membrane Fully as well as 
partially hatched larvae were counted 

Scanning electron microscopy (SEM) of skin and gills 

Five larvae were sampled at 144 and 240 h after fertilisation in each group (controls at pH 7 8 
and pH 6 3 and resp 3 9 and 9 6 μ mol 1 ' Cr at pH 7 8 and pH 6 3 For SEM, tissues were 
dehydrated in increasing concentrations of ethanol, transferred to liquid COi, and coated with 
gold in a Balzers coating unit (CPD 020, Balzers, Switzerland) Skin and gills were examined in 
a Jeol-JSM Τ 300 scanning electron microscope 

Statistical analyses 

Data are expressed as means ± SE (n = 6) A one-way analysis of variance was used to assess 
differences between groups Significance of differences was tested using unpaired Student t-tcst 
Significance was accepted for ρ < 0 05 
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Results 

Mortality and deformation of the spinal cord 

No difference in mortality was found between eggs and larvae exposed to Cr at pH 7 8 and to 
pH 7 8 alone while exposure to 9 6 μιτιοί 1 ' Cr at pH 6 3 resulted in increased mortality of 
larvae compared to controls (Table I) Deformation percentage was similar for Cr-exposed 
groups at pH 7 8 and 6 3 when compared to controls (Table I) 

Table 1. Mortality of eggs and larvae and larval déformation during exposure to Cr(VI) at pH 7 8 or 6 3 

[Cr] Egg mortality3 Larval mortality' Larval deformation" 

μιτιοΙΙ1 pH 7 8 pH 6 3 pH 7 8 pH 6 3 pH 7 8 pH 6 3 

nd" 8±2 9±1 8±2 7±I 7±1 10±2 

39 8±1 9±1 8±2 9±3 8±2 9±3 

96 8±1 9±1 10 + 2 33±3
C
 10±2 8±3 

3 Mortality and deformation are expressed as percentage of total number of eggs and larvae means ± Sfc 
(n = 6) are given 

ь η d = non detectable, less than 1 106 μπιοΙ 1 ' 
c Significant at the level of ρ < 0 001 compared to control values 

Heart rate and tail movements 

At pH 7 8 and 6 3, heart rate and tail movements remained unchanged in the presence of Cr 
(Table Π) 

Table 2. Heart rate and tail movements during exposure to CrÇVI) at pH 7 8 or б 3 

[Cr] 

μπιοΙ I ' 

n d b 

39 

96 

pH 7 8 

1I6± 8 

95 ±13 

99 ± 9 

Heart rate3 

pH6 3 

103 ± 6 

101+5 

99 + 6 

Tail movements0 

pH7 8 

11 +3 

13 ± 3 

14 + 2 

pH6 3 

14 + 5 

12 + 3 

11+4 
3 Heart rate and tail movements arc given in beats min ', means ± SE (n = 6) 
ь η d = non detectable, less than 110 6 μ mol 1 ' 

Mineral content 

Whole-body K, Na, Mg and Ca levels of eggs and larvae did not differ between controls and 
groups exposed to 3 9 and 9 6 μιτιοί 1 ' Cr at pH 7 8 (results not shown) At pH 6 3 and the same 
Cr concentrations, similar results were found for K, Mg and Ca (only results of Na (Fig la) and 
Ca (Fig lb) are shown) However whole-body Na levels in larvae exposed to 9 6 μιτιοί 1 ' Cr at 
pH 6 3 decreased significantly (p < 0 001) 
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Figure 1. Whole-body Na (a) and Ca (b) 
concentrations (μιηοΙ g ' dry weight) of carp eggs and 
larvae exposed to Cr(VI) at pH 6.3. Data are 
expressed as means ± SE (n = 6). Closed circle ( · ) 
represents control, open circle (O) exposure to 3.9 
цтоі ' ' Cr(VI), and triangle (Δ) exposure to 9.6 
цтоі 1 ' Cr(VI). Significance is expressed at the level 
of ' ρ < 0 001 compared to control values. 

Cr accumulation 

0 60 120 180 240 
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Figure 2. Accumulation of Cr(VI) by carp eggs and 
larvae exposed to Cr(VI) at pH 7 8 (a) or pH 6 3 (b). 
Data are expressed as means ± SE (n = 6) Closed 
circle ( · ) represents control, open circle (O) exposure 

to 3.9 pmol '"' Cr(VI), and triangle (Δ) exposure to 
9 6 цтоі I ' Cr(VI) Significance is expressed at the 
level of a ρ < 0 001 compared to control values. 

At pH 7.8, Cr was found neither in the egg membrane, nor in the embryo (Fig. 2a). At pH 6.3, Cr 
entered the egg membrane in a concentration-related manner (Fig. 2b). After dissection no Cr 
could be detected in egg membranes or embryos. However, immediately after hatching, only 
larvae at both pH 7.8 and 6.3 started to accumulate Cr in a concentration-related manner. The 
difference with the controls was highly significant at pH 6.3 only. 

Hatching success 

Hatching success of the eggs exposed to Cr at pH 7.8 and 6.3 (resp. 98.6% and 99.1%) was not 
significantly different from that of control eggs (98.8%). 

19 



Chapter 3 

Figure 4. Scanning electron microscopy of pavement 
cells at the skin surface of control larvae (144 h after 
fertilisation) at pH 6.3, showing microridges (1500 x). 

Figure 6. Scanning electron microscopy of pavement 
cells at the gill surface of control larvae (144 h after 
fertilisation) at pH 6.3 showing microridges of 
developing lamellae (1) (1500 x). 

Figure 5. Scanning electron microscopy of pavement 
cells at the skin surface of larvae (144 h after 
fertilisation) exposed to 9.6 μηιοΙΊ"1 Cr(VI) at pH 6.3, 
showing microridges with dark areas representing the 
orifices of mucous cells (Í) (1500 x). 

Figure 7. Scanning electron microscopy of pavement 
cells at the gill surface of larvae (144 h after 
fertilisation) exposed to 9.6 μητοΙΤ Cr(VI) at pH 6.3, 
showing microridges and wrinkled gill epithelium 
with dark areas representing the orifices of mucous 
cells (I) (1500 x). 
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Figure 8. Scanning electron microscopy of pavement Figure 9. Scanning electron microscopy of pavement 
cells at the skin surface of control larvae (240 h after cells at the skin surface of larvae (240 h after 
fertilisation) at pH 6.3 showing microridges (1500 x). fertilisation) exposed to 9.6 μπιοί 1 ' Cr(VI) at pH 6.3, 

showing microridges with excessive mucus secretion 
(1500 x). 

Scanning electron microscopy (SEM) of skin and gills 

Scanning electron microscopy pictures of skin and gill from control and Cr-exposed larvae are 

shown in Figures 4-9. Skin of 144 h controls (Fig. 4) and Cr-exposed larvae (9.6 ц т о І Т Cr at 
pH 7.8; not shown) showed pavement cells with microridges without mucous cells, whereas skin 
of larvae exposed to 9.6 pmol Γ Cr at pH 6.3 (Fig. 5) exhibited several actively secreting 

mucous cells. Similar results were obtained for 240 h old control larvae (Fig. 8) and larvae 

exposed to 9.6 μιηοΐ Γ Cr at pH 7.8. Whereas only remnants of the mucous layers were 

observed on the skin of Cr-exposed larvae, on the skin of Cr-exposed larvae at pH 6.3 large 

amounts of mucus were observed (Fig. 9). The skin of larvae exposed to 9.6 μττιοί·Γ Cr at pH 

6.3 was almost completely covered with mucus. Intact branchial epithelium with few mucous 

cells was seen in the 144 h control larvae (Fig. 6) and in larvae exposed to 9.6 μιηοΐ Γ Cr at pH 

7.8. Contrastingly, branchial epithelium of larvae exposed 9.6 pmolΊ Cr at pH 6.3 (Fig. 7) was 

wrinkled, whereas mucous cells were common. Observations of the gill epithelium of 240 h old 

larvae could not be made because the gills were completely covered by the opercula. 

Discussion 

At water pH 6.3, Cr seriously affected larval development at a concentration which did not show 
any effect at pH 7.8. Hatching success was not changed, indicating that the egg membrane and 
the perivitelline fluid (pvf) form an effective barrier for Cr(VI) during the egg stage. Indeed, the 
freshly hatched larvae contained a very low content of Cr. This protective effect has earlier been 
demonstrated for other metals such as Al, Zn, Hg, Cu, Ag and Pb (Eddy and Talbot, 1985; 
Rombough, 1985; Oyen, 1993; Stouthart et al., 1994). Rombough (1985) suggested that the egg 
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membrane may act as a cation exchanger, preventing metal ions with high binding affinities 
(Hg2+, Cu2+ and Ag+) from entering the pvf, whereas metals with low binding affinities (Zn2+, 
Pb + and Cd +) easily pass the egg membrane and accumulate in the pvf according to the Donnan 
equilibrium. Since Cr was neither found in the egg membrane, nor in the embryo, it likely 
accumulated in the pvf. Most of the Cr in biological material is strongly associated with proteins, 
nucleic acids, and a variety of low-molecular-weight ligands (Strik et al., 1975) and perivitelline 
compounds such as proteins, gelatins and collagens are able to bind cations, because of their net 
negative charge (Eddy and Talbot, 1985). This will reduce their toxicity, and could very well 
explain why almost no Cr was found in the embryos at pH 7.8 and pH 6.3. 

During the larval stage Cr accumulated and mortality increased. A remarkable effect was the 
specific decrease of the Na content in the larvae exposed to 9.6 μιτιοί Γ1 Cr(VI) at pH 6.3. The 
question arises how Cr(VI) exerts this toxic action. Van der Putte et al. (1981a) found that the 
gills of adult trout concentrated significantly more Cr(VI) at pH 6.5 than at pH 7.8, irrespective 
of exposure time and concentration. The pH-dependent uptake of Cr(VI) may, therefore be 
related to the relatively high concentration of HCKV, which, because of its monovalency 
(Trama and Benoit, 1960), is more readily taken up by the gill tissue than СЮ42". A decrease in 
pH and therefore an increase in НСЮ4" concentration is also associated with an increased 
oxidising action of Cr(VI) (Sillén and Martell, 1964). This may further explain the greater 
toxicity of Cr at low pH. We found that Cr at pH 6.3 reduced the Na content of the larvae, 
without affecting their Ca content. 

After hatching, fish larvae actively accumulate ions from the water, such as Na2+ and Ca+, 
which are required for growth and ionic homeostasis. The likely sites of active ion uptake from 
the water are the chloride cells in the yolk-sac epithelium, skin and the developing gills (Shen 
and Leatherland, 1978a; Hwang and Hirano, 1985; Oyen, 1993). Oyen (1993) found that the first 
chloride cells appear outside the branchial area, while later on they become restricted to the gills. 
During the embryonic stage chloride cells are generally concentrated in the skin covering the 
epicardial region, on the yolk-sac and in the tail region of the trunk (Alderdice, 1988). Gill et al. 
(1987) observed that Cr caused hypertrophy and hyperplasia of the chloride cells. Branchial 
uptake of waterbome Ca2+ and Na+ is mediated by chloride cells in a transport process that is 
passive across the apical membrane and active across the basolateral membrane (Perry and Flik, 
1988; Flik et al., 1993). Cr likely interferes with the osmoregulatory processes of gills, kidney 
and intestine. Indeed Kuhnert et al. (1976) showed that Na+/K+-ATPase activity of kidney and 
intestine, significantly decreased in adult rainbow trout exposed to 0.2 μιηοΙΤ1 Cr. The 
possibility that in our experiments Cr inhibited the active uptake of Na+, by decreasing Na+/K+-
ATPase activity appears therefore likely. Because of the specific effect of Cr on the Na content 
of the larvae, it is improbable that this effect was caused by osmotic water uptake or changes in 
the permeability characteristics of the gills. 

Our scanning electron microscopic results showed that especially the skin and gills of the Cr-
exposed larvae (144 h) at pH 6.3 exhibited circle-shaped spaces, probably orifices of mucus 
cells, between the pavement cells of the skin and gills. In addition, the gill epithelium appeared 
to be wrinkled. Examination of the skin in 240 h old Cr-exposed larvae at pH 6.3 was 
impossible because of a thick mucus layer covering the skin. Also no observation could be made 
of the gills at this stage, because of coverage of the opercula. Gills of Cr-exposed adult Barbus 
conchonius showed wilting of the pillar system of the branchial lamellae, together with 
separation and disruption of the lamellar epithelium (Gill et al, 1987). This structural change is 
likely to affect the oxygen uptake by the gill lamellae due to disturbed blood flow and increase in 
the water-to-blood diffusional distance. 

Cr apparently stimulated mucus secretion at low pH. Stimulatory effects of heavy metals on 
mucus secretion in the gills and skin of fish have been reported by several investigators (Lock 

22 



Chromium 

and van Overbeeke, 1981; Eddy and Fraser, 1982; Malla«, 1985). Although in mucus no specific 
metal-binding proteins have been isolated so far, the glycoproteins and proteoglycans of the 
mucus apparently have a high binding capacity for heavy metals (Lock and van Overbeeke, 
1981). Indeed, Part and Lock (1983) found that mucus acted as a strong complexing agent for 
cadmium (Cd2+) and silver (Hg2+) cations. The strong metal complexing capacity of mucus 
might prevent passage of heavy metals through the epithelial membrane. Also the mucus layer 
on the gills may increase the water to blood diffusional distance (Mallatt, 1985). For example, 
Ultsch and Gross (1979) found that the increased mucus secretion in the gills of carp in acid 
water was correlated with reduced oxygen concentrations in the arterial blood of these fish. A 
decreased rate of oxygen transfer to the blood may have contributed to the increase of larval 
mortality as observed in our experiments. 

In summary, it can be concluded that water pH is a crucial factor determining the toxicity of 
Cr(VI) for embryonic development of fish. Although 9.6 pmol-l"' Сг( Г) did not affect egg or 
larval development at pH 7.8, a slight decrease of water pH already caused Cr(VI) to 
significantly increase larval mortality. Similarly, van der Putte et al. (1981a,b) found No 
Observed Effect Concentration (NOEC) values of 3.9 цтоіі' 1 Cr at pH 7.8 but 0.4 μττιοί·]"1 Cr 
at pH 6.5 for eggs of Salmo gairdneri (late eyed stage). Therefore this increasing effect of 
acidification of natural waters by human activities in many parts of the world should be taken 
into account when evaluating the water quality standards for heavy metals such as Cr. 
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Ambient water pH determines toxicity of copper to 
embryonic and larval stages of the common carp 

Summary 

Carp eggs were exposed immediately after fertilisation to copper (Cu) concentrations of 0 3 and 
0 8 μ mol 1 ' at water pH 7 6 or pH 6 3 Mortality, the incidence of spinal cord deformation, heart 
rate, tail movements, hatching success and whole-body levels of K, Na, Mg, Ca, and Cu were 
determined over time Light microscopical preparations of eggs (48 h after fertilisation) and 
larvae (168 h after fertilisation) were studied. 

At pH 7 6, Cu did not affect egg mortality, heart rate, tail movements and whole-body К and 
Mg levels Hatching success increased only in the 0 3 μπιοί 1 ' Cu group Exposure to 0 8 
μπιοί 1 ' Cu increased larval mortality and larval deformation and decreased whole-body Na and 
Ca levels 

At pH 6 3, exposure to 0 8 μπιοί 1 ' Cu increased egg mortality, decreased heart rate and tail 
movements Furthermore, premature hatching, a concentration-dependent increase of larval 
mortality and larval deformation was observed Exposure to 0 3 and 0 8 μπιοί 1 ' Cu decreased 
whole-body levels of K, Na, Mg and Ca Uptake of Cu after hatching increased two-fold at pH 
6 3 compared to the pH 7 6 groups At pH 6 3, all Cu-exposed larvae were unable to fill their 
swim bladder Also, after 168 h the yolk-sac remained largely unabsorbed in the 0 3 and 0 8 
μπιοί 1 ' Cu group Exposure to 0 8 μιτιοί I ' Cu resulted in coagulation of proteins m eggs and 
yolk-sacs No significant changes in any of the assessed parameters were observed in control 
groups of pH 6 3 and pH 7 6 

Stouthart, A J H X , J L M Haans, R AC Lock and S E Wcndelaar Bonga, 1996 Environ Toxicol Chem 15, 
376-383 
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Chapter 4 

Introduction 

Copper (Cu) is an essential metal for nearly all organisms, including fish (Owen, 1981, Maage 
et al, 1989), but becomes toxic when exceeding natural concentrations (< 0 05 μπιοί 1 ') 
(Nriagu, 1979, Hellawell, 1988) Indeed in polluted rivers such as the river Rhine concentrations 
exceeding 1 μιτιοί 1 ' Cu have been reported, which together with a decreasing water pH could 
seriously threaten aquatic life In fish, Cu seriously interferes with branchial ion transport 
(Lauren and McDonald, 1987a,b, Muñoz et al, 1991, Wilson and Taylor, 1993), plasma ion 
concentrations (Stagg and Shuttleworth, 1982, Pilgaard et al, 1994), haematological parameters 
(McKim et al, 1970), and enzyme activities (Jackim et al, 1970, Lorz and McPherson, 1976) 
In addition, Cu may cause immunosuppression (Anderson and Dixon, 1989), vertebral 
deformities (Birge and Black, 1979, Bengtsson and Larsson, 1986), and neurological disorders 
(Baatrup, 1991) 

It is not known whether these effects of Cu will already manifest themselves during the early 
developmental stages of fish, particularly at a decreasing water pH In this context it is 
important to consider that chemical speciation of Cu strongly depends on water pH At pH 7 and 
higher, carbonate and hydroxide species are the dominant forms Below water pH 7 the amount 
of free Cu ions rapidly increases thereby enhancing the toxicity of this metal (Miwa et al, 
1989) In addition, a lower water pH may also promote branchial uptake of Cu by protonating 
the binding sites for Cu on the epithelial cell surface (Blust et al, 1988) 

During early life, the yolk-sac stage is considered the most sensitive one, followed by the 
embryonic stage prior to completion of gastrulation (von Westemhagen, 1988) This study 
describes the influence of water pH on Cu toxicity during the early developmental stages of the 
carp (Cypnnus carpio) immediately after fertilisation Attention was paid to deformation, 
malfunctioning, heart rate, tail movements, whole-body levels of K, Na, Mg, Ca, and Cu, 
hatching success and histological changes at the light microscopical (LM) level 

Materials and methods 

In vitro fertilisation and incubation of eggs 

Fertilisation and incubation of eggs from carp (Cypnnus carpio) were carried out in the 
experimental set-up as described before (Oyen et al, 1991) In four separate experiments, 
individual batches of eggs from in total seven different females were each fertilised by sperm 
from a different male carp resulting in seven genetically different batches of eggs (n = 7) For 
each batch, one Petri dish of eggs was used to examine mineral content, heart rate and tail 
movements of the developing embryos and another Petri dish to determine mortality of eggs and 
larvae, deformation of larvae and hatching success This means that for each batch of eggs 12 
Petri dishes were used two sets of parameters (2 Petri dishes) six groups (two controls and 
four experimentáis) = 12 Petri dishes Immediately after fertilisation, the Petri dishes (300-400 
eggs per dish) with the eggs attached to the bottom, were placed in 4-1 aquaria To avoid low 
concentrations of Cu (0 03-0 24 μπιοί 1 ') normally present in Nijmegen tap water, chemically 
defined water was used, being demineralized water with the following concentrations (mmol I ) 
of salts added KCl (0 06), NaHCO, (0 40), MgS04 (0 20), CaCl2 (0 80) 

The eggs were placed in water of 23°C (8 7 mg 1 ' oxygenated, 12-h photopenod, water 
hardness level of 32 mg 1 ' Ca2+ and 24 mg 1 ' CO·,2 ) at pH 7 6 or pH 6 3 (controls) and exposed 
to environmentally-realistic Cu2+ concentrations (as Cu(N03)2 3H20) of 0 3 and 0 8 μιτιοί I ' 
(experimentáis) Water pH was adjusted to pH 7 6 or pH 6 3 via gradual addition of 0 01 M 

26 



Copper 

Mortality and defonnation 

Dead eggs and larvae were counted at 6, 24, 48, 76, 96, 120, 144 and 168 h after fertilisation 
and immediately removed to prevent fungal growth. Eggs were considered dead when parts of 
the content turned opaque and white, or when heart beat had stopped. For the 0.8 μπιοΙ-Γ1 Cu 
group at pH 6.3 tail movements had to be used to determine egg mortality. The percentage of 
defonnation of the larval spinal cord (including dead ones) was determined after microscopic 
examination. Deformed larvae were unable to swim. 

Heart rate and tail movements 

Fifty hours after fertilisation, heart rate and rate of tail movements (both in beats min') were 
examined for 20 embryos per genetic batch. 

Mineral content and copper accumulation 

To determine their mineral content, 10 eggs or larvae from each group were collected at 6, 24, 
48, 76, 96, 120, 144 and 168 h after fertilisation. The eggs and larvae were freeze-dried to 
constant (dry) weight and whole-body K, Na, Mg, Ca and Cu levels were measured. Tissues 
were dissolved for 24 h at 70°C in 65% HNO3. The whole-body К and Na levels were analysed 
in a Flame Photometric Auto Analyser (Technicon); Mg and Ca were determined with 
Inductively Coupled Plasma Atomic Emission Spectrometry (Plasma IL200, Thermo Jarrell 
Ash); Cu was measured with Atomic Absorption Spectrophotometry (AAS). All whole-body 
levels are expressed as pmol-g"1 dry weight. Feeding with brine shrimp larvae {Artemia 
franciscana) was started at 120 h. 

Hatching success 

Hatching success was defined as the percentage of larvae which had hatched every hour, during 
54 h until 80 h after fertilisation. Hatching was defined as rupture of the egg membrane by the 
tail. Fully, as well as partially hatched larvae were included. 

Swim bladder experiment 

Pilot experiments showed that carp larvae exposed to 0.3 and 0.8 pmol l'1 Cu at water pH 6.3 
had no functional swim bladder. A parallel experiment therefore was designed to determine 
whether this organ was indeed missing or merely devoid of air. To this end, a batch of 20 
fertilised eggs of each group was put on a coverslip and placed in a plastic tube submerged in 
the different aquaria. The top end of each tube was covered with a nylon mesh to prevent the 
larvae from reaching the surface. Tubes without mesh were used as controls. The bottom end 
was closed off. After the control larvae had filled their swim bladders, larvae in the tubes were 
taken out for examination, and were then allowed to reach the surface. 

27 



Chapter 4 

Histology 

At 48 h and at 168 h after fertilisation, eggs and larvae were collected for examination under a 
light microscope. After fixation in Bouin's, dehydration and embedding in paraffin, sections 
were cut at 5 μπι thickness, stained with a trichrome solution (using Alcian Blue, Nuclear Red, 
Phosphotungstic Acid, Anilin Blue and Orange G) and sealed with Entellan. 

Statistical analyses 

Data are expressed as means ± SE (η = 7). Significant differences were tested using the unpaired 
Student t-test. Significance was accepted for ρ < 0.01. 

Results 

Mortality and deformation 

No significant difference in egg mortality was found between the groups exposed to Cu at pH 
7.6 and the controls (Table 1). However, at pH 6.3 a significantly (p < 0.001) increased egg 
mortality was observed during exposure to 0.8 μπιοΙΤ1 Cu (Table 2). These embryos already 
showed deformation of head and spinal cord. In this group almost all of the eggs turned opaque, 
but most of them remained alive as indicated by tail movements of the embryos. Many of them 
also had opaque yolk-sacs. This effect was already seen, although much less severe, in the 0.3 
μπιοΙΤ1 Cu group at pH 6.3. In controls, and Cu-exposed groups at pH 7.6, the perivitelline 
fluid (pvf; between embryo and egg membrane) was clear. At pH 7.6, exposure to 0.8 цтоІ-Г' 
Cu significantly (both ρ < 0.001) increased larval mortality and larval deformation, whereas at 
pH 6.3 these parameters increased rapidly in a concentration-related manner (Table 2). 

At pH 6.3, a large part of the 0.8 μπιοΙΤ1 Cu larvae displayed swollen, opaque yolk-sacs, 
while other larvae turned opaque white in the head region. Apart from the obvious spinal cord 
deformations, these larvae also had deformed heads. Compared to controls, the upper jaw was 
grossly underdeveloped. 

The swimming pattern of the 0.8 μπιοΙ-Γ1 Cu group at pH 7.6 and of the 0.3 μπιοΙΤ1 Cu 
group at pH 6.3, deviated from the controls. The larvae of the 0.8 μπιοΙ-Γ1 Cu group at pH 6.3 
did not swim at all, but lay on the bottom, displaying uncoordinated spurts or frantically turning 
circles. 

Table 1. Mortality of eggs and larvae, larval deformation, heart rate and tail movements during exposure to Cu at 
pH 7.6. 

[Cu] 
цтоі 1 ' 

n.dc 

0.3 

0.8 

Egg 
mortality* 

11*5 

11 ± 4 

13±3 

Larval 
mortality' 

1±1 

1± 1 

I 5 ± 4 J 

Larval 
deformation' 

2 ± 2 

2 ± 2 

4 3 ± 6 d 

Heart 
raleb 

121 ± 9 

123 ±14 

124 ±10 

Tail 
movements'' 

21 ±7 

20 ±6 

21 ±4 

' Mortality and deformation are expressed as percentage of total number of eggs and larvae, means ± SE (η = 7) 
are given. 
Heart rate and tail movements are given in beatsmin', means ± SE (η = 7). 

c n.d. = non detectable; less than 1 106 цтоі 1 '. 
Significant at the level of ρ < 0.001 compared to control values. 
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[Cu] 

μ mol 1 ' 

ndc 

0 3 

08 

Egg 
mortality' 

Il ±4 

12±5 

37 ± 7 ' 

Larval 

mortality" 

l ± l 

48 ± 8 ' 

82±5C 

Larval 

deformation* 

2± 1 

41 ± 6' 

77 ± 13e 

Heart 

rateb 

1 2 0 ± l l 

1 I 5 ± 5 

101 ± 12d 

Tail 

movements'" 

15 ± 6 

1 7 ± 7 

4 ± 4 d 

* Mortality and deformation are expressed as percentage of total number of eggs and larvae, means ± SE (n = 7) 

are given 
ь Heart rate and tail movements are given in beats mm ', means ± SE (n = 7) 
c nd = non detectable, less than 1 ΐο'μιτιοΐΐ' 
d Significant at the level of ρ < 0 01 compared to control values. 

c Significant at the level of ρ < 0 001 compared to control values. 

Heart rate and tail movements 

At pH 7.6, Cu exposure did not increase heart rate and tail movements compared to control 
(Table 1) whereas at pH 6.3 exposure to 0.8 μπιοΐΐ ' Cu significantly (ρ < 0 01) decreased heart 
rate and tail movements (Table 2). These embryos often showed a tetanus-like movement, 
which continued after hatching. 

Mineral content 

At pH 7.6 (Fig. la-d) 

No effect of Cu was observed on whole-body К levels of either eggs or larvae (Fig 1 a). Whole-
body Na levels of larvae exposed to 0.8 μιτιοί Γ1 Cu decreased significantly (ρ < 0.01) after 96 h 
compared to controls (Fig lb). Whole-body Mg levels were not affected in eggs and larvae 
exposed to 0.3 and 0.8 цтоі Γ1 Cu (Fig. le). In the egg stage, whole-body Ca levels of the 0.8 
μιτιοί Γ1 Cu group decreased significantly (p < 0.01) after 24-48 h compared to controls (Fig. 
Id). The larval stage showed a significant (p < 0.01) increase after 72 h in whole-body Ca levels 
for the 0.3 цтоі Г1 Cu group as compared to controls, whereas the 0.8 μιτιοί I ' Cu group 
demonstrated a significant (p < 0.01) decrease after 144 h compared to controls (Fig. Id). 

At pH 6.3 (Fig. 2a-d) 

After hatching, whole-body К and Na levels of larvae exposed to 0 3 and 0 8 μ mol 1 ' Cu 
decreased significantly (ρ < 0.01) after 72 h compared to controls (Fig. 2a-b). After 144 h, 
whole-body Mg levels of the 0.3 μιτιοί 1 ' Cu exposed larvae were significantly (p < 0 01) 
decreased compared to controls (Fig. 2c). Exposure to 0.8 μιτιοί Γ1 Cu, however decreased 
whole-body Mg levels of larvae significantly (p < 0 01) after 72 h (Fig. 2c). In both the 0 3 and 
0.8 μιτιοί Γ1 Cu-exposed groups whole-body Ca levels of eggs and larvae significantly (p < 
0.01) decreased after 24 h compared to controls (Fig. 2d). 
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280 
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[К] ûimol-g-i) 

hatching feeding 

- [Na] (цтоід-1) 

hatching feeding 
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0 24 48 72 96 120 144 168 
Time (hours after fertilisation) 

Figure 1. Whole-body К (a), Na (b), Mg (с) and Ca (d) concentrations (pmolg"1 dry weight) of carp eggs and 
larvae exposed to Cu at pH 7.6. Data are expressed as means ± SE (n = 7). Closed circle ( · ) represents control, 

open circle (O) exposure to 0.3 цтоі ]"' Cu, and triangle (Δ) exposure to 0.8 μηιοί Γ1 Cu. Inset on the graph for Ca 

shows the first 80 h, plotted at a larger scale. 

Copper accumulation 

At pH 7.6, 98% of the Cu was adsorbed to the egg membrane. The remaining amount was 
found in the embryo whereas at pH 6.3 more than 8% was found in the embryo. Immediately 
after hatching, larvae started to accumulate Cu in a concentration-related manner. At pH 6.3, Cu 
accumulation during the larval stage reached a level twice the observed at pH 7.6 (Fig. 3a-b). 

Hatching success 

For eggs incubated at pH 7.6 and 0.3 μιποί Γ Cu hatching success increased significantly (p < 
0.01) after 64 h compared to controls (Fig. 4a). At pH 6.3 and 0.8 цтоІ-Г1 Cu significant (ρ < 
O.Ol) premature hatching was also observed after 54 h (Fig. 4b). In addition the 0.3 цтоІТ' and 
0.8 цтоІ-Г1 Cu-exposed groups at pH 6.3 showed a significant (p < 0.01) decrease in hatching 
success after 75 h, compared to controls (Fig. 4b). 
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Swim bladder 

Through macroscopic observation of the larvae during the experiment, no swim bladder could 
be detected in larvae of both Cu groups at pH 6.3. In controls, the swim bladder was seen as a 
silvery organ, whereas in both Cu groups only a yellow patch was observed. Larvae of the 0.3 
μιηοΐ Γ1 Cu group were still able to float and swim. At pH 7.6, the 0.8 μιηοΙΓ1 Cu group 
appeared to be a mixture of fish with normal, and with small swim bladders. When the larvae 
were prevented from reaching the surface, none of the larvae displayed a filled swim bladder. 
During the experiment all larvae were constantly swimming up, followed by passive sinking. 
Fifteen minutes after being allowed to reach the surface, all of the larvae showed a filled swim 
bladder, except for the Cu-exposed groups at pH 6.3. 

г[КШтоІ-д-') 

280 

140 

feeding 

0 24 48 72 96 120 144 168 
Time (hours after fertilisation) 

0 24 48 72 96 120 144 168 
Time (hours after fertilisation) 

Figure 2. Whole-body К (a), Na (b), Mg (с) and Ca (d) concentrations ^mol-g"' dry weight) of carp eggs and 
larvae exposed lo Cu at pH 6.3. Data are expressed as means ± SE (n = 7). Closed circle ( · ) represents control, 

open circle (O) exposure to 0.3 цтоІТ1 Cu, and triangle (Δ) exposure to 0.8 μιτιοΙΓ1 Cu. Inset on the graph for Ca 

shows the first 80 h, plotted al a larger scale. 
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Figure 3. Accumulation of Cu by carp eggs and larvae 
exposed to Cu at pH 7.6 (a) and pH 6.3 (b). Data are 
expressed as means ± SE (n = 7). Closed circle ( · ) 
represents control, open circle (O) exposure to 0.3 

pmolT1 CU, and triangle (Δ) exposure to 0.8 pmolT 

Cu. 

Figure 4. Cumulative hatching success of carp 
eggs exposed to Cu at pH 7.6 (a) and pH 6.3 (b). 
Data are expressed as means ± SE (n = 7). Closed 
circle ( · ) represents control, open circle (O) 

exposure to 0.3 цтоІТ1 Cu, and triangle (Δ) 

exposure to 0.8 μητοΙΤ Cu. 

Figure 5. Cross section through control embryo (48 h after fertilisation) raised at water pH 6.3 showing a 
translucent perivitelline fluid (40x) (a). Cross section through embryo (48 h after fertilisation) exposed to 0.8 
μιηοΙ-Γ1 Cu at water pH 6.3 showing an opaque perivitelline fluid (40x) (b). PVF = perivitelline fluid, Y = yolk-sac. 
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Figure 6. Lateral view (8x) (a) and cross-section (lOOx) (b) of a control larva (168 h after fertilisation) raised at 
water pH 6.3 showing a prominent swim bladder and completely absorbed yolk-sac. Lateral view (8x) (c) and cross-
section (lOOx) (d) of a larva (168 h after fertilisation) exposed to 0.8 μ mol Γ Cu at water pH 6.3 showing a grossly 
reduced swim bladder and a non-absorbed yolk-sac. E = swim bladder epithelium; I = intestine; L = liver; M = 
muscles; N = neural tube; S = swim bladder; V = vertebrate, and Y = yolk-sac. 

Histology 

Histological examination showed that the eggs exposed to 0.8 μιτιοί Γ Cu at pH 6.3 had 

coagulated particles inside the egg membrane. Also, the yolk-sac of most of these embryos 

displayed coagulation. In the other groups the pvf was clear (Fig. 5a-b). In the 0.8 μιτιοί Г1 Cu 
group at pH 7.6 and the 0.3 and 0.8 μπιοί Γ1 Cu group at pH 6.3 the yolk-sac of the larvae had 

not been absorbed. Furthermore, other organs, e.g. intestine and liver, looked atrophied while 

the swim bladder lumen in these three groups was much smaller than in controls. Its epithelium 

was present, but appeared as a compact mass showing large cells, possibly macrophages (Fig. 

6a-d). 

pH controls 

In the controls of pH 6.3 no significant changes of any of the studied parameters were observed 

when compared to the controls of pH 7.6. 
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Discussion 

Our results clearly show that a decreased water pH leads to increased Cu toxicity during the 
early life stages of the carp This enhanced toxicity could be explained by the increased 
concentration of Cu2+ at lower water pH Indeed, at pH 7 6, 32% of the total Cu is present as 
Cu2\ while this amount increases to 92% at pH 6 3 (Miwa et al, 1988) This implies that the 
total amount of bioavailable Cu2+ is virtually the same to both the larvae of the 0 8 μ mol 1 ' Cu 
group at pH 7 6 and to the larvae of the 0 3 μιηοΙ 1 ' Cu group at pH 6 3, viz , 0 26 μ mol 1 ' Cu2+ 

(32% of 0 8 μπιοί 1 ' at pH 7 6) and 0 28 μπιοί 1 ' (92% of 0 3 μπιοί 1 ' at pH 6 3) Indeed, the 
total Cu-concentration in larvae exposed to 0 8 μπιοί 1 ' at pH 7 6 and larvae exposed to 0 3 
μ mol 1 ' at pH 6 3 are approximately equal This result supports the general view that Cu-forms 
such as Cu-carbonates and Cu-hydroxides (pH > 7) although potentially toxic, arc hardly 
available for uptake by fish (Miwa et al, 1988, Blust et al, 1988, Meador, 1991) 

At pH 6 3, coagulation of the penvitelline proteins occurred only at 0 8 μιτιοί 1 ' Cu 
leading to high mortality of the eggs This coagulation may be explained by the interaction of 
Cu with SH-groups, denaturing the proteins Embryonic deformation was already observed at 
0 8 μ mol I ' Cu (pH 7 6) and at 0 3 and 0 8 μ mol I ' Cu (pH 6 3) Cu significantly decreased Ca 
contents of Cu-exposed eggs at both pH 7 6 and 6 3 and, to a lesser extent, Mg contents (only in 
eggs exposed to 0 8 μ mol 1 ' Cu at pH 6 3) It should be stressed that Cu-exposure started 
immediately after fertilisation, thus before hardening of the egg membrane, enabling Cu"+ to 
pass easily through this membrane After hardening, the egg membrane acts as a cation 
exchanger, preventing metal ions with high binding affinities such as Cu2+, Hg2+ and Ag2+ from 
entering the surrounding penvitelline fluid (pvf), whereas metals with low binding affinities 
(Zn2+, Pb2+ and Cd2+) easily pass through the egg membrane and accumulate in the pvf 
according to the Donnan equilibrium (Rombough, 1985, Stouthart et al, 1994) In our 
experiment, Cu was located mainly in the egg membrane (98% at pH 7 6 and 92% at pH 6 3), 
while only a small amount of Cu was able to pass this barrier This accumulation of Cu could 
change the selective permeability of the egg membrane, leading to an impaired cation exchange 
capacity between the pvf and the ambient water The pvf contains a negatively charged colloid 
(Eddy and Talbot, 1985), which attracts cations from the ambient water and maintains a 
potential difference between pvf and the ambient water, the so-called penvitelline potential 
(pvp) The exchange of cations such as Mg2+ and Ca2+ between the water and the pvf is crucial 
for normal embryonic development (van der Velden et al, 1991) For example, when the pvp is 
affected by low pH or by a metal such as Cd2+, the ability of the pvf to concentrate Ca2+ is 
reduced as predicted by changes in the magnitude of the pvp (Peterson and Martin-Robichaud, 
1986) As a consequence, the passive diffusion increases Similarly, the presence of Cu in the 
egg membrane increases the probability of Cu to enter the pvf by either passive diffusion or as a 
result of exchange with other cations 

Copper exposure induced premature hatching at both pH 7 6 and pH 6 3, despite the 
decreased heart rate and tail movements of embryos exposed to 0 8 μ mol I ' at pH 6 3 Heavy 
metals such as Cd and Zn are also known to induce premature hatching and this has been 
ascribed to softening of the egg membrane (Benoit and Holcombe, 1978, Alderdice et al, 
1979) To our knowledge nothing is known about the effect of Cu on the egg membrane 
strength 

After hatching, Na and Ca are mainly taken up from the ambient water by the chloride 
cells, located on the yolk-sac epithelium, skin and in the developing gill filaments (Li et al, 
1995) In contrast, К and Mg are mainly taken up from the food (van der Velden et al, 1992) 
Our observation that only the whole-body Na and Ca concentrations are decreased in Cu-
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exposed larvae, supports the notion that Cu interferes with the branchial uptake of these ions. 
The branchial chloride cells have been reported to be the main exchange site for Na and Ca 
(Sayer et al, 1991). The intimate contact of the fish gills with water makes them very 
vulnerable to heavy metals, including Cu (Lauren and McDonald, 1987a,b). Indeed, Cu 
exposure has been shown to reduce plasma Na+ and Ca2+ in rainbow trout (Oncorhynchus 
mykiss) (Muñoz et al, 1991; Wilson and Taylor, 1993; Pilgaard et al, 1994) and decreases the 
whole-body content of these ions in developing brown trout {Salmo trutta) (Flik and Verbost, 
1993). During Cu exposure, Na+ uptake in developing rainbow trout was strongly inhibited, 
probably because of a decreasing Na+/K+-ATPase activity (Lauren and McDonald, 1987b). 
Freshwater fish gills have a tight epithelium, and transcellular influx of ions dominates over 
paracellular efflux. Movement of Ca2+ and Na+ into the chloride cell is passive, down their 
electrochemical gradients over the apical membrane, and appears to be regulated through 
channel or carrier proteins (Wood and Marshall, 1994). After inhibition of Na+/K+-ATPase in 
the basolateral membrane, Na+ transfer to the blood will be decreased (Flik et al, 1990). 
Na+/K+-ATPase may also indirectly support Ca2+ uptake νια maintenance of a transmembrane 
Na+ electrochemical gradient. This in tum appears to be the driving force for the basolateral 
Na+/Ca2+-exchanger (Verbost et al, 1994; Wendelaar Bonga and Dederen, 1986), which may be 
affected by the drop in plasma Na+ level. This means that this route of Ca2+ transport to the 
blood will also be inhibited by Cu. However, Cu exposure at pH 6.3 decreased whole-body K, 
Na, Mg and Ca. Since whole-body К and Mg levels were already lowered before feeding, this 
observed decrease can not be explained by insufficient uptake of food. Therefore, it is more 
likely that this decrease is the result of enhanced branchial efflux of K, Na, Mg and Ca. The 
lower water pH is considered to be the main cause of this leakage, by affecting the tight 
junctions between the branchial epithelial cells (paracellular route) resulting in increasing 
permeability (Wendelaar Bonga and Dederen, 1986). 

Yolk-sac absorption was also inhibited by Cu, particularly at pH 6.3. The rate of yolk 
absorption may have been affected by the metal via reduction of the metabolic activity of the 
yolk syncytium. 

The failure of the larvae to fill their swim bladder during Cu exposure at pH 6.3 made 
them unable to maintain their position in the water. The larvae of many species fill the swim 
bladder soon after hatching, or at the end of yolk resorption, probably by swallowing air at the 
surface (Doroshev et al, 1981). However our results show that when Cu-exposed larvae were 
allowed to reach the surface, they were still unable to fill their swim bladder. One possibility to 
explain this phenomenon is that due to the underdeveloped upper jaw syndrome, larvae are 
unable to swallow air. Another possibility is that the gas exchange systems for fine regulation of 
the buoyancy is affected by Cu. This could explain the partial filling of several swim bladders in 
the 0.8 μιτιοί Γ1 Cu group at pH 7.6. Resorption and secretion of O2 occur in specialised regions 
of the swim bladder as a result of differences in the partial pressures of O2 between this organ 
and the blood. How Cu interferes with this process is still unknown and remains to be 
investigated. 

The Dutch water quality standard for cyprinid species is < 0.5 μτηοΐ Γ1 Cu. From the 
observed sublethal effects in the 0.3 μπιοί Γ1 Cu group at pH 6.3 in our laboratory, it is feasible 
that the carp population under these conditions could also be affected in natural waters. Our 
results indicate that early life stages of fish prove to be a very sensitive bioassay for aquatic 
pollutants such as copper. 
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Stress-responsiveness of the pituitary-interrenal axis 
during early life stages of the common carp 

Summary 

Whole-body levels of adrenocorticotropic hormone (ACTH), alpha-melanocyte-stimulatmg 
hormone (ct-MSH) and Cortisol in eggs and larvae of the common carp (Cyprmus cai pio) were 
determined periodically up till 168 h post-fertilisation ACTH, ct-MSH and Cortisol 
immunoreactivity was detected in unfertilised eggs, and endogenous production of ACTH and 
ct-MSH was observed after 24 h post-fertilisation, and of Cortisol after 36 h post-fertilisation 
ACTH immunoreactivity reached peak levels prior to hatching (56-72 h post-fertilisation) and 
remained relatively stable afterwards, while a-MSH immunoreactivity started to increase after 
hatching After 36 h post-fertilisation, whole-body Cortisol levels increased rapidly reaching 
peak levels at the end of hatching (72 h post-fertilisation), remaining stable until the end of the 
experiment From 50 h post-fertilisation on, embryos and larvae increased their whole-body 
Cortisol levels when subjected to handling (mechanical pressure during egg stage or netting 
during the larval stage) It is concluded that the pituitary-interrenal (PI) axis in carp is fully 
functional at the time of hatching No indications of a stress non-responsive period post-hatch 
were observed 

To characterise ACTH and a-MSH immunoreactivities in carp larvae, whole-body 
homogenates were analysed by high-liquid pressure chromatography (HPLC), with pituitary 
homogenates of adult carp serving as reference. ACTH and a-MSH immunoreactivity in carp 
larvae homogenates consisted of 3 and 2 products, respectively HPLC of adult carp pituitanes 
revealed the presence of 2 ACTH-immunoreactive products which may represent a 
phosphorylated and a non-phosphorylated ACTH variant, while the 3 a-MSH peaks most likely 
represent des-acetylated-, mono-acetylated-, and di-acetylated a-MSH, the latter being the 
predominant form In carp larvae however, one of the ACTH immunoreactive products co-
eluted with the non-phosphorylated ACTH while the two a-MSH products identified co-eluted 
with des-acetylated and mono-acetylated a-MSH, indicating that pro-opiomelanocortin 
(POMC) processing at this stage of development varies from prohormone processing in adult 
fish 

Stouthart, A J H X , E C H E T Lucassen, F J С van Strien, Ρ H M Balm, R A С Lock and S E Wendelaar 

Bonga, 1998 J Endocrinol 157, 127 137 
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Introduction 

The hypothalamus-pituitary-interrenal (HPI) axis of fish is crucial for the adaptation of these 
animals to environmental challenges Adrenocorticotropic hormone (ACTH), which is produced 
in the pars distahs of the pituitary gland, is considered the major corticotropic factor regulating 
the synthesis and release of Cortisol (Balm et al, 1994, Wendelaar Bonga, 1997) In tilapia 
(Oreochromis mossambicus), alpha-melanocyte-stimulating hormone (a-MSH), which is 
produced in the pars intermedia of the pituitary gland, m vitro exerts corticotropic actions 
(Lamers et al, 1992) The interrenal corticosteroid Cortisol has been shown to affect 
osmoregulation, energy metabolism, immune competence (Wendelaar Bonga, 1997), and 
developmental processes, including hatching, growth and metamorphosis, in particular during 
stress (De Jesus et al, 1991, Yamano et al, 1991) The presence of Cortisol has been 
demonstrated in eggs and larvae of various cichhd and salmonid species (De Jesus and Hirano, 
1992, Hwang et al, 1992, Hwang and Wu, 1993, Barry et al, 1995) In unfertilised fish eggs, 
Cortisol is already present via maternal transfer of this hormone during oogenesis (Feist et al, 
1990) but endogenous Cortisol production does not start before hatching (De Jesus et al ,1991, 
Hwang et al, 1992, Hwang and Wu, 1993, Barry et al, 1995, Sampath-Kumar et al, 1995) 
Studies on salmonid species have indicated that ACTH as well as a-MSH immunopositive cells 
are present in the pituitary glands of fish embryos (Naito et al, 1993, Saga et al, 1993), 
although the onset of their production and their concentrations has not yet been determined 
previously in these life stages 

In early life stages the HPI axis is activated during stress Studies on salmonids using 
temperature shock and handling showed that the axis could be activated after hatching 
(Pottinger and Mosuwe, 1994, Barry et al, 1995) In other studies, toxic stressors were used to 
induce a stress response Stouthart et al (1998) showed that carp larvae exposed to the 
polychlonnated biphenyl 126 (PCB 126) evoked a stress response 3 days after hatching 
Stephens et al (1997) showed that turbot (Scophthalmus maximus) larvae exposed to the water-
soluble fraction of crude oil increased their whole-body Cortisol levels two days after hatching 
In most of these studies Cortisol is the parameter studied, whereas the role of ACTH and a-
MSH has received much less attention 

The aim of this paper is twofold Firstly to follow the ACTH, a-MSH and Cortisol production 
during embryonic and larval development of carp {Cyprinus carpió) until 168 h post-
fertihsation and secondly, to determine at what time embryos and larvae can respond to 
handling stress via an elevation of whole-body Cortisol levels 

Materials and methods 

In vitro fertilisation and incubation of eggs 

Carp gametes were obtained from the common carp {Cyprinus carpio) as described by Oyen et 
al (1991) Approximately 1200 eggs from one female were fertilised by sperm from one male 
and distributed among 20 Petri dishes One minute after fertilisation the Petri dishes, with 
fertilised eggs stuck to the bottom, were nnsed and transferred to 4-1 aquaria which were flowed 
through (1 1 h ') with oxygenated UV-stenhsed chemically defined water at 24°C under a 12-h 
light/dark cycle The water contained the following ion concentrations (mmol 1 ') 0 06 KCl, 
0 40 NaHCOi, 0 20 MgS04, 0 80 CaCl2 Eggs were considered dead when parts of the content 
turned opaque and white, or when heart beat had stopped Dead eggs were immediately 
removed to prevent fungal infection of the other eggs The larvae were not fed during the 
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experiment. Directly after fertilisation 10 Petri dishes, each dish containing at least 30 eggs, 
were put in separate aquaria and embryos or larvae were sampled at 12, 24, 36, 48, 60, 72, 96, 
120, 144 and 168 h post-fertilisation for wet weight and hormones (n = 20). Two Petri dishes 
containing a total of at least 350 eggs were put in one aquaria for high-liquid pressure 
chromatography (HPLC) analysis, histology and immunology at 168 h post-fertilisation. For the 
handling experiments, 5 Petri dishes, each dish containing at least 10 eggs were put in one 
aquaria and used at 50 h post-fertilisation. Three Petri dishes (at least 150 eggs per dish) were 
kept in separate aquaria to carry out handling experiments with larvae at 72, 96 and 120 h post-
fertilisation. This protocol was repeated five times, yielding η = 6 per treatment. 

Histology 

At 168 h post-fertilisation, larvae were collected for light microscopical examination. After 
fixation in Bouin's solution, dehydration, and embedding in paraffin, sagittal sections were cut 
at 5 цт thickness. An immunocytochemical method using an antiserum raised in rabbits against 
hACTH[l-24] (this antiserum also detects melanotropes; van Eys and van den Oetelaar, 1981) 
and a-MSH (van Zoest et al, 1989) were used to identify ¡mmunoreactive ACTH and oc-MSH 
cells. 

Radioimmunoassays (RIAs) 

Concentrations of ACTH, a-MSH and Cortisol were determined in duplicate by RIA according 
to Balm et al. (1994), van Zoest et al. (1989) and Balm et al. (1998), respectively. The ACTH 
antibody had negligible cross-reactivity with a-MSH. The a-MSH antibody recognises des-, 
mono- and di-acetylated a-MSH with similar sensitivity. Although we can not exclude cross-
reactivity with other components in the homogenates, the Cortisol antibody has marginal cross-
reactivity with 11-deoxycortisol (5.9%), cortisone acetate (0.16%), cortisone (2.6%) and 17a-
OH-progesterone (0.4%). The detection limit of the assay was per tube: 0.32 pg ACTH, 2.5 pg 
a-MSH, and 4 pg Cortisol. The intra- and interassay coefficients of variation were 6 and 7% for 
ACTH, 5 and 11 % for a-MSH, and 3 and 5 % for Cortisol, respectively. 

Biochemistry 

To identify different ACTH and a-MSH ¡mmunoreactive forms, 300 larvae (168 h post-
fertilisation) were homogenised in 1 ml ice-cold 0.01 M HCl using a glass-to-glass Potter 
homogenise device. Membranes and particulate material were removed by centrifugation 
(13.000 g, 10 minutes; repeated three times). The peptides were separated by HPLC. Fractions 
were freeze-dried under vacuum (Speed-Vac Concentrator Savant, New Brunswick Scientific, 
Edison, UK) and redissolved in 150 μ 1 RIA-buffer. ACTH and a-MSH immunoreactivity were 
determined in duplicate by RIA. 

Development 

To determine wet weight, 20 eggs or larvae from each batch were collected at 0 h (unfertilised 
eggs), 12, 24, 36,48, 60, 72 (hatching; 56-72 h post-fertilisation), 96, 120, 144 (yolk absorption 
completed), and 168 h after fertilisation. Eggs or larvae were frozen in a mixture of dry ice and 
methanol (approximately -70°C), collected in pre-weighed vials and weighed. To these samples 
200 μΐ (0, 12, 24, 36, 48, 72 and 96 h post-fertilisation) or 400 μΐ (120, 144 and 168 h post-
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fertilisation) 0 01 M ice-cold HCl was added and subsequently homogenised using a glass-to-
glass Potter homogenise device Membranes and particulate material were removed by 
centrifugation (13000 g, 10 minutes, repeated three times) Whole-body ACTH, a-MSH and 
Cortisol levels were determined in duplicate by RIA 

Handling 

At 50 h post-fertilisation a total of 5 Petri dishes were used Embryos of one Petri dish were 
sampled at rest (time 0) by transfemng them to a mixture of dry ice and methanol Embryos of 
the remaining Petri dishes were mechanically disturbed by squeezing the egg membrane slightly 
with a forceps, inducing one tail movement of the embryo This procedure started at rest (time 
0) and was repeated after 1, 2, 3 and 4 minutes Embryos were sampled after 5, 30, 60 and 120 
minutes A similar experiment was carried out with larvae at 72, 96, 120 h post-fertilisation At 
each of these time points 20 larvae were sampled at rest (time 0) The remaining larvae were 
netted for 1 minute and distributed among 4 Petri dishes and subsequently sampled 5, 30, 60 
and 120 minutes afterwards To the samples 200 μΐ (50, 72 and 96 h post-fertilisation) or 400 μΐ 
(120 post-fertilisation) 0 01 M ice-cold HCl was added and samples were homogenised Whole-
body levels of Cortisol were determined in duplicate by RIA This experiment was repeated five 
times, yielding η = 6 

Statistical analyses 

Differences among the variances were evaluated by the Bartlett test Mann-Whitney tests were 
used to assess differences among means In data presented in fig 4, means of the time point 
following directly after the lowest hormone value were tested Statistical significance was 
accepted at ρ < 005 Data are expressed as means ± SEM (η = 6) 

Results 

Histology 

Immunoreactive ACTH and a-MSH cells in the pituitary of 168 h old carp larvae are shown in 
fig 1 At 168 h post-fertilisation immunoreactive ACTH could be identified in cells located in 
the distal lobe of the pituitary (la) ACTH immunopositivity was also observed in the 
melanotrope cells Immunoreactive a-MSH was specifically located in cells of the intermediate 
lobe of the pituitary (lb) 

Biochemistry 

Dose-response competitive binding curves for standard ACTH, a-MSH and Cortisol extracts of 
carp eggs (48 h post-fertilisation) and larvae (168 post-fertilisation) are shown in fig 2 Serial 
dilution's of egg and larvae homogenates displaced radiolabelled ACTH, a-MSH and Cortisol 
from the antibody in parallel with dilution's of the standards used 

HPLC analyses of the ACTH and a-MSH immunoreactivities in carp pituitary homogenates 
are shown in fig 3. ACTH was present as two products (peak A and B), peak В being the 
predominant form The a-MSH immunograms from the adult carp pituitary homogenates 
demonstrated three peaks, designated des-acetylated-, mono-acetylated-, and di-acetylated a-
MSH respectively (Follénius et al, 1985) In carp larvae homogenates three ACTH products 
were seen Only one peak (termed A') co-eluted with peak A in the adult carp pituitary 
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Analyses of the a-MSH immunoreactivity in carp larvae homogenates revealed two products, 

co-eluting with des-acetylated a-MSH and mono-acetylated a-MSH. 

pi 

i 

Figure 1. Mid-sagittal sections through the pituitary gland of 168 h old carp larvae. Immunoreactive ЛСТН in cells 
located in the pars distalis (pd) and immunoreactive melanotropes in the pars intermedia (pi) of the pituitary (40x) 
(a). Immunoreactive a-MSH in cells located in the pars intermedia (pi) of the pituitary (40x) (b). 
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Figure 2. Competitive binding curves of ACTH, a-MSH and cortisol-standards and dilution curves of ACTH. 
a-MSH and Cortisol in homogenates of eggs (48 h after fertilisation) and larvae (168 h after fertilisation). 
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Figure 3. HPLC immunograms of adult carp pituitanes and whole-body carp larvae homogenates (168 h after 
fertilisation). Closed circles illustrate the elution profiles of ACTH and α-MSH Open and closed arrow indicate the 
elution position of the hACTH[l-39] standard and α-MSH standard, respectively. Between 10 and 22 min 0 3-min 
fractions were collected. 

Development 

The wet weight of 20 unfertilised eggs was 23.9 ± 0.6 mg. Directly after fertilisation the wet 
weight increased to 56.4 ± 2.9 mg and remained stable until hatching. Thereafter, wet weight of 
20 larvae decreased to 27.5 ± 1.6 mg and remained stable until 168 h post-fertilisation. Whole-
body immunoreactive ACTH, α-MSH and Cortisol levels during the first 168 h of carp 
development are shown in fig. 4. ACTH immunoreactivity could be detected in unfertilised eggs 
(t = 0) and decreased until 24 h post-fertilisation. From 24 h post-fertilisation on ACTH 
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immunoreactivity significantly (p < 0.05) increased. In particular prior to, and during hatching 
time (56-72 h post-fertilisation), ACTH immunoreactivity increased markedly. After hatching 
ACTH levels decreased. Immunoreactivity of a-MSH could be detected in unfertilised eggs (t = 
0) and decreased until 24 h post-fertilisation, followed by a slight but significant (p < 0.001) 
increase. After hatching, whole-body a-MSH levels rapidly increased further and stabilised. In 
unfertilised eggs, high levels of Cortisol were present which decreased during 36 h post-
fertilisation period. After that, whole-body Cortisol levels significantly (p < 0.001) increased to a 
steady level at 72 h (end of hatching). 

hatching 
yolk-sac 

absorption 

600 

300 

0 24 48 72 96 120 144 168 
Time (hours after fertilisation) 

Figure 4. Changes of ACTH, a-MSH and Cortisol immunoreactivity (pg per 20 eggs and larvae) during the early 
development of carp. Data are expressed as means ± SEM. (η = 6). 

43 



Chapter 5 

Handling 

Whole-body Cortisol levels of controls and stressed carp embryos and larvae at 50, 72, 96 and 
120 h post-fertilisation are shown in fig. 5. Embryos (50 h post-fertilisation; 6 h before 
hatching) responded 5 minutes after handling with a significant (p < 0.01) increase of whole-
body Cortisol levels. The Cortisol peak returned to control levels within 30 minutes. Directly 
after hatching (72 h post-fertilisation), larvae subjected to handling had significantly (p < 0.01) 
increased Cortisol levels at 5, 30 and 60 minutes, decreasing to control levels after 120 minutes. 
Larvae subjected to handling at 96 or 120 h post-fertilisation had significantly increased whole-
body Cortisol levels as compared to controls at respectively 5 (p < 0.01), and 5 and 30 minutes 
(p < 0.05), and returned to control levels after 30 and 60 minutes, respectively. 
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Figure 5. Changes of Cortisol immunoreactivity at 5, 30, 60 and 120 minutes after handling stress during different 
stages of the early development of carp (pg per 20 eggs and larvae). Data are expressed as means ± SEM (η = 6). 50 
h (before hatching), 72 h (directly after hatching), 96 and 120 h after fertilisation (yolk-absorption). 
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Discussion 

Characterisation ofACTH and a-MSH 

As m tilapia (Balm et al, 1994) two ìmmunoreactive forms of ACTH (termed A and B) were 
found in the pituitary of adult carp The antiserum used has been demonstrated to detect ACTH 
molecules in a variety of (non-mammalian) vertebrate species (Dores et al, 1993) The 
ìmmunoreactive ACTH products in carp eluted earlier than the human ACTH standard which 
has also been demonstrated for tilapia (Balm et al, 1994) In the latter study it was 
demonstrated that the two ACTH immunoreactive products were equipotent in stimulating 
Cortisol release from the interrenal cells, their potency being similar to that of human ACTH 
We therefore conclude that the two products identified in the present study represent carp 
ACTH Consistent with this, Hon and Ng (1986) showed that several fractions of carp pituitary 
glands separated via CM-cellulose chromatography possessed ACTH-like immunoreactivity, 
whereas only two fractions were bioactive, evidenced by a dose-related stimulation of 
corticosterone production from isolated rat adrenal cells Tran et al (1989) found two 
immunoreactive ACTH products in the cypnnid goldfish (Carasiius auratus) Also in human 
pituitarios two distinct, steroidogenically equipotent, forms of ACTH were isolated and purified 
(Bennett et al, 1983) This latter study identified the more polar form of ACTH as a 
phosphorylated form, whereas quantitatively the non-phosphorylated ACTH was most 
abundant Possibly, the two products found in adult carp pituitanes also represent a non-
phosphorylated (A) and a phosphorylated (B) form of ACTH, as discussed previously for tilapia 
(Balm et al, 1994) The finding that teleost ACTH, but not a-MSH, elutes at different positions 
compared to their human counterparts most likely relates to the considerable dissimilarities in 
amino acid sequence between the hormones, which is almost exclusively restricted to the 
corticotropic-like intermediate lobe peptide (CLIP) moiety Three forms of a-MSH were found 
in the adult carp pituitary, ι e des-acetylated, mono-acetylated and di-acetylated These a-MSH 
forms were described earlier for the intermediate lobes of the cypnnids Cyprinus carpio and 
Carassius auratus by Follénius et al (1985), and the cichhd tilapia by Lamers et al (1991) and 
Balm et al (1994) In agreement with their findings, the di-acetylated a-MSH was most 
abundant in the melanotropes of our carp Because no literature is available on immunoreactive 
forms of ACTH and a-MSH during the early life stages of the common carp and other teleosts, 
we compared data with the HPLC profiles of pituitanes obtained from adult carp pituitanes The 
analysis of 168 h old carp larvae revealed three ACTH immunoreactive peaks One product (A ), 
co-eluting with peak A in the adult carp pituitary, may represents the non-phosphorylated form 
of ACTH Although the two other peaks have not been identified they could either originate 
from a larval type of corticotrope as present in mammals (Perez et al, 1997) or they could 
illustrate different pro-opiomelanocortin (POMC) processing between embryonal and mature 
corticotropes The ACTH antibody used in our experiments showed a marginal cross-reactivity 
with CLIP in other vertebrates (Dores pers communication) but negligible cross-reactivity with 
tilapia CLIP (Balm et al, 1994) The unidentified peaks therefore probably do not represent 
carp CLIP Two α-MSH-immunoreactive products were found in these carp larvae, co-eluting 
with des-acetylated and mono-acetylated a-MSH respectively Although no di-acetyldted form 
was found at this stage of development, these findings show that acetylation of a-MSH is taking 
place at least 168 h post-fertilisation 
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Structural development of the HPI axis 

The results of this study demonstrate that in carp the pituitary-interrenal (PI) axis is already 
functional at the time of hatching (56 h post-fertilisation) This conclusion is based on three 
observations Firstly, whole-body ACTH (24 h post-fertilisation), Cortisol (36 h post-
fertilisation), and to a lesser extent, oc-MSH levels markedly increased prior to hatching 
Secondly, elevated whole-body Cortisol levels were observed in carp embryos prior to hatching 
as a result of handling Thirdly, carp larvae responded to handling stress directly after hatching, 
indicating that a non-stressresponsive period after hatching is absent This is the first study to 
measure concurrently whole-body levels of ACTH, a-MSH and Cortisol during the early 
development of a freshwater fish and after exposure to handling stress in this period Previously 
we showed (Stouthart et al, 1998) that a 48 h exposure to the toxicant PCB 126 during the 
embryonic stage induced an increase of whole-body ACTH, a-MSH and Cortisol levels in carp 
larvae compared to larvae from sham treated embryos 

The presence of ACTH, a-MSH and Cortisol in unfertilised eggs and the first embryonic 
stages of teleosts is most likely due to maternal deposition of these hormones into the yolk-sac 
(Feist et al, 1990) In several fish species, plasma Cortisol levels are rising during the final 
stages of vitellogenesis and during ovulation, and Cortisol is known to easily pass cell 
membranes because of its lipophilicity (Feist et al, 1990) Also the presence of other lipophilic 
hormones such as thyroid hormones and sex steroids like estradiol and testosterone have been 
demonstrated in eggs of teleosts (Feist et al, 1990, De Jesus et al, 1991, De Jesus and Hirano, 
1992) However, also peptide hormones such as prolactin and growth hormone have been 
demonstrated in fish eggs (Lam, 1994) One of the possibilities is that ACTH and a-MSH is 
transferred passively with vitellogenin into the eggs during oogenesis, but the typical 
characteristics of the larval ACTH and a-MSH immunoreactivities may argue against this The 
function of the hormones deposited by the female into the eggs is not yet clear, although the 
patterns of disappearance of the various hormones from the yolk may reflect the demand of the 
embryos for these hormones during embryogenesis, until endogenous hormone production starts 
(Brown and Bern, 1989) Endogenous ACTH and a-MSH production, judged from an increase 
in whole-body hormone content, was detected biochemically after 24 h post-fertilisation Since 
no literature on whole-body levels of ACTH and a-MSH in early life stages of fish is available, 
our results can only be compared with immunohistochemical data Naito et al (1993) detected 
immunoreactive ACTH and a-MSH in the pituitary of chum salmon (Oncorhynchus keta) 2 
weeks before hatching The number, size and also the intensity of the immunoreactive staining 
of the ACTH and a-MSH cells increased gradually during embryonic life, and markedly after 
hatching (Naito et al, 1993, Saga et al, 1993) These authors found a co-ordinated development 
of the adeno- and neurohypophysis Neuroendocrine fibres, from areas including the preoptic 
regions, reached the neurohypophysis during the final week of embryonic life, indicating the 
development ot the characteristic hypothalamus-pituitary relationship by the time of hatching In 
a study on the early development of rainbow trout (Oncorhynchus myhss) Saga et al (1993) 
found immunoreactive a-MSH at 18 days post-fertilisation (stage 21) and ACTH at 35 days 
post-fertilisation (stage 28) in the pituitary gland, hatching occurred 42 days post fertilisation 
(stage 29) Both number and immunoreactivity of the cells increased gradually during 
embryonic development In most of these studies the distinction between the production sites of 
both hormones, in particular in embryos, could not be clearly established, because the ACTH 
and a-MSH antibodies used showed some cross-reactivity, and because prior to hatching the 
ACTH and a-MSH producing cells are still located in the same area of the pituitary gland The 
decrease m whole-body ACTH and a-MSH during the early embryonic stages indicates the 
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clearance of these hormones No literature is available on the clearance of ACTH and a-MSH 
during early development Several studies on different fish species showed that in fertilised eggs 
corticosteroids as well as sex steroids and thyroid hormones can be metabolised (De Jesus et al, 
1991, De Jesus and Hirano, 1992, Hwang etal, 1992, Hwang and Wu, 1993,Barry et al, 1995, 
Sampath-Kumar et al, 1995) Importantly, endogenous ACTH and a-MSH production occurred 
in the carp embryos before Cortisol production had started After hatching, whole-body ACTH 
levels slightly decreased but remained relatively stable, while whole-body levels of a-MSH 
markedly increased at 96 h post-fertilisation 

The rapid decrease of Cortisol, that we observed during the first stages of embryonic 
development in carp, has also been reported for Japanese flounder, chum salmon, tilapia, 
rainbow trout, and Asian seabass {Lates calcarifer) (De Jesus et al, 1991, De Jesus and Hirano, 
1992, Hwang et al, 1992, Hwang and Wu, 1993, Barry et al, 1995, Sampath-Kumar et al, 
1995) This points to metabolisation in the embryos of the Cortisol of maternal origin As 
mentioned above, teleost embryos have been shown to metabolise steroids up from the day of 
fertilisation of the eggs, and we suggest that eggs may utilise maternal Cortisol during early 
development as long as the interrenal gland is not yet functional Most authors showed that 
whole-body Cortisol levels decreased during the whole course of embryonic development of 
different species (De Jesus et al, 1991, Hwang et al, 1992, Hwang and Wu, 1993, Barry et al, 
1995, Sampath-Kumar et al, 1995), and these authors could not demonstrate endogenous 
Cortisol production before hatching Contrastingly, our observations on carp show that the levels 
of this hormone markedly increased after 36 h post-fertilisation, which demonstrates that 
endogenous production already started well before hatching Thus carp is the first species for 
which endogenous production of ACTH, a-MSH as well as Cortisol has been demonstrated in 
the embryonic stage The first indications of endogenous Cortisol production in other fish 
species have only been observed after hatching, tilapia after 1 day (Hwang et al, 1992, Hwang 
and Wu, 1993), rainbow trout after 1 day (Hwang et al, 1992, Barry et al, 1995), milkfish 
(Chanos chanos) after 3 days (Hwang et al, 1992), Asian seabass after 4 days (Sampath-Kumar 
et al, 1995), yellowfin bream (Acanthropagrus latus) after 5 days, and Japanese flounder after 
15 days (De Jesus et al, 1991 ) 

Functional development of the HPI axis 

Typically, the first signs of cortical tissue in teleosts are observed prior to hatching (Chester 
Jones and Mosley, 1980), which is consistend with our finding that whole-body Cortisol levels 
increased within five minutes when carp embryos are stressed This indicates that a stress 
response can already be evoked at a very early stage in the life of carp However, no evidence 
was found that the hypothalamic-pituitary-interrenal (HPI) axis of rainbow trout is transiently 
activated prior to hatching upon handling stress (Pottinger and Mosuwe, 1994, Barry et al, 
1995) Our experiments also show that freshly hatched larvae were sensitive to handling In 
salmonids this response appears after hatching In rainbow and brown trout (Salmo trutta) a rise 
in whole-body corticosteroids in response to handling and confinement could not be observed 
before larvae reared at 5°C were 5 weeks old, and it took 30-60 minute to develop (Pottinger 
and Mosuwe, 1994) Barry et al (1995) demonstrated doubling of Cortisol levels in 2-week 
post-hatch rainbow trout larvae reared at 10°C, 1 h after 30-sec handling followed by 0°C cold 
shock These results indicate that the start of the cortisol-stress response might be related to the 
temperature at which the fish eggs and larvae have been reared Stephens et al (1997) showed 
that turbot (Scophthalmus maximus) larvae, which were kept at 15°C, exposed to crude oil 
increased whole-body Cortisol levels from as early as two days post-hatch A response by the 
HPI axis to a stressor in fish embryos, as demonstrated in our study on carp, is so far unique for 
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fish In birds, stress-responsiveness gradually increases but markedly rises just before hatching 
(Carsia and Malamed, 1989) This is followed by a period of non-responsiveness to stressors 
which starts after hatching and lasts for 48 h (DeKloet et al, 1988) Similarly, in mammals a 
period of non-responsiveness has been reported immediately after birth In rats, basal 
corticosteroid levels decrease dramatically after birth and remain low for 2 weeks, during which 
time different type of stressors do not elicit increases in circulating glucocorticoid levels as they 
do in adult animals (DeKloet et al, 1988) We did not obtain evidence for a non-responsive 
period to stressors during the early development of carp The species differences in HPI 
development between carp and other species may be correlated with the differences in the 
morphogenetic stages of teleost larvae at the time of hatching (Balon, 1981) and is not solely 
temperature dependent Also, differences between the early life histories of salmonids and carp 
could relate to the differences observed, since salmonids spend a considerable time period as 
yolk-sac larvae or alevins within the gravel substrate in which the eggs are laid, whereas 
cypnnids are free-swimming larvae on hatch Carp is of interest because its embryonic 
development is very fast (72 h at 24CC), which is much faster than for instance the development 
of a warm water species such as tilapia (12 days at 26°C), or cold water species such as 
salmonids (27-29 days at 10°C) 

The Cortisol response to handling in carp embryos occurs at a time when ACTH and ct-MSH 
production has already started, and, since both hormones have been implicated in the pituitary 
control of Cortisol secretion in fish, one or both of these hormones may have acted as Cortisol 
secretagogue in this experiment In addition to short term regulation of Cortisol, most likely the 
trophic action of ACTH is also involved in the normal development of the ìnterrenal cells 
(DeKloet et al, 1988) α-MSH appears a less likely Cortisol secretagogue at this stage of 
development, because the most corticotropic form (di-acetylated α-MSH, Balm et al, 1995), 
was not present in these larvae In addition to ACTH and α-MSH other neuroendocrine factors, 
such as acetylcholine and ANP (Kloas et al, 1994), may be involved because, as in mammals 
and other teleosts, the control of Cortisol release in carp is multifactorial 

Cortisol plays an important role during the early development offish Hwang and Wu (1993) 
showed that larval tilapia of 1 day after hatching increased their whole-body Cortisol contents 
when transferred to 20%o seawater, indicating that at that stage the hormone may be involved in 
seawater adaptation In these experiments the survival of Cortisol fed tilapia larvae after transfer 
from freshwater to 28%o seawater was significantly higher than that of control larvae 
Furthermore Mathiyalagan et al (1996) showed that immersion of one-day-old tilapia larvae in 
a Cortisol solution significantly enhanced their growth, while higher concentration caused 
retarded growth Cortisol is an important osmoregulatory hormone for ion regulation in 
freshwater as well as in seawater fish An important target for this action are the chloride cells of 
the gills Proliferation, differentiation and Na+/K+-ATPase activity of these cells are stimulated 
by Cortisol (McCormick, 1995) Li et al (1995) showed that the gills of tilapia have already 
functional chloride cells immediately after hatching Thus Cortisol may already control chloride 
cell function immediately after hatching Therefore, in view of the effects of Cortisol 
demonstrated in these early stages, we suggest that an transient activation of interrenal Cortisol 
production due to stressful stimuli will have major consequences for further development of the 
fish 
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Waterborne copper elicits an endocrine stress response 
in developing carp embryos 

Summary 

Whole-body adrenocorticotropic hormone (ACTH) and Cortisol levels in eggs and larvae of the 
common carp (Cypnnus carpió) exposed to 0 3 and 0 8 μ mol 1 ' copper (Cu) were determined 
periodically up till 168 h post-fertilisation From 48 h post-fertilisation whole-body ACTH 
immunoreactivity of embryos exposed to 0 8 цтоі 1 ' Cu were higher when compared to 
controls and embryos exposed to 0 3 цтоі 1 ' Cu At 96 h post-fertilisation, also whole-body 
ACTH immunoreactivity increased in larvae exposed to 0 3 μιτιοί 1 ' Cu when compared to 
controls Whole-body Cortisol levels were higher in embryos and larvae exposed to 0 8 and 0 3 
цтоі 1 ' Cu at 48 and 96 h post-fertilisation, respectively, when compared to controls Thus, 
whole-body ACTH and Cortisol levels of Cu exposed embryos and larvae increased in a 
concentration-related fashion, and remained elevated till the end of the experiment Whole-body 
Ca and Na levels were lower at 48 and 72 h post-fertilisation, respectively, in embryos and 
larvae exposed to 0 8 цтоі 1 ' Cu when compared to controls and embryos and larvae exposed 
to 0 3 μ mol 1 ' Cu From 96 h post-fertilisation onwards, whole-body Ca levels of larvae 
exposed to 0 3 μιηοΐ 1 ' Cu increased when compared to controls and larvae exposed to 0 8 
μ mol 1 ' Cu No Cu could be detected in embryos exposed to 0 3 μ mol 1 ' Cu (around 25 μ g 
Cu g ' dry weight was absorbed to the egg membrane of these embryos) Embryos exposed to 
0 8 μπιοί I ' Cu accumulated approximately 6 μg Cu g ' dry weight, (170 μg Cu g ' dry weight 
was absorbed to their egg membranes) Cu exposure had no effect on egg mortality but, starting 
at 96 h post-fertilisation, increased mortality, which showed a sharp rise after 144 h post-
fertihsation, and resulted in 22% mortality at the end of the experiment Already before 
hatching, spinal cord deformation was observed in 38% of the embryos exposed to Cu This 
value remained stable until the end of the experiment Wc conclude that the hypothalamus-
pituitary-interrenal (ΗΡΓ) axis was already functional before hatching, which may be causally 
related to the apparent acclimation of carp to the lower Cu concentration. 

Stoulhart, A J Η Χ , Ρ Η M Balm, R A С Lock and S E Wcndelaar Bonga, (in prep) 
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Chapter 6 

Introduction 

The development of the hypothalamus-pituitary-interrenal (HPI) axis is crucial during the early 
development of fish because this axis enables the animals to cope with environmental stressors 
In the pars distalis of the pituitary, cells produce adrenocorticotropic hormone (ACTH) which 
regulates the synthesis and release of Cortisol from the ïnterrenal cells (Wendelaar Bonga, 
1997) One of the functions of this corticosteroid hormone is to counteract the effects of 
stressors Copper (Cu) is well known as an environmental stressor in adult fish Although Cu 
concentrations rarely exceed 0 05 μιτιοί 1 ' in natural waters (Hellawell, 1988), concentrations in 
polluted waters exceeding 1 pmol 1 ' have been reported In fish, the gills are the primary target 
organ during waterbome Cu exposure This metal has been shown to inhibit branchial Na+/K+-
ATPase activity reducing branchial Na+ and Ca2 + uptake via direct interaction with this enzyme 
(Li et al, 1996), and to increase necrosis and apoptosis of branchial chloride and pavement 
cells (Pelgrom et al, 1995, Li et al, 1998) This disturbance of hydromineral homeostasis may 
trigger a stress response, as has been observed in Cu-exposed tilapia (Pelgrom et al, 1995) 
Cortisol has been shown to increase the ion transporting capacity of the gills by increasing the 
number of chloride cells as well as the activity of ion transporting enzymes including Na7K+-
ATPase and Ca2+-ATPase (Flik and Perry, 1989) The elevated stress hormone levels are 
considered to be necessary for counteracting and restoration of the negative effects of toxic 
metals on the hydromineral balance On the other hand Cortisol can also have negative effects on 
fish health In adult fish, prolonged elevated plasma levels of Cortisol decrease growth rate and 
reproductive success, and increase the susceptibility to diseases (Wendelaar Bonga, 1997) The 
effects of Cu exposure on fish may be caused directly by toxic actions on the gills, or indirectly, 
via stimulation of an integrated stress response 

The studies which demonstrated a stress response to Cu have dealt with adult fish In 
general, larval stages of fish are more sensitive to toxicants than adult fish Although the 
sensitivity of larvae to toxicants has been related to their relatively large body surface, the 
possibility remains that the functioning of the HPI axis is not yet optimal The aim of this paper 
is therefore to measure the effect of Cu exposure on whole-body ACTH, Cortisol, Na and Ca 
levels during embryonic and larval development of carp (Cyprmus carpio) Furthermore, 
cumulative mortality and body deformation of embryos and larvae were determined 

Materials and methods 

In vitro fertilisation and incubation of eggs 

Carp gametes were obtained from the common carp (Cyprmus carpio) as described by Oyen et 
al (1991) Approximately 5400 eggs from one female were fertilised by sperm (from one male) 
and distributed over 27 Petri dishes One minute after fertilisation the Petri dishes, with 
fertilised eggs stuck to the bottom, were rinsed and transferred to 4-1 aquaria The water 
consisted of deminerahzed water to which the following salts were added in concentrations 
(mmol I ') characteristic of Nijmegen tap water 0 06 KCl, 0 40 NaHCO,, 0 20 MgS0 4, 0 80 
СаСЬ This water was used either without (controls) or after addition of Си(ЫОз)г ЗНіО to 
nominal concentrations of 0 3 or 0 8 μπιοί 1 ' Cu Eggs were incubated at 24°C under a 12-h 
light/dark cycle Constant Cu concentrations were maintained via a flow-through system (1 1 h ') 
with oxygenated UV-stenlised water Actual total Cu concentrations remained within 5% of the 
nominal values as analysed daily using Atomic Absorption Spectrophotometry (AAS) Eggs 
were considered dead when parts of the content turned opaque and white, or when heart beat 

50 



Cu stress 

had stopped. Dead eggs were immediately removed to prevent fungal infection of the other 
eggs. Eggs were put in separate aquaria (approximately 200 eggs per aquaria) and embryos or 
larvae were sampled at 0 (unfertilised eggs), 24, 48, 72, 96, 120, 144 and 168 h post-fertilisation 
for determing wet weight, whole-body ACTH and Cortisol levels, and whole-body Na and Ca 
levels. Twenty embryos or larvae were pooled for one measurement. From a separate Petri dish 
20 embryos were collected and their egg membrane removed to measure the Cu levels in egg 
membranes and embryos during hatching (60 h post-fertilisation). Also one Petri dish was used 
to follow cumulative embryo and larval mortality and deformation. This experiment was 
repeated 5 times, yielding η = 6. 

Whole body ACTH and Cortisol levels 

To determine whole-body ACTH and Cortisol levels, 20 eggs or larvae were collected at 0 h 
(unfertilised eggs), 24, 48, 72, 96, 120, 144, and 168 h after fertilisation. Eggs or larvae were 
immediately frozen in a mixture of dry ice and methanol (approximately -70°C), collected in 
pre-weighed vials and weighed. To these samples 200 μ I (0, 24, 48, 72 and 96 h post-
fertilisation) or 400 μΐ (120, 144 and 168 h post-fertilisation) 0.01 M ice-cold HCl was added 
and subsequently homogenised using a glass-to-glass Potter homogenise. Membranes and 
particulate material were removed by centrifugation (13.000 g, 10 minutes; repeated three 
times). Whole-body ACTH and Cortisol levels were determined in duplicate by RIA, according 
to Balm et al. (1994) and Balm et al. (1998), respectively. The ACTH antibody had negligible 
cross-reactivity with ct-MSH. Although we cannot exclude cross-reactivity with other 
components in the homogenates, the Cortisol antibody displays notably low cross-reactivities 
with 11-deoxycortisol (5.9%), cortisone acetate (0.16%), cortisone (2.6%) and 17a-OH-
progesterone (0.4%). The detection limits per tube of the assays was: 0.32 pg ACTH and 4 pg 
Cortisol. The intra- and interassay coefficients of variation were 6 and 7% for ACTH and 3 and 
5 % for Cortisol, respectively. Data were expressed as pg ACTH and Cortisol per 20 eggs or 
larvae. 

Whole-body Na and Ca levels 

To determine wet and dry weight and whole-body Na and Ca levels, 20 eggs or larvae were 
collected at 0 h (unfertilised eggs), 24,48, 72, 96, 120, 144, and 168 h after fertilisation. Eggs or 
larvae were frozen in a mixture of dry ice and methanol (approximately -70°C), collected in pre-
weighed vials and weighed (wet weight). The eggs and larvae were freeze-dried to constant 
weight and reweighed (dry weight). Tissues were dissolved for 24 h at 70°C in 65 % HNOj. 
Whole-body Na levels were analysed in a flame photometric auto analyser (Technicon). Whole-
body Ca levels were determined with inductive coupled plasma atomic emission spectrometry 
(Plasma IL200, Thermo Jarell Ash). Data were expressed as nmol Na and Ca per 20 eggs or 
larvae. 

Cu levels in egg membrane and embryo prior to hatching 

During hatching (60 h post-fertilisation) 20 embryos were collected from each experimental 
group, rinsed, and separated from their egg membrane. Cu levels of the egg membrane and 
embryos were measured. Tissues were dissolved in 65 % HNO3 for 24 h at 70CC. The Cu levels 
were measured with AAS. Data are expressed as μg Cug'1 dry weight in embryo or egg 
membrane. 

51 



Chapter 6 

Cumulative embryo and larval mortality and deformation 

Dead embryos and larvae were counted and removed every 12 h, starting after fertilisation 
Quantification of deformation started at 48 h post-fertilisation until the end of the experiment 

Statistical analyses 

Differences between the variances were evaluated by the Bartlett test Mann-Whitney tests were 
used to assess differences between means Statistical significance was accepted at ρ < 0 05 Data 
are expressed as means ± SEM (η = 6) 

Results 

Wet weight 

No differences in wet weight were observed between controls and embryos and larvae exposed 
to Cu The wet weight of 6 batches of 20 unfertilised eggs was 25 ± 1 mg per batch Directly 
after fertilisation, wet weight increased to approximately 48 mg and remained stable until 
hatching Thereafter, wet weight decreased to 30 mg and remained stable until 168 h post-
fertilisation 

Wliole-body ACTH and Cortisol levels 

Whole-body immunoreactive ACTH and Cortisol levels are shown in fig 1 From 48 h post-
fertihsation onwards, ACTH immunoreactivity of embryos exposed to 0 8 μπιοί 1 ' Cu was 
higher when compared to controls and to embryos exposed to 0 3 цтоі 1 ' Cu Whole-body 
ACTH immunoreactivity increased in larvae exposed to 0 3 μπιοί 1 ' Cu from 96 h post-
fertihsation on Whole-body Cortisol levels increased in larvae and embryos exposed to 0 3 and 
0 8 μπιοί I ' Cu when compared to controls at 48 h and 96 h post-fertilisation, respectively 

Wliole-body Na and Ca levels 

Whole-body Na and Ca levels are shown in fig 2 Whole-body Ca and Na levels of embryos 
and larvae exposed to 0 8 цтоі 1 ' decreased when compared to controls and embryos and 
larvae exposed to 0 3 μπιοί 1 ' Cu, at 48 and 72 h post-fertilisation, respectively, and remained 
so until the end of the experiment At 96 h post-fertilisation, whole-body Ca levels of larvae 
exposed to 0 3 μπιοί 1 ' Cu increased when compared to controls and larvae exposed to 0 8 
μ mol 1 ' Cu, and remained elevated 

Cu levels in egg membranes and embryos prior to hatching 

Cu could not be detected in control embryos and embryos exposed to 0 3 μ mol 1 ' Cu Cu 
appeared all to be absorbed to the egg membrane (25 ± 4 μg Cu g ' dry weight) at the lower Cu 
concentration Embryos exposed to 0 8 μπιοί 1 ' contained 6 ± 2 μg Cu g ' dry weight, but the 
major part was absorbed to the egg membranes (170 ± 11 μg Cu g ' dry weight) 
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hatching [-Na(xlO) hatching 
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24 48 72 96 120 144 168 
Time (hours after fertilisation) 

Figure 1. Whole-body ACTH (a) and Cortisol (b) 
levels (pg per 20 eggs or larvae) exposed lo 0.3 and 
0.8 цтоІ-Г1 Cu. Data arc expressed as means ± SEM 
(η = 6). Closed circle ( · ) represents control, open 

circle (O) exposure to 0.3 μιτιοΙ Γ1 Cu, and triangle (Δ) 
exposure to 0.8 цтоі і ' Cu. Letters indicate 
differences (p < 0.05) between groups: " compared 
with control values; ь compared with 0.3 цтоІ-Г1 Cu-
exposcd larvae. 

0 24 48 72 96 120 144 168 
Time (hours after fertilisation) 

Figure 2. Whole-body Na (a) and Ca (b) levels 
(nmol per 20 eggs or larvae) exposed to 0.3 and 
0.8 цтоІТ1 Cu. Data arc expressed as means ± 
SEM (η = 6). Closed circle ( · ) represents control, 
open circle (O) exposure to 0.3 pmoll ' Cu, and 
triangle (Δ) exposure to 0.8 μπιοίΤ1 Cu. Letters 
indicate differences (p < 0.05) between groups: * 
compared with control values; ь compared with 
0.3 μπιοΙΊ ' Cu-exposed larvae. 
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Cumulative embryo and larval mortality and deformation 

Egg and larval mortality and deformation are shown in fig. 3. No increased embryo mortality 
was observed in embryos exposed to Cu at both concentrations. No difference in mortality 
between control larvae and larvae exposed to 0.3 цтоі 1 ' Cu was observed. Mortality of larvae 
exposed to 0.8 μιηοΐ 1 ' Cu started to increase from 96 h post-fertilisation on, showing a sharp 
rise after 144 h post-fertilisation. An increase in the incidence of spinal cord deformation was 
only observed in embryos exposed to 0.8 μπιοί 1 ' Cu. 

16 

Cumulative egg mortality (%) 

40 

20 

28 

14 

0 24 4Θ 72 
Cumulative deformation (%) 

0 24 4Θ 72 96 
Cumulative larval mortality (%) 

72 96 120 144 168 
Time (hours after fertilisation) 

Figure 3. Cumulative egg mortality (a), deformation (b) and larval mortality (c) of carp eggs and larvae exposed to 

0 3 and 0 8 μπιοί 1 ' Cu Data are expressed as means ± SEM (η = 6) Closed circle ( · ) represents control, open 

circle (O) exposure to 0 3 μπιοί 1 ' Cu, and triangle (Δ) exposure to 0 8 μπιοί 1 ' Cu Letters indicate differences (p 

< 0 05) between groups a compared with control values,ь compared with 0 3 μπιοί 1 ' Cu-exposed larvae 
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Discussion 

Our results show that the HPI axis in carp embryos can be activated by Cu The stress response 
observed in carp embryos (48 h post-fertilisation) exposed to 0 8 pmol 1 ' Cu is probably related 
to the disturbed physiological homeostasis of these animals However, the observed stress-
response could not counter homeostatic and developmental effects of Cu at the highest 
concentration, but appeared successful at 0 3 μιτιοί 1 ' Cu, since no major homeostatic 
disfunctioning was observed at this Cu level 

In embryos and larvae exposed to 0 8 μιτιοί 1 ' Cu, the observed rise of whole-body ACTH 
and Cortisol levels coincided with a decrease of whole-body Ca and Na levels, from respectively 
48 and 96 h post-fertilisation on In fish, disturbance of the hydromineral balance is often 
followed by activation of the HPI axis Adequate functioning of the HPI axis is crucial for the 
survival of the fish As in adult fish, Ca and Na are mainly taken up during the embryonic stage 
from the ambient water by the chloride cells, located in the yolk-sac epithelium, the skin and in 
the developing gill filaments (Li et al, 1995) Our observation that whole-body Ca and Na 
levels decreased in Cu-exposed larvae, may be related to Cu induced inhibition of Na+/K+-
ATPase activity (Li et al, 1996) and reduced branchial ion uptake Such effects have been 
reported before for adult tilapia exposed to waterbome Cu (Pelgrom et al, 1995) The increased 
Cortisol level as a result of the stress response evoked may contribute to the restoration of the 
disturbed mineral balance of the embryos In adult fish, Cortisol has been shown to increase the 
ion-transporting capacity of the gills by increasing the number of chloride cells (Goss et al, 
1992), as well as the level of ion transporting enzymes in fish (Flik and Perry, 1989) 

Larvae exposed to 0 8 μ mol 1 ' and 0 3 μ mol 1 ' Cu, both had elevated whole-body ACTH 
and Cortisol levels, up from 48 and 96 h post-fertilisation, respectively, but only the former had 
decreased whole-body Ca levels and increased mortality and deformation This observation may 
indicate that 0 3 μπιοί 1 ' Cu caused either minor homeostatic dysfunctioning or that the HPI 
axis was successful in maintaining mineral balance Since no disturbance of the mineral balance 
was observed in the larvae expose to 0 3 μπιοί 1 ' Cu, the question anses how the HPI axis 
becomes activated in these animals The olfactory epithelium of fish is extremely sensitive to 
potentially noxious agents, such as Cu In adult fish the threshold concentration for olfactory 
perception of Cu is approximately 0 03 μ mol 1 ' If the olfactory system would have been 
functional at this stage of development, olfactory perception could induce a stress response 
Olfactory perception of Cu is not likely to take place before hatching since the amount of Cu 
which entered control embryos and those exposed to 0 3 μ mol 1 ' Cu was below level of 
detection Although the major part of the Cu was absorbed to the egg membranes at both Cu 
concentrations, embryos exposed to 0 8 μ mol 1 ' Cu accumulated 6 μ g Cu g ' embryo No Cu 
could be detected in controls and embryos exposed to 0 3 μπιοί 1 ' Cu Most likely the initial 
start of the stress response in the embryos exposed to 0 8 μιτιοί 1 ' Cu was mediated through 
mineral imbalances as reflected by the observed decrease of whole-body Ca levels After 
hatching, also olfactory perception of Cu may have contributed to the maintenance of the stress 
response, since the animals at that stage were in direct contact with Cu 

We conclude that the HPI axis was already responsive to Cu before hatching, which may be 
causally related to the apparent acclimation of carp to the lower Cu concentration 
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Endocrine stress response and abnormal development in carp larvae after 
exposure of the embryos to PCB 126 

Summary 

To investigate whether polychlonnated biphenyl 126 (PCB 126) exposure during embryonic 
development induces an endocrine stress response in larval carp, eggs were exposed, 
immediately after fertilisation, for 48 h to water containing 0 01 % ethanol (vehicle-control), 
10 ", 10 l 0 and 109 mol 1 ' PCB in 0 01% ethanol Eggs incubated in normal water served as 
controls After transfer to PCB-free water, mortality, the incidence of yolk-sac and pericardial 
oedema, wet and dry weight, rate of skin pigmentation, and whole-body levels of the stress 
hormones adrenocorticotropic hormone (ACTH), alpha-melanocyte-stimulating hormone (a-
MSH) and Cortisol were determined at 48, 96, 144, 168, 192 and 216 h post-fertilisation Except 
for the dry weight, all parameters of animals exposed to 10 l 0 and 109 mol 1 ' PCB increased in 
a concentration-related manner However, these changes became evident only at 144 h post-
fertilisation, ι e after resorption of the yolk-sac Swelling of the yolk-sac and pericardium 
occurred, and whole-body ACTH, ct-MSH and Cortisol levels increased Although animals 
exposed to 10 10 and 109 mol 1 ' PCB displayed stable but elevated whole-body ACTH and a-
MSH levels until 216 h, whole-body Cortisol levels gradually decreased from 168 h post-
fertilisation, and were significantly below control values at 216 h post-fertilisation Exposure of 
the carp embryos to 10 " mol 1 ' PCB only increased whole-body cc-MSH levels Increased 
whole-body ACTH and Cortisol levels indicate that PCB induces a stress response in carp 
larvae, possibly mediated by a disturbed hydromineral balance (oedema) We further suggest 
that the PCB stimulated body pigmentation is mediated by a stimulation of a-MSH secretion 

Stoulhart AJHX MAJ Hmjbregts PHM Balm, R AC Lock and S E Wendelaar В onga, 1998 Fish Physiol 
Biochem, in press 
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Chapter 7 

Introduction 

In teleost fish, as in other vertebrates, the hypothalamus-pituitary-interrenal (HPI) axis is 
activated by a wide variety of stressors (Wendelaar Bonga, 1997) Such activation has been 
shown already to occur in fish at an early developmental stage (Hwang and Wu, 1993, Pottinger 
and Mosuwe, 1994, Barry et al, 1995a,b) Adrenocorticotropic hormone (ACTH) is considered 
the major factor controlling Cortisol secretion, Cortisol is the main end product of the HPI axis 
and has a variety of functions, including regulation of energy metabolism, hydromineral 
balance, and immune competence (Barton and Iwama, 1991, Balm et al, 1994, Wendelaar 
Bonga, 1997) Lamers et al (1992) demonstrated that in tilapia (Oreochromis mossambitui) the 
dlpha-melanocyte-stimulating hormone (a-MSH) in vitro has corticotropic effects, Sumpter et 
al (1986) showed that during severe stress, plasma a-MSH levels increased markedly in 
rainbow trout (Oncorhynchus mykiss) 

It has long been recognised in mammals that endocrine tissues are affected by 
polychlonnated biphenyl's (PCBs) (Birnbaum, 1994) More recently, Hontela et al (1992, 
1995) showed that adult yellow perch (Perca flavescens) and northern pike (Esox lucius) from 
PCB-polluted areas had an impaired stress response after capturing and handling In our 
laboratory, Quabius et al (1998) showed that orally administered PCB 126 impaired the 
pituitary-interrenal (PI) response of tilapia (Oreochrorms mossambicus) to an additional 
stressor However, to our knowledge nothing is known about the stress response during the early 
development of fish after exposure to PCBs The 2,3,7,8-tetrachlorobenzo-p-dioxin-like 
(TCDD-hke) toxicant, PCB 126, disturbs the water balance of developing larvae of several fish 
species, as indicated by severe yolk-sac and pericardial oedema (Walker and Peterson, 1994, 
Walker et al, 1994, Zabel et al, 1995) As the HPI axis is involved in hydromineral regulation 
(also in larvae, Hwang and Wu, 1993), oedema might be caused by inhibition of this axis by 
PCB exposure We therefore studied the stress response in the larvae of the common carp 
(Cypnnus carpio) after exposure of the embryos to PCB 126 To this end we exposed fertilised 
eggs for 48 h to PCB 126 and after transfer to PCB-free water, we measured at regular intervals 
ACTH, a-MSH and Cortisol in relation to mortality, yolk-sac and pericardial oedema, wet and 
dry weights, and rate of pigmentation 

Materials and methods 

In vitro fertilisation and incubation of eggs and larvae 

Gametes were obtained from the common carp as described by Oyen et al (1991) 
Approximately 2000 eggs from one female were fertilised with sperm from one male and 
distributed among 5 Petri dishes (Stouthart et al, 1998) One minute after fertilisation, the Petri 
dishes, with the fertilised eggs stuck to the bottom, were rinsed and placed in an oxygenated 
static system Eggs were incubated for 48 h to chemically defined water either (control), or to 
water containing 0 01% ethanol (vehicle control), 10 ", 10 l0 and 109 mol 1 ' PCB 126 in 200-
ml glass beakers The water contained the following ion concentrations (mmol 1 ') 0 06 KCl, 
0 40 NaHC03, 0 20 MgS04, 0 80 CaCl2 The PCB 126 (2 mmol 1 ', >99% purity) was obtained 
from Dr H Witters (VITO, Mol, Belgium) 

At 48 h post-fertilisation, eggs from each beaker were washed and transferred to 4-1 plastic 
aquaria which were flowed through (1 1 h ') with oxygenated UV-sterihsed PCB-free water at 
24°C and pH 7 8 under a 12-h light/dark cycle Further development was visually inspected at 
regular intervals for mortality, occurrence of oedema and melanophore index, embryos and 
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larvae were sampled at 48, 96, 144, 168, 192 and 216 h for wet weight (n = 20) and hormone 
measurement (n = 20) Following the final sample point, the remaining fish were counted for the 
calculation of % mortality and occurrence of oedema This protocol was repeated four times 
yielding η = 5 per treatment 

Mortality and oedema 

Eggs were considered dead when they turned opaque or white, and when heart beat had stopped 
Dead eggs (0 - 72 h post-fertilisation) and larvae (72 - 216 h post-fertilisation) were counted 12, 
24, 48, 72 (end of hatching), 96, 120, 144 (end of yolk absorption), 168, 192 and 216 h post-
fertihsation, and were immediately removed to prevent fungal infection of the other eggs and 
larvae The incidence of yolk-sac oedema (always observed with pericardial oedema) was 
determined during the later larval stage by microscopic examination 

Wet and dry weight 

Twenty embryos (48 h post-fertilisation) or larvae (96, 144, 168, 192 and 216 h post-
fertilisation) from each batch were immediately frozen in a mixture of dry ice and methanol 
(approximate -70°C), and collected in pre-weighed vials Adhering fluid was removed by 
blotting on filterpaper After weighing (wet weight), animals were freeze-dned and reweighed 
(dry weight) 

Whole-body ACTH, a-MSH and Cortisol levels 

At each time point, 20 embryos or larvae were frozen m a mixture of dry ice and methanol 
(-70°C), and collected in vials The frozen samples were homogenised by ultrason if ication in 
200 μΙ 0 01 M HCl (48 and 96 h post-fertilisation) and 400 μΐ 0 01 M HCl (144, 168, 192 and 
216 h post-fertilisation) Concentrations of ACTH, α-MSH, and Cortisol were determined by 
radioimmunoassay (RIA), according to Balm et al (1994), van Zoest et al (1989), and Balm et 
al (1998), respectively 

Scanning electron microscopy and light microscopy of larvae 

At 144 h post-fertilisation larvae from each group were sampled for examination under the 
scanning electron microscope (SEM) Following dehydration in a graded series of ethanol 
concentrations and transfer to liquid CO2, larvae were gold-coated in a Balzers coating unit 
(CPD 020, Balzers, Switzerland) Animals were examined in a Jeol-JSM Τ 300 SEM Fish were 
also examined under the light microscope Pigmentation rate was evaluated using the 
melanophore index (mi) of Hogben and Slome (see Bagnara, 1963), with the pigment 
aggregation ranging from 1 (fully aggregated) to 5 (fully dispersed) 

Statistical analyses 

Data are expressed as means ± SE After natural-log transformation a one-way analysis of 
variance was used to assess significant differences between groups Significance between 
specific pairs of means were tested with the Tukey-test and accepted for significance at ρ < 0 05 
compared with control values 
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Results 

No significant changes of any of the studied parameters were observed between controls and 
vehicle-controls 

Mortality and oedema 

Mortality and oedema were first observed at 144 h post-fertilisation The effects of PCB-
exposure on embryo and larval mortality and yolk-sac and pericardial oedema are presented in 
Table 1 No difference in embryo mortality was observed between PCB-exposed groups and 
controls However mortality of the 10 l 0 and 109 mol 1 ' PCB-exposed larvae increased in a 
concentration-related manner from 144 h post-fertilisation and later when compared with 
controls and 10 " moll' PCB-exposed larvae No yolk-sac and pericardial oedema was 
observed in the 10 " moll' PCB-exposed larvae and controls Incidence of yolk-sac and 
pericardial oedema of the 1010 and 109 moll1 PCB-exposed larvae increased in a 
concentration-related manner from 144 h post-fertilisation and later when compared with 
controls and 10 " mol I ' PCB-exposed larvae PCB exposure had no effect on time of hatching 
or time of yolk-sac resorption 

Table 1 Mortality of carp eggs and larvae and oedema of larvae during exposure lo PCB 126 

[PCB 126] 
m o l l ' 

Control 

0 01%ЕЮН 

1 0 " 

10 ю 

10' 

Egg 
mortality' 

9 ± 2 

1 0 ± 2 

11 ± 3 

1 2 ± 2 

12 + 3 

Larval 
mortality3 

6 ± 3 

5 + 2 

7 ± 4 

5 1 ± 7 b c 

92 ± 6b c d 

Oedema' 

0 ± 0 

0 ± 0 

0 ± 0 

30 ± 9Ь c 

77 ± 1 4 b c d 

1 Mortality and oedema arc expressed as percentage of the total number of eggs and larvae means ± SE (n=5) 
b Significant at the level of ρ < 0 05 compared to control values 
c Significant at the level of ρ < 0 05 compared to 10 " mol 1 ' PCB exposed larvae 
d Significant at the level of ρ < 0 05 compared lo 10 '° mol 1 ' PCB exposed larvae 

Wet and dry weight 

The effects of PCB on wet weight are presented in Fig la No differences were observed 
between the 10 " mol 1 ' PCB-exposed larvae and controls Wet weights of the 10 l 0 and 109 

mol 1 ' PCB-exposed larvae had increased in a concentration-related manner at 144 h post-
fertilisation and later when compared with controls and 10 " mol 1 ' PCB-exposed larvae No 
differences in dry weights were observed between control larvae and PCB-exposed larvae 
(results not shown) 

Whole-body ACTH. a-MSH and Cortisol levels 

In comparison to control ACTH levels, which gradually increased, no elevation of whole-body 
ACTH level was observed in the 10 " moll' PCB-exposed larvae when compared with 
controls (Fig lb) Whole body ACTH levels were increased at 144 h to 216 h post-fertilisation 
in larvae exposed to 10 10 mol 1 ' and 109 mol 1 ' PCB when compared with controls and 10 " 
mol 1 ' PCB-exposed larvae Furthermore, whole-body ACTH level of 10 9 mol 1 ' PCB-exposed 
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larvae was increased when compared with 10"10 moll"1 PCB-exposed larvae, from 144 h to 216 
h post-fertilisation. Whole-body a-MSH levels were increased at 144 h post-fertilisation and 
remained elevated in larvae exposed to 10"" (except for the 216 h sample point), 10"10 and 10"9 

mol-Г' PCB when compared with controls (Fig. lc). PCB-effect on whole-body Cortisol levels 
were biphasic (Fig. Id). At 144 h post-fertilisation in fish exposed to 10"10 and 10"9 moll"1 PCB 
levels were elevated when compared with control and 10"" moll'1 PCB-exposed larvae, but 
were lower at 216 h post-fertilisation. Furthermore, whole-body Cortisol levels of 10'9 moll"1 

PCB-exposed larvae were higher than in 10 1 0 mol-Г1 PCB-exposed larvae, from 144 h to 168 h 
post-fertilisation. 

Wet weight 

yolk-sac 
hatching absorption 

am 

a-MSH (x100) 

160 

48 9Θ 144 168 192 216 
Time (hours after fertilisation) 

48 96 144 168 192 216 
Time (hours after fertilisation) 

Figure 1. Wet weight (a) (mg per 20 carp embryos or larvae) and whole-body ACTH (b), a-MSH (c) and Cortisol 
(d) levels (pg per 20 carp embryos or larvae) at indicated times following 48 h exposure of fertilised eggs to 0 

(control; · ) , 0.01% ethanol (vehicle-control; O), and ΙΟ11 (Δ), 101 0 (0) or 10'' (G) mol-I"1 PCB 126. Data are 
expressed as means ± SE (n = 5). Letters indicate differences (p < 0.05) between groups: * compared with 
vehicle-control values; ь compared with 10'" mol-Г1 PCB-exposed larvae; c compared with 10"'° mol ! ' PCB-
exposed larvae 
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Scanning electron microscopy and light microscopy of larvae 

Examples of the effects of PCB exposure on larval morphology are shown in Figs. 2 and 3. No 

malformations were observed in larvae exposed to 10 " mol Γ when compared with controls. 

Larvae exposed to 10 and 10" mol Τ1 PCB exhibited yolk-sac and pericardia] oedema and 

craniofacial deformations starting at 144 h post-fertilisation. The skin of larvae exposed to 10 

and LO"9 mol Γ1 PCB was darker than that of controls and fish exposed to 10 " mol-I"1 PCB (Fig. 

3). Throughout the experimental period, the melanin in the melanocytes of controls and 10 

mol-l'1 PCB-exposed larvae remained aggregated (melanophore index (mi) 1-2), whereas, 

starting at 144 h post-fertilisation, melanin granules in the melanocytes in larvae exposed to 10' 
1 0 (mi 4-5) and IO"9 (mi 5) mol-Г1 PCB were completely dispersed. 

Figure 2. Lateral view of control larva (a) (144 h post- Figure 3. Dorsal view of control larva (a) (144 h 
fertilisation) (18x) and larva (144 h after fertilisation) post-fertilisation) (18x) with aggregated melanin in 
exposed to 10 'moll 'PCB 126(b) showing shortened the melanophore cells and larva (144 h after 
maxillae, deformed head region, opercula and pectoral fertilisation) exposed to 109 mol-l ' PCB 126 (b) 
fins, and swelling of the pericardium and yolk-sac as showing dispersed melanin in the melanophore 
shown by scanning electron microscopy (18x). Ρ = eclisas shown by light microscopy (18x). 
pericardium; Y = yolk-sac. 

Discussion 

The results of this study demonstrate that the PI axis in carp larvae is not activated until 3 days 
after hatching as a result of exposure of the animals to PCB 126 during their embryonic 
development. Sufficient toxicant had apparently accumulated to induce this effect. This 
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bioaccumulation of PCB likely occurred in the lipophilic yolk, a phenomenon previously 
described for various lipophilic compounds (Boon and Duinker, 1985) We propose that as long 
as PCB is stored in the yolk-sac it is not immediately available for toxic action, since this 
compound is likely bound to the triglyceride fraction, which is not used up until the final stages 
of yolk-absorption Such delayed action of PCB has also been reported for other lipophilic 
toxicants including PCB 126 in fish (Helder, 1980, Walker and Peterson, 1991) During this 
period the yolk-sac acts as a toxicant sink, making PCB a (potential) biological "timebomb" 
Indeed, in the swim-up stage when the yolk-sac had been resorbed 3 days after hatching, an 
oedematous syndrome became apparent in the PCB-exposed animals This syndrome resembled 
the deadly blue-sac disease in fish Various physico-chemical (ammonia in water, temperature 
shock and hypoxia) and genetic factors can influence the prevalence of blue-sac disease 
syndrome in hatchery-reared salmonids (Balon, 1980, Roberts and Shepherd, 1986) The 
syndrome observed in our fish was characterised by yolk-sac and pericardial oedema, including 
craniofacial alterations, and hyperpigmentation Similar effects as we observed for carp have 
been described in sac fry of lake trout (Salvelmus namaycush) after being exposed to different 
polychlonnated compounds including PCB 126 (Spitsbergen et al, 1991, Walker et al, 1992, 
Walker and Peterson, 1994, Walker et al, 1994, Zabel et al, 1995) 

The observed yolk-sac and pericardial oedema indicates a disturbed water balance In adult 
fish, such disturbance will induce a stress response in an attempt to counter-act this imbalance 
(Eddy, 1981, Wendelaar Bonga and Lock, 1992) This response is partly controlled by the PI 
axis via the interrenal hormone Cortisol In our experiments the incidence of oedema coincided 
with the increase of the three PI hormones in PCB-treated larvae, demonstrating that the PI axis 
became activated no later than 3 days post-hatching as a likely reaction to an osmotic imbalance 
Although Stephens et al (1997) showed that turbot {Scophthalmus maximus) larvae exposed to 
crude oil showed an endocrine response indicated by elevated whole-body Cortisol levels, to our 
knowledge this is the first study demonstrating the ability of fish larvae to activate their PI axis 
after exposure to PCB during embryonic development Almost every hormone system examined 
in the terrestrial vertebrates has been shown to be altered by 2,3,7,8-tetrachlorobenzo-p-dioxin 
(TCDD) and TCDD-hke toxicants in some cell-type, tissue, or developmental stage (Birnbaum, 
1994) PCBs are known to influence endocrine tissues directly, and inhibitory rather than 
stimulatory effects have been reported for Cortisol Probably PCBs have a dual action on the PI 
axis in fish, either a stimulatory one when a stress response is evoked through homeostatic 
disturbance and a direct inhibitory one at pituitary or interrenal level In fact, both types of 
actions of PCBs could account for the present observations on whole-body Cortisol levels The 
ACTH levels remained high after 144 h post-fertilisation, when Cortisol levels started to decline 
This may indicate PCB 126 toxicity to the cortisol-producing interrenal cells Quabius et al 
(1998) showed that orally administered PCB 126 inhibited the ACTH sensitivity of tilapia 
(Oreochromis mossambicui) cortisol-producing ìnterrenal cells We suggest that a similar PCB 
action becomes apparent at a later stage of development, and underlies the discrepancy between 
the ACTH and Cortisol profiles from 168 h onwards Strong uptake of PCBs in the adrenal 
cortex has been well documented for birds, mammals and fish (Felt et al, 1979) Byrne et al 
(1988) showed that exposing rats to PCB resulted in profound reduction in their circulating 
adrenal cortex hormones, as well as in lower adrenal weight 

Whole-body a-MSH levels in the larvae became elevated even at the lowest PCB 
concentration, when no changes in ACTH and Cortisol levels were observed At this PCB 
concentration larvae apparently did not experience osmotic stress, and no oedema was observed 
In particular at 10'° and 109 moll ' PCB, elevation of a-MSH was also associated with 
pigment migration, starting after 144 h This phenomenon has been demonstrated for many 
vertebrate species including fish (van Eys, 1980) Similarly, Kleeman et al (1988) observed 
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hyperpigmentation in TCDD-exposed juvenile carp and largemouth bass (Micropterus 
salmoides) The absence of an elevation in Cortisol at the lowest PCB concentration does not 
support the notion that ot-MSH is a corticotropic factor in carp larvae at least during osmotic 
stress In vitro, a corticotropic action of in particular di-acetylated a-MSH, in conjunction with 
another pituitary factor, probably N-acetylated-ß-endorphin (Balm et al, 1995), has been 
reported for tilapia (Lamers et al, 1992) Apparently the role of α-MSH in the regulation of the 
PI axis differs, depending on the type of stressor between species and stage of development The 
biphasic effect observed in whole-body Cortisol levels underscores the influence of the 
developmental stage with regards to the effects of PCB, and most likely of other toxicants, on 
endocrine tissues in fish 
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Summary 

At water pH 7.5, exposure of carp embryos and larvae to 0.5 μπιοΙ-Γ1 lead (Pb) only decreased 
their tail movements while exposure to 1.0 μπιοΙ-Γ1 Pb also increased their heart rate with 11%. 
At water pH 5.6, Pb exposure to 1.0 μπιο1·Γι Pb further resulted in reduced hatching success of 
embryos (10%) and increased spinal cord deformation (eight fold). Larval mortality increased in 
a concentration-related fashion in Pb-exposed animals at pH 5.6 up till thirteen fold at 1.0 
μπιοΙ-Γ1 Pb. Whole-body Ca levels decreased in larvae exposed to 0.2,0.5 and 1.0 μπιοΙ-Γ1 Pb in 
a concentration-related fashion. In the absence of Pb, no changes in any of the studied 
parameters were observed between the two pH levels tested (Chapter 2). 

Exposure of carp embryos and larvae to 3.9 and 9.6 μπιοΙ-Γ1 chromium (Cr) at pH 7.8 had no 
effect on their embryonic and larval development. Exposure to 9.6 μπιοΙ-Γ1 Cr at pH 6.3 
however decreased whole-body Na levels by 36%, and increased larval mortality five fold. In 
addition, the skin and gill epithelium of larvae were affected. At 144 h post-fertilisation, the gill 
epithelium had a wrinkled appearance, with mucous cells releasing their content. At 240 h post-
fertilisation, the skin of the larvae was almost completely covered with mucus (Chapter 3). 

Exposure of embryos and larvae to 0.3 цтоІГ1 copper (Cu) at pH 7.6 increased whole-body Ca 
levels by 13%, while exposure to 0.8 μπιοΙ-Γ1 Cu increased larval mortality and spinal cord 
deformation (15 fold and 21 fold, respectively), and decreased whole-body Na and Ca levels 
(50% and 44%, respectively). At pH 6.3, exposure of embryos and larvae to 0.8 μιηοΙ-Γ1 Cu, 
increased embryo mortality (three to four fold), decreased heart rate (19%) and tail movements 
(four fold). Furthermore, a concentration-related increase of larval mortality and deformation 
(eighty fold and forty fold, respectively) were observed. Whole-body К (2 fold), Na (5 fold), Mg 
(65%) and Ca (25 fold) levels decreased, also in a concentration-related manner. Finally, Cu-
exposed larvae were unable to fill their swimbladder, whereas larvae exposed to 0.8 μπιοΙ-Γ1 Cu 
were unable to utilise the yolk from the yolk-sac (Chapter 4). 

Endogenous production of adrenocorticotropic hormone (ACTH), alfa-melanocyte-stimulating 
hormone (a-MSH) and Cortisol already started before hatching. Responsiveness of the pituitary-
interrenal (PI) axis to handling was observed before and directly after hatching. To characterise 
ACTH and a-MSH immunoreactivities in carp larvae, whole-body homogenates were analysed 
by high-pressure liquid chromatography (HPLC), with pituitary homogenates of adult carp 
serving as a reference. HPLC of adult carp pituitaries revealed the presence of two ACTH 
immunoreactive products, possibly a phosphorylated and a non-phosphorylated ACTH variant, 
while the three a-MSH immunoreactive products most likely represent des-acetylated, mono-
acetylated and di-acetylated a-MSH, the latter being the dominant form. In carp larvae, one of 
the three ACTH immunoreactive products co-eluted with non-phosphorylated ACTH, while the 
two a-MSH immunoreactive products detected co-eluted with des-acetylated and mono-
acetylated a-MSH (Chapter 5). 

At 48 h post-fertilisation, embryos and larvae exposed to 0.8 цтоІ-Г1 Cu, but not to 0.3 цтоІТ1 

Cu had increased whole-body ACTH (three fold) and Cortisol (three fold) levels when compared 
to controls. At 96 h post-fertilisation, also whole-body ACTH and Cortisol levels of larvae 
exposed to 0.3 цгпоІ-Г1 Cu both had doubled compared to controls. 
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Exposure of embryos to 10'10 and 10"9 mol-I"1 polychlorinated biphenyl 126 (PCB 126) for 48 h, 
the larvae displayed elevated whole-body ACTH levels from 144 h up to 216 h post-
fertilisation. Whole-body a-MSH levels increased in PCB-exposed larvae up from 144 h up to 
216 h post-fertilisation in a concentration-related fashion. Also whole-body Cortisol increased up 
from 144 h up to 192 h post-fertilisation, but only of larvae exposed exposed to 10"'° and 10"9 

mol-Г1 PCB. At 216 h post-fertilisation, whole-body Cortisol levels of larvae exposed to 10"'° 
and 10"9 mol-Г1 PCB were below those of control larvae and larvae exposed to 10"" mol-Г1 

PCB. PCB induced pericardial and yolk-sac oedema at 144 h post-fertilisation as reflected by 
the concentration-related increase of the whole-body wet weights. Exposure to PCB also 
stimulated body pigmentation (Chapter 7). 

From our results we conclude: 

Minor decreases in ambient water pH greatly enhance the toxicity of Pb, Cr and Cu to carp 
embryos and larvae. This phenomenon can be explained on the basis of pH-dependent metal 
speciation. 

Carp embryos have a functional hypothalamus-pituitary-interrenal (HPI) axis and therefore the 
ability to respond to stressors, such as handling, even before hatching. 

No evidence for a non-responsive period to stress after hatching could be obtained in carp. 

The endocrine responsiveness to a toxic stressor such as Cu manifests itself already at the 
embryonic stage. 

PCB 126 caused delayed toxicity, as well as a delayed stress response probably as a result of 
transient accumulation of the toxicant in the yolk-sac. The stress response evoked by PCB 126 
was likely mediated by disturbance of the hydromineral balance of the fish. PCB 126 may also 
act as an endocrine disrupter, one of the likely targets being the Cortisol producing interrenal 
cells. 

The interpretation of our results has been summarised in a model as shown in fig. 1. Perception 
of stressors can take place via the sensory systems which activate the brain, and subsequently 
the HPI axis. The end product of this axis is Cortisol, synthesised and released by the interrenal 
cells. At short notice, handling has no effects on hydromineral balance but directly activates the 
HPI axis. Pb, Cr, Cu and PCB 126 disturb the hydromineral balance but via different 
mechanisms. The target organs may be different: heavy metals specifically interfere with the 
ion-pumps in the gills; this type of toxic action is not known for PCBs. The toxic actions of 
PCBs are manifold, including inhibition of enzyme activities and disruption of hydromineral 
balance and endocrine regulation. In general, a disturbance of the hydromineral balance will 
activate the HPI axis. Cortisol will be released to restore or maintain the hydromineral balance. 
Another important action of PCBs may be its toxicity to the interrenal cells which may have 
effects on the ability of the animals to adequately respond to stressors. 
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Figure 1. Model for the activation of the HPI axis by toxic heavy metals (Pb, Cr, Cu) and PCB 126 and a non-toxic 
(handling) stressors in carp embryos and larvae Handling activates the HPI axis via sensory perception Heavy 
metals and PCB 126 activate the HPI axis via hydromineral disturbance or via direct sensory detection Heavy 
metals primarily affect the gills, while the toxic action of PCB affects internal organs One of the endocrine 
disruptive actions of PCB may be caused by its toxic action on interrenal cells Synthesis and release of Cortisol are 
stimulated leading to a restoration of hydromineral balance 
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General discussion 

The toxic actions of Pb, Cr and Cu on the early development of carp are greatly affected by 
water pH. The most toxic species of these metals appear to be the ionic forms, as a decreased 
pH, which promotes the presence of Pb2+, Cr04\ and Cu2+, greatly increased the toxicity of 
these metals. A typical effect was the disturbed hydromineral homeostasis of the fish, which 
points towards the gills as target for the toxic actions of these metals. Heavy metals can interfere 
directly with the gill epithelium, resulting in a metal specific decrease of the activities of ion-
transporting enzymes (Wendelaar and Lock, 1992; Li et ai, 1996; Verbost et ai, 1996), and 
increased permeability to water and ions (Nieboer and Richardson, 1980). 

The effects of the three metals studied on whole-body mineral levels showed similarities as 
well as differences. At pH > 7, Cu decreased whole-body Na and Ca levels. At pH < 7, Cu also 
lowered whole-body К and Mg levels, while Pb and Cr at these pH levels only affected whole-
body Ca or Na levels, respectively. The observed spinal cord deformation during Pb and Cu 
exposure might be related to the disturbed Ca-balance. Cr and Cu are known to inhibit Na+/K+-
ATPase activity, and this likely explains the observed decrease of whole-body Na levels. The 
observed decrease of whole-body K, Na, Ca and Mg levels at low pH during Cu exposure can 
be ascribed to direct interference with branchial ion uptake mechanisms and diffusive losses of 
these ions to the water. Our studies on the toxicity of Pb, Cr and Cu show that disturbance of the 
hydromineral balance by toxic metals does not only occur in adult fish but also in fish larvae, 
and demonstrate that the gills are also a likely target of metals in larvae. 

In addition to direct toxic effects on the gills, heavy metals can also induce a stress 
response in adult fish, as has been reported for tilapia exposed to Cu (Pelgrom et ai, 1995). Our 
data demonstrate that carp embryos have a functional HPI axis already before hatching, as 
indicated by endogenous production of ACTH, a-MSH and Cortisol (Chapter 5). This observa
tion does not necessarily mean that the animals are able to cope successfully with stressors. At 
early life stages of fish, Cortisol may be involved in several developmental processes. We also 
showed that carp embryos respond to external factors by increasing Cortisol production, 
indicating that the role of the HPI axis in the stress response starts already in the embryos. 
Handling was used as a non-toxic stressor to test the endocrine responsiveness. The HPI axis of 
carp reacted to handling up from 50 h post-fertilisation i.e. at least 6 hours before hatching 
(chapter 5). The elevated Cortisol levels returned to basal levels within 2 hours. Because carp 
also appeared to be responsive to handling directly after hatching, a non-responsive period to 
stress as found in mammals after birth and birds following hatching, could not be demonstrated 
in carp. Free-swimming larvae are no longer protected by the egg membrane, and must be able 
to cope with changes in their environment immediately after hatching. A functional HPI system 
may be crucial for the survival at early life stages of a fish species that does not, in contrast to 
birds and mammals, receive parental care. 

Many stressors disturb the hydromineral balance in larval fish, as shown in our study for 
Pb, Cr and Cu (Chapter 2, 3 and 4 resp.) and PCB 126 (Chapter 7). Since Cortisol has important 
functions in hydromineral control, its increased release as part of the stress response ameliorate 
or restore homeostasis. 

As discussed above, the heavy metals affect hydromineral homeostasis, and this 
disturbance may initiate the stress response observed in the larvae. However, an alternative 
initiating factor may be the sensory perception of the metals by the animals (Wendelaar Bonga, 
1997). The threshold concentration for adult fish to detect Cu via olfactory perception is 0.03 
Цтоі-Г1, while the 96 h LC50 easily amounts to 100-1000 times this concentration. Prior to the 
disturbance of the physiological homeostasis of the fish, olfactory perception of toxicants may 
have activated the HPI axis. Because of the sensitivity of the sensory organs, olfactory 
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perception may play a role in the stress response of the larvae at both Cu concentrations used 
During the embryonic stage, 6 μg Cu g ' dry weight was observed in embryos exposed to 0 8 
μπιοί 1 ' Cu Cu also caused hydromineral disturbances at this concentration This however was 
not the case in larvae exposed to 0 3 μτηοΐ 1 ' Cu Therefore, it is more likely that the stress 
response in larvae exposed to 0 3 μπιοί 1 ' Cu was mediated by olfactory perception of the 
metal, rather than by a disturbed mineral balance 

Our results show that metals, such as Cu, have dramatic effects on the development of 
carp Metal bioavailability is limited during the embryonic stage, but after hatching, the gills of 
the larvae are in direct contact with the ambient water and thus with the metals dissolved In 
contrast to heavy metals, lipophilic organic pollutants such as PCB 126 pass cellular barriers, 
including the egg membrane The toxic effects of PCB 126, when compared to those of heavy 
metals, developed slowly, possibly because this toxicant predominantly accumulated in the 
triglyceride fraction of the yolk of the developing embryos The gradual resorption of the yolk 
during development may have produced a progressive release of PCB This chemical also 
disturbed the the water balance, as indicated by the observed pericardial and yolk-sac oedema 
The toxic mechanisms of PCBs are manifold (Birnbaum, 1994), but inhibition of ion-regulatory 
mechanisms in the gills may be less prominent This is in contrast with the effects described for 
heavy metals The observed mineral disturbance associated with the severe oedema in PCB-
treated animals therefore may not be attributed to damage to the outer body surface epithelia but 
rather to toxic actions on internal tissues When the larvae became oedemic, whole-body ACTH 
and Cortisol levels increased, indicating a stress response In contrast this response, which was 
also observed in Cu-exposed larvae, whole-body Cortisol levels in PCB-treated animals 
subsequently decreased, even below control levels This may relate to endocrine disruption 
effects of PCB 126 (Birnbaum, 1994) 

In conclusion, carp have a well developed and functional HPI axis even before hatching, 
enabling newly hatched larvae to respond immediately and adequately to environmental 
stressors, thereby increasing their chances of survival 
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Samenvatting 

In dit proefschrift worden effecten van de zware metalen lood (Pb), chroom (Cr) en koper (Cu) 
alsmede van de polychloorbifenyl 126 (PCB 126) op de vroege ontwikkelingsstadia van de 
karper (Cyprinus carpio; Cyprinidae) beschreven. In dit verband is de ontwikkeling en 
activering van de hypothalamus-hypofyse-kopnier-as (HHK-as) bestudeerd. Deze as is 
betrokken bij de regulatie van de fysiologische adaptatie aan stressoren. Door blootstelling van 
embryo's en larven van de karper aan Cu en PCB 126 is nagegaan op welk moment na 
bevruchting dit hormonale regelsysteem geactiveerd kan worden voor toxische en niet-toxische 
stressor ("handling"). 

Vissen kunnen in vervuild water alleen overleven wanneer zij in staat zijn zich hier aan te 
passen. Informatie over de kwaliteit van het water wordt via reukorganen en andere zintuigen 
naar het centraal zenuwstelsel gestuurd. Vanuit de hypothalamus worden signalen afgegeven 
naar de hypofyse, het hersenaanhangsel dat een centrale rol speelt in de hormonale controle van 
vele fysiologische processen. In de hypofyse bevinden zich o.a. corticotrope en melanotrope 
cellen die respectievelijk het adrenocorticotroop hormoon (ACTH), en het a-melanocyten-
stimulerend hormoon (a-MSH) produceren. Wanneer een vis in een stressvolle situatie belandt, 
bijvoorbeeld wanneer deze toxische stoffen in het water waarneemt, bereikt ACTH via het 
bloed de hormonale cellen van de kop- of bijnier, die vervolgens het stress hormoon Cortisol 
produceren en afgeven. Cortisol stimuleert een serie fysiologische reacties die het dier in staat 
stelt een stressvolle situatie te overleven. Ondanks het feit dat door menselijke activiteiten het 
aquatisch milieu op veel plaatsen sterk vervuild is, zijn sommige soorten in staat om zich toch te 
handhaven. Dit betekent dat deze dieren een goed functionerend systeem hebben ontwikkeld dat 
hen in staat stelt zich aan te passen aan de nieuwe milieu-omstandigheden. Jonge 
ontwikkelingsstadia van vissen, met name het larvale stadium, zijn vele malen gevoeliger voor 
dergelijke veranderingen in het milieu dan de volwassen stadia. Gedurende de embryonale 
ontwikkeling zijn de dieren nog beschermd door de eimembraan, maar na het uitkomen staan de 
larven in direct contact met het omringende water. Een goed functionerende HHK-as kan van 
groot belang zijn voor de overleving van de vroege ontwikkelingsstadia van de vis. 

In hoofdstuk 2, 3 en 4 zijn de effecten beschreven van toevoeging van Pb-, Cr- en Cu-
zouten aan het water op de vroege ontwikkelingsstadia van de karper. De dieren werden direct 
na bevruchting aan deze metalen blootgesteld tot aan het einde van het experiment. De 
experimenten met Pb, Cr en Cu werden uitgevoerd bij verschillende pH's van het water en 
hierbij bleek dat de toxiciteit van deze metalen sterk verhoogd werd door een verlaging van de 
water pH. Naarmate de water pH daalt neemt de relatieve hoeveelheid Pb en Cu kationen toe. 
Dit is de meest biologisch beschikbare en meest toxische vorm. In het geval van Cr ¡s het een 
geoxideerde vorm (CKV) die toeneemt, maar ook hier geldt dat de biologische beschikbaarheid 
en de toxiciteit stijgt bij pH verlaging. De effecten op de embryo's en larven waren deels 
specifiek, maar alle onderzochte metalen verstoorden de opname van mineralen (K, Na, Mg en 
Ca) uit het water. Bij pH > 7, verstoorde Cu de Na en Ca balans. Pb en Cr hadden bij deze pH 
geen effect op de zoutenhuishouding. Bij pH < 7, verstoorde Cr de totale hoeveelheid Na in de 
larven, terwijl Cu de concentraties van K, Na, Mg en Ca beïnvloedde. Pb verstoorde alleen de 
Ca opname. Het feit dat deze metalen de opname van mineralen uit het water remmen duidt 
erop dat de kieuwen waarschijnlijk éen van de belangrijke doelwitorganen zijn voor deze 
metalen. De kieuwen hebben namelijk speciale cellen (de chloride-cellen), die ion-transportere
nde eiwitten bevatten welke belangrijk zijn voor de opname van ionen. Zware metalen 
blokkeren de opname van ionen waarschijnlijk door de werking van deze transporteiwitten te 
remmen. Cr en Cu bijvoorbeeld verstoren vooral de Na opname door inhibitie van de Na7K+-
ATPase activiteit, terwijl Pb vooral de Ca opname verstoort als gevolg van geremde Ca +-
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ATPase activiteit Bekend was dat in volwassen vissen een verstoring van de hydrominerale 
balans meestal gepaard gaat met een activering van de HHK-as Deze activatie dient om een 
dergelijke verstoring te herstellen of te beperken Om dit verschijnsel te onderzoeken bij 
embryo's en larven werd de vroege ontwikkeling van de HHK-as bestudeerd (hoofdstuk 5) Drie 
vragen stonden hierbij centraal ten eerste, wanneer begint de endogene productie van ACTH, 
Ct-MSH en Cortisol9 Ten tweede, vanaf welk stadium reageert de HHK-as op stressoren7 Ten 
derde, is er (net als bij de jongen van sommige vogel- en zoogdiersoorten) direct na het 
uitkomen van de larven een penode waann zij niet op stress reageren9 Uit dit onderzoek bleek 
dat de endogene productie van ACTH, a-MSH en Cortisol reeds 24 uur na bevruchting begon 
Deze produktie geeft aan dat de HHK-as al functioneel is op dit moment, maar dit wil niet 
zeggen dat deze as al gevoelig is voor uitwendige prikkels Het vermogen tot activering van de 
HHK-as werd bestudeerd door de embryo's en larven bloot te stellen aan een met-toxische 
stressor ("handling") Activering bleek al mogelijk in het embryonale stadium (50 uur na 
bevruchting) maar ook direct na het uitkomen (72 uur na bevruchting) en gedurende latere 
stadia van de ontwikkeling Hieruit blijkt dat bij de karper geen sprake is van een latente periode 
vlak na het uitkomen van de eieren waarin de HHK-as niet geactiveerd kan worden Hierin 
verschilt de vis wezenlijk van sommige vogels en zoogdieren, waarbij na het uitkomen van de 
eieren dan wel vlak na de geboorte een periode voorkomt waarbij de hypofyse-bijnier га, van 
deze jonge dieren met reageert op stressoren 

Vervolgens werd in hoofdstuk 6 het vermogen van embryo's en larven getoetst te reageren 
op Cu als toxische stressor BIJ volwassen vissen leidt Cu blootstelling tot activatie van de 
HHK-as na verstoring van de hydrominerale balans dan wel via directe waarneming van hel 
metaal in het water Blootstelling tijdens de ontwikkelingsstadia van karper aan 0 8 μττιοί 1 ' Cu 
veroorzaakte al een activering van de HHK-as in het embryonale stadium (48 uur na 
bevruchting) Activatie kan via twee verschillende wegen hebben plaats gevonden Via een 
verstoring van de hydrominerale balans (een daling van de totale hoeveelheid Ca in de embryos) 
werd waargenomen, of via olfactonsche perceptie (6pg Cu g ' drooggewicht werd via de 
eimembraam door het embryos opgenomen) Bij larven die blootgesteld waren aan 0 3 цтоі 1 ' 
Cu vormde de eimembraan een volledige bamère tegen het in het omringende water aanwezige 
Cu BIJ deze larven werd ook de HHK-as geactiveerd, maar de overige fysiologische effecten 
waargenomen bij de larven die blootgesteld werden aan 0 8 pmol 1 ' Cu (daling van de totale 
hoeveelheid Na en Ca) traden hier niet op Dit kan er op wijzen dat de activering van de HHK-
as bij deze dieren niet tot stand kwam als een reactie op een verstoring van de mineralen-balans 
Het uitblijven van effecten op de hydrominerale balans kan wellicht worden toegeschreven aan 
het adequaat functioneren van de HHK-as bij lagere Cu concentraties, wat erop zou wijzen dat 
de HHK-as al in een vroeg stadium van de ontwikkeling een rol speelt bij de handhaving van de 
homeostasis en de overleving van de karperlarven 

Hierboven is al vermeld dat de kieuwen één van de belangrijkste doelwitorganen van zware 
metalen zijn, waardoor vooral het ionentransport in gevaar komt In tegenstelling tot zware 
metalen staan PCBs (hoofdstuk 7) er om bekend dat deze de waterbalans kunnen verstoren 
Door het Iipofielc karakter van deze stoffen passeren ze gemakkelijk celmembranen en ook de 
eimembraan Gedurende de 48 uurs blootstelling aan PCB 126 tijdens de embryonale 
ontwikkeling werden geen toxische effecten waargenomen Maar 96 uur na het einde van de 
blootstelling vertoonden de aan PCB 126 blootgestelde larven oedeem-achtige zwellingen 
Tijdens het ontstaan van dit oedeem bleek ook de HHK-as te worden geactiveerd Hier lijkt dus 
sprake van vertraagde toxiciteit, waarschijnlijk ten gevolge van het geleidelijk mobiliseren van 
PCB 126 uit de dooierzak Deze bevat veel vetachtige stoffen waarin PCBs gemakkelijk kunnen 
worden opgeslagen De PCBs komen weer vnj wanneer de dooier door de larven worden 
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verbruikt. Net als bij Cu blootstelling werden verhoogde ACTH en cortisol-waarden 
waargenomen. Later daalden de Cortisol niveaus, zelfs onder controle niveau. Omdat stoffen als 
PCB 126 erom bekend staan dat zij hormonale regulatie-processen kunnen verstoren kan de 
waargenomen daling van de Cortisol niveaus wellicht worden toegeschreven aan de toxische 
effecten van PCB 126 op de Cortisol synthese in de interrenale cellen van de kopnier. 

Tot slot kunnen we concluderen dat karper-embryo's al voor het uitkomen een goed 
ontwikkelde en functionele HHK-as hebben die hen in staat stelt om onmiddellijk en adequaat 
te reageren op allerlei stressoren, waardoor hun overlevingskansen ongetwijfeld aanmerkelijk 
worden vergroot ten opzichte van vissoorten waarvan de HHK-as in een later stadium van de 
ontwikkeling functioneel wordt. 
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